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Abstract

ELECTROPHYSIOLOGY AND PHARMACOLOGY OF DRACONFLY
OCELLAR NERVE IMPULSE ACTIVITY
by
Jeffrey D. Rind

Advisor: Professor Richard L. Chappell

A preparation has evolved which utilizes extracellular
reéordings of the light inhibited impulse activity from
the cornea of the dragonfly ocellus to study the pharm-
acology of the ocellus. Computer software was developed
which collects and analyzes spike frequency data. Ablation
studies suggest that the impulse activity recorded in this
fashion is originating from the lateral ocellar nerves and
not the median ocellar nerve. TTX blocks all impulsé ac -
tivity. Latencies between action potentials suggest that
there is only one spiking cell so recorded per lateral
ocellar nerve that fires light inhibited spikes. Impulse
activity appears to be more sensitive to green light
(484 nm) than it is to UV light (360 nm) and unlike the
ocellar photoreceptors or L-neurons it does not exhibit a
reverse Purkinje shift at higher light intensities.

Intracellular recordings from the lateral ocellar nerve
reveal non-spiking cells that have L-neuron l[ike light

responses (resting potentials = -30 to -55 mv). The spiking



neuron (resting potential= -55 mv) fires light inhibited
spikes analagous to those recorded extracellularly. The
amplitude of the impulses was 30 mv. Recordings of extra-
cellular impulse activity made simultaneously with an intra-
cellular recording from an L-neuron suggest that the slow
patential responses of the L-neuron may be normal for
that cell and that it is not a damaged spiking neuron.

Agents that have been reported to effect the L-neuron
also effect the corneally recorded impulse activity.’
50 uM curare lowered the response threshold of the
light response and decreased the interflash spike freq-
uency. 50 uM curare also changed the slope of the in-
tens{ty-freqency relationship. It has been suggested
that these effects are mediated by curare’s effect on
the presumptive lateral inhibitory iﬁteractions between
photoreceptors. Increasing doses of curare greater than
100 uM. block the light mediated inhibition of impulses
and cause an increase in the interflash spike frequency
and spontaneous dark adapted impulse rate. |

GABA inhibited spontaneous impulse activity in the
dark and caused a light dependent increase in spike
frequency which is shifted towards light "gff" at high
intensities. 12 mM cobalt, an inhibitor of synaptic
transmission blocked all impulse activity.
A model was suggested to explain the data which proposes

that spiking activity occurs between two thresholds.
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INTRODUCT ION

In 1926, Adrian and Zotterman recorded extracellularly
from a frog)s sensory nerve and demonstrated that infor-
mation appeared to be encoded in the frequency of the
nerve impulse. After intracéllular recordings became
possible, Katz (1950) provided evidence that the frequen-
cy of impulses in a first order sensory neuron is propor-
tional to the magnitude of the intracellular potential
change recorded from the receptor. This led to a general
understanding among sensory physiologists that the
change in the impulse firing rate of a sensory neuron
is modulated by the receptor potential whose amplitude is
proportional to the magnitude of the stimulus. However,
many sensory systems contain a number of cells, in ad-
dition to the primary receptors, which act to modulate
the frequency of impulses seen in their principle neurons
(Werblin, 1979; Calvin and Graubard, 1979). A well
known example of such systems is provided in the cellu-
lar organization of the vertebrate retina (Dowling, 1979).

Vertebrate photoreceptors respond to light with inten-
sity-dependent, graded slow potentials (Bortoff, 1964;
Tomita, 1968; Werblin and NDawling, 1969;). These poten-

tials are integrated by a network of neurons which pre-



serve and encode visual information. As in many other
sensory systems this information is conducted along the
optic nerve towards the brain in the form of regenerative
spikes. However, in this case the frequency is modulated
not only by the intensity, but also by factors

concerned with image quality, orientation, motion, and
wavelength (Werblin, 1979; Miller, 1979; Dowling, 1979).
This means that the variations of impulse frequency which
can be seen in each individual axon, incorporates many
different types of information.

Anatomical and electrophysiological studies have de-
monstrated that within the vertebrate retina there are
two layers of synaptic plexe§ in which at least five gen-
eral categories of cells interact (Cajal, 1894; Dowling
and Boycott, 1966; Dowling and Werblin, 1969; Werblin
and Dowling, 1969). Recent studies have demonstrated
that there are many sub-types.within each category
(Kolb and Famiglietti, 1974; Miller, 1979; Werblin,
1979; Ashmore and Copenhagen,1980). This structural and
functional complexity makes it difficult to discern the
physiological means by which the encoding of the visual
information takes place.

This thesis is concerned with the complexities of en-

coding sensory stimuli in a simple photosensitive system.



The investigation of this system was carried out by pharm-
acologically modifying the impulse firing rate of an
afferent neuron under different physiological conditions.
It should be noted that in order to study the modulation
of action potential frequency by an integrated network of
neurons, a model system is needed which is both simple
enough to manipulate experimentally but sophisticated
enough so that parallels can be drawn between it and more
complicated cellular networks. Invertebrates offer con-
venient systems in which to study the nature of these pro-
cesses (Shaw, 1979). For example, the ocelli of the
barnacle (Gwilliam, 1965; Stuart and Oertal, 1978), the
locust (Patterson and Goodman, 1975; Wilson, 1978), and
the dragonfly (Ruck, 1961; Chappell and Déwling, 1972)
contain a few types of neurons which are large in compar-
ison to most vertebrate cells and are accessible to both
stable intracellular recording and extracellular analysis.
Dragonfly ocelli, besides offering a convenient means
in which to record ocellar nerve inpulses (Ruck, 1961;
Chappell and Dowling, 1972), appear to contain only two
basic types of neurons, the receptors and second arder
cells (Ruck and Edwards, 1964; Dowling and Chappell, 1972),
which may be communicating with each other via lateral and

reciprocal synapses (Dowling and Chappell, 1972; Stone and



Chappell; 1981). These cells appear to communicate with-
out the use of impulse activity (Pearson, 1979). This is
reminiscent of some aspects of the synaptic organization of
the plexiform layers of the ve;tebrate retina, but on a
smaller scale (Werblin and Dowling, 1969; Miller, 1979;
Gerschenfeld and Picolino, 1979). |

Most of the preceding experiments concerned with the
electrophysiology and pharmacology of the dragonfly’s
ocellar system were carried out in the median ocellus.
Unlike the nerves of the lateral ocelli, the median
ocellar nerve does not appear to contain neurites carry-
ing the large action potentials that can be routinely
recorded with an extracellular electrode. However,
intracellular recordings, from the second order cell den-
drites (L-neurons) of the lateral ocellus are analooous
to those seen in the median ocellus. Compare figure 12
of (Chappell and Dowling, 1972) to figure 11B, of this
thesis. Also, electroretinograms (ERG) recorded from
any of the ocelli are indistinguishable from each other
(Ruek, 1958, 1961). This is consistént with the histo-
logical observations that the iateral and median ocelli
contain a similar anatomical organization (Ruck and
Edwards, 1964).

Recent pharmacological studies carried out in the med-



ian ocellus have provided sufficient data for the formul-
ation of a model which can account for the effects of
neuronal integration on the slow, light evoked, potentials
(Klingman, 19763 Klingmén and Chappell, 1978; Stone and
Chappell, 1981; Stone, 1982). However, the difficulties
of maintaining an intracellular eiectrode within a cell
limits the time in which one can perfuse and wash a prep-
aration before that cell is lqst or irreparably damaged.
Extracellular recording techniques can provide further in-
formation because they offer the advantage of being able
to record impulse activity for as long as the preparation
remains viable.

Recordings of ocellar nerve action potentials from the
ocellar cornea are easy to obtain, are non-invasive, and
presumably reflect the integrative activity of all of the
neurons which input into the ocellar plexus (Ruck, 1961;
Chappell and Dowling, 1972; Kondo, 1978). Also, it was
found that one can perfuse and record from the prepara-
tion for a number of hours before any deterioration
becomes apparent.

The use of extracellular ocellar nerve recordings to
study the properties of the ocellus has a precedent based
on the classical studies of visual physiology in the

+

Limulus compound eye (Ratliff, 1974). Extracellular re-



cordings from the Limulus optic nerve were used to study
the approximately linear relationship between the in-
tensity of illumination and the receptor response (Hart-
line and Graham, 1932), the reciprocity of intensity and
durafion (Hartline, 1934), spectral sensitivity (Graham
and Hartline, 1935), light and dark adaptation (Hartline
and McDonald, 1947), and the lateral interactions between
neighboring neurons (Hartline, et. al., 1952).

Evidence has been published which strongly suggests
that the light inhibited action potentials of the lateral
ocellar nerve are afferent in nature (Ruck, 1961; Kondo,
1978), and their inhibition may reflect the dendritic sum-
mation of synaptic potentials from a number of different
presynaptic units in the dragonfly ocellar system (Ruck
and Edwards, 1964; Dowling and Chappell, 19723 Kondo,
1978) (see Background Information, Impulse Activity sec-
tion).

Since the ocellar nerve impulse activity appears
to represent the output of a relatively simple integrating
network, these studies should contribute to the under-
standing of how such networks of synaptically connected
cells operate. This information may also be helpful in
understanding the interactions of larger neuronal networks

that have already been partially studied, but whose pro-



cessing pathways have not as yet been completely worked

out.



BACKGROND INFORMATION

Anatomy

Many insects contain photosensitive organs, distinct
from their compound eyes, called ocelli (Dethier, 1942;
Parry, 1947; Cornwall, 1955;‘Hoyle, 1955; Goodman, 1970;
Pappas and Eaton, 1977). In the dragonfly, three antero-
dorsal ocelli are present on the head of the animal
(figure 1). Ocellar dimensions reported from animals in
the genera_Anax and Aeschna show the median acellus to
be elliptical in shape, measuring approximately 0.9 mm
along the horizontal major axis and 0.55 mm along the
minor axis. The lateral ocelli appear to be more cir-
cular with a diameter of 0.2 mm (Chappell, et. al.,i978).

Histological sections show that the dragonfly ocellus
is organized in discrete layers. The most distal is the
layer of elongated photoreceptors and tapetal sheath
cells. Both of these cells are located just under the
cuticular corneal lens (figure 2)(Ruck and Edwards,

1964) . The photoreceptors individually measure 300 to

400 microns in length, 15 microns in diameter, and are



usually grouped in threes to form an organized structure
called an ommatidium (Ruck, 1962; Ruck and Edwards, 1964;
Chappell and Dowling, 1972). The distal photosensitive
part of the ommatidium and of each photoreceptor cell
which belongs to it are called the rhabdome and rhabdo-
mere respectively. Thé nuclei of the phoforeceptors

lie just proximal to the rhabdomeric region, and give

the appearance of being pseudostratified.

Each ommatidium is ensheathed throughout its entire
length by the cytoplasm of tapetal cells. The pigment
granules seen in these tapetal eells give the ocellus its
white appearance when viewed head on, even though most of
the granules are found in the region between adjacent
photoreceptor cell bodies (Ruck and Edwards, 1964).

Proximal to the layer of nuclei, one can see the
ﬁrocesses of tapetal sheath cells interdigitating with
'the processes of a layer of pigment cells which contain
da;ker pigment granules. Photoreceptor <cells send axaons
through this layer of pigmented epithelium (Patterson
and Chappell,1980), into a region where they make
synapses onto ocellar nerve dendrites and other receptor
cells ( Ruck and Edwards, 1964; Dowling and Chappell,

1972; Patterson and Chappell, 1980).
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Synaptic organization

Two types of synapses have been recognized in the
synaptic plexus (Dowling and Chappell, 1972). The most
common type, called a "button synapse", contains a
densely staining button-like organelle in the presynaptic
cytoplasm. This organelle is reminiscent of the synaptic
ribbons seen in the bipolar cell and receptor cell term-
inals of the vertebrate retina (Dowling and Chappell,
1972). There are two postsynaptic elements for each but-
ton synapse. The postsynaptic elements usually consist
of one receptor terminal and one ocellar nerve dendrite,
whether the presynapiic process comes from an ocellar
nerve fiber or a photoreceptor cell (Dowling and Chappell,
1972). There are also reciprocal synaptic contacts
between ocellar nerve dendrites and receptor terminals
(Dowling and Chappell, 1972). These anatomical struc-
tures support the idea that lateral interactions
exist between ocellar nerve dendrites and between neigh-
boring retinula cells and is consistent with the feedback
model of éynaptic interaction which was first proposéd by
Klingman and Chappell (1976) and later modified by Stone
and Chappell (1981). The model is described in the pharm-

acology section of this introduction.
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The second type of synapse does not contain "buttons"
or "ribbons", and is referred to as a conventional synapse
(Dowling and Chappell, 1972). Conventional synapses con-
tain only one postsynaptic element. They are found most
commonly in receptor cell terminals and are only occasion-
ally seen in the ocellar plexus (Dowling and Chappell,
1972).

In all three ocelli, large numbers of retinula cells
converge onto small numbers of ocgllar nerve fibers. For
example, the retina of the lateral ocellus contains ap-
proximately 675 retinula cells (Cajal, 1918) whife the
lateral ocellar nerve appears to have only 20 to 30 fibers
(Ruck and Edwards, 1964; Chappell et. al., 1978). The
synapses made by many retinula cell axons onto the small

number of nerve fibers has been suggested as a possible
explanation for the finding that the L-neuron (ocellar
nerve dendrites) has an apparent sensitivity to light,
which is 2 log units greater than that of the photoref

ceptor (Chappell and Dowling, 1972).

Ocellar nerve projections

There appear to be 4 large fibers in the lateral ocel-

lar nerve with diameters which range in size from 15 to
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30 microns. These fibers are referred to as L-neurons
because of their relatively large diameters and because
of their location in the lateral ocellar nerves (Wilson,
1978). The smaller fibers have diameters measuring
as low as 5 microns (Ruck énd Edwards, 1964;Chappell, et.
al., 1978). In Aeschna, the lateral ocellar nerve is
reported to be 1.25 mm in length, when measured from the
proximal portion of the ocellar cup to the brain, and 60
microns in diameter (Chappell, et. al., 1978). It main-
tains a constant diameter throughout most of its length.
The shorter median ocellar nerve measures 0.55 mm in
length, and although it is bilobed near the ocellar
plexus, it forms a single nerve as it approaches the brain
(Chappell, et. al., 1978; Zenkin and Pigarev, 1971).
At the point at which it forms a single nerve it attains
a maximum diameter of about 200 microns decreasing to ap-
proximately 150 microns where it penetrates the brain
(Chappell, et. al., 1978.

The cell bodies of the neurites found in all three
ocellar nerves, are located in the brain as demonstrated
by preparations stained with cobalt and procion dyes

(Chappell, et. al., 1978; Patterson and Chappell, 1980).

The lateral ocellar nerves enter the brain adjacent

to the median nerve at which point all three nerves merge
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into a single tract. The bundle of fibers passes through
the pars-intercerebralis and descend towards the proto-
cerebral bridge. It has been shown that of the four
large fibers seen in each lateral oceliar nerve, two pro-
ject and arborize in the ipsilateral posterior neuropile
of the protocerebrum, and two arborize in the contra-
lateral posterior neuropile (Chappell, et. al., 1978).
Presumably the branching,fibersrnake synaptic contact
with the neurons of the brain.

Nine unique median ccellar nerve L-neuron projections
have been identified (Patterson and Chappell, 1980). One
of the median ocellar nerve fibers projects to both sides
of the brain, and sends processes to both lateral ocellar
nerves (Patterson and Chappell, 1980; Mobbs, et. al.,
1981). The axon terminals of some of the median ocellar
neurons appear to branch in the same région at which the
lateral ocellar nerve fibers branch. 'This observation is
consistent with the idea that the ocelli communicate with

each other (Kondo, 1978)(see Background Information: Im-

pulse Activity).
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Electroretinogram

Ruck (1961) distinguished the contributions of four
components to the waveform of the ocellar Electroretino-
gram (ERG) in cockroach and dragonfly. Component 1, a
tonic negative potential present during illumination and
component 2, a single transient "on" spike, are both gen-
erated by the retinula cells. Component 4, the spontan-
eous impulse activity, and component 3, the notch in the
initial depolarization of the ERG, are generated by the
ocellar nerve and its dendrites respectively. This
implies that component 3 is produced by the sustained
hyperpolarization of the ocellar nerve dendrites, and
that component 1 results from the light evoked depolar-
ization of the photoreceptors (see the next section of
this introduction). ‘Since the polarity of the impulse
activity (component 4) is always positive, whether it is
recorded from the cornea (ERG) or the distal ocellar
nerve, component 4 appears to be originating at some point
proximal to the ocellar nerve dendrites.

An "off" response can belseen in both cockroach and
dragonfly ERGs (Ruck, 1961). It appears as a single
spike or bﬁrst of spikes and/or a positive going oscilla-

tion which does not always occur at the highest light
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intensities. Ruck felt that this effect was due to syn-
chronous firing of spikes in the ocellar nerve fibers
(Ruck, 1961), but other studies suggest that it reflects
the composite "off" response of the ocellar neurons

(Chappell and Dowling, 1972; K}ingman and Chappell, 1978).

Intracellular recording

Intracellular recordings from ocellar neurons have
demonstrated that the photoreceptors respond to light
with a graded, sustained depolarization, and a single
regenerative spike at light "on". During high intensity
illumination, the sustained depolarization is preceded
by a transisnt depolarization which occurrs after the
initial "on" spike (Chappell and Dowling, 1972). The
"on" spike has a duration of 3 milliseconds and it s
presence can be eliminated with tetrodotoxin (TTX). This
suggests that the spike is caused by an increase in
sodium conductance.

Chappell and Dowling (1972) have brought attention to
the "oscillatory “off” wave'", which they called an
unusual feature of the dragonfly ocellar photoreceptor
response. This type of "off" response has not been

noted in photoreceptors of other invertebrates (Dowling
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and Chappell, 1972). At low intensities, the "off" re-
sponse is often the most prominent aspect of the response
(Chappell and Dowling, 1972).

The L-neurons respond to light with a sharp transient
hyperpolarization followed by a relatively small
sustained hyperpolarization beyond the dark membrane po-
tential. This small graded sustained hyperpolarization
lasts for the duration of the light stimulus. Since TTX '
does not appear to change the light response of the
L-neuron, while it does inhibit the receptor "on“ spike,
it seems reasonable to conclude that synaptic transmis-
sion is mediated by slow potentials.

At light "off", there is a sharp overshoot followed
by a less severé undershaot of the dark potential
(Klingman,1976). It would appear that this "off" over-
shoot could be related to the corresponding "off"
response seen in the photoreceptors (Chappell and Dowling,
1972).

The ratio of the initial transient response amplitude
to that of the sustained response is much greater in the
L-neuron than in the photoreceptor, indicating the phasic
nature of information processing at this synapse. Also
postsynaptic activity appears to be more sensitive to

light flashes by up to 2 log units (Chappell and Dowling,



1972). It has been suggested that lateral and feedback
synaptic connections, which have been demonstrated anatomic-
ally, integrate the information received by the‘L~neurons
and result in its relatively transient responses and
increased sensitivity to light (Chappell and Dowling, 1972).
In a spectrél sensitivity study an median ocellar
photoreceptors, half of the cells studied were more
sensitive to green light than they were to ultraviolet
light at threshold. This investigation revealed that as
the intensity of illumination is increased, the intensity
response curves, at these two wavelengths, cross, so that
a greater intensity (quantum flux) of green light is needed
to evoke a response equal in magnitude to a response evoked
by a less intense flash of UV light (Chappell and DeVoe,
1975). This crossing of the intensity response relation-
ship is referred to as a "reverse Purkinje shift"
(Chappell and DeVae, 1975). A similar study on the median
ocellar L-neuron has demonstrated a reverse Purkinje shift
in this cell also (Mobbs, et. al., 1981). One of the ob-
jectives of my investigation was to determine if such a

shift occurred for the impulse activity.
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Impulse activity

A number of investigators have studied the dragonfly
ocellar impulse activity (Ruck, 1958a, 1961; Rosser, 1974;
Kondo, 1978). In uncut nerves it was found that there
are at least two populations of spikes. The larger
spikes are inhibited by ocellar illumination whereas
the frequencies of the smaller spikes is enhanced by it
(Kondo, 1978). In addition, the frequency of firing
increased for both types of spikes during the wingbeat
of the animal. Recordings from the cut end of the ocellar
nerve after it has been sectioned near the brain have
revealed that only the larger light inhibited spikes are
present (Kondo, 1978, Ruck, 1961), while only the smaller
light facilitated spikes can be recorded from the nerve
stump protruding from the brain (Kondo,'l978; Rosser,
1974). This is consistent with the notion that the light
inhibited action potentiéls represent afferent activity,
and the light facilitated spikes represent efferent act-
ivity (Ruck, 1961; Kondo, 1978; Chappell and Dow!ing,
1972).

Although it is presently unclear as to what role the

ocellus plays in the animals’® behavior and physiology
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(Goodman, 19703 Wilson, 1978), a number of investigafors
have suggested that it is a sense organ used to maintain
the orientation of the animal in flight (Wilson, 1978;
Stang and Howard, 1979).

For example, in cut nerve preparations, efferent
activity is enhanced by illumination of the compound eyes,
by wing movement, and by electrical stimulation of the
ipsilateral and contralateral wing sensory nerves (Kondo,
1978). When wing sensory nerve activity is eliminated
by sectioning the subesophogeal connectives, the wingbeat
has no effect on the efferent discharge. Also, Unequal
illumination of the ocelli results in head rolls consis-
tent with the animals need to maintain an orientation
in-parallel with the horizon (Stange and Howard, 1979).

Another investigator has suggested that in Limulus,
the median ocellus may be acting to adjust the sensitivity
of the compound eye under certain conditions (Barlow, et.
al., 1977). 1In the dragonfly, the ocelli and compound
eyes may work together to adjust the animal’s overall sen-
sitivity to light. This is suggested by the following
experiments. When recording from the proximal cut end of
one of the lateral ocellar nerves, illumination of the
other two ocelli and the compound eye increases the pre-

sumed efferent activity, with notable "on" and "off"
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bursts at high stimulus intensities. When the other two
ocelli are removed, illumination of the compound eye still
enhances this efferent activity. However, there is a
reduction in the magnitude of the "off" response. This
suggests that at least one of the presumed efferent

fibers in one lateral ocellar nerve receives excitatory
input, within the brain, from afferent fibers in the

other ocellar nerves (Kondo, 1978).

Impulse activity cén be recorded from the corneas of
any of the three ocelli. However, intracellular re-
cordings from the median ocellus rarely demonstrate
any spiking activity. This is particularly puzzling
in light of the previously described experiments. There-
fore, one of the objectives of this study was to
determine the source of the impulses monitored in
corneal recordings. This information'might help in

discerning the function of the ocellus.
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Pharmacology

Tetrodotoxin sensitive spikes have been identified in
a number of invertebrate visual systems (Stuart and Oertel,
1978; Wilson, 1978). Tetrodotoxin (TTX) sensitivity is a
distinctive characteristic of impulse activity that is
mediated by Na currents (Armstrong and Benzanilla, 1974).
It has been shown that tetrodotoxin reduces the amplitude
of the receptor "on" spike without affecting synaptic
transmission (Chappell and Dowling, 1972). Ruck (1961)
had suggested that the ocellar "off" response observed
in the ERG might be a reflection of synchronous firing of
ocellar nerve impulses (see Background Information: Elect-
roretinogram). Since the "off" transient of L-neurons
survive TTX, it could not be a response to impulse activity
if impulses are blocked by TTX. Therefore another object-
ive of this study was to determine what effects, if any,
tetrodeotoxin has on ocellar nerve imhulse activity.

Curare, a competitive inhibitor of nicotinic cholinergic
receptors, was shown to reversibly block the light induced
hyperpolarizing response of the L-neuron without affecting
the light response of the photoreceptor (Chappell and

Dowling, 1972; Klingman and Chappell,1978; Stone,1982).
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Curare also prolonged the the photoreceptor’s "off" re-
sponse (Stone and Chappell, 1982). When Atropine, a mus-
carinic cholinergic antagonist, was applied to the prep-
aration no comparable effects were observed (Klingman,1976).

These experiments suggest that the photoreceptor ter-
minaf transmitter is acetylcholiﬁe, that it is released
during the time of illumination, and that the postsynap-
tic receptors are nicotinic in character. It has been
reported that significant amounts of acetylcholine and
choline acetyltransferase activity can be seen in assays
of ocellar tissue (Chappell and Kuhar, 1976). This ab-
servation further butresses the argument that there is
cholinergic activity in this organ. Since the L-neurons
respond to light with a hyperpolarization and an increase
in conductance, it appears that the photoreceptor trans-
mitter has an inhibitofy effect upon them. It should be
noted that this idea is in agreement with Ruck’s analysis
of the ERG wavefaorm (Ruck, 1961)(see Background Informa-
tion: Electroretinaogram).

Carbachol, a nicotinic cholinergic agonist that is
resistant to acetylcholinesterase hydolysis (Koelle,
1975a), was shown to reduce .the amplitude of both the "on"
transient and sustained portion of the light response and

cause a passing increase in the size of the "off" response
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of the L-neurons. Carbachol was also shown to depolarize
the membrane potential of this cell in the dark (Stone,
1982). These effects could be reversed by washing in
Ringer. Since Carbachol mimics the effects of acetyl-
choline and since acetylcholine has been postulated to
hyperpolarize the distal processes of the L-neuron, it is
difficult to explain why Carbachol depolarizés this cell
in the dark. 1If anything, there should be a membrane
hyperpolarization. One explanation for this effect is
that the Carbachol (10mM) affected presynaptic cholinergic
receptors of adjacent photoreceptors and that these pre-
synaptic receptors subserve lateral inhibitory interactions
(Stone, 1982).

If there are lateral interactions between photorecep-
tors, that are inhibitory or otherwise, pharmacological
studies on other aspects of ocellar physiology (besides
the local potentials of the photoreceptors and L-neurons)
should uncover furt%er evidence of their existence.

Since the cholinergic effect on impulse activity had not
as yet been studied, a major objective of the research was
to find out if there is a cholinergic influence on spike

frequency and in effect represents the first pharmacologi-

cal study on impulse activity in an ocellar nerve.

The addition of GABA (9.7 mM) to the perfusate in one




24

preparation increased the size of the "on" transient,

and altered the shape of the "off" response in the

second order cell (Klingman, 1976; Klingman and Chappell,
1978). Picrotoxin and Bicuculline have been shown to be
GABA antagonists in a number of preparations (Takeuchi and
Takeuchi, 1969; Walker, et al., 19713 Gerschenfeld, 1973;
Johnston, 1977; Defeudis, 1977; Ticku and Olsen, 1978).
When these agents are individually added to the bathing
medium (picrotoxin 1.66 mM, bicuculline 81.6 mM) they a
ppear to modify the "off" oscillation of both the
lL-neurons (Klingman and Chappell, 1978), and the photore-
ceptors (Stone, 1982). The effects of picrotoxin are par-
tially reversible after washing with Ringer. The L-neuron
perfused with bicuculline was lost before washing was at-
tempted (Klingman, 1976).

Bicuculline also affected other aspects of the L-neuron’s
response. It decreased the sizé of the "on" transient,
lowered the sensitivity of the light response by two log
units, decreased the dark noise, and decreased the amplitude
of the sustained hyperpolarization (except at the highest
stimulus intensity) (Klingman and Chappell, 1978).

Stone (1982) reports that picrotoxin ( 1.6 mM) increas-
ed the amplitude and duration of the "off" hyperpolariza-

tion of the photoreceptars. There was also a concom-
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mitant increase in amplitude of the L-neuron’s "off"
oscillation.

On the basis of these experiments, it was proposed that
there may be a GABA component to the ocellar system. There-
fore one of the goals of this study was to determine if GABA

has any effects on impulse activity.

Synaptic feedback model

The physiological, anatomical, and pharmacological
evidence has led to the formulation of a model which
proposes that there are local circuits within the synaptic
plexus of the ocellus (Chappell and Klingman, 1974;
Klingman, 1976; Klihgman and Chappell, 1978; Stone and
Chappell, 1981; Stone, 1982). The following is an

explanation of this model:

In the dark adapted state, the L-neuron releases a
certain amount of feedback transmitter from its dendritic
terminal. This feedback transmitter may act to facilitate
receptor transmitter release. At the same time, the photo-
receptor terminal releases a certain amount of transmitter
(presumably acetylcholine) which causes the L-neuron’s den-

drites to hyperpolarize, resulting in a decrease or inhibi-
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tion of feedback transmitter celease.

In the dark, the quantity of both types of released
transmitter reaches a steady state or equilibrium. This
steady state results in the maintenance of stable resting
potentials within both the first and second order cells.
The noise often recorded from the L-neuroné, in the

dark, might represent small variations in the amount of

receptor transmitter released (Klingman, 1976).

photoreceptor -}\~Fb\___ L\V/J L\/) L\\/J
L-neuron — .,
MR OIRG

(adapted from Stone, 1982)

At light "on", the receptor cell depolarizes resulting

in a large release of transmitter.

(adapted from Stone, 1982)
Released receptor

transmitter further hyperpolarizes the ocellar nerve den-

inhibiting release of the feedback transmitter.

(adapted from —*}\dek—_~ L\J/J v‘\/J L\V/J
Stone, 1982)
Ll' Kq

drites,
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s fﬁ

(adapted from Stone, 1982)

Since less feedback transmitter is released, facilitated
release of the receptor transmitter is reduced, eventual-

ly leading to a new steady state.
J\\P__ U L\R) w

(adapted from Stone, 1982)

At light "off", the receptor terminal s membrane poten-
tial approaches the dark resting potential. This results

in a cessation of light-induced release of receptor trans-

UV
1 Tm TR

(adépted from Stone, 139382)

mitter.

Since the L-neuron was partially
hyperpolarized at the steady state level seen in the

light, at light "off" it. becomes relatively depolarized
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resulting in a release of feedback transmitter. . The
feedback transmitter facilitates release of transmitter
from the photoreceptor which results in the negative

transient of the L-neuron’s "off" response.

(adapted from Stone, 1982)

Finally, after a few oscillations in some cases, 'a new dark
adapted steady state is reached.

This thesis deals with a spiking neuron. It is not
clear whether this impulse generating neuron is an L-neuron.
Some evidence shows that it (the spiking neuron of the la-
teral ocellar nerve) appears to behave like an L-neuron.
At the least it appears to be affected by-pharmacological
agents that affect the L-neuron. The following arguments
assume that the spiking neuron is second order, that'it is
responding to receptor transmitter in the same fashion as
the L-neuron, and that the light intensity-frequency rela-

tionship is non-complex.

If there is no feedback and if increasing amounts of

acetylcholine decrease ocellar nerve spike frequency in a
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graded fashion, then curare, a competitive inhisitor of
nicotinic cholinergic receptors (Koelle, 1975b), should
shift the (light) intensity-impulse frequency relationship
to the right in a parallel fashion with no change in slope
(Hollenberg, 1978). Results that:show such a parallel
shift would not be consistent with the synaptic feedback
model, since feedback should result in a more complex al-
teration of this relationship. However, a complex change
involving the slope, the intercepts, or both, as seen in
a dose-response experiment, would not rule out an explan-

’ ation other than feedback to account for such findings

) (Kerkut and Walker, 1961; Callec and Sattelle, 1973;
Sattelle, et. al., 1976). One of the accomplishments
of this study was to carry out such an experiment, the
results of which are consistent with the model.

Recently, Stone (1982) has expanded the model to in-

clude lateral synaptic interactions. She suggests that

(Stone, 1982)

the lateral synaptic interactions between photoreceptors,
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whose existence is demonstrated by electron microscopy,
are inhibjtory. That is, receptor transmitter acts to
hyperpolarize neighboring photoreceptors which ultimate-
ly-may reduce the amount of acetylcholine which reaches
the cholinergic receptor sites of the ocellar nerve
dendrites.

The presumed lateral synaptic interac;ions between
adjacent L-neurons may he excitatory (Stone, 1982), but
there is no hard evidence that this is the case. If they
are excitatory, the synaptic release of a small amount of
feedback transmitter could lead to a further increase in
its own release.

The model emphasizes that the synaptic contacts are
in a state of dynamic equilibrium, so that the ocellar
system would appear to be geared towards responding to
a change in the intensity although to.some extent it can

respond to the absolute level of illumination.
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Objectives

The primary objectives of this study were:

1. To determine the source of the impulse activity re-

corded from the cornea of the ocellus.

2. To develop a non-invasive perfusion preparation for

study of ocellar nerve impulses.

3. To study the behavior of the impulse activity under
the influence of agents known to affect the photo-

receptors and the L-neurons.

4. To compare the behavior of the impulse activity to

that of the L-neurons.

the
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METHODS

Electrodes

Extracellular recording electrodes were made from 0.25
mm diameter stainless steel wire cut into 7.6 om
lengths., This wire was inserted into the lumen of a num-
ber 20 stainless steel Luer Loc syringe needle which was
then crimped to hold the wire in place. The tips of the
electrodes were sharpened electrolytically using an Ever-
eady no. 276 "9" volt battery, at which time the elec-
trodes served as the anode while a carbon rod served as
the cathode. The electrodes were rinsed in distilled
water and viewed under a dissecting microscope several
times during this procedure to check the angle of the
shaft. If the tip was too sharp the electrodes bent when
pushed up against the animals hard exoskeleton.

The electrolytic solution was prepared in the following

proportions:

68 ml. H2 S04 specific gravity 1.84
84 ml. H3PO4 specific gravity 1.69

48 ml. H20

200 ml. total volume
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Intracellular electrodes were made from 0.8 mm O.D.
boron-silica glass capillaries which were pulled on a
Narishege horizontal electrode puller for a tip resist-
ance of 50 to 100 megohms when filled with 3 molar cobalt

chloride. A silver chloride disc obtained from W.P.I.

served as the reference electrode.

Recording system

Extracellular electrodes were attached to differential
inputs G-1 and G-2 on a Grass P15 A.C. preamplifier or
inputs A (analogous to G-1) and B on a PAR model 113 pre-
amplifier. The frequency bandpass used was 300 HZ-1 KHZ
for monitoring impulse activity and 0.1 HZ - 0.1 KHZ for
ERG recordings. The gain was most frequently x1000, but
occasionally this was lowered to x100. The preamplifier
was capacitatively coupléd to the lower channel of a
Tektronix 502A Dual Beam oscilloscope. Capaci tance
values ranged from 0.001 uF to 0.1 uF, depending upon
which value gave the best signal to noise ratio for that
preparation.

Intracellular recordings were accomplished through a
head stage amplifier which was connected to a WPI 707

electrometer amplifier with current injection facilities.
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Data was recorded on magnetic tape for later analysis.
The preparation itself was grounded to the chassis of

the preamplifier and not to the faraday cage.

Staining Procedure

Iontophoresis of cobalt chloride into ocellar nerve
fibers was accomplished by applying positive 500 nano-
amp current pulses through the recording electrode. The
duration of each pulse was a half of a second with a 50%
duty cycle (Mobbs, et al, 1981). The duration of the
cobalt impregnation was from 10 to 30 minutes.

After iontophoresis was complete, the head cavity was
flooded with Ringer and one drop of 5% ammonium sulphide
was applied for approximately 5 minutes. This was fol-
lowed by another Ringer wash and a two hour period of
fixation in alcholic Bouin. The Bouin fixative was re-
placed with 50% alcoho! and at this time the brain and
ocelli were dissected out of the héad cavity. Removal
of the nerve at this point in the procedure was facili-
tated by the relative stiffness of the preparation due
to the fixative.

It was found that better resolution of the stained

processes could be obtained by soaking the preparation
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in Timm’s silver intensification solution (Tyrer and Bell,
1973; Bacon and Altman, 1976) overnight. Prior to dehy-
dration in graded concentrations of ethanol, the brains
were washed in a mixture 'of one part 10% sodium hydro-
xide: two parts glycerol:7 parts 70% ethanol (Patterson
and Chappell, 1980). This helped to remove most of the
surface pigment which could have blocked the visualiza-
tion of cobalt impregnated fibers. After dehydration

the brains were cleared in 100% xylene and mounted whole
under Canadian balsam and a cover slip (Mobbs, et.al.,

1981).

Photostimulation

The light source in all experiments was a 100 W quartz
-iodide bulb operated at 12 volts and 8 amps. A beam
of light from this source was focused onto one end of a
fiber optic tube. The other end was placed between 1
and 0.5 cm from the vertex at an angle of approximately
45 degrees above the horizontal plane. The light beam
was interrupted by an electromagnetic shutter driven by
a Uniblitz Model 310B shutter timer control. In.the pre-
liminary studies, the frequency and duration of the shut-

ter opening were controlled by a series of Ortec model
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4654 delay and duration controls which were in turn trig-
gered by an Ortec mode! 4653 pulse generator. In later
studies, these parameters were controlled by a Digital
Equipment Corporation PDP-11 computer using a custom
software program which I developed. Lower intensities
were produced by using neutral density filters. light
at specific wavelengths for spectral sensitivity studies
was produced by allowing the light beam to pass through
spgctral filters before it entered the light pipe. These
filters were a Corning CS 737 (wavelength(max) 360 nm,
50% bandwidth 50 nm) and a Kodak no. 85 in combination
with a Corning CS5-61 (wavelength(max) 485 nm, 50% band-
width 30 nm). The filters were selected to approximate
the two sensitivity peaks of the ocellar photoreceptors
(Chappell and Devoe, 1975) and to duplicate the the exper-
imental conditions used to measure the spectral sensitiv-
ity of the median ocellar L-neurons (Mobbs, et al, 1981).
The stimulus was monitored by a phototransistor which
was placed in the light path outside of the cage. The
output of the phototransistor and a sync pulse from either
the Ortec delay and duration controls or the Digital-Out
module of the PDP-11 were veiwed on the upper beam of the
502 oscilloscope.

Calibration of the light source was accompl!ished by
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utilizing a United Detector Technology model 40A Optomet-
er photometer. The light pipe was placed 1 cm away from
the light collector and measurements were taken directly
from the meter and converted to quanta/ square cm/sec
when appropriate. The intensity of the unattenuated

beam of white light was 640 footcandles.

Preparation and Dissection

Dragonfly nymphs of the species Aeschna tubiculifera

were obtained from Connecticut.Valley Biological Supply
Company and then raised in the laboratory. As the adults
emerged, they were collected and stored for a day to.allow
their exoskeletons to harden and their pigment to develop.

Intact animals, at least one day old, were attached to
a horizontal board with tacky wax. Particular care was
taken to immobilize the head. It is very difficult to
completely eliminate wing movement in a living breathing
dragonfly. However, the wings were Scotch taped to the
board in order to inhibit movement as much as possible.

In most experiments, the ocellar nerves and the brain
were exposed by placing a thin razor blade at the level
of the vertex just above the lateral ocelli and making a

horizontal slice through the top of the head. This re-
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sults in the removal of the dorsal region of the compound
eye. Oniy a small number of air sacs were removed to al-
low for adequate visualization of the ocellar nerves
without compromising their function. The exposed head
was constantly perfused with dragonfly Ringer. The
animals appeared to be functioning as normally as could
be expected since their wing hinges, antenni, and the
eosophagus could be seen moving. For most pharmacoloqgi-
cal experiments one of the lateral ocellar nerves was
removed.

To record action potentials from the median ocellus,
the initial exposure of the top of the head was done as
follows. The razor blade was placed above the vertex,
and the incision was made as previously described. This
did not permit visualization of any of the ocellar
nerves because the air sacs were not removed, but allowed
the head cavity to be perfused with Ringer while the re-
cordings were being made. Lateral ocelli and their nerves
were sequentially removed by pushing the tip of a jeweler’s
foreceps through the exoskeleton around the cornea, and
.pulling the ocellus and its nerve out of the head cavity.
By using a dissecting microscope, visualization of the organ
within the teeth of the forceps confirmed that the ocellus

and its nerve had been removed.
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Solutions

lonic composition of the dragonfly Ringer’s solution
(Ringer) was based on an analysis of the hemolymph obtained
from the nymphs of the genus Aeséhna (Duchateau, et. al.,
1953). The Ringer solution consisted of: 134 mM NaCl,
5.4 MM KC1, 3.8 mM CaCl2, 3.0 MM MgCl12, 0.5 mM NaHCO3; and
was adjusted to a pH of 7.4 . All drugs were dissolved
directly in the Ringer solution (Klingman and Chappell,

1978).

The following is the list of drugs and their sources
used in this study: d-tubocurare chloride,
United States Biocherhical Corporation, Cleveland,
Ohiog gamma-amino-n-butyric acid, Sigma Chemical
Company, St. Louis, Missourij; cobalt chldride, J.T.
Baker Chemical Company, Phillipsburg, New Jersey;
tetrodotoxin, Sigma Chemical Company, St. Louis,

Missouri.
Perfusion

All perfusing solutions were applied to the head by
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drop perfusion from 30-gauge syringe needles. The need-
les were soldered to an iron bar with their tips aligned
and secured with a narrow strip of heat shrink tubing.
One end of the iron bar was secured with an adjustable
clamp so that the aligned tips of 5 syringe needles could
be lowered into the head cavity of the animal at the same
time.

The perfusates were maintained at room temperature
outside of the Faraday cage in 100 ml. microdrip chambers
(Abbott Company)which were connected to the syringe need-
les with plastic tubing. The drip rate was modulated
via an externally located screw clamp. This made it
possible to perfuse the preparation with up to five dif-
ferent drugs or concentrations without opening up the cage.

Before each experiment the perfusing solutions were
milked out of the distal end of each plastic tube allowing
air to fill up the dead space. The air served as a bar-
rier to prevent inAdvertent leakage of the pharmacolegical
agents into the head cavity prior to opening the external
clamp.

When changing the perfusing solution the head cavity
was gently flooded with the new solution so as to wash out
the previous perfusate. The drip rate was then adjusted

to approximately 4 drops per minute and maintained at that
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rate throughout the experiments.

Experimental protocol for pharmacological experiments

¥

Curare

Measurements of spike frequencies were obtained as the
concentration of curare in the perfusate was sequentially
increased. Control perfusates contained no curare. The
data collected at each dose represents the averagdge re-
sponse from a minimum of six animals. The entire experi-
ment was controlled by the computer using a program called
"SPIKES" (see appendix). The program initiated the com-
mand to start counting spikes two seconds prior to and
throughout a light flash of two second duration. The
counting was continued for 26 seconds after light off.

Two seconds after the counting had stopped, this sequence
automatically repeated. This means that each flash was
preceded by a 30 second period in the dark.

Because df the limitations of the equipment the instant-
aneous spike frequency could not be monitored. Therefore
an alternate way was needed tolcollect the spike counts so
that they could be analyzed in a meaningful manner. To

do this, time was divided into half-second intervals, with
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interval #1 starting 2 seconds prior to the light stimulus.
The spike counts were sunrmed for each half second interval
and the totals of each interval were stored in a two di-
mensional array. The first dimension of the array repre-
sents the interval number from the start of the counting
and the second dimension represents the stimulus number
(ie. first flash, second flash, etc.) (see figures 23,24,
25, and 26).

It was possible to monitor the computers ability to
count each nerve impulse. This was done by viewing

the output of the computer’s discriminator which put a

dot above each spike which had been counted (figure 17).
In order to insure that the drug concentration had
equilibrated at its site of action the animal was left for
one hour in the dark, at each dose, before stimulating.
This also allowed the animal to fully dark- adapt. The
"SPIKES" program was then used to stimulate the prepara-
tion with light. For each drug dose, the light intensity
was incremented, every three flashes, in whole log units
starting from log I = -9 to leg I =0 . Only the
counts from the second and third stimuli were used for

analysis.

The dark frequency was determined at each drug dose af-

ter one hour of dark adaptation. The curve labeled
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"DARK", in figure 29, represents the mean frequency

in the dark from four out of seven animals. The data was
obtained by computer arnalysis of the tape recorded exper-
iments. For each animal the dark frequency was determin-
ed by taking the average frequency for 10 consecutive
intervals sometime before the start of thé first flash of

light.

GABA and Cobalt

A custom softwritten program called "Multispikes" (see
appendix), collected the data in much the same way as the
"spikes™ program, except that the counts from more than one
stimulus were summed in each interval. This became neces-
sary because the speed of the computer did not allow for
very short interval durations (a necessary prerequisite for
instantaneous frequency measurements). In this way atypical
responses due to the deviation of individual flashes could
be lessened. The program initiated the command to start
counting spikes two seconds pfior to ahd throughout a
light flash of two second duration. The counting was con-
tinued for sixteen seconds after light off. The sequence
would automatically repeat until 3, 6,'0r 9 flashes had

occurred. The number of flashes per program run is user
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controlled. Data were stored in a two-dimensional! array
in which the first dimension fepresents interval number
and the second dimension represents histogram number. The
duration of each interval was 200 msecs.

For studies on the time course of action of GABA
(figures 36,39, and 40), the animal was allowed to dark
adapt in Ringer for one hour. Then the animal was sub-
jected to three test flashes at some light intensity. The
surmmed spike counts were then stored and perfusion of the
drug at a given concentration was initiated. From time
zero, the start of drug application, the computer continued
to run and store tﬁe surmed counts of every three flashes.
The result is that every histogram (figure 36) represents
the number of impulses per interval from three consecutive
stimuli within a time period of 60 seconds.

The investigation of the time course of action of 12 mM
cobalt was carried out in the same way except each histo-
gram represents six flashes and counts all spikes over a'
period of 2 minutes.

For intensity response studies in the presence of GABA
(figures.37 and 38), the animal was first dark adapated
for one hour, at which time "Multispikes" was uséd to
stimulate the preparation with light. The interval dura-

tion was 200 msee. 1In the presence of GABA, or Ringer
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solutions, the light intensity was incremented evéry six
flashes, in whole log units, starting from "dark" to log
1=-1. The counts from all six flashes at a given intens-
ity were summed and stored in a histogram . This means
that each histogram in figure 37 and 38 represents the
total counts of spikes from six consecutive flashes occur-
ring over a period of 120 seconds.

Attempts to reverse the effects of all drugs were car-
ried out by washing the preparation in Ringer for various

lengths of time.

Tetrodotoxin

A number of reponses to light stimuli were recorded
to demonstrate that the preparation was healthy and func-
tional. The effects of TTX on the impulse activity were
then monitored on a CRT while the drug was applied to the
animal ‘s head cavity. All experiments were recorded on
tape (see "recording system"). Once the impulse activity
had disappeared, a DC ERG was obtained from the lateral
ocelli to determine if TTX insensitive components, ie.
contributions of first and second order cell slow potent-
ials, could still be recorded in response to light thus

indicating a viable retina except for the impulse block.
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The preparation was washed for an hour in Ringer to at-

tempt to reverse the effects of the drug.
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RESULTS

Origin of Ocellar Spiking Activity

Extracellular recordings from the cornea of the median
ocellus reveal two general types of action potentials,
those that are small in amplitude and are light facili-
tated, and those that are large and light iﬁhibited (fig-
ure 4, A and B). All impulses are biphasic and are
oriented with an initial negative phase followed by a
positive phase (figures 9 and 10). The large action
potentials are of 2 sizes, and often infringe upon each
other (figure 9, A and D). This indicates that more
than one spiking unit is involved.

Following the removal of the left lateral ocellar
nerve there was a reduction of the number of action po-
tentials and all of the light inhibited spikes that
remained appeared to reflect a single population (fig-
ures 4B, 9, B and E). When the right lateral ocellar
nerve was removed, no spikes of any size were present
(figures 4C, 9C andNQF). Thus it appeared that the
lateral ocellar nerves were the source of the spikes.

To rule out the possibility that this finding
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resulted from damage to either the second order cells
and/or the photoreceptors during this procedure,

a D.C. ERG was recorded’from the median ocellar cup
(figure 4D). The presence of component 1 (photorecep--
tor potential), component 3 (ocellar nerve dendritic
potential), and an "off" response in the waveform of the
light response implies that the median ocellus and its
nerve were undamaged (Ruck, 1961), and is consistent
with the idea that the spiking activity is originating
from the lateral ocellar nerves.

Differential recordings between the corneas of the
right and left lateral ocelli (see figure 5 for recordihg
configuration) also revealed 2 general types of spiking
activity, similar to that of the median ocellus, except
that in these recordings the larger light inhibited spikes
exhibited 2 distinct orientations which often were unequal
in size (fiqgures 6,7,9A,9D, and 10). Occasionally it ap-
peared as if a second impulse occurred before a previous
impulse had finished (figure 9D). The differential
preamplifier to which the corneal electrodes were connect-
ed produced an output volgage proportional to.the change
in potential of electrode G-1 relative to electrode G-2.
Except where otherwise indicated, electrode G-1 was placed

in the cornea of the left lateral '‘ocellus and electrode
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G-2 was placed in the right lateral ocellar cornea (figure
"5). In this recording configeration some of these bi-
phasic spikes were oriented with an initial negative phase
preceding the positive while others had the positive phase
preceding the negative phase (figufes 7, 9D, and 10). It
should be noted that spikes occasionally suggest a tri-
phasic or monophasic appearance (figures 7 upper trace and
9D) . Cutting the median ocellar nerve caused no change
in the recorded activity. Sequential ablation of the
median ocellus, right and left antennal nerves, optic
lobes and cervical neck chain .caused no change in the
qualitative behavior of the spikes (figure 6).

Upon ablation of the left lateral nerve, the large
light-inhibited spikes with the initial positive phase
dissappeared. Figure 6 shows that the spikes that were
left were still light inhibited. 1In addition, none of
the.remaining action potentials occurred before a pre-
vious impulse was over. Removal of the right lateral
ocellar nerve resulted in the dissappearance of these
remaining spikes. From the results of this procedure,
it would appear that the spikes which have the negative
phase first are originating in the right lateral ocellar
nerve and those with an initial positive phase originate

in the left lateral ocellar nerve.
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To determine if there was a direct temporal correspon-
dence between the occurrence of an action potential re-
corded from the median ocellus and one recorded from the
lateral ocelli, extracellular recordings were made from -
the cornea of the median ocellus at the same time that
differential recordings were made between the corneas of
the right and left lateral ocelli (see figure 8 for re-
cording configuration). For each spike recorded from the
median ocellar electrode, there was a corresponding spike
recorded between the lateral ocellar electrodes, as either
the initial positive phase spikes associated with the left
lateral ocellar nerve or the initial negative phasé spikes
associated with the right lateral ocellar nerve. Con-
versely, every spike that appeared in the differential
recording from the lateral ocellar corneas, no matter what
its s{ze or configuration, had a corresponding spike of
negative/positive orientation in the median ocellar trace
(figures 9A, 9B, 9D, 9€, and 10).

Upon ablation of the left léléral ocellar nerve, the
initial positive phase spikes dissappeared from the
lateral ocellar trace (figure 98 and 9E bottom) along with
the corresponding spikes seen in the median ocellar record-
ing (figures 98 and 9E top). When the right lateral

ocellar nerve was removed no spikes of any orientation
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could be seen in either trace (figures 9C and 9F).

Both the Grass P-15 and the PAR-113 preamplifiers put
out a voltage proportional to the potential change at
electrode G-1 with respect to electrode G-2. The spikes
of the left lateral ocellar nerve are oriented with an
initial positive phase when G-1 is in the left lateral
ocellar cornea and G-2 is in the vertex or the cornea of
the right lateral ocellus (figure 9D and 10B); and they
are orientéd with an initial negative phase when G-1 is in
the median ocellar cornea and G-2 is in the vertex (figure
9D and 10). If differential recordings are made between
the corneas of the median (G-1) and left lateral (G-2)
ocellus, the spikes are also oriented with an initial
negative phase.

In surmmary, there was a one to one correspondence
for every spike seen in both traces, and no significant
time lag between a spike seen in the differential record-
ing from the lateral ocellar corneas and the correspond-
ing spike of the median ocellar trace. These results
suggest that the spikes seen in the recordings from the
cornea of the median ocellus are originating from the
lateral ocellar nerves and not the median ocellar nerve

as might be concluded from earlier reports (Chappell and

Dowling, 1972).
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Intracellular Recordings

Intracellular recordings from the lateral ocellar nerve
fibers revealed two categories of neurons, those with
and those without spontaneous impulse activity (figure 11).

All non-spiking cells had stable‘dark resting poten-
tials which ranged from -30 mv to -55 mv. Their
response to a 400 msec light flash was an initial tran-
sient hyperpolarization, which at an intensity of log I=0
could have a magnitude of -15 mv (figures 11 and 12),
followed by a return to a less negative but sustained
potential. Sometimes the potential returned to or tran-
siently exceeded the dark resting potential before attain-
ing the sustained level. At light "off", the membrane
potential overshot its dark resting level and then
gradually returned to its original baseline.

A cell from which impulse activity could be recorded
was impaled for 20 seconds (figure 11). Its dark resting
potential was -55 mv and the amplitude of its spontaneous
action potentials was 30 mv. The action potentials were
inhibited by light and exhibited a response latency of at
least 10 msec, which is very close to the latency measured
for the L-neuron in the median ocellus (Chappell and

Dowling, 1972). There was also a transient 5 mv hyper-
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polarization which lasted for the first 40 msec of the
response followed by a 5 mv positive overshoot of the
resting potential (figure 11). The membrane potential
remained at this level throughout the period of illumina-
tion. At light "off", the membrane potential appeared
to rise slightly and the impulses returned with a higher
frequency than before the stimulus.

Extracellular recordings revealed impulse activity
which appeared to originate in the lateral ocellar nerve,
yet these impulses rarely appeared in either intracel-
lular recordings from the presumed second order cells of
the median ocellus (Chappell and Dowling, 1972; Stone,
1982; Patterson and Chappell, 1980) and/or similar re-
cordings from the lateral ocellar nerve. It is possible
that the lack of impulse activity in the non-spiking
neuron was due to cell damage at the time of electrode
penetration. To determine if the spiking neuron repre-
sented either another class of nerve cells or was in fact
a "healthy" L-neuron, an extracellular recording between
the corneas of the right and left ocelli was carried out
at the same time that an intracellular electrode was pen-
etrating a process in the right lateral nerve. The
result was that an L-neuron like response could be re-

corded from the nerve fiber at the same time that spiking
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activity wés observed in the extracellular trace
(figure 12). The process from which the intracellular
response had been obtained was stained with cobalt and
shown to have a dendritic tree within the right lateral
ocellar cup (figures 2A and 2B). It can be seen that
the fiber appears to be going to the ipsilateral proto-
cerebrum and to end in the area near the ventrolateral
dendritic complex (Mobbs, et. al., 1980) (figure 2A).
Since the left lateral ocellar nerve had been severed,
these spikes could only have been coming from the right
lateral ocellar nerve. An additional observation that. is
consistent with this idea is that, as the microelectrode
was advanced into the nerve, the spike rate could be seen
to increase. This may have resulted from the increased
tension put on the nerve fiber as the electrode entered it.
These results suggest that there is another class of
neurons . within the lateral ocellar system, that may be
either second or higher order, but unlike the L-neuron,
has spontaneous impulse activity which is inhibited by

light.



55

Occurrence of Small Aﬁplitude "On" Spikes

The smaller action potentials, mentioned in a previous
section of these results, were facilitated by light
(figures 4 and 6). This is consistent with findings from
previous studies (Kondo, 1978; Rosser, 1974; Chappell and
Dowling, 1972). Several investigators have suggested
that these impulses carry information from the brain to
the ocellus (Kondo, 1978; Rosser, 1974). In the prepar-
ations in which they were seen, their frequency would
decrease within a few hundred milliseconds after the
start of the stimulus (figure 4B). Also, the spikes
would sometimes appear as a burst at light "off" as
well as at light "on", which along with their rapid
adaptation to light suggests that their activity is
phasic in nature (figure 18 bottom two traces). A
few small spikes occasianally appeared spantaneously
in the dark (figure 18 top trace).

In a large number of preparations this light facili-
tated impulse activity would completely dissappear for
no apparent reason. This erratic behavior precluded any
detailed study of them. However, since no impulses
could be seen after the ablation of both lateral ocellar

nerves (figures 4 and 6), it seems reasonable to suggest
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that they originate from fibers traveling within these

nerves.

Behavior of Afferent Spikes

The large light-inhibited action potentials of the
lateral ocellar nerve occur with an average frequency of
twenty-two spikes per second after at least one hour of
dark adaptation (figures 6 middle, 18 top, and 29). Under
this condition the firing rate was arhythmie (figures 6,
9A, 9B). The response to a two second, light stimulus of
low intensity was a reduction in frequency. The greatest
reduction occurred during the first 200 to 400 milliseconds,
after which time the spikes increased in number until a new
steady state rate was achievéd which was less than the fir-
ing rate in the dark (figure 18). In most preparations, a
stimulus magnitude of log I=-5 resulted in complete inhibi-
tion, for the two second duration of the stimulus (figures
13, and 18).

At light "off", two types of spiking behavior were
characterized. In most preparations, at the time that
the stimulus is turned off a burst of activity is seen

which decreases with time eventually returning to the dark
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rate (figure 18). This gradual return to dark rate can
take longer than 30 seconds when the stimulus is very
bright. A few preparatiaons show a single or short burst
of spikes at light "off", followed by a quiet period or
decrease iﬁ firing rate which can last up to a few se-
conds. The frequency of impulses gradually returns and
eventually reaches the preflash frequency. While there
was considerable variation in the behavior of the spikes
from preparation to preparation, ény given preparation
showed consistent behavior throughout an experiment.

A typical frequency response curve, for the last 1.5
seconds of a 2 second flash, is seen in figure 13. Note
that complete inhibition of impulse activity occurs at
log I=-5. In Ringer the threshold of a typical response
to light occurs between log I = -9 and -8 (figures 18,
33, and 34).

The spectral sensitivity studies on ocellar nerve
impulse activity showed that the spike frequency has a
lower threshold of inhibition for green light (485 nm)
than it does for ultraviolet light (360 nm)(fiqure 14).
The stimulus intensity necessary to elicit a threshold
response was approximately 1 x 10E8 quanta/cm2/sec for
green light and 1 x 10E10 quanta/cm2/sec for UV light.

However the response threshold of the impulse activity
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in the lateral ocellar nerve preparation studied, was
one order of magnitude more sensitive to green light
than that reported for median ipsilateral L-neurons,
while the thresholds to UV light were comparable (Mobbs,
et al., 1981).

Figure 33 suggests that the maximum response to light
is reached somewhere between the intensities of log I=-4
and -5, The response appears to decrease in magnitude
for higher intensities. Hyperpolarizing responses to
light, recorded from median ocellar L-neurons, also
reach a maximum amplitude at some intermediate iight
intensity. The magnitude of the response then decreases
as the level of illumination is increased beyond this
point (Chappell and Dowling, 1972).

These results show the clear resemblance of the behav-
ior of the spiking neuron to that of other second order
cells of the dragonfly ocellus ( see Discussion: Behavior
of Spiking Activity). Also, they suggest an increased
sensitivity of the impulse activity to light when compared
to the slow potential changes recorded from the L-heuron

(Chappell and Dowling, 1972; Mobbs, et. al., 1981).
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Pharmacology

Tetrodotoxin

The effects of 0.3E-6 M TTX on spike activity on two
preparations occurred within seconds (figures 15 ahd 16).
Initially the amplitude of the e*tracellularly recurded/
action potentials decreased without any comparable change
in the background noise. Since the recording electrodes
were AC coupled to the preamp, this diminufion of ampli -
tude probably represents the decreased.rise time of each
spike due to the action of the drug. By the end of the
first minute all impulse activity had dissappeared from the
trace. The presence of a healthy ERG (figure 16 bottom)
is consistent with the notion thaf the slow responses of
the photoreceptors and ocellar nerve dendrites were un-
affected by the drug. The effects were not reversible

even after one hour of washing in Ringer.
Curare

In the absence of drugs, light stimulation caused an

intensity dependent decrease of the interflash spike fre-
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quency as compared to the spike frequency in the dark
(figure 18, 23, and 30). The interflash spike frequency
is defined as the impulse frequency measured 30 seconds
after a light flash. The data were plotted on a
PROPHET graphics terminal and analysed using the statis-
tics progrém TEST.LINES. The program carries out an ana-
lysis of covariance for multiple regression, determines
whether the slopes are significantly different, and cal-
culates for any given line whether VY is independent
of X . The points chosen to calculate the slope were
done so by visually determining the straight part of the
curve. In Ringer the null! hypothesis HO: Interflash
frequency is independent of the light intensity at the
previous flash, was rejected at p<0.0l, n=7 (figure 30).
'The seven statistically analyzed preparations contin-
ued to have spiking activity throughout the duration of
the experiment. Preparations in which impulse activity
disappeared were not included. The data obtained from
the seven preparations were averaged for a given drug
dose duriﬁg or after a two second light flash at each
intensity. The parameters thus obtained for a given ex-
perimental condition were then plotted using a PROPHET
program called MAKE GRAPH.

At low concentrations {50 uM) curare decreased the
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interflash spike frequency for all light intensities (fig-
ure 19,29, and 30). Howevef, it had no significant
effect on the spike frequency when the animal was allowed
to dark adapt for one hour (figure 29 and 22A). To de-
termine if this effect was due to the drug or merely the
increased time in the dark during which the preparation
was perfused, one animal was perfused with Ringer for a
second time -instead of with 50 um curare (figure 28).

The second intensity-response series was similar to the
previous series in that preparation. [In fact, the second
series appeared to have a slightly higher frequency be-
tween flashes. fhese results are consistent with the
idea that at this dose, the effect of curare is to de-
crease the rate of dark adaptation. More accurately,

it appeéred to take a longer period of time for the

spike frequency to return to its dark-adapted level.

At this drug dose the null-hypothesis HU}Interflash
frequency is independent of the light intensity of the
previous flash, was rejected at p<0.0l, n=6 (fiqure 30).

When the concentration of curare in the perfusate was
increaséd to 100 uM, instead of a further decrease in the
interflash frequency, the average of 7 preparations showed
an increased frequency which approached control values

(figures 29 and 30). The independence of interflash
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spike frequency to the light intensity at the previous
flash was tested and shown to be true at p>0.05, n=7.

So it appears that, at this dose, the spike firing rate
between flashes is intensity independent. Figure 24 is

a series of histograms showing ocellar nerve spike freq-
uency, recorded from a single preparation, before, during,
and after a two second light stimulus. In this animal
interflash spike frequency had not increased to fhe values
recorded during perfusion with Ringer as seen in figure
23, However, the figure does show that the spike freg-
uency seen 30 seconds after a light flash is independent
of the stimulus intensity.

At the higher concentrations of drug, the interflash
spike frequency increased in a dose dependent manner
(figures 20, 21, 25, 26, and 29) and remained essentially
intensity independent (figure 30), p>0.05, n=7. There
was also a significant dose dependent increase in the dark
adapted spike frequency, but the slope of this increase
was less than the slope of the mean of the interflash
frequencies, so that the two lines representing the dark
frequency and the interflash spike frequency are converg-
ing (figure 29). These results have uncovered a prev-
iously unreported effect of low doses of curare on a

physiological response to light in the dragonfly ocellus.
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What is particularly interesting is that this effect oc-
curs at some time after the stimulus.

The range of the physiological response to light, from
threshold to saturation, occurs between log I1=-8 and log
I=-5 (figures 18, 23,and 33), so that the normal range
of the immediate response to light covers 3 orders of
magnitude of intensity. Low concentrations of curare do
not appear to significantly affect this range but they do
change the slope of the intensity response relationéhip
at p<0.01, n=7 (figures 32 and 34). However, doses of
curare of 500 uM or higher increése the range of the light
response to over 5 orders of intensity (figures 31, 33).
Also, increasing concentrations of drug shift the inten-
sity-response curves of the impulse activity in parallel
(figures 32 and 34). The null hypothesis HO:The slopes
are not different (excluding Ringer) was accepted at
p>0.05, n=7.

In the presence of low concentrations of this drug, the
impulse frequency in the light appears to be less than
control frequencies (during illumination) measured in
Ringer (figures 19 and 31). At a dose of 100 uM the
frequency at all intensities increased from the 50 uM
curare level, reapproaching the control values (figure

31)., This is consistent with the observation that the
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spike freqﬁency has a dose dependent character which,
above 50 uM curare, increases proportionately with in-
creasing concentration,

Above 100 uM it appears that with increasing intensit-
ies of light, the average spike frequency (n=7) during
stimulation reaches a non zero level at which there is'no
further significant decrease (fiqures 31 and 33). This
final plateau level appears to be dose dependent and may
reflect the effect of the drug’s on the baseline frequency
measured in the dark.

When individual experiments were examined, in all cases
the lower doses of curare decreased the slope of the line
analagous to the 50 uM curve seen in figure 31 and lowered
the stimulus threshold at which a response could be ob-
served. Additionally, in every preparation, increasing
the concentration of curare above 50 uM resulted in a dose
dependent shift of these curves to éhe'right. This
shift is similar to what one would observe after the ap-
plication of a competitive inhibitor.

If one looks at the difference in spike frequency just
prior to and just after a light is turned "on", as a fun-
ction of stimulus infensityy it can be seen that the dif-
ference reaches a maximum somewhere between log 1=-5 and

-4 and then begins to drop off as the intensity is furth-
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er increased (figure 33). This intensity-response re-

lationship is similar to that of the hyperpolarizing re-
sponse reported for the L-neuron of the dragonfly median
ocellus (Chappell and Dowling, 1972).

A low curare concentration appears to slightly lower
the maximum difference but it does not significantly alter
the shape of the curve. Higher doses abolish the de-
crease seen after log I1=-4. At concentrations above lUD
uM, the curves appear to shift, in parallel, to the right.
This is consistent with the notion that curare is acting
as a compétitive inhibitor of the receptor transmitter.

The effects of curare were partially reversible (fig@re
27). In all cases washing in Ringer for an hour resulted
in a decreased interflash and dark-adapted frequency and

a diminished response to light.
GABA

10 mM gamma-amino-butyric acid (GABA) was added to the
perfusate while the preparation was repetitively stimulat-
‘ed with a two second flash of light (log I=-55 every 18 se-
conds. Over the duration of perfusion the light response
changed in character. The initial effect was that there

was no longer complete inhibition of impulses during light
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"on" (figure 35). By 4 minutes, the frequency during the
sustained portion of the light response was close to its
interflash value and the off burst was noticably diminish-
ed. After 12 minutes it seemed as if the appearance of
spikes was facilitated by light. As for the spontaneous
impulse activity, the interflash frequency was generélly
lower after the application of GABA. At 23 minutes, the
interflash frequency increased for a period of about 5
minuées. After this transient increase the frequency be-
tween flashes gradually decreased until it was almost
zero at 56 minutes after the start of the drug perfusion.
At this time, light stimulation resulted in a burst of
spikes which reached its maximum frequency just after
light "off",

A series of histograms showing the number of spikes
per interval after time zero demonstrates that action poa-
tentials appear to be facilitated by light in an intensity
range between threshold leg I1=-6 and log 1=-3 (figures 36
and 37). Another interesting finding is that as the in-
tensity of illumination was increased from threshold, the
maximal spiking activity was shifted towards light "off"
(figure 37). At log I=-2.5 and greater, impulse activity
was not increased during illumination, but large intensity

dependent "off" responses occurred, which were character-
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ized by a burst of impulses at light "off" that gradually
decreased in frequency with time as compared to the re-
sponse measured in Ringer at the same stimulus intensity
(figure 36).

The effects of GABA were partially reversible by wash-
ing in Ringer (figure 38). The sequence of the restora-
tion of the original response was the reverse of that

seen during the time aof drug perfusion.

Cobalt

In an effort to determine the spike firing rate in the
absence of synaptic transmission, a nonspecific inhibitor
of synaptic vesicle release was added to the bath. Ap -
plication of 12 mM cobalt for 18 minutes caused the dis-
appearance of the action potentials (figure 39). The se-
quence of pharmacological effects started with an increase
in interflash spiking rate followed by a gracdual decrease
in frequency until no impulse activity was present. This
effect was partially reversed after 13 minutes of washing.
An application of 30 mM cobalt irreversibly eliminated all

impulse activity.
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Discussion

localization of ocellar impulse activity

In the dragonfly, action potentials can be recorded be-
tween an extracellular electrode placed in the cornea of
the median ocellus and a second electrode placed in the
animal’s vertex (Chappell! and Powling, 1972). The size
and behavior of these spikes falls into two broad cate-
gories, those that are large in amplitude and inhibited
by light and those that have smaller amplitudes and are
light facilitated (figure 4B).

Extracellular lateral ocellar nerve recordings show ac-
tion potentials that exhibit these same two size and be-
havioral characteristiecs (fiqure 6)(Ruck, 1961; Rosser,
1974; Kondo, 1978;), and previous investigations have pro-
vided evidence that the large spikes are afferent and the
small spikes efferent (Kondo, 1978)(see Background Infor-
mation: Impulse Activity). In this study, it was found
that as long as one lateral ocellus and its nerve is
intact, corneal recordings of both types of spikes can beA
made, even after the ablation of all other known photo-

sensitive organs. The finding that the frequency of the
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large spikes is photosensitive under these conditions is
consistent with the notion that they are afferent in
nature, but the observation that the frequency of the small
sbikes still change in response to light requires some
discussion.

If the small spikes carry afferent information from
the lateral ocellus to the brain, then the implication is
that the fibers in which they propagate receive synaptic
input at or near the ocellar cup. This conclusion is not
in agreement with some of the evidence. Kondo (1978)
was ablg to record small light modulated spikes
from the proximal stump of a severed ocellar nerve, with
the compound eyes and other two ocelli intact. From his
results one might be lead to believe that the frequency of
the small spikes is modulated peripherally by neurons loc-
ated in one of the other ocelli or compound eyes. However,
if this were so, then after the extirbation of all other
photosensitive organs, there should be no light induced
frequency change of the small spikes in the remaining
lateral ocellar nerve, and this is clearly not the case
(figure 6).

Since under these conditions, the only light sensi-
tive cells that are left are located in the remaining

lateral ocellus, an alternate explanation for the photo-
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modulation of the frequency-of the small spikes could be
that the fibers that carry them are receiving information
in the brain from afferent ocellar nerve fibers. This
means that the small spikes are carrying efferent informa-
tion "back" to the ocellus. The idea that the small
spikes are efferent in nature is in accord with the
findings of the previous studies and opens up an inter-
esting possibility of the existence of a "long" feedback
loop.

Ruck (1961) showed that light modulated action poten-
tials could be recorded from the lateral ocellus with a
corneal electrode and he assumed that these impulses orig-
inated from the lateral ocellar nerve of the ocellus from
which he was recording. Since the median ocellus also
has a nerve, although much shorter than the two lateral
nerves, it was assumed that the spikes recorded from the
cornea of the median ocellus were cohing from the median
ocellar nerve (Chappell and Dowling, 1972).

The results of my experiments suggest that the spiking
activity recorded using a corneal electrode in the median
ocellus does not represent spiking activity from the
median ocellar nerve. For instance, during recordings
between the lateral ocellar corneas, removal of the median

ocellar nerve did not appear to affect the impulse activ-
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ity. However when electrical activity was recorded from
the cornea of the median ocellus (figure 4), impulse
activity was present as long as one of the lateraf
ocellar nerves was intact. As soon as both nerves were
removed the impulses disappeared, yet the median ocellus
and its nerve were untouched. In order to detect damage
to the median ocellus, an ERG was recorded at the end of
the experiment (figure 4D). The ERG showed that compo-
nents 1,2,3 and the "off" response (Ruck, 1961; Chappell
and Dowling, 1972) were present. These components
represent the eleqfrical contributions of the
photoreceptors and second order cells to the recorded
waveform (Ruck, 1961). A "healthy" ERG indicates that
both the first and second order cells of the median ocel-
lus wére functioning normally. Therefore, it was unlikely
that the inactivation of impulse activity was due to cel-
lular damage within the ocellar cup as a result of

the ablation.

Since simultaneous recordings of impulse activity from
the median and lateral ocelli show a one to one correspon-
dance (figures 9 and 10) it may be possible that the median
ocellar nerve could act as an electrode from which one
could record action potentials originating in the lateral

ocellar nerve.
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Alternatively, the "reference" electrode, by way of
the extracellar fluid, could be making contact with any
number of light modulated spiking neurons located through-
out the head cavity. If the corneal electrode were elect-
rically isolated from the "reference electrode" by the
ocellar sheath, then the corneal electrode could serve as
the reference and the electrode in the vertex could act
as the active electrode. Evidence has been published that
the sheath of the cockroach ocellar cup acts as a high
resistance pathway to current flow since at light "off" a
potential difference exists across it (Ruck, 1966). This
sheath could act the same way in the dragonfly ocellus.

Although impulse activity has been recorded from both
the cornea of the lateral ocellus (Ruck, 1961), and di-
rectly from the lateral ocellar nerve (Ruck, 1961; Rosser,
19743 Kondo, 1978), no conclusive evidence has been
published that the spikes recorded at the cornea are in
fact coming from that ocellar nerve. Indeed this study
shows that one can record nerve impulses from one ocellar
cornea that in fact originate from a different ocellar
nerve.

There is other evidence that action potentials are
ndt normally present in the median ocellar nerve. In

intracellular recordings made within the ocellar retina
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from the dendrites of median ocellar nerve axons, and in
recordings obtained from L-neuron proccesses within the
brain, action potentials are rarely seen (Chappell and
Dowling, 1978; Klingman and Chappell, 1978; Patterson and
Chappell, 1980; Mobbs, et. al., 1981; Stone, 1982). The
rarity of the event suggests tﬁat its occurrence may have
been due to cellular damage. When this study was first
undertaken, a number of months were spent trying to obtain
extracellular recordings from the median ocellar nerve us-
ing a suction electrode. This technique had already been
used successfully to record action potentials from the
dragonfly lateral ocellar nerves (Rosser, 1974; Kondo,
1978). However, in no instances could it be conclusively
determined that spikes were recorded from the median
ocellar nerve, even'thoggh they could be obtained from the
lateral ocellar nerve.

To answer the question as to whether or not intracel-
lular recordings by their nature damage the cell during
penefration and therefore prevent the cell from firing
spikes,the following experiment was performed.

Within the lateral ocellar nerve an intracellular re-
cording was obtained from a non-spiking neuronal proc-
cess simultaneously with an extracellular recording

of the ocellar nerve impulse activity (figure 12). The
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non-spiking cell was subsequently stained and shown to
be an ipsilateral L-neuron (figure 2). The significance
of this experiment is that we have identified a typical
L-neuron on the basis of its intracellular response

and anatmny; We have demonstrated that there were no
impulses recorded from this cell at the same time that
normal extracellular responses were obtained. Conse-
quently, in this case at least, it could not be said
that the absence of spikes in the intracellular re-
cording was due to the injury of the spiking cell whose
responses could still be recorded extracellularly.

If indeed the L-neuron could produce spikes, they are
not the spikes normally recorded with an extracellular
electrode.

The spiking unit recorded from intracellularly (fig-
ure 11) was probably from an off-type spiking unit (Ruck,
1961). It’s activity corresponds to that recorded
extracellularly féom the lateral ocellar nerve, although
it could not be conclusively shown that this spiking
neuron was in fact responsible for the extracellular im-
pulse activity. The fact that an intracellular record-
ing of a spiking cell could be obtained from the lateral
ocellar nerve is consistent with the idea that a cell

that exhibits spontaneous impulse activity at least
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sends a process into this ocellar nerve.

The question arises as to why impulses are recorded
in the lateral ocellar nerve but not in the median. It
has been shown in a number of preparations (Stuart and
Oertel, 1978; Pearson, 1979; Shaw, 1979) that slow po-
tentials are sufficient to transmit information over
short distances. Since the median ocellar nerve is
relatively short, perhaps action potentials are not
necessary for ocellus-to-brain communication in this
structure. Whereas the lateral ocellar nerves, wHich
are approximately three times the length of the median

nerve in Aeschna, Anax (Chappell, et. al., 1978), and

Libellula (personal observation) may need regenerative
potentials to maintain effective ocellus-to-brain
communication in some of its neurons.

Although the intracellular recording from the non-
spiking cell in figure 12 was made approximately midway
between the ocellar cup and the brain, the amplitude of
the transient part of the light response was -15 mv at
a stimulus intensity of log I=0. This is very close
to the amplitude of this portion of the light response
of the ocellar nerve dendrites recorded intracellularly
directly in the median ocellar cup (Chappell and

Dowling, 1972; Klingman and Chappell, 1978). Similarly,



76

the spiking neuron, recorded intracellularly in this
region of the lateral ocellar nerve, exhibited a 5 mv
hyperpolarization for tHe transient portion of the
response. Consequently, it is possible that both impulse
and slow potential information can reach the brain in

the spiking neuron, although this study deals with the im-
pulse activity exclusively. It should be mentioned that
neurons which carry both impulse coded and analog coded
information have been reported in the nerve which carries
information from the lobster oval organ, a mechanoreceptor
(Pasztor and Bush, 1982) and in the brain of the barnacle

(Stuart and Qertel, 1978; Ozawa, et. al., 1975).
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Threshold and spectral sensitivities

It has been reported that an ERG can be elicited at
stimulus. intensities as small as 10E-5 footcandles in the
dragonfly ocellus (Ruck, 1961). At that time, the in-
vestigator felt that it was sufficient merely to report
that the spike activity was more sensitive than the ERG,
without actually measuring it. Other publications
concerned with dragonfly ocellar impulse activity have
not addressed themselves to responses in the threshold
range (Kondo, 1978; Rosser, 1974). The results of this
investigation demonstrate that ocellar nerve impulse act-
ivity was effected by a light stimulus with an intensity
as low as log I1=-8 (figures 33 and 34). Since in this
study, a stimulus intensity of log I=-8 is equivalent to
6.4 x 10-7 footcandles, i£ appears that the light response
of the giant afferent is at least 1.5 log units more sen-
sitive than the ERG measurments. This is the most acc-
urate approximation of the spiking neurons response thres-
hold using a quartz halogen lamb as a light source.

Using the same type of light source, intracellular record-
ings revealed the L-neuron’s response threshold to be

1.4 x 10-3 footcandles (Chappell and Dowling, 1972).
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Although careful experiments for the accurate determina-
tion of threshold have not been carried out on the L-
neuron, my results are consistent with the idea that the

spiking neuron has a higher sensitivity to light than can

be determined on the basis of recorded slow potentials in

any individual ocellar nerve dendrite.

Spectral studies

In the early part of the nineteenth century it was
discovered that humans are relatively more sensitive to
light of shorter wavelength at or near the visual thres-
hold than they are at greater intensities of illumination
(Purkinje, 1819). This increased sensitivity to shorter
wavelength light, as the level of illumination approaches
threshold, is called a Purkinje shift. In studies of
spectral sensitivities of dragonfly ocellar neurons as
determined by intracellular recordings, it has been re-
ported that a reverse Purkinje shift exists for half of
the photoreceptors examined (Chappell and DeVoe, 1975).
The phenomenon is also present in the L-neurons (Mabbs,
et. al., 1981) of the dragonfly’s median ocellus. A
reverse Purkinje shift is defined as ..."a decrease in the

relative sensitivity of the dragonfly ocellus in the UV
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(short wavelength) end of the spectrum as the level of il-
lumination decreases ..."(Mobbs, et.al, 1981).

In a single preparation, it was shown that ocellar
nerve impulse activity exhibited a greatef sensi -
tivity to green light (485 nm) than it did for UV
(360 nm) light from threshold to complete inhibition. An
analysis of covariance of the intensity response curves
plotted for the two wavelengths showed that the slopés
were parallel at p>0.05 (figure.l4). This indicates that
unlike the non-spiking ocellar neurons, the spectral sen-
sitivities did not shift. What is significant about
this finding is that the impulse activity appears to
preserve the spectral information collected in the ocel-
lar cup. In other words, the greater sensitivity that
some of the ocellar photoreceptors have to green light,
at low intensities of light, is not lost at higher levels

of integration within the ocellar retina.

Behavioral similarities between the L-neuron and the

spiking neuron

Ruck reports that at the cellular level there appears

to be no fundamental difference in the organization of the

Y

lateral and median ocelli (Ruck and Edwards, 1964), and
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he has shown that the ERGs recorded from the median (Ruck,
1958) and lateral ocelli (Ruck, 1961) are identical.

The hyperpolarizing responses recorded from the later-
al ocellus (figures 11 and 12) show close similarities to
those responses of the median ocellus (Chappell and
Dow!ling, 1972; Klingman, 1976; Stone, 1982). In the
median ocellus, using procion staining techniques, cells
which produce a depolarizing light response have been i-
dentified as photoreceptors and the processes which pro-
duce the hyperpolarizing response to light have been shown
to be the dendrites of the fibers of the ocellar nerve
(Chappell and Dowling, 1972; Patterson and Chappell,
1980).

Since the ERG reflects the overall electrical response
of the cells of the ocellar retina (Ruck, 1961; Ruck,
1966), and since the neurons of the median (Chappell and
Dowling, 1972) and lateral ocellus appear to have similar
intracellular responses, it seems reascnable to assume
that all three ocelli have a similar physiology.

Besides the increased sensitivity to longer wavelength
light at low illumination levels, this investigation has
uncovered a number of other similarities between the light

response of the ocellar spiking neuron and those of the L-

neuron.
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The shape of the histograms of spike frequency in the
presence of a dim light resembles the intracellular
responses of lateral ocellar non-spiking neurons. The
frequency histogram shown in figure 40 was generated us-
ing the "Multispikes" program at the light intensity
log I1=-7 (see Methods:Experimental protocol for pharm-
acological experiments, GABA and Cobalt). It can be seen
that the greatest decrease in spike frequency occurred
during the first 400 milliseconds of the light response.
During the remainder of the light stimulus the frequency
continued to rise, never quite reaching the "dark" level.
Many light responses show the spike frequency reaching
a new steady state during the last second of a two second
flash which is less than the frequency in the dark (figure
23, log 1=-7). This is analogous to the description of
the light responsé of the non-spiking neuron seen in
figure lfB, only here it is the membrane potential which
is changing rather than the frequency. At light "off"
one can see a slight rise in impulse frequency and a
slight fall in membrane potential of the non-spiking
neuron. The similarity between the shape of the freq-
uency histogram and the waveform of the non-spiking cell”’s
membrane potential is to be expected if 1) impulse

frequency is proportional to membrane potential (Katz,
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1950) and 2) the spiking neuron is receiving the same
synaptic input from the photoreceptors as is the L-neuron
or is postsynaptic to the L-neuron. Although the latter
point is presently not known, the results as presented
are consistent with this idea.

The shape of the curve expressing the change in im-
pulse firing rate due to light (figure 33 in Ringer) and
.the intensity response relationship for median ocellar
nerve dendrites (L-neuron) as determined from intracellul-
ar recordings (Chappell and Dowling, 1972) are also dis-
tinetly analogous. It is difficult to compare the values
of the curves on a point for point basis because of the
differences in calibration and delivery of the optical
stimulus between the two studies. However, both curves
reach a maximum before the highest intensity stimulus is
réached, and then they begin to diminish in response
amplitude.

Dowling and Chappel!l (1972) have suggested that the
mechanism for the saturation of the ocellar nerve den-
drites response curve may result from the rich synaptic
neuropile which could mediate lateral and feedback inter-
actions. This might also be the explanation for the
saturation and diminution of the change in impulse

firing rate due to light. However, this effect on
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'impulse frequency change may merely be due to the fact,
that impulse activity is completely inhibited by light
whose intensity is greater than log 1=-5 or log I=-4
(figure 13). Since there was an intensity-dependent
decrease in interflash spike frequency (measured 30 se-
conds after a light flash) (figure 30), the frequency just
before the second or third light flash at a given inten-
sity (see methbds) would be less than the interflash fre-
quency at the previous intensity. Above the stimulus
intensity of log I=-4 there is complete inhibition of
impulses, but as the intensity is increased above that
level the frequency prior to stimulation is diminished.
In other words the preparation is going from some inter-
flash frequency to zero frequency. Since the interflash
spike frequency is decreasing with increasing stimulus
intensity, the change in spike frequency due to light
would appear to diminish.

The similarities in behavior can be accounted for if
one postulates that the spiking neuron is a second
order neuron receiving information directly from the
bhotoreceptors, or is third or higher order, its
response being mediated through the L-neuron.

A neuron analogous to the spiking neuron of the drag-

onfly ocellus has been found in the brain of the



84

barnacle (Stuart and Oertel,#l978). This neuron ap-
pears to have a connection with this animal’s ocellus and
is named an Amplifying cell or A-cell. The properties
of the A-cel!l suggest that it is third order, that it
fires tetrodotoxin sens{tive spikes, that it is more
sensitive to light than lower order cells, and that its
intensity-response range is narrowér than the identified

second order neuron of that system.
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A Model: spike firing between two thresholds

A model which could serve as a framework to explain
some of the experimental findings is one which presumes
that the spiking neuron is second order to the photo-
receptor. The impulse generating cell would receive
inhibitory cholinergic input from the photoreceptor.

It would also receive excitatory GABAnergic input from
other ocellar nerve dendrites which behave in é manner
"similar to the L- neuron of the median ocellus. The idea
that there are lateral synaptic interactions between L-
neurons and between photoreceptors has been suggested
previously by Stone (1982).

The spiking neuron would also have two spike firing
thresholds. A low threshold below which no impulses are
generated, and a high threshold above which no impulses
are generaéed (figure 41). A neuron with such a mechan-
ism has been identified in the stomatogastric nervous

system of the lobster Homarus gammarus (Robertson and

Moulins, 1981). The depolarization of this neuron
above a membrane potential of -30 mv results in the in-
hibition of impulses. A hyperpolarization greater than

-60 mv also results in spike inhibition' (Robertson and
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Moulins, 1981).

In the absence of synaptic transmission, the membrane
potential could be below the lower spike generating
threshold and this is consistent with the experimental
finding that ocellar nerve preparations perfused with
12 M cobalt did not fire impulses. If this is the case,
then, perhaps GABAnergic input is necessary for spike ini-
tiation. In the dark, under normal physiological condi-
tions, a small amount of {nhibitory input from the photo-
receptors and a greater amount of excitatory input from
the ocellar nerve dendrites would impinge upon the den-
drites of the spiking neuron, summate at the site of spike
initiation, and thus bring the membrane potential, at this
site, above the lower thresholid.

In the light, the double effect of a lot of inhibitory
transmitter and very little excitatory transmitter would
result in an inhibition of activity.

At light "off", the dual action of the absence of in-
hibition and the release of excitatory transmitter would
result in a sudden increase in frequency which would sub-
side as GABA facilitated release of receptor transmitter
made the membrane potential more negative.

In many preparations, the spiking neuron fired a

single spike or burst of spikes at light "off", which was
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followea by a period of‘inhibition sometimes lasting for
seconds. The impulse activity would then return after a
period of about a second, at a higher rate than before the
stimulus. After a number of seconds, depending upon
the stimulus intensity, the frequency would gradually re-
turn to its preflash values. A conceivable sequence of
events that might be consistent with these experimental
findings is that at light "off", the presumptive GABAner-
gic input onto the spiking neuron depolarized its mem-
brane above that of an upper threshold to firing. The
rapid decrease in membrane potential past the higher
threshold might allow the single or short burst of spikeg
followed by the inhibition. As the membrane potential
dropped, possibly due to a GABA facilitated acetylcholine
release, the potential would drop below the upper thres-
hold and the-neuron would begin to fire impulses at a
higher frequency than its preflash rate.

Although high doses of GABA can inhibit impulse ac-
tivity, during the time course of drug action, it can be
seen that the impulse firing rate first increases in the
dark and the light before complete inhibition takes
place (fiqure 35). Also right after .the start of the
wash, one finds the firing rate in the dark coming back

at a much higher frequency than prior to the start of drug
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perfusion (figures 35 and 38). This is consistent with
the notion that low concentrations of GABA increase spike
frequency, and that washing causes the subsynaptic GABA
concentration to decrease with time. A dose response
study on the effect of increasing concentrations of the
drug on impulse frequency would be an interesting test

of the model in the future.

When an intengity-response series was done in the pre-
sence of GABA, although no impulse activity was cobserved
in the dark, action potentials were seen during the time
of illuminatian., One explanation for this might be that
since light stimulated release of the acetylcholine would
tend to make the membrane potential more negative, it
could brihg the membrane potential below the upper impulse
firing threshold and thus increase the probability of fir-
ing an action potential(figure 41). This could account
for the burst of impulses which are seen during low and
intermediate intensity illumination, the appearance of
spikes during the interflash period after high intensity
light stimulation, and their subsequent inhibition during
the light. It might also acecount for the shift in the
occurrence of the maximum GABA-induced impulse activity
seen during the light as the intensity is increased up

tO lOg I:—}.
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Since the magnitude of a post-synaptic response is
proportional to the concentration of transmitter (Katz,
l962i, intracellular recordings from L-neurons suggest
that a larger amount of transmitter is released from the
photoreceptors at the beginning of a light response rela-
tive to the amount released during the sustained portion
of the light response. That is, one can see an initial
transient hyperpolarizing wave at the beginning of the
respanse which is larger in magnitude than the sustained

hyperpolarization seen after the first few hundred milli-

seconds after light "on". The release of receptor trans-
mitter at the beginning of a low intensity light stimulus
could account for the spike burst seen at light "on" in

the presence of GABA (figure 37), since this coincides
with the occurrence of the transient hyperpolarization

of the response. I1f transmitter release then returned
to some sustained level so that membrane potential re-
turned to a level above the upper threshold, spikinq
activity would more likely be facilitated during the in-
itial part of the light stimulus. As the stimulus inten-
éity was increased, the initial transient wave would drop
the membrane potential below the lower threshold at the
beginning of the light flash so that no impulses would

appear at that time, but the sustained hyperpolarization,
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which is lower in magnitude than the initial transient
wave, could bring the membrane to a potential between
both thresholds thus allowing the neuron to fire impulses.
At the highest intensities both the transient and sus-
tained hyperpolarization might bring the membrane poten-
tial below the lower threshold for the entire period of
illumination resulting in complete inhibition.

If there is an increased concentration of receptor tran-
smitter present during the time between flashes of a bright
light (when the preparation is perfused with GABA) then
this might account for the appearance of impulse activity
during the interflash period and its subsequent inhibition
while the light was on (figure 36 H and 1). The inten-
sity dependent decrease in the interflash spike frequency
as measured 30 seconds after a light flash (in Ringer)sug-
gests that effective concentrations of receptor transmit-
ter remain long after the end of the stimulus (figure 30).
However, the observation that a low intensity stimulus can
cause a more severe decrease in interflash spike frequency
in the presence of a low dose of curare than it would in
Ringer is not consistent with this idea (figure 29).

Although the notion that the spiking neuron is receiv-
ing excitatory GABAnergic input from adjacent ocellar

nerve dendrites and inhibitory cholinergic input from
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photoreceptors is intriguing and consistent with most of
the experimental findings, an alternate possibility could

be that the spiking neuron is third or higher order and is

receiving input from a second order neuron.
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Pharmacology

Effect of Curare on the light response and interflash

frequency

Curare is a classical nicotinic cholinergic antagonist
which acts by competing for the acetylcholine binding site
on the post-synaptic membrane (Koelle, 1975b).

Its effect on the light-induced inhibition of impulse
activity (figures 22 and 27) is consistent with evidence
obtained by other investigations which suggests that
acetylcholine is the transmitter, which is released in
increasing amounts in response to light, and causes a
graded hyperpolarization of the second order cell
(Dowling and Chappell, 1972; Klingman and Chappell, 1978;
Stone, 1982).

It has already been showﬁ that curare can alter the
light evoked "off" response observed in the median ocellar
photoreceptors (Stone and Chappell, 1981) and block the
L-neuron’s response to light (Klingman and Chappell, 1978).
Not only has this investigation shown that curare can also
affect the ocellar nerve impulse activity, but it has re-
vealed some interesting effects of low concentrations of

the drug on ocellar physiology that were not clearly
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discernible using intracellular recording techniques
(Stone, 1982).

At low doses, curare decreased the slope of the inten-
sity vs frequency (impulse) relationship (figures 31 and
32). This effect can be seen after the addition of as
little as 50 um of curare to the bathing medium. Further
increases in drug dose shifted this relationship to the
right, without a further change in slope. Another way of
expressing this finding is to say that during illumination,
50 uM of the drug decreased the impulse frequency when
compared to the control (Ringer) values (figure 22B), while
higher curare concentrations effected a dose-dependent
increase in the impulse activity from that level. The
former was én unexpected finding.

Classically speaking, the greater the degree of pre-
synaptic depolarization the greater the release of trans-
mitter (Katz and Miledi, 1965; Katz and Miledi, 1967).
Since there is a direct relationship between the light
intensity and the level of depolarization recorded in the
receptor terminals (Chappell and Dowling, 1972; Stone,
1982), it is assuﬁed that a graded increase in light in-
tensity should result in graded amounts of transmitter
release. Therefore figure 31 may be thought of as a

series of dose-response curves. That is, the relative
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dose of receptor transmitter that causes a given reponse
in the presence and absence of a competitive inhibitor
(curare).

Competitive inhibition is caonventionally displayed as
a paralle! shift to the right of the semi-log plot of a
dose-response relationship (Jenkinson, 1960; Hollenberg,
1978). In other words, in the presence aof curare, more
transmitter (a higher intensity light) should be needed
to evoke the same magnitude of.response seen in the
absence of the drug, without decreasing the maximum re-
sponse. The finding that a low dose of curare changed
the slope of the intensity- frequency relationship sug-
gests that curare may not be acting competitively on the
spiking neuron. This could be explained by postulating
that either ocellar nerve impulse frequency is not solely
modulated by the receptor transmitter, or that there is
auto-inhibition of receptor transmitter release. Both
of these possibilities are compatible with the dpal
threshold model.

Auto-inhibition or lateral inhibition of photorecep-
tors is supported by a number of observations. At low
dases (50 uM), curare appeared to lower the interflash
spike rate when measured 30 seconds after a dim or inter-

mediate intensity light stimulus. However, it did not af-
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fect the spike rate recorded from a dark adapted eye (fig-
ure 29). A similar effect has been seen during intracell-
ular recordings frdm median ocellar L-neuraons. Some of
these cells exhibited a small membrane hyperpolarization
for several seconds after light "off" in the presence of.
this drug (Stone, personal communication).

Fifty micromolar curare decreased the gain of the
spiking neuron’s response to light (observe the change in
slope in figure 34), but lowered the response threshold
at low light intensities (figure 33). Intracellular re-
cordings from median ocellar L-neurons which were per-
fused with curare also showed an initial decrease in
the response threshold when the drug was first applied.
This was eventually followed by a reduction or loss of the
light response (Stone, 1982).

Anatomical studies have shown that the dyadic synapses
from photoreceptor terminals make synaptic connections
onto adjacent photoreceptor terminals, as well as ocel-
lar nerve dendrites. This synaptic anatomy strongly
suggest that there are lateral interactions between re-
ceptor cells (Stone, 1982).

If these lateral interactions were inhibitory then
a dose specific selective action by curare on these

terminal binding sites could result in a reduction
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of the lateral inhibitory effects. This would lead

to an increased release of acetylcholine onto the ocellar
nerve dendrites during the interflash period causing

1. the spike firing rate in the spiking neuron to de-
crease; and 2., the membrane potential of the L-neuron to
hyperpolarize for a few seconds after light "off".

At light "on", a blockage of lateral inhibitory inter-
actions by a low dose of curare could result in a larger
amount of receptor transmitter being released due to
light. This would result in a larger response to illum-
ination in the second or higher order cells and would ac-
count for the apparent increased sensitivity seen in
intracellular recordings from L-neurons and extracellular
spike analysis from spiking neurons.

However, the decrease in gain seen after the addition
of 50 uM curare cannot be explained solely on the basis of
an inhibition of lateral interactions between receptor
cells since a decrease in lateral inhibition should result
in an increase in gain. It may be that another transmit-
ter is needed to modulate ocellar sensitivity. Perhaps
the release or the action of this other transmitter is
altered in the presence of curare resulting in the level-

ing of the slope for these curves (figure 32 and 34).
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Effects of Curare on the dark firing rate

.Besides its effect on the light response, curare caused
an iécrease in the impulse firing rate in the dark which
was dose depgndent over a certain range of concentrations
(figures 22A and 29). This would be expected if the photo-
receptars spontaneously release some transmitter in the
dark (Klingman and Chappell, 1978). Since spike frequency
is proportional to membrane pofential (Katz, 1950), if the
increase in dark and interflash impulse frequency were due
to curare’s action as a cholinergic antagonist at the
post-synaptic membrane of the dendrites, than one would
expect to see a significant drug induced depolarizing
change in the LL-neuron dark resting potential in the pre-
sence of this drug. Such a change was in fact reported
and is consistent with the present findings (Stone, 1982).

This supports the idea that spike frequency is a re-
liable probe of changes in membrane potential. Whereas
changes in potential of only a fewmillivolts are often
hard to quantify because of the perturbations of the base-
line:as seen on an oscilloscope, small changes in membréne
potential may be quite significant in terms of modulating
spike frequency. Also since extracellular recordings are

non-invasive, uncertainty as to the effect of cell damage
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on intracellular voltage measurements are eliminated.
For these reasons, extracellular spike frequency measure-
ments appears to be a useful way to monitor minute

: i
changes 'in intracellular potential.
Lateral inhibitory interactions between photoreceptors

The selectivity 6f drug action is two-fold, first it
is dose dependent in that a low dose decreases the re-
sponse threshold whereas higher doses raise this thres-
hold (figure 33). Second, its effect on the inter-
flash spike frequency occurs only after a light flash.
If curare merely competes with acetylcholine for nicotinic
binding sites, then transmitter concentrations within the
synaptic cleft should affect its actions. It is unlikely
that curare is affecting GABA receptors in the ocellus
(if they exist) but this is a possibility. However, in
one study on the effects of GABA in Bullfrog sympathetic
ganglion, curare was routinely added to the bathing medium
of an in vitro preparation. No effect of curare was re-
ported after the application of the test dose of GABA
(Kato, et. al., 1980).

One reasonable explanation for the selectivity of

curare is as follows. Assuming there is a resting release
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of acetylcholine (see Background Information: éynaptic
Feedback Model), the amount of photoreceptor transmitter
released in the light may be orders of magnitude greater
then the spontaneous dark release, so that in the light,
at low drug concentrations, the curare/acetylcholine ratio
in the synaptic cleft might be tooc small to have a large
effect on the light response. But right after a bright
flash the amount of acetylcholine would decrease to some
concentration greater than in the dark adapted state
though less than what it is during illumination. At this
time a low dose of curare could successfully compete with
the transmitter resulting in its effect on the interflash
spike frequency. After an hour of dark adaptation, the
spontaneous release of receptor transmitter would have
dropped so as to preclude action by any concentration
of curare (no transmitter so nothing to block). Tgis
would explain why 50 um curare affected the interflash
spike frequency without affecting the dark adapted impulse
rate.

If there is no acetylcholine to interact with in
the dark, why does the dark adapted spike frequency become
dose dependent to curare concentrations over 100 uM (fig-
ure 29)? Why does 50 uM curare decrease the threshold at

which the impulse activity is affected by light? In addi-
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tion, if curare blocks cholinergic post-synaptic binding
sites why does this low dose cause a decrease instead of
an increase in frequency?

One way to get around this dilemma is to postulate that
there are presynaptic cholinergic binding sites on the
photoreceptors and that these binding sites have a
higher affinity for curare than the cholinergic sites of
the dendrites of the spiking cell. In this way the dose
dependency would be due to the difference in binding
constants between the two classes of receptors (Koelle,
1961). That is a low dose would have a minimal effect on
synaptic transmission between photoreceptors and second
order cells, while having a larger effect on the suggest-
ed lateral inhibitory interactions between neighboring
photoreceptors. For example, blocking the lateral inhib-
itory interactions of the photbreceptors at low light
intensities would cause a greater release of receptor
transmitter and result in an apparent decrease in response
threshold. The change in gain could be accounted for by
assuming that curare has some effect on the synapse be-
“tween the first and second order cells. The effect of the
drug on the interflash spike frequency could be due to an
interruption of the system’s reset mechanism. Perhaps

these postulated lateral synapses work to reduce the
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amount of trammitter released under all circumstances. By
interferring with this process more acetylcholine is
released after a light stimulus than normally would be,
and so it takes the system longer to return to its

dark steady state.

One octher mechanism ﬁight account for the effect of
curare on the interflash spike frequency. Since a low dose
seems to affect the spike frequency only after a light
flash, it seems resonable to suggest that curare may be
affecting the enzyme acetylcholinesterase, which is be-
lieved to degrade the receptor transmitter (Koelle,
1975a). One would imagine that the greater the intensity
of light falling on the ocellus, the greater the amount
of acetylcholine will be released within the synaptic
plexus, and 'the longer it would take the esterase to re-
duce the concentration of ;ransmitter within the synaptic
cleft. This would explain the intensity dependent de-
crease in interflash spike frequency in the absence of any
drug. If cholinesterase activity were decreased by cur-
are, it would take laonger to lower the acetylcholine con-
centration in the subsynaptic space, which could explain
the drug-induced membrane hyperpolarization observed in
the L-neuron seconds after light "off" (Stone, personal

communication) as well as the drug-induced decrease
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in interflash spike frequency. After an hour of dark
adaptation, as long as the curare concentration was low,
the esterase should be able to lower the concentration of
acetylcholine sufficiently so as to result in a normal
impulse rate. Although this explanation agrees with some
of the experimental observations, it does not take into
account the dose-dependent increase of interflash spike
frequency at higher drug doses. If ecurare’s action

were on the cholinesterase molecule, the synaptic con-
centration of acetylcholine would increase with increased
dosage because of the impediment to inactivation. Ul -

timately this would lead to a dose-dependent decrease of

spike frequency in the dark, and in fact the opposite is
seen.

It therefore appears more probable that the effect of
curare in low doses on the dark firing rate may be
'mediated by a reduction in the lateral inhibitory inter-
actions pogtulated to exist between neighboring photore-
ceptors. The effect of higher doses of this drug may be
due to it°s action on the post-synaptic cholinergic bind-

ing sites presumed to exist on the dendrites of the L-

neuron. The results suggest that the proposed presyn-
aptic cholinergic binding sites which may mediate lateral

interactions between photoreceptors are differentially
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more sensitive to curare than those thought to exist on

the post-synaptic membranes of the L-neuron.
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Effect of.GABA on spontaneous impulse activity in

the dark

The GABA-induced inhibition of spontaneous ocellar
nerve impulse activity (figures 35 and 36) is consistent
with the evidence from other studies that there is a
GABAnergic component in the dragonfly’s ocellar system
(Klingman and Chappell, 1978; Stone and Chappell, 1981;
Stone, 1982). It has been proposed that GABA
functions as a feedback transmitter, released by
median ocellar LL-neurons back onto photoreceptors
terminals where it facilitates the release of
receptor transmitter (Klingman and Chappell, 1978; Stone
and Chappell, 1981). Since anatomical studies have
revealed what appear to be lateral! synaptic connections
between dendrites of the L-neurons (Dowling and Chappell,
1972), it seems appropriate to propose that GABA also
serves as the transmitter which mediates these presumed
lateral interactions between adjacent ocellar nerve den-
drites (Stone, 1982),

If one assumes that the drug-induced changes in the
behavior of the spiking activity were synaptically mediat-

.ed, then GABA could either be working directly by binding
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to GABA receptors aon the membrane of the spiking
neuron, indirectly by modulating release of receptor
transmitter, or by some combination of these two
mechanisms.

There are three possibilities by which GABA could
work diréctly.at a synaptic site to inhibit spontaneous
impulse activity. GABA could hyperpolarize the membrane
below the threshold for firing an impulse, depolarize
the neuron enough to result in a depolarization block at
the site of spike initiation, or clamp the neuron below
its spike firing threshold. The last mechanism differs
from the previous two in that it suggests that a con-
ductance channel can be opened for an ion or ions whose
reversal potential is between the two thresholds (see:
Discussion of dual threshold model). If the conduc-
tance is sufficiently large, it could prevent spiking
activity by acting as a shunt for electrotonic currents.
This possibility has not been tested in this preparation.
There is much evidence that a GABAergic neuron effects
presynaptic inhibition in the ventral horn of the mam-
malian spinal cord by depolarizing presynaptic terminals
(Levy, 1977). A similar action has been observed in the
lateral olfactory tract of rat where the GABA induced

depolarization is dose related (Pickles, 1979).
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A direct action assumes that the overwhelming effect
af GABA is accomplished through lateral synaptic
interactions between ocellar nerve dendrites (L-neurons
or spikiné neurons), and this is by no means clearly
proven. A simpler explanation might be that the puta-
tive transmitter, GABA, is facilitating the release of
the receptor transmitter, and since the experiments
using curare suggest that the acetylcholine reduces
impulse activity (Chappell and Dowling, 1972), GABA
could be acting indirectly by causing a massive release
of receptor transmitter resulting in an inhibition of

spikes.
Effect of cobalt on impulse activity

The preparation was perfused with 12 mM cobalt so that
spike frequency could be measured in the absence of syn-
aptic transmission. Cobalt is known to block ;elease of
chemical transmitters by competing with calcium (Weakly,
1973). Reports have been published that it blocks the
'release of acetylcholine at the frog neuromuscular
junction (Weakly, 1973) and serotonin and norepinephrine
in rat and cat spinal cord (Yaksh and Tyce, 1980). In

invertebrate preparations it is thought to block synaptic
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transmission at concentrations of up to 40 mM (Zinmmerman,
1978; Alkon and Grossman, 1978). However, it

has been shown to block the intracellularly recorded
light respaonse in median ocellar L-neurons as well as
altering the "off" response in dragonfly ocellar photo-
receptors at concentrations as low as 6 mM (Stone and
Chappell, 1981; Stone, 1982).

There was an increase in the interflash spike frequen-
cy after perfusing the preparation with this ion for five
minutes, and the impulse rate in the light was no longer
completely inhibited (figure 39). However, by 18 min-
utes, all impulse activity had dropped to zero. As sum-
ing that cobalt was not acting to block impulse generation
at the initiation site, then the results suggest that some
synaptic input. is needed to facilitate the appearance of
the spiking activity. Since there is strong evidence
that the presumed receptor transmitter inhibits impulse
activity, it seems likely that the transmitter released
from the ocellar nerve dendrites is responsible for fac-
ilitating impulse activity. These results are consistent
both with the synaptic feedback mode! (Klingman, 1976;
Stone, 1982) and the dual threshold model discussed

earlier in this paper.
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GABAs effect on the light response

One interesting finding is that GABA did more than
eliminate spontaneous impulse activity in the dark. In
the presence of 10 mM GABA, light flashes at intensity
levels between log 1=-6 and log I=-3 facilitated the
appearance of ocellar nerve action potentials (figures
36 and 37). Greater intensities resulted in a restor-
ation of the interflash impulse activity and its in-
hibition by light. According to the dual threshold
model, the reappearance of the interflash spiking act-
ivity above the stimulus intensity of log I=-2 results
from a tremendous GABA induced enhancment of the "off"
response (figure 36). The model assumes that the light
intensities at which interflash spiking is seen are so
bright that the period between consecutive stimuli is
not long enough té allow the impulse rate to fall to
zero.

It is conceivable that GABA works to inhibit the spik-
ing neuron in the dark by causing release of receptor
transmitter. However, it should be noted that the
first effect of GABA is to prevent the complete light
mediated inhibition of impulse activity (figure 35).

Also, before the dark frequency was blocked an
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increase in interflash impulse rate occurred which

lasted approximately 7 minutes. From these results

it appears that GABA does not directly inhibit the
spiking neuron by effecting a membrane hyperéolarization.
If it did, it is unlikely that any impulse activ-

ity would appear in response to light and that interflash
frequency would rise before it fell during the time of

drug perfusion.

It has been postulated that the dendrites of the
spiking neuron take part in reciprocal and lateral syn-
aptic interactions. If it is assumed that these lateral
interactions are inhibitory, it would mean that the GABA
released in the dark, although facilitating receptor
transmitter release, would limit its own release. If
.this were so, then it would be difficult to explain the
spiking activity seen during light stimulation, since
receptor transmitter is assumed to be inhibitory. It
does not seem logical that two inhibitory transmitters
acting at the same time would result in a depolarizing
action.

This observation raises the possibility that there may
be a GABAnergic component within the dragonfly ocellar
system which appears to help in the modulation of the

spiking activity in a facilitory fashion. The mechanism
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of GABA’s action may be via a depolarizing block,

although other possibilities cannot be ruled out.
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CONCLUS TONS

A means of recording ocellar nerve impulse activity
extracellularly from a single ocellar nerve has been dev-
eloped. The re;ults have made it apparent that the corn-
eally recorded impulses are originating from the lateral
ocellar nerves and not the median ocellar nerve, the ant-
ennal! nerve, optic lobes, or ventral nerve cord. These
spikes appear to be sodium dependent and have a lower
response threshold to green light (485 nm) than they do
for ultraviolet light (360 nm).

Evidence has been provided which strongly suggests
that the slow potential responses of the L-neuron may be
the normal response of this neuron and that it is not
a damaged spiking cell. Also, the obvious latency be-
tween ocellar nerve action potentials in a single lateral
ocellar nerve is in accord with the idea that there is
only one spiking cell which produces large light in-
hibited spikes in each lateral ocellar nerve.

It could not be determined whether the cell which is
generating the corneally recorded impulses is a second

or higher order neuron, but the results suggest that

the pattern of the impulse activity is what one would ex-

pect if the impulse generating cell were receiving synap-
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tic input from the photoreceptor. This is consistent
with previous investigations which have reported that
the large light inhibited spikes seen extracellularly
are afferent in nature (Rosser, 1974; Kondo, 1978).
Although this thesis has not addressed itself to the
role of the ocellar impulse activity in dragonfly
behavior, future studies will be able to use the informa-
tion that it has provided to support or eliminate compet-
ing possibilities.

A preparation has evolved, which can be used to
study the effects of pharmacological agents within the
ocellus for periods of up to 12 hours. In addition, a
means of collecting and analyzing impulse frequency
data by computer was developed. This thesis has
revealed a biphasic effect of curare on impulse frequency
during illumination which is dose related, and a bi-
phasic effect of this drug on the interflash spike
frequency. Also, low doses of curare appear to lower
the stimulus threshold at which impulse activity responds
to light. This is particularly fascinating since a
similar effect of a low dose of this drug was reported to
occur in the L-neuron (Stone, 1982). 1[It seems that the
the most likely explanation for curare’s ability (at

lower doses) to decrease the response threshold of the
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impulse activity and to lower the interflash spike freq-
uency, may be due to a dose selective effect on the
presumptive lateral interactions between photoreceptors.
However, further research is needed to determine if

this is indeed the mechanism by which curare mediates
these effects.

GABA has been shown to inhibit spontaneous impulse
activity in the dark, and cause a light dependent imcrease
in spike frequency which was shifted towards light "off"
at high light intensities. Cobalt blocked all impulse
activity at a concentration of 12 mM. A model was propos-
ed to explain these results suggesting that the spiking
neuron has an upper and lower threshold for impulse ini-
tiation. One can conclude that GABA does affect ocellar
impu!se_activity but it is unclear by what means it accom-
plishes its action. One possibility is that it works by
depolarizing the dendrites of the spiking cell. This
explanation is consistent with much of the data, but it
does not provide a mechanism by which a high firing rate
abruptly decreases to zero at the site of spike initia-
tion as the membrane potential crosses the upper
threshold. Clearly further investigations are neéded to
clarify this issue.

Since all of the agents shown to affect spiking
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activity have been reported to effect the L-neuron, there
are two interesting questions that have yet to be answer-
ed. 1. Is the neuron generating the impulse activity
studied in this thesis, a third or higher order cell re-
ceiving synaptic information from the L-neuron, or is it a
second order cell? and 2. Is spiking activity originat-
ing from a spiking L-neuron or is it coming from a fiber
with a shaller diameter (s-neuron) within the ocellar
nerve? Clearly intracellular recordings from the spiking
cell followed by iontophoretic staining would be very
helpful in answering these questions.

In conclusion, the stability of the extracellular
dragonfly preparation makes it particularly amenable to
pharmacological studies. The questions that have result-
ed from this thesis have opened up exciting possibilities
for future research which include: determining if GABA
acts directly on the spiking cell or if it acts indirectly
by facilitating receptor transmitter release; use of other
cholinergic agents other than curare to selectively affect
the postulated presynaptic cholinergic binding sites on
the photoreceptors; and quantifying curare’s effect on the
time course of the return of spike frequency to it’s dark
adapted rate. Also the preparation might be useful as a

physiological assay fpr studying the relative potency of
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cholinergic and GABAnerg{c agents.

The relative ease with which one can make intracéll-
ular recordings from the neurons of the dragonfly
ocellus make it ideal for correlating the extracellular
pharmacological data generated by this thesis with the
cellular physiology of this preparation. In the future,
correlations of this type should help in elucidating the
‘means by which simple neuronal systems integrate sensory

information.
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SUMMARY

1. The large light-inhibited action potentials which
can be recorded from the cornea of any of the three
ocelli appear to bée originating in the lateral ocellar
nervés. Ablation of one lateral ocellar nerve

results in a loss of half of the spikes. Ablation

of both lateral ocellar nerves eliminated all the spikes.

2. Ablation of the median ocellar nerve has no effect
on corneally recorded light-inhibited impulse activity,
suggesting that it is not normally present in the median

ocellar nerve.

3. The interspike interval pattern of ocellar nerve im-
pulses in a single lateral ocellar nerve suggests that
there is only one spiking neuron in each lateral ocellar
nerve which produces the corneally recorded large light-

inhibited action potentials.

4. The first intracellular recordings from the dragonfly
lateral ocellar nerve showed a spiking neuron (resting
potential = -55 mv) with light inhibited action potent-

v

ials 30 mv in amplitude. Non-spiking neurons were also
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recorded from. These cells had resting potentials
ranging from -30 mv to - 55 mv. Cells showed a hyper-
polarizing response to light identical to that record-

ed from L-neurons in the median ocellus.

5. Simultaneous intracellular recording from a non-
spiking neuron and extracellular recording of spiking
activity revealed that typical L-neuron responses can
be recorded without eliminating the impulse activity
suggesting that L-neuron slow potential responses may
be the normal response for these cells and not a damag-

ed spiking cell.

6. Intracellular recording and subsequent staining with
cobalt shows a non-spiking neuron with a dendritic
field in the lateral ocellar cup sending an ipsilateral

process into the brain.

7. 0.3 uM TTX eliminated all spiking activity, suggest-

ing that this activity is sodium dependent.

8. The extracellularly recorded spikes were more sens-
itive to green light (485 nm) than to UV light (360 nm)

and, unlike the non-spiking ocellar neurons, there was no
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reverse "Purkinje shift".

9. The impulse activity was shown to be perturbed by

agents which affect the L-neuron.

10. A means of collecting and analyzing impulse frequency
data by computer was developed and applied to analyzing

the effects of these agents.
11. 12 mM cobalt inhibited spontaneous impulse activity.

12. After 56 minutes 10 mM GABA inhibited spontaneous
impulse activity in the dark and caused a light dependent
increase in spike frequency which was shifted towards

light "off"™ at high light intensities.

13. A model was proposed to explain these results
suggesting that the spiking neuron has an upper and

lower threshold for impulse initiation.

14. Curare at concentrations of 100 uM or greater causes
increasing block of the inhibition of dragonfly lateral

ocellar nerve impulses, as dose increases.
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15. Curare prolongs the time course of the return to

the dark frequency of impulse activity.

16. Effect #14 is dominant at higher doses (100 uM
curare and above) while effect #15 is dominant

at lower doses (50 uM curare). It is not clear
whether the prolongation of the return of dark
frequency anq block of inhibition involve the

same, separate or interrelated mechanisms.

17. The low dose (50 uM curare) results in an increase
in the steadybstate (plateau phase) sensitivity
evidenced by a lower threshold for changes in

impulse firing rate measured during the plateau

phase (last 1.5 seconds) of a two second ftlash.

18. The low dose (50 uM curare) leaves the saturating
intensity‘(log 1=-5) unchanged, resulting in a change
in slope of the intensity-response curves. This may
represent a reduced gain in the response of the system
to light. This slope remains the same at all drug doses
tested (50 uM to 1000 uM), even when saturation occurs
before complete block of impulse activity (500 uM and

1000 uM).



120

19. A similar change in slope is noted in the intensity
response curves obtained for the change in impulse
firing rate between the steady state (plateau phase)

light frequency and the interflash dark frequency.

20. The effects of low doses of curare on the interflash
spike frequency may be due to its effect on the presumptive
lateral interactions between adjacent photoreceptor

terminals.
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Appendix

Spikes

This is a Basic program designed to run on a Digital
Equipment PDP-11 MINC computer. It is capable of
counting nerve impulses per interval time and storing

these counts in a virtual array.

20 PRINT ‘If you havent already done so be sﬁre to use
the EXTRA_SPACE °;

21 PRINT ‘command.’

22 PRINT \ PRINT \ PRINT \ PRINT \ PRINT

26 PRINT ‘There are 60 intervals per run and three runs
per light intensity.’;

30 PRINT ‘The minimum allowed time (due to sampling speed)
per interval is “3

35 PRINT ° 0.2 secands....there is no maximum allowed
time.” |

92 SET_LINE(O0,1,0)

93 SET_LINE(2,1,0)

94 PRINT \ PRINT
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111
121
131

161

171
172
181
185
187
189
191
193
195
197
202
203
204
205
206
207
211

122

PRINT "how many seconds per interval"; \ INPUT R
D=R*100

DIM A(36,60)

PRINT "At the end of what interval # will the light
go ON "; \ INPUT F

PRINT "at the end of what interval # will the light
go OFF "3 \ INPUT H

PRINT ‘How many drug doses’ \ INPUT L

PRINT \ PRINT

FOR P=1 TO L

IF L=1 GO TO 211

IF L=2 GO TO 202

IF L=3 GO TO 203

IF L=4 GO TO 204

IF L=5 GO TO 205

IF L=6 GO TO 206

IF L=7 GO TO 207 .

ON P GO TO 211,281

ON P GO TO 211,281,281

ON P GO TO 211,281,281,281

ON P GO TO 211,281,281,281,281

ON P GO TO 211,281,281,281,281,281

N PCO TO 211,281,281,281,281,281,281

PRINT ‘Enter the drug at its concentration....eqg.
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271

272

281

282

283

284
287
290
293
296
311
314
317
320
323

360

362
365

370

123

curare 10-3 M = cur3’

PRINT

PRINT \ PRINT ~ eqg. sys:filename”;
\ INPUT A%

GO TO 360

PRINT ‘Do you want to continue (type y or n )°;
\ INPUT X$

IF X$="n" GO TO 19998

PRINT ‘What is the next drug concentration:’
IF P=2 GO TO 311

IF P=3 GO TO 314

IF P=4 GO TO 317

IF P=5 GO TO 320

IF P=6 GO TO 323

INPUT B$ \ GO TO 360

INPUT C$ \ ©O TO 360

INPUT D$ \ GO TO 360

INPUT E$ \ GO TO 360

INPUT F$ \ GO TO 360

PRINT ‘How many different intensities per drug dose”;
\ INPUT W

PRINT \ PRINT

I=0 \ J=0

FOR N=1 TO W
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375 T=3*N

380 PRINT ‘Do you want to continue (type y or n )°;
\ INPUT X$

385 IF X$="n" THEN T=T-3 \ IF X$="n’ GO TO 17020

386 PRINT \ PRINT

390 PRINT ‘Enter the NO.(’; \ PRINT N; \ PRINT ) light
intensity as a 3

391 PRINT ‘negative number. eg. (-4 represents
Ln I=-4)"

392 PRINT \ PRINT

395 PRINT 3 \ PRINT ‘Ln I =73 \ INPUT S

400 PRINT \ PRINT \ PRINT \

500 v=-1

505 B=0 \ A=0

515 Z=0

520 SC-MITT(2,540) \ SO-MITT(1,10150,D)

525 GO TO 526

526 IF Y=1 GO TO 17000

535 GO TO 525

540 A=B+1

545 B=A

550 RETURN

800 ON P GO TO 1000,1200,1400,1600,1800,2000,2200

1000 OPEN A$ AS FILE #1



1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1200
1210
1220
1230

1240

1250
1260

1270
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DIM #1,B(36,60)

FOR J=1 TO T

K=K+1

B(J,0)=A(J,0) \ PRINT ‘Ln I =3 \ PRINT B(J,0)
FOR I=1 TO 60

B(J,1)=A(J3,1)

PRINT B(J,1);

NEXT I

PRfNT \ PRINT

IF K=3 THEN PRINT \ IF K=3 THEN PRINT
IF K=3 THEN K=0

NEXT J

PRINT \ PRINT

CLOSE #1 |

GO TO 10080

OPEN B$ AS FILE #2

DIM #2,C(36,60)

FOR J=1 TO T

K=K+1

C(J,0)=A(J,0) \ PRINT ‘Ln I = “; \ PRINT
c(3,0)

FOR I=1 TO 60

C(J3,1)=A(3,1)

PRINT C(J,1)3



1280
1290
1300
1310
1320
1330
1340
1350
1400
1410
1420
1430
1440

1450
1460
1470
1480
1490
1500
1510
1520
1530
1540

NEXT I

PRINT \ PRINT

IF K=3 THEN PRINT \ IF K=3 THEN PRINT
IF K=3 THEN K=0 g
NEXT J

PRINT \ PRINT

CLQSE #2

GO TO 10080

OPEN C$ AS FILE #3

DIM #3,D(36,60)

FOR J=1 TO T

K=K+1

D(3,0)=A(J3,0) \ PRINT ‘Ln I = ";
\ PRINT D(J,0)

FOR I=1 TO 60

D(J,1)=A(J,1)

PRINT D(J,1);

NEXT 1

PRINT \ PRINT

IF K=3 THEN PRINT \ IF K=3 THEN PRINT
IF K=3 THEN K=0

NEXT J

PRINT \ PRINT

CLOSE #3
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1550
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1800
1810
1820
1830
1840
1850
1860

GO TO 10080

OPEN D$ AS FILE i#4

DIM #4,E(36,60)

FOR J=1 TO T

K=K+1

E(J3,0)=A(3,0) \ PRINT ‘Ln I
FOR I=1 TO 60

E(J,1)=A(J3,1)

PRINT E(J,1);

NEXT 1

PRINT \ PRINT

rd

?
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\ PRINT E(J,0)

IF K=3 THEN PRINT \ IF K=3 THEN PRINT

IF K=3 THEN K=0
NEXT J

PRINT \ PRINT

CLOSE #4

GO TO 10080

OPEN E$ AS FILE #5

DIM #5,F(36,60)

FOR J=1 TO T

K=K+1 |

F(J3,0)=A(J3,0) \ PRINT ‘Ln I
FOR 1=1 TO 60

F(3,1)=A(3,1)

,

-
b

\ PRINT F(J,0)



1870
1880
1890
1900
1910
1920
1930
1940
1950
2000
2010
2020
2030
2040
2050
2060
2070

2080

2090

2100
2110
2120
2130

2140

PRINT F(J,1);
NEXT 1
PRINT \ PRINT

IF K=3 THEN PRINT
IF K=3 THEN K=0
NEXT J

PRINT \ PRINT
CLOSE #5

GO TO 10080

OPEN F$ AS FILE #6
DIM #6,G(36,60)
FOR J=1 TO T

K=K+1
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\ IF K=3 THEN PRINT

G(J,0)=A(3,0) \ PRINT ‘Ln I = 3 \ PRINT G(3J,0)

FOR I=1 TO 60
G(J,1)=A(3,1)
PRINT G(J,1);
NEXT 1

PRINT \ PRINT

IF K=3 THEN PRINT
IF K=3 THEN K=0
NEXT J

PRINT \ PRINT

CLOSE #6

\ IF K=3 THEN PRINT
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2150 GO TO 10080

10080 PRINT ‘File #°3; \ PRINT P; \ PRINT ° has been
opened and the data has

10090 PRINT ‘been transferred. This file is now
CLOSED !°

10100 PRINT \ PRINT

10125 GO TO 18000

10150 IF V=-1 GO TO 10320

10170 IF J=0 THEN G=1 -

10180 J=G

10181 A(J,0)=S

10190 I=I+1

10200 IF I>60 THEN J=G+l

10210 G=J

10220 IF I>60 THEN I=0

10225 IF J=37 THEN J=0

10230 A(J,1)=B

10240 B=0

10260 U=V+1

10270 v=U

10280 IF V=F GO TO 10380

10290 IF v=H GO TO 10410

10300 IF V=61 THEN V=-1

10310 RETURN
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10320 IF Z=3 GO TO 12000

10330 z=Z+1

10340 B=0

10350 SET_LINE(O0,0,0)

10360 SET_LINE(0,1,0)

10370 GO TO 10260

10380 SET_LINE(2,0,0)

10390 B=0 -

10400 RETURN

10410 SET_LINE(2,1,0)

10420 B=0

ina3o RETURN

12000 Y=1

12010 SO-MITT \ SO-MITT(2)

12020 RETURN

17000 Y=0

17010 NEXT N

17020 GO TO 800

18000 NEXT P

19998 PRINT \ PRINT \ PRINT \ PRINT \ PRINT
\ PRINT \ PRINT \ PRINT

19999 PRINT ; \ PRINT ; \ PRINT ~ THE EXPER IMENT
IS OVER

20000 END
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Multispikes

This program will count impulses per interval time
for a series of stimuli (see "Methods:Experimental
protocol for pharmacological experiments). The
counts are stored in a virtual array and a bargraph

of the data is then automatically constructed.

1 SET_LINE(2,0) \ SET_LINE(OQ,1)
3 PRINT "type in the dose and name of drug... eg.
4 x E05 M OUR"; \ INPUT B$
4 PRINT ‘What is the file name “; \ INPUT A$
5 PRINT "How many seconds per interval "; \ INPUT A
\ B=100*A
10, PRINT “At the end df what interval will the light go
ON "5 \ INPUT D
20 PRINT "At the end of what interval will the light go
OFF - "3 \ INPUT E
22 PRINT "At the end of what interval will the counting
stop "; \ INPUT K |
25 PRINT "At the end of what interval will the cycle
repeat "; \ INPUT F

27 PRINT '"How many cycles per light intensity "3



\ INPUT H

28 PRINT "How many light intensities per drug ";
\ INPUT L

30 DIM A(6,100)

35 DIM Y(6,100)

37 L=L+1

40 FOR J=1 TO L

41 V=-1

42 1IF J=L GO TO 7000

43 1=0

44 SET_LINE(O,1)

45 IF J>1 GO TO 55

50 PRINT "What is the light intensity "; \ INPUT C

51 GO TO 60

55 PRINT "What is the number _"; \ PRINT J;
\ PRINT "_ light intensity "; \ INPUT C

60 A(J,0)=C

95 SCHMITT \ SOHMITT(2)

100 SO-MITT(1,500,8) \ SOHMITT(2,110)

101 GO TO 106

106 IF G=H GO TO 5000

109 GO TO 101

110 N=N+1 \ RETURN

500 IF V=-1 THEN SET_LINE(0,0,0)

132
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501 SET_LINE(0,1,0)

502 IF V=-1 THEN N=0

510 V=V+l

520 IF V=0 THEN RETLRN

530 I=1+1

535 IF I>X GO TO 550

540 A(J,1)=A(J,1)+N

550 N=0

560 IF V=D THEN SET LINE(2,1)
570 IF V=E THEN SET_LINE(2,0)
575 N=0

580 IF V=F THEN 1=0

581 IF V=F THEN G=G+1

582 IF V=F THEN V=-1

585 IF G=H THEN SCHMITT \ IF G=H THEN SC-MITT(2)
587 IF G=H THEN I=0

590 RETURN

600 NEXT J

5000 G=0

5055 M=K-1

5057 PRINT J

5060 FOR I=1 TO M

5070 Y(J,1)=A(3J,1)

5074 NEXT 1



5075

5076

5080
5081
5082
5090
7000
7010
7015
7020
7030
7040
7050
7060
7070
7080
7090
7100
7200
7210

7300
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DISPLAY_CLEAR

PQINT " Intensity LN I = "
\ PRINT A(J,0)
WINDOW(,,,,BUD)f
BARCRAPH("-ticks",100,,Y(J3,1),,,1)
LABEL(,B$,"no of AP s")

GO TO 600

OPEN A$ AS FILE #1

DIM #1,B(6,100)
DISPLAY_CLEAR

FOR J=1 TO 6

B(J,0)=A(J,0) \ PRINT B(J,0)
FOR I=1 TO 100

B(J,1)=A(J,1)

PRINT B(J,1);

NEXT 1

PRINT

NEXT J

CLOSE

wiNnoow(, ,,,300)
BARGRAPH(,,,Y(l}l))

LABEL(,B$,"No of AP s")

10000 END
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Figure 1

External anatomy of the dragonfly head

A drawing of the head of an adult_Aeschna. (adapted
from Lew, 1933; plate 13). compound eye (CE), lateral
ocellus (LO), median ocellus (MD), vertex (VX), antenna

(A), clypeus (CLP), frons (FR).
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Figure 2
Histology of the dragonfly brain and ocelli.

A and B: a whole mount preparation of the median and
right lateral ocelli, their nerves, and the brain obtained
from an Aeschna. One can see the dendritic branching
and nerve process of a neuron stained with cobalt via an
intracellular electrode that was placed in theiocellar
nerve (see methods). The light response qf this cell
can be seen in figure 12. The ieft lateral ocellus and
its nerve were removed prior to the intracellular pene-
tration. The cell appears to be one of the ipsilaterél
neurons described by Chappell, et. al., 1978.

C: A five micron thick parafin section of the dragon-
fly ocellar system (from a different animal). The slide
was stained with Hematoxylin and Eosin using the technique
described in Humason, 1979.

Median ocellar nerve (MON), lateral ocellar nerve
(LON), median ocellus (MD), ocellar nerve dendrites (OND),
lateral ocellus (LO), rhabdomeric region (R), photorecept-
or nuclear layer (N), layer of pigmented epithelium (P),

synaptic zone (S). Corneal lens is not'present.
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Figure 3

The configuration used to record impulse activity from

the median ocellus.

A schematic diagram of the dragonfly ocelli, ocellar
nerves, and brain showing placement of electrodes for
extracellular recordings of ocellar nerve impulse activity
from the median ocellus. Left lateral ocellus (LLO),
right lateral ocellus (RLO), left lateral ocellar nerve
(LLON), right lateral ocellar nerve (RLON), median ocel-
lus (MD), median ocellar nerve (MN), G2 (electrode
connected to the input G2 of the preamplifier), Gl (elec-

trode connected to Gl of the preamplifier).
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Figure 4
The impulse activity recorded from the median ocellus.

Extracellular recording from the cornea of the median
ocellus. The electrode configuration used is shown in
figure 3. The frequency bandpass for A, B, and C was
300 Hz to 1 KHz, and for D, 0.1 Hz to 100 Hz. The
time at which the light was on is denoted by a downward
deflection on the stimulus trace (E).

A: recording from the cornea of the median ocellus
with all three ocelli and their nerves intact. Note the
noisy appearance of the trace as compared to B.

B: recording after the left lateral ocellar nerve was
removed. Large light-inhibited and small! light-facili-
tated action potentials can be clearly distinguished.

C: recording after both lateral ocellar nerves were
removed. The spikes at light "on" and light "off" are
the highly filterd ERG from the median ocellus.

D: an ERG from the median ocellus. Note the presence
of the of the small inflection on the rising phase of
the light response. This is component 3, the electrical
contribution of the ocellar nerve dendrites to the ERG
waveform. The "off" response can be seen as the slight
rise in the potential immediately after light "off" (see

discussion for explanation). Stimulus intensity Log I= O.
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Figure 5

The configuration for recording impulse activity from

the lateral ocelli.

A schematic diagram of the dragonfly ocelli, ocellar
nérves and the brain; showing placement of electrodes
for differential recordings between the corneas of the
right and left lateral ocelli. left lateral ocellus (LLO),
right lateral ocellus (RLO), left lateral ocellar nerve
(LLON), right lateral ocellar nerve (RLON), medfan ocellug
(MD), median ocellar nerve (MON), G2 (electrode connected
to input G2 of the preamplifier), Gl (electrode connected

to input Gl of the preamplifier).
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Figure 6

Ocellar nerve impulse activity recorded from the

lateral ocelli.

Differential recordings between the corneas of the
lateral ocelli (see "Results:0rigin of ocellar impulse
activity" for further explanation). Recording con-
figuration is shown in figure 5. All recordings were
made after the extirpation of the median ocellus, anten-
nal nerves, optic lobes and cervical neck chain. Note
the decrease in noise and the increase in the amplitude
of the largé spikes after the left ocellar nerve was
ablated. Both the large light inhibited and small light
facilitated action potentiais are clearly discernible
in both the upper and middle traces. Also the frequency
of‘spikes is diminished in the middle trace as compared
to the upper trace. The spike at light "on" of the lower

trace may be due to the ERG of the lateral ocelli.

light intensity Log I= 0.
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Figure 7
Ocellar nerve impulse activity in the dark

The same recordings of dark spikes as in figure 6, on
an expanded time scale, show that there are spikes of two
(opposite) polarity sequences present prior to ablation
of one of the lateral ocellar nerves. There waé a de-
crease in noise after the left lateral ocellar nerve was
ablated (lower trace) and spikes with only one ‘polarity
sequence remain. A}so, there was an increase‘in size of

the remaining spikes.
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Figure 8
v Simultaneous extracellular recordings

A schematic diagram of the dragonfly ocelli, ocellar
nerves and the brain, showing the electrode configuration
used to record differentially between the corneas of
the lateral ocelli at the same time that extracellular
recordings were made from the cornea of the median ocel-
us. Right lateral ocellar nerve (RLON), left lateral
ocellar nerve (LLON), left lateral ocellus (LLO), right
lateral ocellus (RLO), median ocellus (M3), median ocellar
nerve (MON), preamp A Gl (electrode attached to input Gl
of preamp A), preamp A G2 (electrode attached to inpuf
G2 of preamp A), preamp B Gl (electrode attached to in-
put Gl of preamp B), preamp B G2 (electrode attached to

input G2 of preamp B).
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Figure 9
Simultaneous extracellular recordings.

The top trace of each pair of recordings is from
the cornea of the median ocellus and was obtained at
the same time as the differential recordfngs between
the corneas of the later;l ocellus (seen in the lower
trace). All spikes in the median ocellar recordings
have a single orientation. The impulse activity recorded
from the lateral ocelli, prior to the removal of either
lateral nerve (A and D) shows spikes with two orientations.
There appears to be a one to one correspondence between
the spikes seen in the upper and lower traces. B and E:
After the ablation of the left lateral ocellar nerve,
action potentials with a single orientation are left in

the lower trace. € and F: After the removal of the right

lateral ocellar nerve, no spikes are left in either trace,
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Figure 10

Simultaneous appearance of extracellular ocellar nerve

impulses.

Recording electrodes as in figure 9. There does not ap-
pear to be any delay between the impulses recorded between
‘the cornea of the median ocellus and vertex (top trace A, B,
and C) and those recorded between the lateral ocelli (bot-
tom trace A, B, and C,). It can be seen that the impulses
in the top traces were always oriented with an initial neg-
ative wave no matter what the orientation of the impulse
seen in the lower trace. Note expanded time scale for B

and C.
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Figure 11
Intracellular, recordings

Intracellular recordings from the lateral ocellar

nerve showing a spiking (upper trace A and B) and non-
spiking {(middle trace A and B) cell. A downward deflection
on the lower trace (A and B) indicates the time of il-
lumination. The recordings of the two types of cells

were obtained from different animals both of which were
Aeschna. The resting potential of the spiking neuron

was -55 mv and that of the non-spiking cell was

-35 mv.

stimulus intensity was log I=0.
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Figure 12

Simultaneous extracellular and intracellular

recordings from the right lateral ocellar nerve.

The extracellular recording electrodes were placed as
shown in figure 5. The intracellular recording was ob-
tained from a microelectrode located at a point on the
nerve midway between the ocellar cup and the brain using
G2 as a reference. After recording the response, caobalt
was introduced into the cell via the intracellular elec-
trode. The cell can be seen in a whole mount prepara-
tion in figure 2. The resting potential for the cell

was -30 mv.
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Figure 13

Intensity-frequency relationship of the

impulse activity during a flash.

Vertical bars indicate standard deviation. Each

animal received three two-second flashes at each
intensity, each flash of light coming thirty-two seconds
after the preceding one. Data from the first flash

was not used. For each animal, the frequency for each
half second interval during the last 1.5 seconds of the
second and third flash was averaged at every intensity
(see Methods: Pharmacology, curare). The mean

frequency was plotted for 7 animals.
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Figure 14

Effects of green and UV light.“

Green and UV light intensity-response curves from
threshold to saturation (complete inhibition). The curves
are statistically parallel at p>0.05. The crosses and
triangles'represent the  percent decrease in frequency
in the last second of a 1.5 second light flash, for green
and UV light respectively. The parameter was calculated
in the following manner :

((frequency in the second preceding the stimulus) - (fre-
quency during the flash) / (frequency in the second pre-
ceding the flash)) x 100. The frequency measurments

were obtained from a single Aeschna.
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Figure 15
Tetrodotoxin

The effects of 0.3E-6 molar tetrodotoxin on spontaneous
impulse activity. Within 30 seconds after the start of
the drug perfusion the size of the action potentials was
significantly decreased (A and on expanded time scale in B).
After 3 minutes, all spiking activity had dissappeared (A).
One hour of washing in Ringer did not reverse the effects

of the drug. Electrodes were placed as shown in figure 5.

Note: E = exponential

1000.0

for example 1.0E3

and 1.0E-3 0.001
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Figure 16

Tetrodotoxin

The effects of 0.3 E-6 molar tetrodotoxin on impulse
activity. This is a different animal than that shown in
the previous figure. M™Middle trace: impulse activity has
dissappeared after 5 minutes of perfusion with the drug.
Lower trace: a normal DC ERG obtained after impulse act-
ivity had ceased. The recordings were made with electrode
Gl in the cornea.of the right lateral ocellus and elec-

trode G2 in the vertex.
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Figure 17

Computers ability to count impulses.

Extracellular recordings of impdlse activity. The elec-
trode configuration as in figure 5. The line of dots above
the impulse activity is a recording of the computers’ disc-
riminator output(see Methods: pharmacology,'curare). For
every impulse that is actually counted by the computer,
the output of the discriminator puts out a positive voltage
which can be displayed on an oscilloscope along with the
signal which is being analyzed. The type of display seen
in this figure was used to set the level at which each
spike was counted. As a further control some responses
were hand counted and these numbers were compared to the
counts obtained by the computer. Hand counts were ident-

ical to computer counts.
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Figure 18
Intensity-Response series in Ringer

Intensity-response series showing typical behavior of

ocellar nerve impulse activity before, during and after

a two second light flash, and prior to the addition of any
pharmacological agent. The recording electrodes were
placed as described in figure 5 and the methods. One
lateral ocellar nerve was removed. Complete inhibition
of impulse activity occurs af light intensities of log 1

= -5 or greater. WNote that the spike frequency prior to
light "on" decreases with increasing stimulus intensity.
Since these responses are either the second or third flash
in a series of three flashes, the impulse rate just prior
to - the light flash represents the interflash spike
frequency. At the higher light intensities a burst of
impulse activity can be observed at light "off". The
large downward spike present at light "on" at the two
brightest stimulus intensities is a remnant of the corneal
ERG, which is not completely filtered out. The responses
displayed in figures 18 through 26 were all obtained from
an Aeschna in a single experiment. The analyzed results
shown in figures 29 through 34 came from 7 separate
preparations, which includes the responses displayed in

this series of fiqures (18-26).
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Figure 19

Curare

Intensity- response series showing the behavior of
impulse activity in the presence of 50 uM curare. Compare
the effect of a light flash at log [=-8 on the interflash
spike frequency (frequency prior to stimulation) with

the same trace in figure 18. Bar indicates time of il-

lumination.
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Figure 19
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Figure 20
Curare

Intensity-response series showing the behavior of
impulse activity in theypresence of 500 um curare. There
is an increase in frequency in the dark and during the end
of the interflash interval (prior to the light flash) in
response to this drug. Note the decrease in sensitivity

of the light response. Bar indicates time of illumina-

tion.
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Figure 20
500 uM Cura re
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Figure 21

Curare

Intensity-response series showing the behavior of
ocellar nerve impulse activity in the presence of 1.0 mM

curare. Bar indicates time of illumination.
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1.0 mM Curare
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Figure 22

Curare

fhé effects of curare on ocellar nerve impulse behavior
in the dark (A) and before, during, and after a light flash
at three different intensities (B,C,D). Upper trace:
recordings made in control perfusate...Ringer. Trace
second from the top: impulse activity recorded in the pre-
sence of 50 uM curare. Trace third from the top: im-
pulse activity recorded in the presence of 500 uM curare.
Bottom trace: impulse activity recorded in the presence of

1.0 mM curare. Bar indicates time of illumination.
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Figure 22
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Figure 23

Histograms of spike frequency in the presence

of Ringer.

A series of histograms showing the number .of impulses
per time interval starting at time zero seconds on the
left. Each bar represents the number of counts for a
period or interval of exactly 0.5 seconds. The time
of illumination is denoted by the vertical dotted lines.
This series of histograms is a computer representation
of the response seen in figure 18. Note that figure 18
shows only the first 10 seconds of time displayed in

figure 23,
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Figure 24

Histograms of spike frequency in the presence

of 100 uM curare.

A series of histograms showing the effects of 100 QM
curare on spiking activity. This was a unique preparation
in that 100 uM curare further decreased spike fre-
quency (see discussion:pharﬁacoloqy) between flashes.

This set of data was obtained from the same animal whose
responses are seen in figures 18 through 26. The i1l-

lumination occurred between the vertical lines.
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Figure 25

Histograms of spike frequency in the presence

of 500 uM curare.

A series of histograms showing the effects of 500 uM
curare on ocellar nerve impulse activity. This series
is a computer reﬁresentation of the responses seen fn
figure 20. The.time of illumination is denoted by the
vertical lines. Note the Y-axis of the bottom-most
histogram has a different ordinate scale with an upper

boundary of 30.
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Figure 26

Histograms of spike frequency in the presence

of 1.0 ™ curare.

A series of histograms showing the effects of 1.0 mM
curare on ocellar nerve impulse activity. These histo-
grams are a computer representation of the responses
seen in figqure 21, The illumination occurred be-

tween the vertical bars.
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Figure 27

The reversibility of curare action.

The effects of 1.0 mM curare on impulse activity.
The upper boundary of all histograms is 30 spikes. The
time of illumination is denoted by the vertical bars.
Curare severely decreased the résponse to light and in-
] creased spiking activity in the dark between flashes.
The effects of curare are partially reversed after an

hour in a Ringer wash.
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Figure 28
Impulse activity after two hours in Ringer.

There is no significant change in the behavior of the
spiking activity after two hours in Ringef. A. A series
of histograms showing the typical behavior of impulse
activity after one hour in Ringer. B. As a control,
this series of responses were repeated one hour after
the first series (in A) was obtained. Time of illumina-
tion is denoted by the vertical lines. The upper bound-

ary of the y-axis for all histagrams is 20 spikes.
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Figure 29

Interflash spike frequency.

A linear plot of the relationship of the interflash
spike frequency, measured 30 seconds after light off, to
the dose of curare. The curves represent the mean values
obtained from 7 preparations. Interflash spike freqdency
was determined by averaging the four half second intervals
prior to the second and third light stimulus (see methods:
pharmacology, cﬁraré)(see figures 23-26) and then multi-
plying by 2 to convert the number to Hertz. The dark fre-
quency (solid circle) was measured after the preparation
was dark adapted for one hour at each drug concentration.
Ten consecutive half second intervals were averaged and the
resulting numbers were multiplyed by two to convert the

value to Hertz.
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Figure 30
Interflash spike frequency

An alternative plot of the smﬁe data as presented in
figure 29 showing the relatiosnship of the interflash
spike frequency to the log intensity of the light flash
at different concentrations of curare. [t shows in
another way that for. the entire range of light inten-
sities used, the interflash spike frequency in 50 uM
curare is less than that of the control. A test of the
slopes of the curves for Ringer and 50 um curare show
’that the slopes are different at P<0.01. A test of the
independence of y vs x for the three highest drug doses
show that the interflash spike frequency was independent
of the light intensity (P>0.05), when the animal was

perfused with curare at those concentrations.
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Figure 31

Average frequency in the light.

Intensity-spike frequency relationship in the presence
of increasing concentrations of curare. The data was ob-
tained by averaging the last 3 half second intervals of
the second and third light flash. Each flash lasted for
two seconds (see methods: pharmacology, curare). The
average number of counts per interval was then multiplied

by two to convert the number to Hertz. These curves

represent data pooled from 7 preparations.
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Figure 32

Statistical analysis of the light frequency.

Regression lines drawn through the points obtained
from figure 31. A statistical tesf'showed
that the slope of the frequency vs intensity curve for
Ringer is different from the slopes of the same curves
obtained in the presence of the drug at p<0 01. All
of the curves obtained in the presence of curare at

all concentrations had identical slopes at P>0.05.
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Figure 33
Change in impulse firing rate

A graph showing the relationship between the change
in spike frequency due to light vs the log intensity
of the light at increasing concentrations of curare.
The parameters were obtained by finding the average im-
pulse frequency in the light as explained in figure 31 and
subtracting it from the average frequency just prior to
light "on" (the latter is the same as the interflash

spike frequency obtained in figures 29 and 30).
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Figure 34

A statistical analysis of the change in spike

frequency.

Regression lines drawn throught the points obtained
from figure 33. A statistical test to determine
if the slope of the curve for Ringer is identical to the
slopes of the drug curves showed them not to be identical
at P<0.0l1. All of the curves obtained in the presence

of curare had identical slopes at P>0.05.
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Figqure 35

Time course of the effects of GABA on impulse

activity.

" Each histogram represents the saike counts of three con-
secutive flashes. The preparation was stimulated every 18
seconds. FEach bar represents an interval of 200 millisec-
onds. The time of illumination is denoted by the vertical
bars. The concentration of GABA in the perfusate was 10

mMolar., Stimulus intensity: log I=-5.
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Figure 36
Intensity-reponse series in the presence of GABA.

An intensity-response series comparing the behavior
of the impulse activity in Ringer (upper histogram) and
after over 60 minutes in 10 M GABA (lower histogram)
under increasing intensities of light. Time of illumi-
nation (2 seconds) is denoted by the vertical lines.
Each histogram is the sum of the impulses at every in-
terval for a total of six consecutive flashes. Each
flash was two seconds long and occurred af a frequency
of one every 18 seconds. Note LN = LOGl10. A, dark.

B, Log I=-8. C, Log I=-7. D, Log I=-6. E, Log I=-5.
F, Log I=-4. G, Log I=-3. H, Log 1=-2. I, Log I=-1.
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Figure 37

Light faciliation of impulse activity in the

presence of GABA.

An intensity-~response series in the presence of 10

mM GABA for one hour. As in the previous figure, Each

histogram represents the sum of six flashes. The figure

shows the shift of the light facilitation of the spikes

from light "on" to light "off". Time of illumination

(2 seconds) is indicated by the vertical bars. Note:

LN = LOGI10.
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Figure 38

Time course of washing after a GABA perfusion.

The time course of washing the preparation after‘it had
been perfused in 10 mM GABA for 90 minutes. FEach histo-
gram represents the sum of three consecutive flashes.

Time of illumination (2 seconds)is denoted by the dark

bars. Stimulus intensity: log I= -5.
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Figure 38
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Figure 39
Time course of the action of cobalt.

12 mM cobalt reversibly inhibits ocellar nerve impulse
activity after 18 minutes. Each histogram represents
the total spike counts at each interval for 9 consecutive
light flashes. The time of illumination (2 seconds) is

denoted by the bar. Stimulus intensity is log I=-5.
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Figure 40

Changes in ocellar nerve impulse activity during

a dim flash

This frequency histogram of ocellar nerve impulse
activity was constructed using the "multispikes" program
(see: Methods, "experimental protocol for pharmacological
experiments...GABA and Cobalt"), by surming the spikes in
each time interval for 30 consecutive two second flashes.
The time between each flash was 22 seconds. Each time
interval represents 0.2 seconds. The horizontal bar de-

notes time of illumination.
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Figure 41

Dual threshold model

A and B represent the effective membrane potential at
the site of spike initiation in the spiking neuron in the
absence of any pharmacological agents. C and D represent
this potential in the presence of GABA. A",B",C", and D’
correspond to the patterns of impulse activity that the
model predicts would be seen in the extracellular trace
under the conditions described by the figure. The hori-
zontal bars denote the time of illumination.

The effect of GABA is shown to maintain the membrane
potential above the upper threshold when the preparation
is stimulated with low levels of illumination. At higher
intensities of illumination, the membrane potential,
when the preparation is perfused with GABA (D), is still
higher than that of the control (B) before and after

the light stimulus. See text for further explanation.
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