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VISUAL PROCESSING IN THE CRAYFISH MEDULLA 

by 
CINDY PFEIFFER-LINN 

ABSTRACT 

The crayfish visual system consists of a neural network 

which acts to convey and process sensory information to the 

brain. One previously established pathway in this network 

involves a class of visual interneuron known as sustaining 

fibers. These third order interneurons make a functional 

connection with oculomotor neurons in the brain which mediate 

a light elicited behavior known as the dorsal light reflex. 

This behavior represents one of the few sensory examples where 

the physiological input and behavioral output are known. 

However, little is known about what type of information is 

being conveyed and processed to the sustaining fibers from the 

photoreceptors. As a result, I have used a 

neuropharmacological approach in this thesis to verify 

synaptic connections to the sustaining fibers and to analyze 

the mechanisms of action for conveying visual information. 

Each cell type analyzed in this study was found to receive two 

antagonistic neurotransmitter inputs. In two instances, I 

discovered rather unconventional mechanisms used by the 

crayfish to generate the cell's light response. One of these 

occurs in a class of neurons known as tangential cells. Here, 

acetylcholine initiates the initial hyperpolarizing phase of 

the light response, whereas gamma-aminobutryric acid is 



actively responsible for the repolarizing phase of the 

response. These two antagonistic neurotransmitters were found 

to act on the exact same set of chloride channels. 

A second unconventional mechanism is used by the crayfish 

to generate the sustaining fiber's light response. In this 

case, two different glutamate receptors act jointly to shape 

the light response. One type of glutamate receptor (non-NMDA) 

mediates the initial transient depolarization of the 

sustaining fiber light response and the subsequent plateau 

response may be due to activation of a second class of 

glutamate receptor (NMDA). 

The results of this pharmacological study elucidated many 

of the synaptic connections in the crayfish visual system and 

illustrated the mechanisms of information transfer. These 

studies have direct implications for a number of general 

aspects of visual processing such as contrast and motion 

detection. 
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INTRODUCTION AND OVERVIEW OF THE 

CRAYFISH VISUAL SYSTEM 

1 

One of the principal concerns in neurobiology today deals 

with the processing of visual information. A stimulus from 

the environment .ls somehow transformed into a biological 

signal in the photoreceptors and subsequently conveyed and 

processed to the brain. This thesis looks at how visual 

information is being conveyed and processed throughout the 

crayfish visual system. The visual system is unique from 

other sensory systems in that it is an easily accessible part 

of the central nervous system. As such, it represents a good 

model of central nervous system function. The crayfish is a 

particularly good animal to analyze visual processing in 

beca~se a great deal is already known about the individual 

neurons and circuitry connections forming the visual network. 

It, therefore, has an advantage over visual networks which are 

more complicated or have yet to be studied. 

One pathway previously est~blished in the crayfish visual 

system is associated with a specific light elicited behavior 

known as the dorsal light reflex. It involves corrective eye 

movements in the animal which orients the dorsal part of the 

eye toward the sky, keeping the animal in an upright position. 

This behavior represents one of the few sensory examples where 

the physiological input and behavioral output is known. 

Previous studies of this reflex (Glantz et al, 1984; Glantz 
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and Nudelman, 1988) have demonstrated a functional connection 

between a third order interneuron in the visual system known 

as the sustaining fibers and oculomotor neurons in the brain 

which mediate the behavior. However, very little is known 

about what type of information is being conveyed and processed 

to the third order sustaining fibers. As a result, I have 

used a neuropharmacological approach in this thesis to examine 

the neurotransmitters and receptors of individual neurons 

which are involved in the sustaining' fiber input. By 

analyzing individual cells in a neural network, some more 

general aspects of visual processing have been elucidated. 

BACKGROUND 

1. The Crayfish Visual System 

The crayfish visual system consists of a compound retina 

followed by four successive columnar neuropiles which are 

neuronal regions of dense synaptic connections linked to 

cerebral centers of the brain by the optic nerve. The 

neuropiles are referred to as the lamina ganglionaris (LG), 

the medulla externa and interna (ME and MI) and the medulla 

terminalis (MT). Connecting these neuropiles are crossed 

projections of neuronal fibers forming the first chiasm 

between the lamina ganglionaris and the medulla externa, the 

second chiasm, reaching between the medulla externa and the 

medulla interna (Figure 1). 

Many of the neurons making up these neuropiles have been 
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FIGURE 1 

Horizontal section of the crayfish eye which has been stained 

with eosin to highlight the neuropile regions. The four 

neuropiles are referred to as the lamina ganglionaris (LG); 

the medulla externa (ME); the medulla interna (MI) and the 

medulla terminalis (MT). Two optic chasms (Ch 1 and Ch 11) 

connect the LG to the ME and the ME to the MI respectively. 

Photoreceptor (RH); optic nerve (ON). Scale= 100 ~M. 
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FIGURE ONE 
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identified based on Golgi, cobalt and Lucifer Yellow dye fill 

studies (Strausfeld and Hausen, 1977; Strausfeld and Nassel, 

1981; Kirk, 1982; Waldrop and Glantz, 1985; Wang-Bennett and 

Glantz, 1987a,b). Golgi silver impregnation studies have two 

main advantages. One advantage is that Golgi stains only 

about one to ten percent of the total number of cells in a 

particular region of the brain (for unknown reasons), 

therefore making it possible to study a single nerve cell. 

A second advantage of the Golgi method is that the neurons 

that do take up the stain are completely filled, including 

their cell body, axon and full dendritic tree. This Golgi 

procedure is generally used when a morphological survey of all 

cell types are required. However, because only 1-10% of the 

cells are stained at any one time, the procedure must be 

repeated many times and there is still no guarantee that all 

cell types will be identified. However, many of the optic 

neurons that have been identified and characterized with the 

Golgi method in the crayfish have also been verified using 

cobalt backfilling techniques. As a result, there is good 

evidence that the majority of cells in the lamina ganglionaris 

and medulla externa have been identified. Furthermore, 

Lucifer Yellow electrodes can record each cell's physiological 

characteristics before the cells is subsequently dye filled. 

Therefore, many of the cells have been classified by their 

unique morphology as well as by their unique physiological 

response to light. 
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From these studies, it was found that the crayfish 

neuropile neurons were arranged in an orderly and stratified 

manner. Photoreceptor axons project to specific regions in 

the lamina ganglionaris and medulla externa in a retinotopic 

manner which results in an ordered mapping of sensory 

projections through the visual system. In the neuropiles, 

columnar cells connect the four neuropiles and relay the 

retinotopic projections into the medulla terminalis and to the 

brain. Superimposed on the columnar network in each neuropile 

are transverse cells, such as amacrine cells and tangential 

cells (described below). 

The result of this neuronal organization in the crayfish 

is a compartmentalization of visual space and a recombination 

of information by interneurons. Precise retinotopic 

projections are preserved from the photo receptors to the 

medulla where large interneurons intersect the columnar 

organization to collect, filter, reorganize and relay this 

packaged information to higher visual centers. 

The following sections (a-e) identifies the cells 

comprising each of the neuropiles in the crayfish visual 

system and the organization of these cells as they pertain to 

the neural network. The synaptic connectivity among cells in 

the crayfish lamina ganglionaris have been verified using the 

electron microscope and have shown that the structural 

organization of the first optic neuropile is similar to some 

other arthropods; particularly the fly (Shaw, 1981) . All 
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other synaptic connectivity schemes have been derived 

indirectly based on electrophysiological and morphological 

studies done in the crayfish and other arthropods. 

a). The Crayfish Retina 

The compound superposition-type eyes of the crayfish 

consist of between 2000 and 3000 ommatidia (Parker, 1897). 

Present knowledge of the anatomy of the ommatidia! and retinal 

arrangements are based on descriptions by Krebs (1972) and 

Nassel (1976). 

a crystalline 

Each ommatidium consists of a corneal lens, 

cone, a crystalline tract and eight 

photoreceptor cells (R1-R8) forming a microvilli rhabdom. 

Golgi and cobalt studies of R1 through R8 receptor axons show 

that the axons from R1 to R7 terminate in two layers of the 

lamina ganglionaris, whereas R8 axons terminate in the distal 

region of the medulla externa (Strausfeld and Nassel, 1981). 

The photoreceptors, like those of other invertebrates, 

depolarize without spikes in response to light stimuli 

(Eguchi, 1965). 

b). Lamina Ganglionaris 

Serial sections from the retina to the lamina 

ganglionaris reveal that the receptor axons from each 

ommatidium innervate one underlying optic cartridge and retain 

their neighborhood relationships amongst themselves between 

the retina and the lamina ganglionaris (Stowe, 1977) (Figure 



2). In the 

terminate in a 

lamina layer. 

8 

lamina ganglionaris, four of the receptors 

distal lamina layer and three in a proximal 

As in the crab (Stowe, 1977), retinotopic 

receptor projections bring the axons of one ommatidium to a 

single unit of organization (optic cartridge) in the lamina 

ganglionaris neuropile. Therefore, each lamina ganglionaris 

optic cartridge consists of seven receptor terminals along 

with the through conducting axon of R8. Other cells found in 

each optic cartridge are four columnar monopolar cells (M1-

M4) and a T neuron. The remaining types of cells found in the 

lamina ganglionaris include a fifth monopolar cell (M5), two 

types of wide field tangential cells, centrifugal cells and 

amacrine cells. These cells are not important to the basis of 

my thesis but are included to describe how the current 

organizational scheme of the crayfish visual system has been 

determined. According to cobalt studies (Strausfeld and 

Hausen, 1977), these cell types are regularly distributed one 

to several cartridges. The physiological response to light 

in each of these cell types and their probable synaptic 

connection in the lamina have been looked at closely (Macagno 

et. al., 1973; Stowe, 1977; Shaw, 1981; Strausfeld and Nassel, 

1981 and Wang-Bennett and Glantz, 1987a,b). As a result of 

these studies, in recent years significant progress has been 

made on a number of issues regarding the functional 

organization of the crustacean compound eyes. One major theme 

which has arose from this is that different aspects of a 
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FIGURE 2 

Schematic drawing illustrating photoreceptor organization in 

the lamina ganglionaris and medulla externa. The receptor 

layer is divided into discrete ommatidium (OM). Each OM 

contains 8 photoreceptors (Rl-8) . Rl-R7 terminate in a 

specific underlying optic cartridge (OC) in the lamina 

ganglionaris (LG). The optic cartridge acts as a single unit 

or organization in the LG defined by glia boundaries (GL). 

Four of the photoreceptor axons from each OM synapse in a 

distal layer of the LG, whereas three of the photoreceptor 

axons terminate in a proximal layer. The eighth photoreceptor 

(R8) projects through the LG altogether and synapses in the 

distal portion of the medulla externa. The medulla externa 

is divided into two major sections (ME0 and MEi) by a thick 

layer of transverse axons known as the serpentine layer (S). 
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FIGURE TWO 
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stimulus are locally differentiated and separately conveyed 

by parallel elements in each column (Laughlin, 1984). In the 

lamina ganglionaris, anatomical and physiological data provide 

a basis for five separate channels in every column of the 

lamina ganglionaris to medulla projection; one channel each 

for horizontally and vertically polarized light (Waterman and 

Fernandez, 1970 and Sabra and Glantz, 1985), a high and a low 

sensitivity channel (Laughlin, 1981) and a blue receptor axon 

(Cummins and Goldsmith, 1981). The columnar organization of 

the medulla externa would also suggest that these multiple 

information channels are conserved, though at this point, 

little data is available regarding the functional organization 

of the medulla externa. 

c). Medulla Externa 

The medulla externa is divided into an outer and inner 

neuropile (ME0 and ME1) by a layer of thick tangential axons 

that separate the outer three-quarters of the medulla externa 

from the inner quarter (Figure 2). The axons which comprise 

this layer of axons synapse in the midbrain and contralateral 

lobes (Yamaguchi, 1984). The ME0 contains the terminals of 

M1-M4 lamina monopolar cells, the shallow endings of the R8 

fibers, arborizations of lamina tangentials TAN1 and TAN2, 

and the majority of dendrites from six morphologically 

distinct columnar transmedullary neurons (TMs), medullary 

amacrine cells and dendrites of two other medullary 
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interneurons known as sustaining fibers and dimming fibers. 

Each medullary column contains one set of TMs, as well as the 

terminals of R8, M5 and the T neuron terminals ( Strausfeld and 

Nassel, 1981). The MEi contain axon collaterals of some TM 

neurons as well as dendrites from some cell types, such as T 

neurons that project to the medulla terminalis exclusively 

from this layer. In this thesis, three of the medulla externa 

cell types will be considered in detail as they directly or 

indirectly effect the sustaining fiber input. These include 

one class of tangential cell (TAN1), the medullary amacrine 

cells and the dimming fibers. These medullary interneurons, 

as well as the sustaining fibers, can be routinely impaled and 

have been well characterized both morphologically and 

physiologically (Kirk et. al., 1982; Waldrop and Glantz, 1985 

and Wang-Bennett and Glantz, 1987a,b). Each of these cells 

is described below (i-iv) and illustrated in figure 3. 

i. Medullary Amacrine Cells 

One type of medullary amacrine cell has been identified 

based on Golgi studies (Strausfeld and Nassel, 1981) and cells 

which have been filled with Lucifer Yellow (Waldrop and 

Glantz, 1985). The dendritic processes of this local 

interneuron lie in two separate planes throughout the medulla 

externa and are very extensive covering the entire width and 

height of the neuropile. The cell body of the amacrines is 

near the main process and no axon is present. 
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FIGURE 3 

Representation of the medullary cells analyzed in this thesis. 

Symbols represent: Basement membrane (BM); tangential cells 

(TAN1); medullary amacrine cell (MA); dimming fiber (DF); 

sustaining fiber (SF) and the columnar transmedullary neurons 

(TM) . The bar represents 100 ~M. 
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Light stimulation to the cornea elicits a transient 

depolarization in the amacrine cells which decays to a tonic 

depolarizing plateau. No spiking occurs in these cells at any 

time, either in the dark, in the light, during impalement or 

during injection of depolarizing or hyperpolarizing currents. 

Extrinsic current studies in this lab have demonstrated that 

the amacrine cells are involved in presynaptic SF inhibition 

(Waldrop and Glantz, 1985). Depolarization of the cell with 

injected current inhibits the SF's visual response, whereas 

hyperpolarization disinhibits the response. 

At least one other class of optic tract visual 

interneuron is also affected by medullary amacrine cells. 

Dimming fibers respond to light with a hyperpolarization which 

acts to shut off a tonic spiking discharge. Their dendrites 

are localized in the medulla externa (Wiersma and Yamaguchi, 

1966 and Yamaguchi et. al., 1984) and amacrine cells have been 

shown to influence the dimming fibers spiking rates (Waldrop 

and Glantz, 1985). Depolarization of an amacrine cell leads 

to an increased firing rate among the dimning fibers, whereas 

hyperpolarization of the medullary amacrine cell decreases the 

dimming fiber firing rate. 

ii. Tangential cell {TAN1) 

The morphology of TAN1 has been described by Hafner 

(1973), Nassel (1977), Strausfeld and Nassel (1981) and Wang

Bennett and Glantz (1987b). The cell body is situated off the 
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distal edge of the medulla externa. A fine neurite connects 

the cell body to the dendrites which forms a dense array in 

the distal band of the medulla externa. The axon connects the 

medulla externa to the lamina where an extensive network of 

branches spread out laterally. TAN1 does not receive direct 

input from the photoreceptors. This thesis will provide 

evidence that TAN1' s input is from a class of cholinergic 

transmedullary cell in the medulla externa. 

TAN1 responds to light with a biphasic hyperpolarizing 

response; an initial rapid phase followed by a second slower 

phase. Direct hyperpolarization of TAN1 provides a strong 

presynaptic excitatory signal to impaled SFs both in the dark 

and in the presence of illumination (Wang-Bennett, 1987b). 

This lab has proposed that TANl provides the principle steady 

state excitation to the SFs. 

iii. Sustaining Fibers (SF) 

Sustaining Fibers ( SFs) are among the most prominent 

feature detectors in the optic tracts of all decapod crustacea 

(Wiersma et. al., 1982) . The SFs are tonic "on" visual 

interneurons with large excitatory receptive fields and 

antagonistic, inhibitory surrounds. There are fourteen 

classes of SFs, each uniquely identifiable by its corneal 

receptive field (Wiersma and Yamaguchi, 1967). The morphology 

of the SFs has been determined using intracellularly injected 

Lucifer Yellow (Kirk et. al., 1982). Dendritic arbors in the 



17 

medulla externa arise from a main neurite coursing along the 

proximal-most edge of the medulla externa. The axons run 

through the optic tract where they have been shown to synapse 

on oculomotor neurons in the brain (Glantz et. al., 1984). 

The SF cell body is located off of the medulla externa. 

Light stimulation to the SFs produces a compound EPSP 

consisting of an initial transient depolarization (+33mV ± 

4.4) followed by a steady state plateau phase (+24.4mV ± 5.5). 

The depolarization is associated with an increase in" 

conductance (Waldrop and Glantz, 1985). The EPSP drives a 

train of action potentials with a mean rate that is linearly 

proportional to the depolarization (Kirk et. al. 1982). 

iv. Dimming Fibers (DFs) 

One other class of medullary visual interneuron can be 

periodically impaled. These are the dimming fibers and in 

most respects are the exact opposite of the SFs. In the dark, 

they continuously discharge and are inhibited by the onset of 

illumination. This is associated with a hyperpolarization of 

the membrane potential (Kirk, Ph.D. thesis, 1982). As 

previously mentioned, the firing rates of these cells are 

influenced by amacrine cells (Waldrop and Glantz, 1985) and 

is the opposite effect one sees in the SFs when injecting 

current into the amacrines. 

Evidence suggests that the dimming fibers act as 

differential contrast encoders (Glantz, 1974). When 
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stimulated with a rapidly approaching black target, the DFs 

respond with a sequence of several discrete bursts and the 

discharges are augmented during both the moving and the 

stationary forward phase of the target. 

d). Medulla Interna 

Inputs from the medulla externa to the medulla interna 

are comprised of bundles of retinotopic columnar relay neurons 

and columnar T neurons. The medulla interna has seven main 

strata but only three receive input from the medulla externa. 

Most of the input elements from the medulla externa are 

derived from transmedullary neurons which synapse on 

noncolumnar cells in the distalmost strata. The MI is the 

most proximal neuropile in the lobes to show a clear-cut 

retinotopic columnar and stratified organization. From the 

MI, the retinotopic mosaic is transposed onto prominent higher 

order neurons in optic foci of the MT. 

e). Medulla Terminalis 

Axons leaving the MI comprise a number of discrete 

tracts. These project to single higher-order neurons in four 

separate optic foci of the MT. The optic foci are delineated 

regions of neuropile, each with a characteristic structure and 

location within the eyestalk. Within each region, the spatial 

arrangement of axon terminals is quite orderly. The axons 

leading from the higher-order neurons of the optic foci are 
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collected into four tracts that project centrally. 

Unfortunately, the destinations of these large and important 

relay cells is not clear. 

2. Neurotransmitters in the Crayfish Eye 

One approach to understanding the functional organization 

of the visual system is by analysis of the neurotransmitters 

and receptors involved in synaptic transmission. 

presented in this thesis is among the 

The work 

first to 

pharmacologically analyze the effects of visual 

neurotransmitters on specific identified neurons in the 

arthropod medulla. Previous studies have focused on the 

presence or localization of transmitters and receptors in an 

entire neuropile, thus providing a very limited picture of 

transmitter action. 

A. Acetylcholine (ACh) 

The presence of acetylcholine (ACh) is well documented 

in the optic lobes of arthropods. Barker et. al. (1972) 

discovered the presence of high concentrations of choline 

acetyltransferase using radioactive labelled choline in the 

lobster. B.K. Schmitt-Nielsen et. al. (1977) discovered a 

high affinity binding site for alpha-bungarotoxin in the fly 

medulla and G. Maxwell and J. Hildebrand (1978) have 

demonstrated high levels of choline uptake and ACh synthesis 

in the moth medulla. Gorczyca and Gall (1986) have localized 
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choline acetyltransferase in the fly medulla using a 

monoclonal antibody specific to the enzyme. 

In this lab, we have used an anti-ACh antibody (obtained 

from Chemicon) (Geffard et. al., 1985) to detect the presence 

of ACh in the crayfish medulla externa (Wang-Bennett, 1986) 

and were fortunate to discover that only one class of 

medullary cell contained ACh-like reactivity. Specific label 

was found to occur in the columnar TM neurons. Morphological 

evidence suggests that these TM neurons project to the 

dendrites of the four previously described medullary 

interneurons. This finding thus instigated a complete ACh 

analysis on each of the medullary interneurons. ACh was found 

to directly effect all four cells analyzed and at least three 

of the cells contained neuronal nicotinic-like receptors. In 

TAN1, amacrine cells and DFs, ACh elicited the visual PSP, 

whereas an opposite response was produced in the SFs. 

B. Gamma-aminobutyric acid (GABA) 

GABA synthesis, uptake and localization have been 

examined in the optic lobes of several arthropods including 

moth (Maxwell and Hildebrand, 1978) flies and bees (Meyer et. 

al., 1986) using immunocytochemical and radiolabelling 

techniques. In each of these arthropods, there is consistent 

evidence for GABA containing cells in the medullary cell body 

layer. In moth, these cell bodies appear to be associated 

with tangential cells and medullary amacrine cells. Direct 
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measurement of GABA in the crayfish optic lobes using HPLC 

reveal that GABA is present in all optic neuropiles, though 

the lamina ganglionaris has the highest concentration (Garcia 

and Arechiga, 1986). 

In this lab, we were particulary interested in the 

precise localization of GABA in the medulla because of 

previous SF inhibition studies. As a result, we obtained an 

anti-GABA antibody (Chemicon; gift of T. Kingan) to detect the 

presence of GABA in the crayfish optic lobes. Once again, a 

class of TM neuron showed GABA-like reactivity as well as 

columnar projections in the first and second chasms. Previous 

Golgi studies (ref) have demonstrated that there are at least 

six morphologically distinct classes of transmedullary neurons 

based on their morphological distribution of their dendrites. 

These transmedullary neurons may also be classified by the 

type of neurotransmitter they contain. In this thesis, I will 

provide evidence that these six morphologically distinct 

transmedullary cells contain at least three different 

neurotransmitters. However, at this time we do not know if 

the three different neurotransmitters are colocalized in one 

class of transmedullary cell or not. 

The neuropharmacological study of GABA on the identified 

cells of the medulla, showed that three of the four cells 

contained GABA receptors and GABA was found to inhibit the 

visually-elicited response in all four cases. Furthermore, 

the mechanism of GABA action was found to be unique in each 
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instance. 

c. Glutamate 

The excitatory potency of glutamate was first 

demonstrated at the crayfish neuromuscular junction (Takeuchi 

and Takeuchi, 1963, 1964) and it is now believed to be the 

neuromuscular transmitter in arthropods. Almost all criteria 

for a classical neurotransmitter has been met at this synapse. 

Glutamate induces depolarization and contractions at the 

crustacean neuromuscular junctions and has been shown to be 

released into perfusion during excitatory nerve stimulation 

(Kravitz et. al., 1970) in a quanta! fashion (Kawagoe et. al., 

1982). Presence of glutamate at the neuromuscular terminals 

was demonstrated by Otsuka et. al. (1967) who isolated 

excitatory efferent fibers, lyophilized and assayed them using 

a modification of the method by Jakoby and Scott (1959). 

Besides being present at the crustacean neuromuscular 

junction, glutamate has also been found in the lobster and 

the crab stomatogastric (STG) system. The STG system of the 

decapod crustacea is novel in that two excitatory motor 

transmitters are thought to be used (Lingle, 1980). Some 

muscles receive cholinergic excitatory innervation, whereas 

others receive glutamatergic innervation. On top of this, 

many of the excitatory motor neurons make inhibitory synaptic 

connections within the neuropile of the ganglion itself 

(Maynard, 1972). When glutamate or GABA is applied to these 
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neurons, a wide variety of effects are seen. Both L-glutamate 

and GABA produce increases in conductance to either chloride 

or potassium ions or both. In this system, therefore, 

glutamate could be having an inhibitory effect on the central 

neurons of the STG system. 

Glutamate is also widely accepted as the major excitatory 

neurotransmitter in the mammalian central nervous system 

(Cotman and Nadler, 1981: Fagg and Foster, 1983 and Fonnum, 

1984). Glutamate is widely distributed in the CNS and is 

present in greater amounts than any other putative 

neurotransmitter. Glutamate is transported into axonal 

terminals by a high affinity, sodium-dependent uptake system 

(Balcar and Johnston, 1972 and Divac et. al., 1977) and is 

released in a calcium-dependent fashion upon depolarization 

of the neuronal terminals of excitatory pathways (Sandoval and 

Cotman, 1978). In crustacean peripheral tissues, glutamate 

uptake is accomplished by glia (Atwood, 1982). 

In the crustacean eye, however, very little is known 

about the presence or the effect of glutamate as a 

neurotransmitter. Recently in this lab, a monoclonal antibody 

raised against glutamate in the mouse was applied to the optic 

lobes and brain of the crayfish after appropriate 

preabsorption and substitution controls of the primary 

antibody were conducted (Wang-Bennett, 1986). No specific 

neurons could be distinguished, but evidence suggested that 

the proximal third of the medulla externa contained 
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glutamatergic terminals. This occupies the same region as the 

SF and DF dendrites. Glutamate activity was also present in. 

columnar tracts in the first optic chiasm. Glutamate, though, 

is involved in many other metabolic processes of neurons which 

do not include neurotransmission, so presence alone does not 

lend much support to the transmitter hypothesis. The 

pharmacologic analysis I have conducted in this thesis, 

however, will demonstrate that one class of medullary 

interneuron, the SFs, contain two types of glutamate 

receptors. Evidence suggests that these two receptors may act 

together to form the SF visual PSP. The other three analyzed 

medullary neurons did not respond to glutamate. 

D. Dopamine (DA) +/or Noradrenaline (NA) 

Previous studies have demonstrated the presence of a 

catecholamine in two specific crayfish neurons using the 

fluorescence histochemical method of Falck-Hillarp 

(Elofsson, 1972; Elofsson et al, 1977 and Myhrberg et al, 

1979) . Normally, only terminals and cell bodies which contain 

catecholamines fluoresce, but in reserpine treated animals, 

exogenously applied catecholamines are taken up by the whole 

neuron, give off a green fluorescence and are thus visualized 

as a whole. Incubating the crayfish optic neuropiles in 

dopamine or alpha-methylnoradrenaline after reserpine 

treatment demonstrated two superimposed neuron types in the 

LG; the columnar T neuron, which projects to the medulla 



25 

externa, and the laminar amacrine cell. Three layers of the 

crayfish medulla externa also demonstrated distinct layers of 

fluorescence after incubation but individual cell types could 

not be determined. In some insect species, as many as six 

distinct medullary layers can be identified using this method 

(Eloffson and Klemm, 1972). 

Using the 

between NA 

Falck-Hillarp method, one can 

or DA containing cells 

distinguish 

with a 

microspectrofluorimetic differentiation technique (Bjorklund 

et. al., 1968) which can ultimately detect absorbance 

differences between the two compounds. Based on this 

technique, both DA and NA have been found in insect optic 

lobes, though different species show different content of the 

amines (Elofsson and Klemm, 1972). In crustacea the reactions 

have pointed solely toward a dopamine induced fluorophore 

based on the absorbance of the fluorescent cells. 

Other studies using high pressure liquid chromatography 

(HPLC) have been employed to confirm the presence of DA in the 

optic tract of crustacea (Elofsson et. al., 1982) . This 

technique also shows evidence of NA and DA in the crustacea 

eyestalk. The presence of NA may contradict the Falk-Hillarp 

results. 

Recently, a highly specific antibody raised against DA 

has been obtained and tested for specifically in 

glutaraldehyde-fixed rat nerve tissue (Geffard et. al., 1984). 

In this thesis, I have applied this dopamine antibody to the 
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crayfish visual system after appropriate preabsorption and 

substitution controls of the primary antibody. The laminar 

amacrine cells and three layers of the medulla demonstrated 

dopamine-like activity. Our lab was particularly interested 

in the role of dopamine in the medulla because several 

indirect lines of evidence suggested that dopamine may act to 

modulate the excitability of medullary neurons during dark 

adaptation. One may hypothesize that dopamine is released in 

the dark since the dopaminergic laminar amacrine cells and T 

neurons are hyperpolarized by light (Wang-Bennett and Glantz, 

1987b). Also, during dark adaptation, SF spontaneous activity 

is significantly enhanced (Arechiga and Wiersma, 1969a,b). 

This indirect physiological evidence and immunocytochemical 

results instigated a pharmacological analysis of dopamine on 

the four medullary cells. I discovered that only the SFs were 

directly affected by application of dopamine. 10-~ dopamine 

accelerated the SF spontaneous firing rate by three to ten 

fold and increased the sensitivity to light by an entire log 

unit. 

The following results are divided into seven distinct 

chapters and each is complete by itself. Chapter one looks 

at the presence and localization of ACh in the crayfish 

medulla using biochemical and immunocytochemical techniques. 

Chapter two analyzes the pharmacological effects of ACh on the 

four classes of medullary interneurons previously described 
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and the resulting synaptic implications. Chapter three 

analyzes the role of GABA on TANl and demonstrates that GABA 

closes the same chloride channels that ACh had previously 

opened at the initiation of the visual PSP. A complete 

pharmacological and toxicological analysis of the ACh receptor 

on TANl and the amacrine cells was conducted in chapter four. 

In each case, the ACh receptor resembles that of the mammalian 

neuronal nicotinic ACh receptor. Chapter five presents the 

neuropharmacological effects of GABA on amacrine cells, DFs 

and SFs. GABA inhibits the visual response in each case and 

does so in a unique manner. Chapter six describes two classes 

of glutamate receptors on the SFs. One class, the 

kainatejquisqualate receptor, mediates the visual PSP. The 

second, NMDA-like receptor, inhibits the PSP. Together, these 

two receptors may determine the time course of the SF light 

response. Lastly, in chapter seven, the modulatory effects 

of dopamine are examined on the SFs. 

There is general agreement that excitatory synaptic 

action and inhibitory synaptic action are the two basic modes 

governing neuronal activity. I provide evidence here that 

these two opposing forces generate a wide variety of synaptic 

mechanisms in the crayfish medulla. 
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I. ACETYLCHOLINE IN THE CRAYFISH OPTIC LOBE: 

CONCENTRATION PROFILE AND CELLULAR LOCALIZATION 

(Published: 1989, Journal of Neuroscience 9(6): 1864-

1871). 

A. INTRODUCTION 

The neuronal ensembles of arthropod optic ganglia provide 

striking examples of a precise neuronal architecture organized 

for the parallel processing of visual information. The basic 

plan consists of a retinotopic array of columnar projection 

neurons serially connected in four optic ganglia. In each 

ganglion, the transverse dendrites of multicolumnar neurons 

intersect the columnar projection in a three-dimensional grid. 

In several insects (particularly in diptera) and crustaceans 

the synaptic connections between a number of the identified 

cell classes have been described morphologically (Strausfeld 

and Nassel, 1981). More recently, the physiological 

characteristics of the neurons in the first two optic 

neuropiles in crayfish have been documented (Waldrop and 

Glantz, 1985a,b; Wang-Bennett and Glantz, 1987a,b). 

Because of the amount of research already done on the 

individual cells and organization of the crayfish visual 

system, the optic lobe is an attractive subject for the 

cytochemical analysis of neurotransmitters. The earliest 

studies used a variety of methods such as formaldehyde-induced 

fluorescence for catecholamines (Elofsson and Klemm, 1972; 
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alpha-Bungarotoxin binding for 

acetylcholine receptors (Schmidt-Nielsen et al, 1977; Maxwell 

and Hildebrand, 1981) and the incorporation of radioactive 

precursors (Maxwell and Hildebrand, 1981; campos-Ortega, 

1974; Elias and Evans, 1984). Quantitative assays have been 

based upon neurotransmitter extraction from optic lobe 

fragments and analysis by electrophoresis and high performance 

liquid chromatography (Maxwell et al, 1978; Maxwell and 

Hildebrand, 1981; Elofsson et al, 1982; Elias and Evans, 1983; 

Garcia and Arechiga, 1986). These studies indicate that the 

optic lobe contains significant quantities of acetylcholine 

(ACh), GABA, octopamine, dopamine, serotonin and histamine. 

More recently, immunocytochemistry has been used to 

localize a number of neurotransmitters and neuropeptides in 

the optic lobes of several species. These studies have mapped 

the distribution of enkephalin-like and Substance P-like 

peptides (Mancillas et al, 1981); GABA (Meyer et al, 1986; 

Datum et al, 1986; Homberg et al, 1987), serotonin (Elofsson, 

1983; Beltz and Kravitz, 1983; Nassel et al, 1985), the 

peptide, proctolin (Siwicki and Bishop, 1986), dopamine 

(Vieillemaringe et al, 1984), choline acetyl-transferase 

(Buchner et al, 1986; Gorczyca and Hall, 1987) and a 

crustacean peptide hormone (Schueler et al, 1986). 

Several lines of evidence indicate that acetylcholine is 

a neurotransmitter in the optic lobes of flies and moths 

(Schmidt-Nielsen et al, 1977; Maxwell et al, 1978; Maxwell and 
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Hildebrand, 1981; Gorczyca and Hall, 1987). In the moth, ACh 

is the most prevalent transmitter in the optic lobe. In 

Drosophila melanogaster, antibodies to choline 

acetyltransferase stain putative monopolar neurons and 

centrifugal neurons in the lamina and columnar neurons in the 

three more proximal optic neuromeres (Buchner et al, 1986; 

Gorczyca and Hall, 1987). In the present study, ACh and 

choline were assayed in the crayfish optic lobe and the 

highest concentrations of both substances were found in the 

medulla externa and the medulla interna (second and third 

optic neuromeres). Additionally, we have examined the optic 

lobe with antisera developed for the immunocytochemical 

detection of acetylcholine (ACh) (Geffard et al, 1985). We 

found ACh-like immunoreactivity in a centrifugal neuron of the 

lamina and a subset of the columnar visual interneurons 

(transmedullary neurons) of the second and third optic 

neuromeres. Some of 

presented previously 

Glantz, 1986). 

the immunocytochemical results were 

in abstract form (Wang-Bennett and 
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The concentration of choline and ACh in the optic lobe, 

brain and abdominal ganglia of adult crayfish were measured 

by the chemiluminescent method of Israel and Lesbats (1981, 

1987). The procedure is based upon the conversion of ACh to 

choline by acetylcholinesterase (AChE) and the conversion of 

choline to betain and hydrogen peroxide by choline oxidase 

(Ikuta et al, 1977). Two mol. of H20 2 are generated per mol. 

of choline oxidized. The H20 2 concentration is measured in a 

peroxidase-luminal system by the oxidation and light emission 

of luminol. A schematic of the apparatus used in this study 

is shown in Fig. 4. The light emitted by luminol was focused 

with a collector lens (L) and measured from the current of 

a photomultiplier tube (P) (Oriel 77340). The cathodal 

photomultiplier current was detected by a current to voltage 

converter (C-V) and recorded on a Gould chart recorder (CR). 

With a modest amount of effort, this system can detect 2.5 

pmol of ACh in a 50 ul volume (5x10-8 M) at a 5:1 signal to 

noise ratio. The measuring device also requires two shutters 

(S1, S2). Opening one shutter, S1, provides access to the 

reaction chamber (C) while the photomultiplier is shielded by 

the second shutter, S2. During a measurement the chamber was 

sealed by closing S1 and the photomultiplier was exposed to 

the reaction vessel by opening S2. A 250 ul Hamilton syringe 

(HS) with fixed hypodermic needle was used to deliver 



Schematic drawing of 

FIGURE 4 

apparatus 
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for chemiluminescence 

measurements. The chemical reaction takes place in a glass 

vial in the reaction chamber (C) and is initiated by the 

delivery of reactants from a Hamilton syringe (HS). Light 

produced by the reaction is focused by collecting lens (L) to 

the cathode of a photomultiplier tube (P) . The current of the 

photomultiplier is converted to a voltage by a current-to

vel tage converter ( C-V) and recorded with a Gould chart 

recorder ( CR) . Access to the reaction chamber and the 

photomultiplier is restricted by 2 shutters 1 Sl and S2 1 

respectively. 



33 

~ -:::::___) 

I -. 

:::::::::--
I 

:::::___) 

0:1. 
c.r1 

-

I 

8 c_:) 
-

t.._ 

I 
I 

I 

L--

~ C/":2 
::::c:: 

n 



34 

reactants into a glass vial within the sealed reaction 

chamber. 

Several stock solutions were prepared prior to our 

measurements. Choline oxidase (Boehringer Mannheim) at 50 

Ujml is obtained in a solution of 4 M NaCl and 10 mM EDTA. It 

is stable at 4° c for about 6 months. Luminal (Sigma) is 

dissolved in a few drops of NaOH and a 1.0 mM concentration 

was prepared daily in a 0. 2 M Tris-HCl buffer at pH 8. 6. 

Horseradish peroxidase (HRP) type II (Sigma) was prepared as 

a solution of 330 purpurogallin Ujml in distilled water. Small 

volumes were stored at below -40° c. Acetylcholinesterase 

from Electrophorus electricus (Boehringer Mannheim) was 

dissolved in water (1000 U/ml) and desalted in a 5 ml Sephadex 

G50 column and recovered at 330 Ujml. The esterase was either 

kept at 4° C to be used in a day or so, or separated into 100 

ul aliquots and stored at below -40° c. An alkaline buffer 

solution, pH 8.6, contained either 200 mM sodium phosphate or 

120 mM sodium chloride and 50 mM Tris-HCl. 

Two ml of the reaction solution was prepar.ed from 1.7 ml 

of alkaline buffer and 100 ul each of the luminal, HRP and 

choline oxidase stock solutions. 

Measurements were made with 200 ul volumes of the 

reaction solution in a glass vial. The reaction to measure 

the choline concentration was initiated by the rapid injection 

of a 50 ul sample via the Hamilton syringe into the enclosed 

vial. In our initial experiments, high choline readings in 
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several tissues led us to suspect the presence of peroxides 

or other contaminants in the tissue extracts that were 

confounding the choline measurements. To control for 

endogenous peroxides, the choline oxidase was withheld from 

the initial reaction mixture and the tissue extracts were 

allowed to equilibrate in the HRP-luminol mixture. Then the 

choline measurement was initiated by the addition of choline 

oxidase. As expected, this procedure substantially reduced the 

amplitude of the choline response in most tissues but had no 

effect on the ACh measurement. The ACh measurements in tissue 

extracts were initiated after the complete oxidation of the 

choline by the addition of 3 units of AChE to the vial. 

Fig. 5 (upper left) shows the response to 5 and 50 pmole 

ACh standards. A comparison of the two voltage traces clearly 

indicates that the system output is nonlinearly related to the 

ACh concentration. Thus a 10-fold increase in ACh 

concentration produces a 2.4 fold increase in peak voltage and 

in the time integral of the signal. Fig. 5 (right) is a 

calibration curve for choline (solid line) and ACh (broken 

line) based upon eight repetitions of each indicated 

concentration. The instrument was calibrated over the range 

of 5.0 to 500 pmole in 50 ul volumes for each preparation and 

for each variant of our procedures. 

Extraction of ACh and Choline 

Nerve tissue from the optic lobe, brain, and abdominal 

ganglia were rapidly dissected, excised and placed in ice-cold 
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FIGURE 5 

Responses of the measurement system to ACh standards of 5.0 

and 50 pmol and to 50 J..Ll samples of tissue extract from 

abdominal flexor muscle (M), abdominal ganglia (ABO), 

photoreceptors and lamina ganglionaris (L) , medulla externa 

and interna (MEI), medulla terminalis (MT), and brain (B). 

Preceeding each label is the amount of tissue extracted (in 

mg.) for the 50 J..Ll sample. Calibration bars (upper left) 

indicate 500 mV and 40 sec. This scale applies to all panels 

but the muscle (M) and lamina (L) measurements, where a higher 

voltage gain is indicated. The graph to the right contains 

calibration curves for choline (solid lines) and ACh (broken 

lines). The vertical bars indicate ±SEM. Each point is the 

average of 8 determinations. 
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5% trichloracetic acid (TCA) (wjv) . The TCA served the dual 

purpose of rapidly denaturing the cholinesterase while 

extracting the choline and ACh from the tissues. The optic 

neuromeres (see Fig. 7 for relative locations) were separated 

into 3 tissue blocks with a sharp microdissecting scalpel. 

One block contained the photoreceptors and the lamina 

ganglionaris (L), a second contained the medulla externa (ME) 

and medulla interna (MI) and the third contained the medulla 

terminalis (MT) . Samples of brain, abdominal ganglia and 

abdominal flexor muscle were also prepared. Each tissue block 

(1-3 mg for the eye samples) was weighed in 200 ul of TCA. The 

tissue was minced manually, agitated in the cold TCA for one 

hour, and centrifuged. The pellet containing the precipitated 

denatured protein was frozen for subsequent analysis by a 

modified Lowry method (Ohnishi and Barr, 1978). To remove the 

TCA, the supernatant was mixed with 2-3 ml of water-saturated 

ether and vigorously shaken. The ether phase was removed with 

a pipette and the process was repeated six times. The 

residual ether was evaporated with an air stream. 

To minimize the blocking action of endogenous reducing 

agents on our assay, the tissue extracts were oxidized with 

a final concentration of .05% potassium iodate (wjv). Blank 

samples subjected to TCA, ether and potassium iodate produced 

no false positive responses in our assay. 

Immunocytochemistry 

Adult crayfish, Procambarus clarkii, were cooled for 2 
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hrs at 4 o C in oxygenated saline. The cuticle of the eyestalk 

was removed in the presence of the primary fixative (0.1 M 

cacodylate buffer, pH= 11, 1M allyl alcohol, 12% formalin and 

1% sodium metabisulfite). The optic lobe was excised and 

desheathed in the secondary fixative, Bouin-sublimate solution 

(saturated picric acid, 12% formalin, 1% sodium metabisulfite 

and saturated mercuric chloride) and fixed for 36 hrs at 4° 

C in the dark. The optic lobe was then washed for 8 hrs in 

0.1M Tris-HCl buffer and immersed in normal goat serum (NGS) 

for 4 hrs to reduce nonspecific binding by the secondary 

antibody. 

Two primary antisera (one from Chemicon and the second 

a gift from T. Kingan, Tucson), rabbit anti- choline-glutaryl

BSA (bovine serum albumin), were diluted 1:50 in Tris buffer. 

The whole optic lobe was incubated with the antiserum 

overnight at 4 o c. to ensure penetration of the primary 

antibody into the dense neuropile regions. In previous 

experiments, shorter incubation times of the primary antisera 

was used resulting in significantly reduced staining in the 

neuropiles. The secondary antiserum was a goat anti-rabbit 

IgG conjugated to either FITC or peroxidase (Boehringer 

Mannheim). The secondary antiserum was diluted 1:30 in 

phosphate buffer containing 10% NGS and 0.3% Triton X-100. 

Both types of secondary antiserum were applied to the intact 

optic lobe. After a 4 hr wash, the tissue was agitated in the 

secondary antiserum overnight at 4° c. 
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Subsequent histological processing was standard. The 

peroxidase was reacted with diaminobenz idine and H2o2 • The 

tissue was dehydrated, embedded in paraffin and sectioned at 

15 um. The sections were photographed in a compound microscope 

with Ektachrome slide film. The tissue containing the FITC 

conjugates was also dehydrated, paraffin embedded and 

sectioned at 15 um. The sectioned material was then viewed and 

photographed under incident fluorescence. Because the stained 

processes typically consist of fine neurites (<3 um in 

diameter) which occupy only a modest portion of the optic 

lobe, the photomicrography presented a serious challenge. The 

fluorescent material in particular required extremely long 

exposures to capture the images and some over-exposure to 

print them. Thus the quality of these photomicrographs 

provides only a rough approximation of the original 

microscopic image. 

Preabsorption studies were carried out to test for non

specific reactivity in the primary antisera. The diluted 

antisera were incubated with the immunogen (10-3 M choline

glutaryl-BSA, a gift from M.-L. Sovan and M. Geffard) at 4° 

c for 20 hrs. Preabsorption totally suppressed the reactivity 

of the antisera. 

Approximately 20 crayfish optic lobes were used to 

develop the fixation, incubation and staining procedures. Once 

established, these procedures were applied to an additional 

16 preparations. The principal result, reactivity in the axons 
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of the medulla externa and interna, was obtained in 14 of the 

sixteen eyes examined. The immunoreactivity of other 

structures was more variable. Positive reactions in the lamina 

ganglionaris were observed in about half of the optic lobes. 

The Chemicon antisera provided positive results at a 1:50 

dilution. The antibody obtained from T. Kingan failed to 

elicit reactivity at 1:50 dilution but produced unambiguous 

results at a 1:30 dilution. Except for the difference in 

absolute sensitivity, the two antisera produced qualitatively 

similar results. All of the results presented, including all 

of the controls and tests in the crayfish brain (see below) 

were obtained with a· single lot of Chemicon antisera and 

antisera from T. Kingan. A second lot of Chemicon antisera was 

entirely unreactive. 

The reactivity of the antisera was assessed in several 

locations of the brain known to contain cholinergic primary 

afferents (Barker et al, 1972) . ACh-like reactivity was 

observed in the primary afferent axons of the antenna! and 

antennulary nerves and the most intense reactivity was 

observed in the primary afferent terminals of the sensory 

neuropiles (Wang-Bennett and Glantz, 1988; Sovan and Glantz, 

1988). 
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C. RESULTS 

Choline and acetylcholine in the optic lobe 

Fig. 5 is a sample of photomultiplier recordings during 

Ach assays in abdominal flexor muscle (M), abdominal ganglia 

(ABO), the photoreceptors and lamina (L), the medulla externa 

and interna (MEI), the medulla terminalis (MT) and the brain 

(B). To the left of the label in each panel of Fig. 5 is the 

number of mgs. of tissue extracted for the 50 ul assay sample. 

Each measurement was repeated 3 times in each tissue and the 

mean concentrations were converted to pmolesjmg tissue. The 

averaged results of four preparations are plotted in the upper 

two histograms of Fig. 6. 

The ACh concentration (per mg wet tissue) in the combined 

medulla externa and medulla interna is similar to that in the 

brain and about twice that in the abdominal ganglia (1 thru 

5). Somewhat different ratios are obtained however when the 

Ach content is scaled by tissue protein, Fig. 6, lower 

histograms. The difference is due to the presence of a large 

vascul~.r space (sinus) in the brain which adds much to the 

brain wet weight but little protein. Our estimate of the Ach 

content of the abdominal ganglia is comparable to similar 

measurements in lobster abdominal ganglia (Hildebrand et al, 

1974) based on completely different techniques. For the optic 

neuromeres, the ratios of Ach content per mg tissue or ug 

protein is essentially the same; i.e ACh in the medulla 

externa-interna:medulla terminalis:lamina-photoreceptors is 
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FIGURE 6 

Distribution of ACh and choline in the optic lobe (L, MEI, and 

MT), brain (B), abdominal ganglia (ABD) and abdominal muscle 

(M). The results are averages based upon separate 

determinations in 4 animals. Error bars indicate SEM. The 

2 upper graphs indicate ACh and choline content per mg wet 

tissue weight. The lower graphs indicate ACh and cholinej~g 

protein. 
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FIGURE SIX 

ACETYLCHOLINE CHOLINE 
1200 

800 

400 

ABO B M L MEl MT ABO B M L MEl MT 

8 

6 

-

4-

2 

n 
ABO B M L MEl MT ABO B M L MEl M T 



1:0.61:0.06. 

45 

An unusual feature of the optic lobe 

measurements is the relatively high concentration of choline 

in the medullary neuropiles. The medulla externa-medulla 

interna contain about 3.5 times as much choline as ACh. In 

other neuropiles the choline:ACh ratio varies from 1:1 to 2:1. 

Although the absolute magnitudes of ACh and choline varied 

somewhat from one animal to another, the relative amounts in 

the 3 optic lobe samples was highly reproducible. The same 

is true for the high choline:ACh ratios in the optic medullary 

neuropiles. The abdominal fast flexor muscles were included 

in the assay to probe the measuring systems response to tissue 

known to contain very low levels of ACh (0 to .12 pmolesjug 

protein, Hildebrand et al, 1974). It is notable that our 

estimate of muscle ACh content, 0.17 pmolejug protein, is very 

similar to the ACh content of the lamina ganglionaris, 0.13 

pmolejug protein. 

Immunocytochemical Detection of ACh-like Reactivity 

Fig. 7 indicates the distribution of ACh-like immunoreac

tivity in the crayfish optic lobe. No reactivity was ever 

observed in the axons of the retinular cells (RE). In the 

lamina ganglionaris (L) the staining intensity is quite modest 

but the pattern of reactivity is distinct and suggestive of 

the terminal arborization of tangential cells andjor cen

trifugal neurons (C2). Fig. 8 (inset) and Fig. 9 reveal the 

pattern of lamina reactivity as observed with peroxidase and 

FITC conjugates respectively. Tangential cells originate 
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FIGURE 7 

ACh-like immunoreactivity in the crayfish optic lobe. A. 

Reconstruction of a sagitally sectioned optic lobe with 

immunoreactive neurons in the lamina (L), medullary cell body 

area (mcb), the medulla externa (ME) and medulla interna (MI). 

Intense but diffuse reactivity is revealed in the rind of 

somata at the distal edge of the medulla externa and in the 

internal chiasm (CHI). Right side is dorsal. B. 

Reconstruction of a horizontally sectioned optic lobe immune 

reactive neurons in ME, MI and the proximal medulla terminalis 

(MT). Right side is the lateral optic lobe. Each drawing is 

a composite from several serial sections. Abbreviations: RE, 

retinular cell axons; bm, basement membrane; ocb, outer cell 

body layer of the lamina; gl, glial layer of lamina; icb, 

inner cell body layer of lamina; PL, lamina plexiform layer; 

CHE, external chiasm; hb, hemiellipsoid body; OPT, optic 

peduncle; ogt, olfactory-glomerular tract. 
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FIGURE 8 

Distribution of ACh-like reactivity in the crayfish optic lobe 

as revealed by antisera conjugated to HRP. At left is an 

unstained low-power micrograph of the optic lobe which 

indicates the locations and orientations of the optic 

neuromeres, lamina ganglionaris (L), and medulla externa, 

interna and terminalis (ME, MI and MT respectively). Adjacent 

to each neuromere is a higher-power inset which indicates the 

immunoreactive elements in that neuromere. The lamina inset 

contains the reactive tangential process (arrow) of a 

tangential or centrifugal neuron. The medulla externa and 

interna contain reactive axons of transmedullary neurons 

(arrows) and the medulla terminalis contains reactive axons 

of unidentified neurons. 
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FIGURE 9 

Distribution of ACh-like reactivity in the crayfish optic lobe 

as revealed by FITC conjugated antisera. Inset (upper left) 

is a schematic of the major optic lobe structures: PR, 

photoreceptors; L, lamina ganglionaris;p MCB, medullary cell 

body area; ME, medulla externa; and MI, medulla interna. The 

photomicrographs indicate a reactive tangential cell (arrow) 

in the lamina (L) somata in the medullary cell body area 

(MCB), and monopolar cell processes in the medulla externa 

(ME) and medulla interna (MI). 
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proximal to the lamina in the medullary cell body area (Wang

Bennett and Glantz, l987b) and the centrifugal cells arise on 

the proximal side of the second optic ganglion, the medulla 

externa (ME) (Strausfeld and Nassel, 1980). The tracings on 

the top of Fig. 7a and the processes in Figs. 8 and 9 (all 

from different preparations) indicate a terminal arbor several 

columns wide and distal to the lamina plexiform. Just 

proximal to the lamina is the external chiasm (CHE) and the 

medullary cell body area (mcb) (Fig. 7). A minority of somata 

in the cell body area (typically 5 to 15) exhibit ACh-like 

reactivity (Fig. 9, MCB). The reactive somata are similar in 

location and size to the cell bodies of tangential cells (15 

to 25 um in diameter) and T-neurons (about 10 um in diameter) 

(Strausfeld and Nassel, 1980; Wang-Bennett and Glantz, 1987b). 

The most reactive sites in the optic lobe are the medulla 

externa (ME) and the medulla interna (MI). The putative 

cholinergic elements in both neuromeres are transmedullary 

monopolar cells (Fig. 7). The proximal neurites of the 

transmedullary neurons are 2 - 3 um in diameter (Figs. 8 and 

9, medulla externa and medulla interna) and course parallel 

to the long axis of the eyestalk. Previous studies (Strausfeld 

and Nassel, 1980) indicate that transmedullary neurons give 

rise to dense but narrow field (10-15 um) dendritic 

projections. The extremely fine dendrites illustrated in Fig. 

7a did not reproduce in the photomicrographs but the origins 

of these dendrites can be seen as protuberances on the 
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monopolar cell axons in Fig. 9, medulla externa, medulla 

interna. The distal edges of the medulla are surrounded by 

rind of cell bodies. A few of these monopolar cell bodies 

exhibit ACh-like reactivity, Figs. 8 and 9. The reactive 

neurites exhibit an approximately periodic spacing, Fig. 8, 

medulla externa and medulla interna, with intervals of 12 to 

18 um. This spacing is approximately equal to the width of 

the medullary columns and suggests the presence of one 

putative cholinergic neuron per medullary column or about 2500 

cholinergic neurons per medullary neuropile. 

The fourth optic ganglion is the medulla terminalis (MT) 

which is adjacent to the hemiellipsoid body (hb), Fig. 7. 

Reactivity in these neuropiles is concentrated in the 

hemiellipsoid body and at the edges of the medulla terminalis 

(Fig. 7b, Fig. 8, inset MT). 
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D. DISCUSSION 

our results indicate that crayfish photoreceptors and 

lamina ganglionaris contain only minute amounts of choline and 

ACh. This inference is derived from our chemiluminescence 

measurements and is consistent with the immunocytochemistry. 

The ACh content of the medulla externa and interna is about 

1.9 pmolesjug protein which is second only to the brain and 

substantially greater than the level in any other structure 

we examined. The ACh concentration profile of the crayfish 

optic lobe is qualitatively similar to the distribution of 

choline acetyltransferase in dipteran optic lobe (Buchner et 

al, 1986; Gorczyca and Hall, 1987). In both organisms 

cholinergic function is weak or absent in the photoreceptors 

and lamina neurons and strongly represented in the more 

central optic neuromeres. In the moth (Maxwell and Hildebrand, 

1981) ACh is found in the lamina and medulla but not in the 

photoreceptors. Some of the results in Fig. 6 can be compared 

to the ACh content of other invertebrate ganglia (McCaman, 

1984) . In Aplysia, the ACh concentrations in the several 

ganglia vary from 0.3 to 0.6 pmoljug protein. This is 30 to 

60% of the value in crayfish abdominal ganglia and about 10% 

of the value in crayfish brain. The ACh content of the brain 

is somewhat less than the value reported for octopus optic 

lobe (7.8 pmoljug protein) and similar to the concentration 

in antennular hair cells in lobster (Hildebrand et al, 1974). 

As noted above, the ACh and choline content of the ab-
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domina! ganglia, about 150 pmolesjmg tissue, is similar to 

that in lobster (Hildebrand et al, 1974) . In the lobster 

abdominal ganglia (and numerous other arthropods), there is 

good evidence that much of the ACh is associated with primary 

afferents, where ACh functions as a neurotransmitter. Similar 

findings are documented for the choline acetyltransferase 

activity in the brains and afferent roots of lobsters (Barker 

et al, 1972; Hildebrand et al, 1974) and the ACh-like 

immunoreactivity of crayfish brain (Wang-Bennett et al, 1988). 

The presence of six bilateral primary sensory neuropiles in 

the brain is presumably the basis of its high ACh 

concentration. In crayfish brain however, a number of 

interneurons were also found to be cholinergic as revealed by 

immunocytochemistry. 

The structure and location of the immunoreactive cells 

in the medulla externa and interna indicate that they are 

transmedullary monopolar neurons, i.e. a subset of the 

columnar neurons of the second and third optic neuromeres 

(Strausfeld and Nassel, 1980). The identification is based 

upon the location of the cell bodies at the distal edge of the 

medulla, the orientation of the axons parallel to the long 

axis of the eyestalk and the relatively narrow field (10-15 

urn) of processes in the medullary neuropile. Within the 

medulla, favorable sections exhibit a periodic staining 

pattern with adjacent reactive axons separated by 12 - 18 urn. 

This is precisely the pattern to be expected if each medullary 
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column contains a single cholinergic monopolar neuron. This 

same pattern is repeated in the medulla interna. Other 

morphologically distinct subsets of the transmedullary cells 

may contain GABA andjor glutamate (see chapters 5 and 6 in 

this thesis). 

An essential feature of the arthropod optic lobe is the 

retinotopic columnar projection system (Strausfeld and Nassel, 

1980) . In crayfish, five lamina monopolar ganglion cells con

stitute the principal second-order elements of a lamina cart

ridge. The monopolar cells of one cartridge receive 

photoreceptor signals from one ommatidium (there is one lamina 

cartridgejommatidium) and they project their axons 

retinotopically via a horizontal decussation to a column of 

transmedullary monopolar neurons in the second optic ganglion, 

the medulla externa. A working hypothesis is that the 

monopolar cells within a single 

information channels (e.g. for 

column provide selective 

orthogonal e-vectors of 

polarized light and stimulus intensity, Nassel and Waterman, 

1977; Wang-Bennett and Glantz, 1987a). It is also inferred 

from morphological data that the retinotopic columns form a 

homogeneous spatial array in which homologous elements in 

every column make essentially the same synaptic connections 

and carry out the same functions. Functional studies (Kirk et 

al, 1982; Waldrop and Glantz, 1985b) indicate that this 

general concept is also valid in the medullary neuropile. Thus 

it is likely that the cholinergic monopolar cells constitute 
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a homogeneous neuronal class and that ACh conveys the same 

visual signal across the entire retinotopic array. Our finding 

that there is one cholinergic monopolar cell/medullary column 

(and thus five noncholinergic monopolar cells) suggests the 

possibility that different parallel information channels may 

contain different neurotransmitters. 

In the medulla externa, the dendrites of the 

multicolumnar neurons (sustaining fibers, dimming fibers, 

tangential cells and medullary amacrine cells) intersect the 

medullary columnar projection (Kirk et al 1982; Waldrop and 

Glantz, 1985a,b; Wang-Bennett and Glantz, 1987b) and each cell 

class presumably receives the same type of functional input 

at each dendritic location (Kirk et al, 1983). These 

multicolumnar neurons are possible postsynaptic elements of 

cholinergic synapses in the medulla externa. 

If the ACh concentration measurements and the im

munocytochemistry are taken together, one can estimate the 

concentration of acetylcholine in the medullary columnar 

neurons. To simplify matters, it is assumed that all of the 

acetylcholine is contained in 2500 monopolar cells in each 

medullary neuropile. The approximate dimensions of the 

monopolar neuron are: soma diameter, 20 um; axon diameter, 2.5 

um; axon length, 500 um. The combined volume of the 5000 such 

neurons is approximately 3. 3x107 um3 • If this volume contains 

all of the ACh measured in this tissue, 270 pmoles, and the 

ACh is homogeneously distributed in the cell, then the 
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concentration of ACh in each cell is approximately 8.1 mM. 

This concentration is somewhat above the range generally 

reported for cholinergic neurons, 0.3 to 3.0 mM (McCaman, 

1984). If additional cholinergic neurons with processes in 

the medullary neuropile (e.g. centrifugal neurons) are 

discovered then the above estimates will have to be adjusted 

downward. 

Although there are numerous differences between 

crustacean and insect optic lobes, there are enough common 

architectural features to justify a comparison of our 

cytochemical findings and related results in diptera. As noted 

above, there is a general similarity in the overall 

distribution of ACh in crayfish and fly optic lobe. In 

Drosophila (Buchner et al, 1986; Gorczyca and Hall, 1987), the 

antibody to choline acetyltransferase (ChAT) produces a 

tangentially stratified binding pattern in the second and 

third optic neuromeres (medulla and lobula). Furthermore, 

there is a clear indication of a columnar organization in the 

reactive elements. Although the cell types were not 

identified, it is well established (Strausfeld and Nassel, 

1980) that the transmedullary monopolar cells constitute the 

most numerous cell class in the dipteran medullary columns. 

Furthermore, the fly lamina exhibits ChAT antibody reactivity 

in the terminals of putative centrifugal neurons which may 

be analogous to the ACh-like reactive terminals in crayfish 

lamina. Thus there is considerable similarity in the 
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anatomical distribution of ACh-like reactivity in crayfish and 

ChAT-like reactivity in Drosophila. 

Additionally, ACh receptors have been localized in 

Drosophila medulla and lobula with radio-labeled alpha-

bungarotoxin (Schmidt-Nielsen et al, 1977). The putative 

receptors exhibit a tangentially stratified distribution in 

the medulla and anterior and posterior lobula. The 

autoradiographs are consistent with toxin binding to 

tangentially arrayed dendritic arbors of multicolumnar 

neurons. A similar binding pattern is reported for a

bungarotoxin in the moth medulla (Maxwell and Hildebrand, 

1981). Unfortunately, it is no longer clear that the toxin 

specifically binds to physiologically active ACh receptors 

in all invertebrate neural tissue (McCaman, 1984). 

It is useful to consider our results in the context of 

the other transmitters localized in the crayfish optic lobe. 

The medulla externa contains catecholamines (probably 

dopamine) (Elofsson and Klemm, 1972; Elofsson et al, 1977), 

serotonin (Elofsson, 1983) and proctolin (Siwicki and Bishop, 

1986). Each transmitter is distributed in several tangential 

bands; three for dopamine and serotonin and two for proctolin. 

Serotonin and dopamine are contained in somata of the 

medullary cell body area and proctolin is found in a unique 

ventromedial, longitudinal cell body cluster. The distal 

catecholamine-containing band is presumably associated with 

the terminals of centripetal, columnar T-neurons. The neurons 
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responsible for the other transmitter bands are unknown. In 

crayfish lamina ganglionaris, dopamine is tentatively assigned 

to amacrine neurons (Strausfeld and Nassel, 1980). The 

spatial distribution of ACh overlaps but differs from that of 

any of the other histochemically mapped transmitters. 

The functional significance of the above transmitters to 

vision or synaptic activity in the optic lobe is unknown. In 

the companion report (Pfeiffer and Glantz, 1988) we show that 

ACh plays diverse roles in synaptic transmission to several 

classes of visual interneurons. 
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II. CHOLINERGIC SYNAPSES AND THE ORGANIZATION OF CONTRAST 

DETECTION IN THE CRAYFISH OPTIC LOBE 

(Published 1989, Journal of Neuroscience .2....L§l: 1872-

1882). 

A. INTRODUCTION 

Several neurotransmitters and neuropeptides have been 

localized in arthropod optic lobes, particularly during the 

last decade. These findings include evidence for cholinergic 

function in the optic lobes of diptera (Buchner et al, 1986: 

Gorczyca and Hall, 1987) and moths (Maxwell and Hildebrand, 

1981). In the companion report (Wang-Bennett et al, 1989) we 

describe high levels of ACh in the medullary neuropiles of 

crayfish optic lobe. Immunocytochemical evidence indicates 

that the ACh is principally contained in transmedullary 

neurons of the second and third optic neuromeres. 

In contrast to the impressive progress in the 

cytochemical localization of transmitters, little is known 

regarding the functional significance of the various 

transmitters in the optic lobe. A notable exception is a 

recent study by Hardie (1987) which argues that histamine is 

the neurotransmitter of the photoreceptors in locusts. 

Over the last few years we have developed a preparation 

for the analysis of visually-elicited synaptic events in the 

neurons of the first two optic ganglia (lamina ganglionaris 

and medulla externa) of the crayfish eyestalk (Kirk, 1982; 
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Kirk et al, 1982,1983; Waldrop and Glantz, 1985a,b; Wang

Bennett and Glantz, 1987a,b). In the medulla externa, these 

events consist of graded depolarizations in the local amacrine 

neurons and sustaining fibers (SF, principal output cells of 

the medulla externa) and graded hyperpolarizations in 

tangential neurons and dimming fibers (OF). Since the 

dendrites of each of the above cell types intersect or lie in 

close proximity to the neurites of the cholinergic 

transmedullary neurons, we tested each cell type for 

responsiveness to ACh and carbachol. Our results support the 

conclusion that ACh mediates a chloride-dependent graded 

hyperpolarization of tangential cells and the graded 

depolarization of medullary amacrine cells. In addition, our 

results are consistent with a role for ACh in the visually

elicited hyperpolarizing response of dimming fibers and the 

hyperpolarizing "off-response" of SFs. 
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Physiological Preparation 
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Adults of two crayfish species, Procambarus clarkii and 

Pacifasticus leniusculus, were prepared as in Kirk et al 

( 1982) . Results obtained from these two species showed no 

significant difference. Animals were cooled for 2 hrs at 4" 

c and then the blood was exchanged for crayfish saline through 

a 1.0 em opening in the carapace over the pericardia! cavity. 

The eye was cemented to the adjacent cephalic carapace and the 

animal was then mounted in a plexiglass chamber filled with 

chilled saline. The dorsal cuticle and hypodermis of the 

eyestalk were removed to expose the optic lobe. The bath 

temperature was maintained at 13" C. and the bath was grounded 

by a silver-silver chloride electrode. 

Micropipettes contained 2. 0 M potassium acetate and 

yielded tip resistances of about 80 Mohms. The location of 

the electrode in the medulla externa (ME) largely determines 

the cell types encountered. Tangential cells were penetrated 

in the distal layers of the medulla externa or the proximal 

external chiasm (Fig. 10 inset). Amacrine cells were impaled 

near the center of the medulla externa (Fig. 15a) whereas 

dimming fibers (Fig. 17a) and sustaining fibers (Fig. 18a) 

were penetrated in the proximal medulla externa near the 

internal chiasm. 

Visual stimuli were directed to the eye with a 6 mm fiber 

optic light guide held 5 em from the eye in a 



micromanipulator. 

lamp and stimulus 
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The light source was a focused projector 

presentation was controlled with an 

electromagnetic shutter and neutral density filters. 

On a number of occasions the identity of the cell type 

was verified by iontophoresis of Lucifer-Yellow (Stewart, 

1978) into the cell. The optic lobe was fixed, dehydrated, 

cleared and examined in whole mount with incident 

fluorescence. The previously established functional criteria 

for cell identification (Kirk, et al, 1982; Waldrop and 

Glantz, 1985; Wang-Bennett and Glantz, 1987a,b) provided a 

correct assessment in every preparation tested. Each cell 

type was identified by its unique physiological response to 

light and subsequent morphological verification with injection 

of Lucifer Yellow or horseradish peroxidase. 

Pharmacology 

All of the agents tested were applied via microinjection 

from micropipettes in the medulla externa. The 

microinjections were carried out with pipettes having one of 

two tip sizes. The finer pipette tips (< 5 urn) delivered 

droplets with a maximum size of 50-60 urn in diameter. The 

larger tips produced droplets of about 0.5 mm. In the latter 

case, the droplet size assured that the entire medulla externa 

was rapidly saturated with the test solution. The smaller 

droplets produced less desensitization and thus more 

consistent behavior in response to repeated tests with 

agonists. For a given concentration, some variation in agonist 
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dosage can be achieved through control of the duration and 

the pressure of the pulse applied to the pipette. The pressure 

was varied from 10 to 60 lbsjin2 with a regulator. Pulse 

duration was controlled with a solenoid valve gated by a relay 

and pulse generator. In general, ACh and carbachol were 

applied with fine pipettes and other solutions were 

administered with the coarse pipettes. 

In a few instances, the ACh and carbachol were applied 

iontophoretically from 20 Mohm double-barrelled electrodes. 

One barrel contained 1.0 M ACh and the second contained 1.0 

M NaCl. Injection currents were 5-100 nA for 10-100 ms. 

During these trials we observed ACh-elicited responses and on 

numerous occasions we observed synaptic activity associated 

with NaCl iontophoresis. The responses to ACh were larger and 

persisted beyond the end of the current pulse while the 

responses to NaCl terminated at the end of the current pulse. 

Except in a few instances however, we were unable to convince 

ourselves that the iontophoretic current was not contributing 

to the pharmacological result. Thus we abandoned this 

procedure in favor of microinjection. We do however, report 

the sensitivity to ACh iontophoresis as observed in the 

cleanest experiments. These data are provided only for 

purposes of comparison. Few of the effects obtained from 

agonists, antagonists or ion substitution experiments were 

reversed as the impaled cells are generally lost after 15-30 

minutes. As a result, the reversability·of the effects caused 
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by specific agents is not addressed in this paper. 

The pharmacological agents that we tested were ACh, 

carbachol, d-tubocurarine, pempidine, picrotoxin, 

hexamethonium, mecamylamine, atropine and neostigmine (all 

from Sigma). Chemical synaptic transmission was blocked by 

microinjection of 20 mM CoC12 • The Co++ typically produced a 

complete block of visually elicited synaptic events in 2-3 

min. Choline chloride was not directly tested in the crayfish 

medulla since all neuropharmacological results supported the 

existence of ACh nicotinic receptors on at least three classes 

of medullary interneurons. 
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C. RESULTS 

The actions of ACh and carbachol were tested on 180 

neurons impaled in the medulla externa. Of these, 163 could 

be unambiguously classified by functional criteria into one 

of four well established cell groups. Each of the four groups 

was previously stained via iontophoresis with Lucifer-Yellow 

(Stewart, 1978) andjor horseradish peroxidase and is known to 

contain a dendritic arbor in the medulla externa. The 

remaining 17 neurons consisted of phasic "on" cells and 

putative transmedullary neurons. The phasic neurons exhibited 

no responsiveness to ACh and the transmedullary neurons only 

responded occasionally. 

Tangential Cells 

Two classes of tangential cells can be distinguished 

morphologically and functionally (Wang-Bennett and Glantz, 

1987b). One of these, Tan1 (Fig. 10 inset), has a relatively 

narrow dendritic field in the medulla externa (20-40 urn), an 

extensive (200 urn) bistratified arbor in the lamina, a 

relatively thick axon (10 urn) and a soma in the medullary cell 

body area. The medullary arborization is coextensive with the 

neurites of the cholinergic transmedullary neurons (shaded 

area of Fig. 10 inset). The Tan1 visual receptive fields are 

quite large (90°) and a light pulse elicits an intensity 

dependent and sustained hyperpolarizing PSP, Fig. 10. 

Termination of an intense light pulse can produce a transient 

depolarization (Fig. 13a) which may in turn elicit one or 
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FIGURE 10 

A. Tangential cell (TANl) responses to illumination and 

pressure injected l.OJ.£M ACh in control saline and saline 

containing 20 mM CoC12 (Co++) . Scale is 5 mV and 1.0 sec. 

Inset at right is TANl structure with dendrites in medulla 

externa (ME), axon in external chiasm (CHE), and terminal 

arbor in lamina ganglionaris plexiform (pl). Shading in ME 

indicates region occupied by cholinergic transmedullary neuron 

processes. B. TANl dose-response to carbachol (filled 

circles) and ACh (open circles). Every response ( V) was 

normalized with respect to the reversal potential of the 

visual response (Vmax), and each data point but one is the 

mean of at least 4 determinations on separate preparations. 

The carbachol data point at 10-7M is the mean of 2 

observations. Vertical bars indicate ±SEM. 
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several impulses. 

ACh (>10-7M) and carbachol (>10-~) elicit dose-dependent 

hyperpolarizations in TANl, Fig. 10, which are undiminished 

following synaptic blockade with 20 mM Co++, Fig. lOa. One

half maximal responses are elicited by 1 to 2xl0-7 M carbachol 

and about 2xl0-6 M ACh, Fig. lOb. The response is associated 

with an increase in input conductance and a reversal potential 

of about -40 mV, i.e. 10 mV below the resting potential 

(Table 1), Fig. lla,b. These features compare favorably with 

those of the visual response, Fig, llc. 

An 85% reduction in the extracellular chloride 

concentration, diminishes the visual PSP by 75% and either 

abolishes or inverts the ACh-elicited response, Fig. 12a. 

Although reducing the extracellular K+ concentration had 

predictable effects on the Tanl resting potential, it had only 

a small effect on the reversal potential of the visual 

response. An additional indication of the involvement of a 

synaptic Cl- conductance, is that 0.1 mM picrotoxin diminishes 

the initial transient of the Tanl visual response by 50-70% 

and abolishes the plateau phase, Fig. 12b. Picrotoxin acts 

to block chloride channels. High concentrations of 

pricrotoxin were used in these studies to ensure a maximal 

effect. 

The light-elicited hyperpolarizations are abolished or 

substantially diminished by nicotinic ganglionic antagonists 

mecamylamine, hexamethonium and pempidine (5x10-s to 10-6 M, 



TABLE ONE 

Table 1. Comparison of visual and cholinergic responses in four classes of multicolumnar neurons 

Sustaining fibers 

Tangential cells Amacrine cells "On" "Off" 

Resting potential (m V) -28 ± 1 (64) -52±2(28) -59 ± I (65) 
Visual response (m V) -11 ± 1 (64) + 14 ± 1 (28) +16±1(65) -6 ± 0.4 (65) 

V..,c/~ipll0 1.3 5 ± 0.68 (3) 1.81 ± 0.65 (7) 1.54 ± 0.57 (11) -1.0 (6) 
Erev(light) (m V) -44 ± 2 (12) -27 ± 11(3) -19 ± 9 (7) -79±7(4) 
E,.v(ACh) (m V) -39 ± 3 (10) -23 (2) - -67±3(3) 
[Carbachol] at 0.5 Vm .. 

(nM) 100 50 10 10-100 

All values a.n: means ± SE. Numbers in parentheses indicate sample size. 
• For ACh concentration eliciting largest response. 

Dimming fibers 

"On" 

-41 ± 4 (9) 
-14 ± 3 (9) 
0.56; 0.17 (3) 

-61 (1) 
<-54 (4) 

50 

"Off' 

+ 5 ± 1 (9) 

-25 (1) 

-...] 
1\.) 
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FIGURE 11 

Reversal potential of TAN1 response to 1.0 ~M ACh. A. the 

5 panels show pressure injected ACh-elicited responses (top 

trace) during successively larger hyperpolarizing current 

pulses (second trace). Bar at bottom of each panel indicates 

timing of ACh injection. Control voltage responses were 

obtained with each current used (raw data not shown). Scale 

(lower right) is 5 mV, 5 nA, and 1.0 sec. B. ACh-elicited 

response amplitude versus membrane potential (Vm) for data of 

A. Membrane resting potential, -30 mV. c. ACh-elicited 

(filled circles) and light-elicited (open circles) responses 

versus membrane potential (Vm) from another preparation. 
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FIGURE 12 

Chloride dependence of TAN1 visual and ACh-elicited responses. 

A. Light- and ACh-elicited responses (upper traces) in 

control and low-chloride saline. Lower traces indicate light 

intensity in left-hand panels and ACh (5 x 10-~) injection in 

right-hand panels. B. TAN1 visual responses (upper traces) 

in control saline and in saline containing 0.1 mM picrotoxin 

to ensure a maximal effect. Lower traces indicate light 

pulses. Scale, 5 mV and 1.0 sec. 
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FIGURE 13 

Action of nicotinic antagonists on TAN1 visual responses. 

Left-hand panels are control visual responses; right-hand 

panels are visual responses in the presence of the antagonist. 

A. Mecamylamine, 10 J.l.M; B. hexamethonium, 50 J.l.M; C. 

pempidine, 1.0 J.l.M; D. D-tubocurarine, 0.1 mM. Scale 5 mV and 

1.0 sec. Lower trace in D is timing of light pulse. 



78 

FIGURE THIRTEEN 

ANTAGONIST 

~ 
A CONTROL 

8 

c 

L 



79 

but not at 10-7M) , Fig. 13 a-c. D-tubocurarine at 10-4M 

however, produces only a 20-50% reduction in the visual 

response, Fig. 13d. Thus, pempidine and mecamylamine are at 

least 10 to 100 times more potent than curare in tangential 

cells. Qualitatively similar results (not shown) were also 

observed on agonist-elicited responses. The above 

pharmacological profile is consistent with the behavior of the 

nicotinic ganglionic receptor previously described (for 

arthropods) in crab stomatogastric ganglion (Marder and 

Paupardin-Tritsch, 1978). It is interesting to note that the 

depolarizing "off" response is generally unaffected by the 

nicotinic antagonists and even appears to be enhanced by 

pempidine, Fig. 13c. The muscarinic antagonist, atropine (10 

-4 • M) had no effect on the l1ght response (not shown). 

The anticholinesterase, neostigmine, when applied in 

small doses (50 ~1 droplets) increases the visual response by 

100% at 10-4 M, Fig. 14. In general, neostigmine elevates the 

visual response voltage to the maximal amplitude obtained when 

a saturating light stimulus is used. The action of neostigmine 

on the visual response implies that the sensitivity to Ach is 

substantially underestimated by the data of Fig. lOb, which 

was obtained without a cholinesterase block. Doses of 

neostigmine which exceed 0.1 ~1 at 0.1 mM produce either no 

effect or a slight reduction in the light response. 

Since Tan1 has neurites in the lamina as well as the 

medulla, (Fig. 10, Fig. 20) we tested the sensitivity of the 
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FIGURE 14 

Effect of 0.1 mM neostigmine on the TAN1 visual response. 

Top trace is TAN1 membrane potential. Scale 5 mv and 1.0 sec. 

Bottom trace indicates timing of light pulse. 
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Tanl lamina branches to Ach and carbachol. In three 

experiments the results were completely negative. 

Tan2 can be distinguished from Tanl by its broad 

medullary dendrite and a lamina process which is vertically 

oriented and spans the entire height of the lamina ganglion. 

Furthermore, Tan2 has a distinctive visual response with two 

hyperpolarizing phases; a short latency, rapidly rising 

potential and a longer latency slower component. We examined 

the Tan2 response to Ach and carbachol on six occasions (not 

shown). The limited results we obtained were similar to the 

Tanl findings but the data set is both too small and 

incomplete to support any conclusions. 

Amacrine Cells 

The amacrine cells are nonspiking, local interneurons of 

the medulla externa, Fig. 15a (Waldrop and Glantz, 1985b). 

They have a broad, bistratified dendritic arbor which occupies 

two transverse vertical planes in the medulla externa. Their 

receptive fields cover most of the monocular field of view (ca 

180) and they respond to a light pulse with a graded 

depolarization, Fig. 15b. Following an initial transient, the 

depolarizing PSP decays to about 50% of its peak value. Upon 

depolarization with extrinsic current, amacrine cells inhibit 

the medullary elements which excite the SFs (Fig. 20). 

Carbachol and Ach elicit graded depolarizations in 

amacrine cells, Fig. 15c. The Ach-elicited response-waveform 
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FIGURE 15 

Amacrine cell visual and carbachol-elicited responses and 

reversal potentials. A. Sketch of the dorsal view of the 

amacrine cell bistratified neurite structure. Shaded area 

indicates region of transmedullary neuron neurites in the 

medulla externa (M). La is the lamina. B. Amacrine cell 

visual response (lower trace). Top trace indicates timing of 

light pulse. c. Amacrine cell response to carbachol (5 x 10-

~; lower trace). Top trace indicates timing of carbachol 

pressure injection. D. Reversal potentials of amacrine cell 

visual responses (open circles) and carbachol-elicited 

responses (closed circles). Carbachol concentrations was 1.0 

~M. Plot indicates response amplitude ( V) versus membrane 

potential (Vm) . Solid line is the least-square linear 

regression for carbachol responses with reversal potential at 

-30 mv. Broken line is linear regression of visual responses 

with reversal potential of -28 mV. Membrane resting potential 

was -50 mv. 
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occasionally (5 of 28 observations) resembles that of the 

visual response with a transient peak and a lower level 

plateau. The half-maximal response was obtained at 5 x 10-8 

M carbachol. Both the Ach- and visually-elicited responses are 

associated with an increase in amacrine cell input 

conductance. The mean extrapolated reversal potential of the 

agonist-elicited response (-23 mV) is similar to that of the 

light response (-27 mV), Fig. 15d, Table 1. Neostigmine (0.1 

mM) augments the amacrine cell visual response to saturation 

amplitude in a few minutes. We also probed amacrine cells 

with Ach iontophoresis. The sensitivity was about 2 mV/nC. 

The agonist-elicited response persists after the light 

• ++ • response 1s blocked by 20 mM Co , F1g. 16. 

Dimming Fibers 

The crayfish dimming fibers (DF) were first described by 

Wiersma and Yamaguchi (1967) as tonic "off" neurons, on the 

basis of extracellular optic nerve recordings. Subsequent 

studies by Kirk (1982) revealed that the DF dendrites reside 

in the medulla externa, Fig. 17a and their visual response is 

mediated by a compound IPSP which diminishes the "spontaneous" 

tonic discharge, Fig. 17b. The small caliber of the DF has 

limited our sample size (n = 9) and the tests performed. 

Ach and carbachol elicit hyperpolarizing responses in 

DFs, Fig. 17c, and diminish or block the tonic discharge much 

as illumination does. The Ach-elicited response persists 

following 20 mM Co++ (not shown), which blocks the visual 
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FIGURE 16 

Amacrine cell visually and carbachol-elicited responses in 

control saline and 20 mM CoC12 • Upper traces indicate 

amacrine cell membrane potential in all panels. Lower traces 

indicate timing of light pulse in upper panels and timing of 

carbachol injection in lower panels. 
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FIGURE 17 

Dimming fiber responses to light (B) and 10 ~MACh (C). A. 

Sketch of DF dendrites in the medulla externa (medulla). 

Shaded area corresponds to location of transmedullary neuron 

neurites in the medulla externa. B and c. Visual and ACh

elicited responses, respectively (upper traces). Lower traces 

indicate timing of light pulse in B and ACh injection in c. 
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response. A half-maximal response is obtained at 5 x 10-8 M 

carbachol. 

Sustaining Fibers 

The sustaining fibers (SF) are the most prominent of the 

crayfish visual interneurons. Fourteen members of this class 

can be uniquely identified by their visual receptive fields 

(Wiersma and Yamaguchi, 1967) and the distribution of their 

planar dendrites in the medulla externa, Fig. 18a (Kirk et al, 

1982). The SFs respond to illumination with a tonic discharge 

whose frequency is related to the amplitude of the graded, 

steady-state EPSP, Fig. 18c. The termination of an intense 

light pulse elicits a hyperpolarizing IPSP, Fig. 18c (Kirk, 

et al, 1983). This "off-response" decays over several seconds 

and is associated with the attenuation or complete abolition 

of baseline synaptic activity. If an intense light pulse is 

not used to stimulate the sustaining fibers, the 

hyperpolarizing "off-response" is not as apparent (Fig. 18B). 

SF behavior in response to Ach and carbachol is 

complicated by the fact that the SFs are the principal output 

cells of a medullary network comprised of at least two other 

ACh-sensitive .neuronal types, i.e., tangential cells and 

medullary amacrine neurons. Tangential cell hyperpolarization 

indirectly excites SFs (Fig. 20) (Wang-Bennett and Glantz, 

1987b) and amacrine cell depolarization inhibits cells in the 

SF visual pathway (Waldrop and Glantz, 1985b). The visual 

responses of both cell types appear to be mediated by ACh. 
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FIGURE 18 

Sustaining fiber visual and ACh-elicited responses and 

reversal potentials. A. Diagram of SF dendritic arbor in the 

medulla externa (M) • Shaded area indicates region of 

cholinergic transmedullary neuron neurites. Scale (lower 

left) is 100 ~M. B. SF responses (upper trace) to light and 

10-~ ACh pulses (lower traces). Note that the spiking 

discharge during the sustaining fiber light response is 

absent. This frequently occurs when the impalement is away 

from the cell's spike initiating zone. C-E. Visual (C) and 

ACh (D) responses from another preparation. In D, 10-~ ACh 

elicits a mixture of depolarizing EPSPs and a slower 

hyperpolarizing potential. E shows the ACh-elicited response 

in the presence of 20 mM CoC12 • Scale is 5 mV and 1.0 sec 

throughout. F. Visual and ACh reversal potential. SF 

response amplitude (Response) versus membrane potential (Vm) 

for responses elicited by light (filled circles) and 5 x 10-

7M carbachol (x). The cell had a membrane resting potential 

of -60 mv. 
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Upon exposure to ACh (10-6 M) or carbachol (10-8 to 10-6 M) 

the initial response of 64% of the SFs tested (n = 65) was a 

prolonged depolarization of 10 to 40 mV in amplitude, Fig. 

18b. The remaining cells exhibited either a diphasic, Fig. 

18d, or hyperpolarizing response. In the depolarizing cells, 

repeated agonist stimulation frequently led to rapid 

desensitization of the depolarizing response and its 

replacement with a diphasic or hyperpolarizing response. In 

many cells agonist-elicted responses were accompanied by an 

increase in the rate of discrete synaptic potentials. Such 

EPSPs elicited action potentials in the SF of Fig. 18d. 

CoC12 (20 mM) diminished the visual EPSP by 90%, substan

tially reduced the rate of synaptic bombardment and abolished 

the depolarizing component of the carbachol-elicted response 

in 6 out of 7 tests, Fig. 18e. Following Co++ application, 

the carbachol~elicited responses were hyperpolarizing. The 

separation of direct and indirect actions helps to clarify the 

puzzling result in Fig. 18d, in which indirectly elicited 

EPSPs are superposed on the directly elicited 

hyperpolarization. 

The average reversal potential of the stable agonist

elicited response was -67 mV, Fig. 18f, Table 1. This is 45 

mV negative to the reversal potential of the visually-elicited 

EPSP (Filled circles, Fig. 18f) and just a few mV below the 

SF resting potential. The reversal potential of the visual 

off-response however, is about 12 mV below that of the 
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carbachol-elicited 

hyperpolarization was associated with a 2 to 4-fold increase 

in input conductance relative to resting input conductance. 

In addition to synaptic blockade, Co++ perfusion also led 

to a rapid depolarization of about 20 mv in every SF tested. 

To compensate for the membrane potential shift in the above 

analysis, extrinsic hyperpolarizing current was injected into 

the SF to bring the membrane potential back to the resting 

level. An important implication of the Co++ elicited 

depolarization is the possibility that SFs are under a 

hyperpolarizing synaptic bias in their "resting condition." 

One interpretation of the above data is that ACh may 

mediate an inhibitory signal to the SFs which could be 

responsible for the hyperpolarizing off-response andjor the 

steady-state hyperpolarizing bias. Additional pharmacological 

studies indicate that ACh may contribute to both processes. 

Bath applied D-tubocurarine (1 mM), Fig. 19b, depolarizes 

SFs by 5-10 mV in a few seconds, and suppresses the post

stimulus hyperpolarization (compare Fig. 19b to the control 

in Fig. 19a) . The identical effect is obtained with 5 uM 

pempidine injected into the neuropile. Neostigmine (0.1 mM) 

has the opposite action, Fig. 19d. It hyperpolarizes the SF 

by about 5 mV and augments the hyperpolarizing "off" response. 

The effect of the hyperpolarization is particularly visible 

in SFs discharging in response to steady illumination, Fig. 

19e,f. In these cells the hyperpolarization is associated with 
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FIGURE 19 

Effect of D-tubocurarine (B) and neostigmine (D and F) on SF 

visual responses. A. Control visual response with large 

hyperpolarizing "off-response." B. D-tubocurarine (1 rnM) 

depolarizes SF (indicated by baseline shift relative to A) and 

blocks the off-response. c. Control visual response in a 

second cell. D. Neostigmine (0.1 rnM) hyperpolarizes cell and 

augments the off-response (compare to C). E. Control SF 

visual response in a third preparation. F. Neostigmine (0.1 

mM) hyperpolarizes SF and augments foot to peak amplitude of 

action potentials. Upper trace is SF membrane potential in 

all panels. Scale is 5 mV and 100 ms. Lower trace indicates 

timing of light pulse. 
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FIGURE 20 

Diagrammatic summary of results and interpretation of 

medullary neuron synaptic interactions. Ovals indicate 

presynaptic terminals; open ovals have hyperpolarizing and 

closed ovals have depolarizing actions on postsynaptic 

elements. Rl-R7 short axon photoreceptors which terminate on 

monopolar neurons (Ml-M4) in lamina plexiform layers. TM 

indicates transmedullary monopolar neurons. Cholinergic TMs 

elicit hyperpolarizing PSPs in TANl, TAN2, DFs and SFs and 

depolarizing PSPs in medullary amacrine cells. One or more 

classes of noncholinergic TMs elicit depolarizing PSPs in SFs 

and DFs. Broken lines indicate possible polysynaptic 

pathways. 
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a reduced firing rate and increased action potential 

amplitude. The antagonists and the neostigmine do not have 

consistent effects on the amplitude of the visually-elicited 

compound EPSP and associated discharge pattern. In most of the 

SFs tested, cholinergic antagonists reduced the foot-to-peak 

amplitude of the excitatory visual response but did not change 

the absolute peak response voltage, Fig. 19b. Neostigmine 

typically had the reverse action, Fig. 19f. Atropine (up to 

1.0 rnM) had no effect on any aspect of the SF visual response 

or resting potential. 

D. DISCUSSION 

It is now well established that a neuron releasing one 

and the same neurotransmitter at each of its terminals can 

elicit a variety of actions in a population of follower cells. 

These phenomena are well documented in the Aplysia visceral 

ganglion (Wachtel and Kandel, 1971; Blankenship et al, 1971) 

and pleural ganglion (Kehoe, 1972a,b). Each postsynaptic 

response type is associated with a different set of ionic 

conductances and a distinguishable cholinergic pharmacological 

profile. In the lobster stomatogastric ganglion, the 

cholinergic pyloric dilator motoneurons elicit fast excitatory 

junction potentials (EJPs) in stomach muscles (Marder, 1976) 

and slow potassium sensitive IPSPs in antagonist motoneurons 

(Marder and Eisen, 1984). The EJPs exhibit a ganglionic, 

nicotinic pharmacology (also found in crab, Marder and 
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Paupardin-Tritsch, 1980) while the ganglionic IPSPs have a 

different pharmacological profile. A similar diversity exists 

among the receptors for the excitatory amino acid released by 

the photoreceptors in the fish and amphibian outer retinas 

(Miller and Slaughter, 1986). 

Although the cholinergic transmedullary neurons 

constitute a cell class rather than a single neuron it is not 

unreasonable to assume that each member of a class will have 

a similar synaptic action on each type of follower neuron as 

in the vertebrate outer retina. Thus Tan1 and DF are 

hyperpolarized by the onset of a light pulse and the medullary 

amacrine is depolarized by the same stimulus regardless of the 

position of the stimulus in the visual field. Our assumption 

is that the several cholinergic transmedullary neurons 

constitute a homogeneous parallel ensemble which conveys 

similar signals at various positions in the columnar array. 

In accordance with this hypothesis, the ACh-elicited 

hyperpolarizing response in Tan1 and DFs, and the depolarizing 

response in medullary amacrines may be construed to reflect 

the synchronous actions of the same class of presynaptic 

neuron. This hypothesis is consistent with the fact that the 

related physiological responses are coactivated by an 

increment in the level of illumination and exhibit similar 

response latencies following light onset. The SF off-response 

does not conform to this pattern. It is possible however, that 

the off-response is the terminal phase of an inhibitory 
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process that is concurrent with excitation. Some indirect 

evidence for such a process is documented (Wiersma and 

Yamaguchi, 1967; Glantz, 1973). 

The above argument presupposes that the cholinergic 

transmedullary neurons are directly presynaptic to the four 

classes of multicolumnar interneurons. There is no electron 

microscopic evidence to support this contention. The observed 

proximity of all the relevant processes is necessary but not 

sufficient to establish connectivity. The argument for the 

proposed synapses rests upon three types of findings: i) there 

is a high concentration of ACh in the medulla; ii) the 

cholinergic transmedullary neurons are the only source of ACh 

observed (immunocytochemically) in the medulla externa; and 

iii) the pharmacology of the visual responses in three of the 

four cell types is consistent with a principal role for ACh. 

The evidence for an exclusive source of ACh could be nullified 

by a more sensitive cytochemical assay for ACh. The argument 

for the role of ACh in the Tan1 visual response rests upon: 

a) the persistance of the ACh-elicited response following Co++ 

perfusion, which blocks visual synaptic activity; b) reduction 

or block of the visual response by the nicotinic ganglionic 

antagonists, pempidine, mecamylamine and hexamethonium; 

c)augmentation of the visual response by the antichol

inesterase neostigmine; and d) the similarity in reversal 

potential and sensitivity to the extracellular chloride 

concentration of the ACh- and visually-elicited events; and 
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e) the measured ACh sensitivity relative to that reported in 

other arthropod neurons. Both Tanl and amacrine cells exhibit 

half-maximal responses to ACh at about 2x10-6 M in the absence 

of a cholinesterase blocker. This sensi ti vi ty equals or 

exceeds that of number of crustacean (Marder, 197 4; Marder and 

Paupardin-Tritsch, 1980; Konishi and Kravitz, 1978; Yoshino 

et al, 1984) and insect (David and Sattelle, 1984; Suter and 

Usherwood, 1985; Callec, 1985) postsynaptic sites. A similar 

conclusion is supported by a comparison of carbachol sen

sitivities in the same preparations. 

The Tan1 visual response appears to be mediated by a 

nicotinic cholinergic receptor coupled to a chloride 

conductance. Although a similar profile is described for 

molluscan synapses (Blankenship et al, 1971; Kehoe, 1972b), 

it is unusual in arthropods. ACh mediated IPSPs have been 

observed in lobster stomatogastric ganglion (Marder and Eisen, 

1984) but they are mediated by a muscarinic-like receptor 

coupled to a potassium conductance. Conversely, inhibitory 

synapses associated with a chloride conductance are well known 

in arthropod nerve tissue but they are generally mediated by 

GABA (Takeuchi and Takeuchi, 1966; Atwood, 1980; Callec, 

1985) or glutamate (Marder and Paupardin-Tritsch, 1978; Marder 

and Eisen, 1984; Franke et al, 1986). 

The interpretation of the SF data is complicated by the 

fact that the pharmacological analysis is confounded by either 

a large depolarization induced by Co++ or agonist-elicited 
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synaptic actions. Considering these caveats we tentatively 

interpret the SF results to indicate that ACh may mediate a 

hyperpolarizing dark-potential and "off-response" in SFs. The 

dark potential is presumably mediated by continuous release 

of ACh and there is a good precedent for sustained transmitter 

release by resting neurons in the lobster stomatogastric 

ganglion (Graubard et al 1983). 

Since the visually-elicited off-response is blocked by 

curare and pempidine and potentiated by neostigmine, it is 

likely to be cholinergic which is consistent with the 

hyperpolarizing action of ACh and carbachol in Co++ treated 

preparations. The reversal potential of the off-response, -79 

mV, is somewhat negative to that for carbachol, -67 mV, which 

may indicate the participation of different ionic conductances 

and other transmitters. 

Our results have several implications for the 

organization of the visual pathway in crayfish. Strausfeld and 

Nassel (1980), distinguish six classes of transmedullary 

neurons on the basis of their dendritic structures. An 

inference from our results is that the tangential cells, DFs, 

and amacrine cells may share a class of cholinergic inputs 

which have only inhibitory actions on the SFs (Fig. 20). The 

notion that a different class of cell mediates columnar 

excitation of the SFs is consistent with an important 

functional distinction in the medulla. The SF excitatory 

response is subject to powerful surround inhibition (Wiersma 
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and Yamaguchi, 1967; Arechiga and Yanagisawa, 1973; Glantz, 

1973). In previous studies (Waldrop and Glantz, 1985b) we 

have shown that this inhibition is mediated by amacrine cell 

action on medullary elements presynaptic to the SFs (Fig. 20). 

Neither the tangential nor the amacrine cell light response 

is subject to surround inhibition (Waldrop and Glantz, 1985b; 

Wang-Bennett and Glantz, 1987b). Although the evidence is 

rather indirect it does suggest separate columnar pathways for 

the SF excitatory response on the one hand (Fig. 20, 

noncholinergic TM) and the visual signals to the amacrine and 

tangential cells (Fig. 20). This inference is in accord with 

the pharmacology of these responses. 

In diptera the homologs of the tangential cells appear, 

on the basis of their ultrastructure, to convey signals from 

the medulla to the lamina (Strausfeld and Campos-Ortega, 1977; 

Shaw, 1984). In crayfish, the relatively long latency of the 

Tan1 visual response and the sensitivity to ACh injected in 

the medulla (but not the lamina) are also consistent with 

centrifugal function. 

The SFs and DFs together constitute a dual channel 

mechanism for detecting contrast and representing the 

distribution of light intensity in visual space (Yamaguchi and 

Ohtsuka, 1973). An increment in the level of illumination at 

any corneal location will excite a subset of SFs and inhibit 

a subset of DFs with overlapping receptive fields. This 

functional duality appears to have a neurochemical counterpart 
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in the actions of ACh. our preliminary studies indicate that 

the transmedullary neurons exhibit depolarizations graded 

with the light intensity in their receptive fields. Thus we 

assume that the amount of ACh released at each locus in the 

retinotopic columnar array is proportional to the light 

intensity at a corresponding visual angle. The following ACh 

actions are consistent with the known functional connectivity 

and the dual contrast encoding mechanism: i) ACh 

hyperpolarizes tangential cells. Extrinsic hyperpolarization 

of tangential cells indirectly excites SFs (Fig. 20) as does 

local illumination (Wang-Bennett and Glantz, 1987b); ii) ACh 

hyperpolarizes DFs and inhibits the dark discharge as does 

local illumination; iii) ACh and local illumination depolarize 

medullary amacrine cells. Extrinsic depolarization of amacrine 

cells inhibits the excitatory pathway to all SFs and 

indirectly excites DFs (Waldrop and Glantz, 1985b). Because 

the local excitatory effects of light exceed the inhibitory 

effects of the amacrine cell action, the net result is local 

excitation and surround inhibition in the SF array. This is 

the global action of local illumination. Thus ACh, through its 

action on amacrine cells drives the surround inhibitory 

mechanism. 

The ACh-elicited hyperpolarization of SFs may depart from 

the above scheme. If the cholinergic inhibitory action is 

concurrent with excitation then it would tend to oppose 

contrast enhancement. Conversely, if the- SF "off-response" is 



108 

actually initiated on the termination of a light pulse then 

it would reinforce the contrast mechanism in the temporal 

domain. The initiation of a synaptic action subsequent to 

light decrement would however, require an independent 

presynaptic mechanism to provide for the phase shift. Previous 

studies (Waldrop, 1984) support the latter hypothesis. The 

hyperpolarizing off-response is associated with a large and 

distinct increase in SF input conductance. 

The above analysis does not address the direct excitation 

of SFs and DFs nor the "off-responses" of tangential cells. 

We assume these functions are the province of the 

noncholinergic columnar neurons 

transmitters known to be present 

and the many other 

in the medulla externa 

(Elofsson et al 1982; Elofsson, 1983; Beltz and Kravitz, 1983; 

Siwicki and Bishop, 1986). 

our results imply that a single neurotransmitter, ACh, 

plays multiple but coherent roles in the functional 

organization of the neuronal network subserving contrast 

detection. Neurochemical and pharmacological studies in the 

lobster postural control system (Harris-Warrick and Kravitz, 

1984; Harris-Warrick, 1985) and the lobster stomatogastric 

ganglion (Flamm and Harris-Warrick, 1986; Marder et al, 1987) 

suggest a similar capacity for multiple concerted actions for 

serotonin, octopamine and dopamine. 



III. ACETYLCHOLINE AND GABA MEDIATE OPPOSING ACTIONS 

ON NEURONAL CHLORIDE CHANNELS IN CRAYFISH 

(Published 1989, Science 245: 1249-1251). 
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Tangential cells (Tan) are a ubiquitous class of 

centrifugal interneurons in the optic lobes of arthropods 

(Strausfeld and Nassel, 1981; Wang-Bennett and Glantz, 1987b). 

Tan cells convey signals from dendrites in the second optic 

neuromere, the medulla externa, through a terminal 

arborization in the first optic neuromere, the lamina 

ganglionaris, Fig. 2la. The medulla is a rich source of 

acetylcholine (ACh) and GABA in several arthropods (Gorczyka 

and Hall, 1987; Romberg, 1987) including crayfish (Garcia and 

Arechiga, 1986; Wang-Bennett et al, 1989). GABA-like 

immunoreactivity is observed in the neurons entering the 

medulla from the lamina (Fig. 2lb) and in columnar neurons 

within the medulla, Fig. 2lc. The distribution of both 

transmitters is coextensive with the dendrites of Tan cells. 

The Tan cells respond to an increment of illumination 

with a graded, hyperpolarization (PSP) of 10-20 mV which 

decays to a smaller plateau, Fig. 22a (Kirk et al, 1982) . The 

Tan cell's input conductance (Gn) changes in parallel with the 

PSP; increasing at light onset (by 58±18%, S.E. n = 10) and 

then decreasing toward a smaller value (17±10% above resting 

Gn), Fig. 22b. 

Pharmacological analysis indicates that the light 
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FIGURE 21 

A. A TAN1 cell reconstruction derived from a neuron injected 

with horseradish peroxidase in the external chiasm (CH) of 

crayfish optic lobe. The dendrite penetrates the medulla 

externa (ME) and an extensive terminal arborization innervates 

the lamina ganglionaris (LG) . A sketch of a lamina monopolar 

neuron (M) is included to indicate the location of a typical 

columnar cell with a decussating axon in the chiasm. The 

scale is 100 ~m and also applies to (B) and (C). Cornea, C; 

retinular cell layer, R. Modified from Wang-Bennett and 

Glantz (1987). B. The distribution of GABA-like 

immunoreactivity in the crayfish optic lobe detected with 

antisera to GABA-glutaryl-bovine serum albumin conjugate (24-

hour incubation) (Chemicon and T. Kingan) and visualized with 

goat antiserum to rabbit immunoglobulin G conjugated to 

fluorescein isothiocyanate (3-day incubation). Observable 

reactivity is entirely suppressed by absorption of rabbit 

antiserum with antigen. C. Distribution of GABA-like 

reactivity in the fine axons of the medulla externa 

(incubation with primary and secondary antisera was for 3 and 

9 days, respectively). 
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FIGURE 22 

Synaptic- and agonist-elicited potentials and conductances in 

TAN1 cells. A. Light-elicited synaptic potential. Bottom 

trace indicates stimulus timing in this and subsequent panels. 

B. Conductance changes during the light-evoked PSP, measured 

with -0.6 nA current pulses. Gn increases and then decreases 

during the synaptic response. c. The effect of 100 J..LM 

bicuculline (BIC, bottom trace) on the light-evoked response. 

Control PSP, top trace, shifted to the right for clarity. D. 

Hyperpolarizing response to 1. 0 J..LM ACh. E. Conductance 

increase elicited by 1.0 J..LM ACh measured with -0.75 nA current 

pulses. F. Depolarizing response elicited with 10 J..LM GABA, 

measured with -0.5 nA current pulses. G. Conductance change 

associated with a pressure injected GABA pulse. H. GABA 

response in 100 J..LM bicuculline (bottom trace) . Control 

response to 10 J..LM GABA, top trace. Scale, 10 mV and 1.0 s. 

except in (H), which is 5 rnv and 1.0 s. 
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elicited hyperpolarization and subsequent repolarization are 

mediated by ACh and GABA respectively. Neuronal nicotinic 

antagonists such as pempidine (Marder and Paupardin-Tritsch, 

1978; Pfeiffer and Glantz, 1989) (1.0 ~M) reduce the PSP by 

60-90%. Conversely, the GABAA competitive antagonist, 

bicuculline (McLennan, 1970), enhances the PSP and blocks the 

repolarization phase, Fig. 22c, lower trace. Bicuculline at 

100 ~M increases the amplitude of the plateau phase by 245±71% 

(n = 6). 

ACh and GABA were pressure-injected into the medullary 

neuropile in the presence of 2 0 mM CoC12 which blocks synaptic 

function in the optic lobe (Pfeiffer and Glantz, 1989). ACh 

( 1. 0 ~M) hyperpolarizes Tan cells (Pfeiffer and Glantz) , 

Fig. 22d, and substantially increases Gn (159±39%, n = 11}, 

Fig. 22e. The responses elicited with ACh and light have 

similar reversal potentials (Pfeiffer and Glantz, 1989), and 

the ACh-elicited responses are also blocked by nicotinic 

antagonists. 

GABA (10 ~M) depolarizes Tan cells by 5 to 15 mV, Fig. 

22f and reduces Gn (56 ±6%, n = 8) , Fig 22g. The GABA

elicited response is blocked by bicuculline, Fig. 22h, lower 

trace. 

Although the ACh- and GABA-elicited responses are quite 

distinct, they share a common sensitivity to variations in 

the chloride concentration gradient and to the presumptive 

chloride-channel blocker, picrotoxin (Takeuchi and Takeuchi, 



1969; Bretag, 1987). 
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When 85% of [Cl0 ] is replaced by 

sulfate, the membrane depolarizes from -30 mV to -16±3 mv. 

This is consistent with a modest resting chloride conductance 

(Get>. In low chloride the visual and ACh- and GABA-elicited 

responses are each diminished by 75%-78% (S.E.<10%, n = 5), 

(Fig. 23, top half,top traces), and the GABA-response may even 

be inverted (Fig. 23, GABA top trace). The reduced ACh 

response follows from the positive shift of the chloride 

equilibrium potential, Eel' and is consistent with the 

participation of a chloride conductance in the ACh-response. 

The reduction andjor reversal of the GABA-response is 

associated with both the shift in EeL and the chloride

dependent change in the membrane potential. 

At the crayfish neuromuscular junction, picrotoxin is 

a non-competitive GABA antagonist (Takeuchi and Takeuchi, 

1969; Bretag, 1987) which blocks chloride channels (but see 

Marder and Paupardin-Tritsch, 1980 for exceptions). In Tan 

cells, 100 ~M picrotoxin produces a 10 to 15 mV depolarization 

and a modest reduction in Gn. Picrotoxin also reduces the 

light-, ACh- and GABA responses by 84 to 100%, (Fig. 23, lower 

half, top traces). This result implicates a chloride 

conductance in both the ACh- and GABA-elicited responses. 

Thus, the responses to ACh and the natural 

hyperpolarizing transmitter share a common sensitivity to 

nicotinic antagonists, a similar reversal potential, 

sensitivity to [Cl0 ] and picrotoxin, and both responses are 
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FIGURE 23 

(Top half) An 85% reduction in extracellular Cl 

concentration (top traces) diminishes light-, ACh- and GABA

elicited responses. (Bottom half) Picrotoxin (PTX) at 100 

J.LM (top traces) reduces visual-, ACh- and GABA-elicited 

responses. Scale is 5 mV and 1.0 s., except in the top left 

panel where it is 10 mV and 1.0 s. 
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associated with an increase in Gn. Similarly, the responses 

to GABA and the natural depolarizing transmitter share a 

common sensitivity to bicuculline and picrotoxin and both 

responses are associated with a decrease in Gn. If the two 

transmitters act on independent channels, then the increased 

resistance and depolarization associated with the GABA

elicited response should enhance a concurrent ACh-elicited 

response. Exactly the opposite occurs, indicating that the 

two transmitters act, at least in part, on the same channels. 

GABA significantly reduces the ACh-elicited hyperpolarization 

(74±7%, n = 5, p<.01) (Fig. 24a, top trace). A similar 

conclusion is supported by the agonist elicited changes in 

Gn. The average Tan cell resting Gn is 8. 3±1. 3 x 10-8 S (n=19). 

ACh (1.0 ~M) increases Gn by 13.4±3.3 x 10-8 S (n=11) and 10 

~M GABA elicits a decrease of 3.9±0.6 x 10-8 S (n=8). If the 

two agonists were acting upon independent conductances, then 

concurrent action would produce a measurable increase in Gn. 

In fact, superposing ACh and GABA produces a significant 

decline in Gn (by 42±12%, n = 7, p<. 01) (Fig. 24b). These 

results imply that GABA is closing at least some of the 

channels opened by ACh. Thus, the two transmitters exert 

opposing actions on the same or an overlapping population of 

ionic channels. Consistent with this inference, the GABA

elicited depolarizing response is enhanced when additional 

chloride channels are opened during the PSP (Fig. 24c, lower 

trace). Conversely, in the absence of Co++, bicuculline 
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enhances the ACh-elicited hyperpolarization by 86±3% (n = 3) 

(Fig. 24d, lower trace). The latter result implies that GABA 

is acting on "resting" Tan cells. Bicuculline blocks the 

action of the endogenous GABA and thus enhances the action of 

ACh. 

Two aspects of our results have been anticipated by 

previous studies. In about 20% of crayfish neuromuscular 

junctions, GABA (Finger, 1983) and glycine (Franke et al, 

1986; Zufall, 1988) mediate a decrease in GeL as we have 

observed in Tan cells. Furthermore, there are several reports 

in which two or more neurotransmitters appear to act on the 

same receptor-ion channel complex. In each instance however, 

the results imply a facilitating or mimicking action. Thus, 

glutamate, ACh and glycine mimic the action of GABA at some 

GABA receptors at crayfish neuromuscular junction (Franke et 

al, 1986; Zufall, 1988). Glycine is a cofactor for the action 

of glutamate at mammalian NMDA-type glutamate receptors 

(Johnson and Ascher, 1987; Kleckner and Dingledine, 1988; 

Thompson et al, 1989) and glutamate potentiates the action of 

GABA in hippocampal neurons (Stelzer and Wong, 1989). 

An important principle of synaptic integration is that 

excitatory and inhibitory postsynaptic events are mediated by 

distinct and independent ionic channels which in turn gate 

currents driven by well separated equilibrium potentials. 

Integration is achieved by the summation of the opposing 

currents on the postsynaptic membrane (Eccles, 1957). The 
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FIGURE 24 

Antagonist interactions. A. The effect of superimposing an 

ACh pulse on a longer GABA pulse, G (top trace). Arrow 

indicates the attenuated ACh response. B. Conductance 

measurements during the superposition of a GABA pulse, G, on 

a longer ACh pulse. Gn was probed with -0.5 nA pulses. C. 

The GABA (G)-elicited response (control, top trace) is 

enhanced during the hyperpolarizing light (L) response. D. 

The ACh-elicited response is enhanced in 100 ~M bicuculline 

(BIC) (bottom trace). ACh and GABA are at 1.0 ~M and 10 ~M, 

respectively, throughout. Scale is 1.0 s and 10 mv. 
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significance of the present finding is that the antagonistic 

actions of two transmitters, ACh and GABA, are expressed by 

opposing effects on identical or an overlapping subset of 

ionic channels. This inference implies that either the 

receptor contains binding sites for both ACh and GABA, or that 

two populations of receptors are coupled to the same 

population of chloride channels. It is also possible that 

each of the two transmitters independently gates the channel 

or that one of the two transmitters effects the binding of the 

other. 



IV. A NEURAL-LIKE NICOTINIC ACETYLCHOLINE RECEPTOR 

IN CRAYFISH NEURONS 

A. INTRODUCTION 
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The best known nicotinic acetylcholine receptors ( nAChRs) 

are associated with the vertebrate muscle and electroplax 

endplate and are characterized by a high sensitivity to a

bungarotoxin (a-BTX), cobratoxin (COTX) and d-tubocurarine 

(McCarthy et al, 1986; Maelicke and Reich, 1975). The 

neuronal nAChRs of birds and mammals are insensitive to these 

endplate blockers (Patrick and Stallcup, 1977; Boulter et al, 

1986; Schmidt, 1988) but have high affinity for F-toxin 

(Ravdin and Berg; 1979; Boulter et al, 1987) (a minor 

component of the venom of Bungarus multicinctus) and 

neosurugatoxin (from the Japanese ivory mollusc) (Hayashi et 

al, 1984; Wonnacott et al 1987). Additionally, neuronal 

nAChRs exhibit a ganglionic nicotinic profile with high 

sensitivity to cholinergic blockers such as pempidine and 

mecamylamine (Schmidt, 1988; Wonnacott et al, 1987). 

There is still considerable confusion regarding the 

occurrence of either or both types of nAChR in invertebrates 

(Schmidt, 1988). A number of studies, particularly in insects 

(Donnellan et al, 1975; David and Sattelle, 1984; Callec, 

1985) suggest that some AChRs exhibit mixed nicotinic and 

muscarinic properties. Although the evidence is still 

incomplete, other reports suggest that arthropods also exhibit 
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at least two classes of nicotinic receptors. Pharmacological 

studies in cockroaches (Sattelle et al, 1983; Blagburn and 

Sattelle, 1987) indicate the presence of nAChRs sensitive to 

a-BTX and curare. Furthermore, a-BTX has been used to isolate 

receptors from locust nerve tissue (Breer et al, 1985). 

Grasshoppers (Goodman and Spitzer, 1980) and flies (Mansour 

et al, 1977) however, reveal a nAChR that is insensitive to 

a-BTX and the drosophila receptor subunits are most homologous 

to the a-subunit of vertebrate neuronal nAChR (Hermans

Borgmeyer et al, 1986; Bossy et al, 1988). More recently, 

Chiappinelli et. al. (1985) have observed comparable 

sensitivity to F-toxin and a-BTX at the synapse between cereal 

afferents and a giant interneuron in the cockroach central 

nervous system. This result raises some questions regarding 

the specificity of toxin binding to subtypes of nAChRs in 

insects. Crustacea also exhibit a-BTX-sensitive (lobster, 

Marder, 1976) and a-BTX-insensitive nAChRs (crab, Marder and 

Paupardin-Tritsch, 1980). With the exception of cockroach, 

little is known however, regarding the sensitivity of 

arthropod nAChRs to toxins which block the neural nAChRs of 

birds and mammals. Here we show that in the crayfish optic 

lobe the nAChRs of both hyperpolarizing tangential cells and 

depolarizing amacrine neurons are blocked by nanomolar 

concentrations of F-toxin and neosurugatoxin. Furthermore, 

both cell classes are insensitive to a-neurotoxins. 
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B. MATERIALS AND METHODS 

Adult crayfish, Procambarus clarkii, of about 10 em in 

length were prepared as in Pfeiffer and Glantz (1989). 

Animals were exsanguinated by exchange with chilled (4° C), 

oxygenated saline for 90 minutes and then clamped in a 

plexiglass recording chamber. The dorsal cuticle of the 

eyestalk was removed and the optic lobe was desheathed. The 

preparation was maintained at 13° c. 

Micropipettes, back-filled with 3.0 M potassium acetate, 

had resistances of 80 - 120 Mn. Signals were recorded with an 

electrometer amplifier (WPI M707), stored on an FM tape 

recorder (Vetter) and printed out on a Gould chart recorder. 

All recordings were obtained with intradendritic 

impalements within the neuropile of the medulla externa 

(second optic neuromere). Two classes of previously 

identified visual interneurons (Waldrop and Glantz, 1985; 

Wang-Bennett and Glantz, 1987) were examined; tangential cells 

(Tan1) and medullary amacrine neurons. 

Light pulses were derived from a quartz-halogen lamp, 

timed by an electromagnetic shutter (Vincent Associates) and 

delivered to the eye through a neutral density wedge and fiber 

optic light guide. 

Agonists were pressure injected into the optic lobe 

neuropile with micropipettes calibrated to deliver 50 to 100 

pl volumes during a controlled pressure pulse. The pipette 

was placed within 200 JLm of the recording site. Toxins, 
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antagonists and CoC12 were injected in 0.1 to 0.3 ~1 volumes. 

Since the volume of the injected neuromere is about 0.2 ~1 we 

assume that the above agents were acting at about or slightly 

less than the injected concentrations. The effects of all 

antagonists and toxins on physiological PSPs were tested with 

supramaximal light pulses which elicited saturating amplitudes 

of the synaptic potentials. 

Acetylcholine chloride and d-tubocurarine were obtained 

from Sigma (St. Louis). Pempidine was obtained from Aldrich 

(Milwaukee). a-Bungarotoxin and F-toxin (also known ask-toxin 

and Bungarotoxin 3.1, Ravdin and Berg, 1979) were obtained 

from Calbiochem (San Diego). The toxins were purified to >99% 

by the supplier with SDS-PAGE. The a-neurotoxin from cobra 

venom, neosurugatoxin and some of the F-toxin used in this 

study were kindly supplied by Dr. James Patrick of Baylor 

College of Medicine (Houston) . The actions of the F-toxin from 

the two sources were indistinguishable both qualitatively and 

quantitatively. 
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C. RESULTS 

In the interneurons of the crayfish optic lobe, visually

elicited postsynaptic potentials (PSPs) in hyperpolarizing 

tangential cells and depolarizing amacrine neurons are 

mediated by ACh. The tangential cell (Tanl) hyperpolarizing 

response is mediated by a chloride conductance and the 

receptor exhibits a ganglionic nicotinic pharmacological 

profile with respect to antagonists (Pfeiffer and Glantz, 

1989). Fig. 25 shows comparable, approximately half-maximal 

responses in Tan 1 elicited with a light pulse (PSP), 1.0 ~M 

ACh and 10 nM nicotine. 

The Tanl hyperpolarizing PSP, Fig. 26 (first column, 

control PSP) is associated with an increased conductance to 

chloride. The ACh- elicited response, Fig. 26 (second column, 

control ACh) has the same reversal potential and chloride 

dependence as the PSP (Pfeiffer and Glantz, 1989) and persists 

unaltered following synaptic blockade with 20 mM CoC12 • 

The right-hand panels of Fig. 26 indicate that the Tanl 

synaptic and ACh-elicited potentials are diminished by 80 to 

90% by 0.5 nM neosurugatoxin (NSTX, Fig. 26), 10 nM F-toxin 

and 1.0 ~M pempidine. The lower half of Fig. 26 indicates 

that the responses are essentially unaffected by 10 nM a-BTX 

and 0.1 ~M COTX. 

At high concentrations a-BTX (100 nM) and COTX (1.0 ~M) 

produce a variable enhancement of both the PSP and the ACh

elicited response. The enhancement of the ACh-elicited 
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FIGURE 25 

TAN1 half-maximal responses to light (PSP), 1.0 ~MACh and 10 

nM nicotine. The saturating PSP amplitude in TAN1 is = -20 

mv. Scale factor is 10 mV and .5 s. 
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FIGURE 26 

Light-elicited PSPs and ACh-elicited responses of crayfish 

tangential neurons in the absence and presence of each of six 

nicotinic cholinergic antagonists: 1. o nM neosurugatoxin 

(NSTX); 10 nM F-toxin; 1.0 ~M pempidine; 10 nM a-Bungarotoxin 

( a-BTX) ; 100 nM cobra a-neurotoxin ( COTX) ; and 0.1 mM d-

tubocurarine (curare). The left hand panels are control 

responses. Right hand panels are responses in the presence 

of antagonist. The horizontal bars indicate the timing of the 

light pulse for PSPs and the timing of the ACh pressure pulse 

for ACh-elicited responses. The data in each row are samples 

of typical responses from a single neuron. Each antagonists 

was tested a minimum of 3 to 5 times at each of several 

concentrations. Scale factor is 10 mV and 1.0 s except for 

the a-BTX row which is 5.0 mV and 1.0 s. 
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response by 0.1 ~M a-BTX is blocked by cobalt (Fig. 27) and 

is thus presynaptic in origin. This result implies that there 

is an a-Bungarotoxin-sensitive process in the Tan1 visual 

pathway. The augmentation produced by the toxin could be due 

to the block of an ACh-mediated inhibition. D-tubocurarine 

is ineffective on Tan1 synaptic and ACh-elicited responses at 

10 ~M (not shown) but at 100 ~M, it reduces the Tan1 responses 

by 30 to 50%, Fig. 26. At 1.0 mM curare produces a 50 to 80% 

reduction in the PSP (data not shown). 

Fig. 28 shows the percent reduction of Tan cell synaptic 

(Fig. 28a) and ACh-elicited (Fig. 28b) responses as a function 

of the concentration of NSTX (solid line) and F-Toxin. The 

half-maximal blocking effects of NSTX and F-toxin are at about 

0.3 and 3.0 nM respectively. These concentrations are about 

10 - 50% of the blocking concentrations of NSTX in rat 

autonomic ganglia (Hayashi et al, 1984) and of F-toxin in 

chick ciliary ganglion (Ravdin and Berg, 1979). The strongly 

correlated effects of each toxin on the synaptic and ACh

elicited responses (r=0.90) lends additional support to the 

inference that the target nAChR is a component of the Tan1 

functional synapse. 

The nonspiking, medullary amacrine cells exhibit graded 

depolarizing PSPs in response to increments in retinular 

illumination (Waldrop and Glantz, 1985). These responses are 

associated with an increase in membrane conductance and a 

reversal potential of about -23mV (Pfeiffer and Glantz, 1989) 
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FIGURE 27 

a-Bungarotoxin at 0.1 ~M enhances the PSP (top row) and ACh

elicited responses (bottom row) but the enhancement of the 

ACh-elicited response is blocked along with the PSP by 20 mM 

CoC12 • Scale is 10 mV and 1.0 s. 
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FIGURE 28 

Inhibition of the tangential cell PSP (A) and ACh-elicited 

responses (B) as a function of the concentration of 

neosurugatoxin (solid line) and F-toxin. Each data point 

represents the mean of two or three observations per 

preparation on two to four preparations. The vertical bars 

indicate ± the standard deviation of the mean. 
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which is about 45 mV above the resting potential. 

features are consistent with a cationic conductance. 
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These 

The depolarizing PSP of the amacrine cell exhibits a 

nicotinic pharmacological profile, Fig. 29, that is similar 

to that of Tanl. The amacrine cell response to 1. 0 IJ.M ACh has 

the same reversal potential as the light-evoked PSP and 

persists in 20 mM CoC12 (Pfeiffer and Glantz, 1989). F-toxin 

(10 nM) completely blocks the ACh-elicited response and 

reduces the synaptic potential by 80-90%, Fig. 29. Pempidine 

(1.0 IJ.M) also reduces the synaptic and ACh-elicited responses 

by 80-90% (Fig. 29). Conversely, 100 nM a-BTX is ineffective 

on the PSP and enhances the ACh-elicited response by an 

indirect action as observed with Tan1 neurons (Fig. 27). 

curare (100 IJ.M) reduces the synaptic and ACh-elicited 

responses by 30 to 50%. 

D. DISCUSSION 

Various toxins and a-BTX in particular, have been 

important in the analysis of nAChRs. The toxins provide an 

essential link between the physiologically and biochemically 

characterized receptors (Boulter et al, 1986; Breer et al, 

1985). The inability of a-BTX to bind or block mammalian 

neural nAChRs is a useful means to distinguish neural from 

endplate type nAChRs (Carbonetto et al, 1978; Boulter et al, 

1987; Betz and Pfeiffer, 1984). Conversely, the binding and 

blocking characteristics of F-toxin and neosurugatoxin provide 

• 



138 

FIGURE 29 

Light-elicited PSPs andACh-elicited responses in depolarizing 

amacrine neurons in the absence and presence of four nicotinic 

cholinergic antagonists: 10 nM F-toxin; 100 nM a-BTX; 1.0 ~M 

pempidine; and 0.1 mM d-tubocurarine. Scale factor is 10 mV 

and 1.0 s. except for the rightmost panel of the a-BTX data 

which is 50.0 mV and 1.0 s. 
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a selective positive probe for mammalian neural nAChRs. 

There is extensive evidence of a-BTX binding sites in 

arthropod nerve tissue (Schmidt-Nielsen et al, 1977; Maxwell 

and Hildebrand, 1981; Ikeda and Salvaterra, 1989) and in a 

few instances (e.g. cockroach (Sattelle et al, 1983; Carr and 

Fourtner, 1980) and locust (Hanke and Breer, 1986) there is 

corroborating physiological evidence that a-BTX blocks the 

functional nAChR. There are many instances however of 

arthropod nAChRs that are insensitive to a-BTX. These 

receptors are described in lobsters (Konishi and Kravitz, 

1978), crabs (Marder and Paupardin-Tritsch, 1980), houseflies 

(Mansour et al, 1980), drosophila (M. Tanouye, Personal 

communication) and locust (Goodman and Spitzer, 1980). In crab 

foregut muscle, the receptors have a ganglionic nicotinic 

pharmacological profile similar to that in crayfish optic lobe 

neurons and mammalian nerve tissue. 

The similarity of Tan1 and amacrine cell toxicological 

profiles indicates that the toxins are not merely blocking 

chloride channels as previously observed with a-BTX in Aplysia 

(Ono and Salvaterra, 1981). Furthermore, these data also 

indicate that nAChRs with the same or very similar 

pharmacological and toxicological profiles, may be coupled to 

both chloride and cationic channels. The association of a 

nAChR with a chloride and cationic channels, as observed in 

Tan1 and amacrine cells, was previously established in Aplysia 

(Kehoe, 1972). In mammals, nAChRs appear to be associated 
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exclusively with cationic channels. 

The pharmacological and toxicological properties of 

crayfish neurons provide functional evidence of a nAChR with 

ligand binding properties similar to the nAChR of chick and 

mammals. To the extent that the ligand binding properties 

reflect the underlying molecular structure of the receptor, 

the results support the presence of a neural-like nAChR in 

crayfish neurons. Taken together with the previous findings 

in other arthropods, these results raise the possibility that 

both neural and endplate types of nAChRs are widespread in 

arthropods and that certain distinguishing features (e.g., 

toxin binding properties) within the family of nAChRs have a 

broad distribution and have been conserved through much of 

the evolution of nervous systems. 



V. GABA-MEDIATED EFFECTS ON FOUR INTERNEURONS IN 

THE CRAYFISH MEDULLA 

A. INTRODUCTION 
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Inhibition and disinhibition play key roles in processing 

information by central neurons. The principle cells of many 

neural systems (e.g. the retina) are held in check by the 

tonic action of antagonistic neurons. Gamma-aminobutyric acid 

(GABA) is an inhibitory transmitter at the crayfish stretch 

receptor (Bazemore et. al., 1957; Kuffler and Edwards, 1958 

and Edwards, 1960), the crustacean neuromuscular junction 

(Kravitz et. al., 1965, 1966; Takeuchi and Takeuchi, 1965 and 

Takeuchi, 1976) and in the central nervous system of mammals 

(Krnjevic and Schwartz, 1966; Dreifuss et. al., 1969 and Adams 

and Brown, 1973) and arthropods (Pitman and Kerkut, 1970; 

Kehoe and Marder, 1976 and Waldrop et. al., 1987). Recently, 

high levels of GABA have been localized in the second optic 

neuropile of the crayfish, Procambarus clarkii using 

biochemical (Garcia and Arechiga, 1986) and immunocytochemical 

techniques (Pfeiffer-Linn and Glantz, 1989b). In this study 

of the crayfish optic lobe, we analyze the functional role of 

GABA on a neural network in the second optic neuropile, the 

medulla externa. 

This neural network involves four noncolumnar neurons 

which can be functionally distinguished with intracellular 

recording. These include sustaining fibers (SFs), dimming 
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fibers {DF), tangential neurons {TAN1) and amacrine cells. 

SFs respond to light with a compound EPSP and sustained 

discharge and constitute one class of principal output cell 

of the medulla externa. The dimming fibers constitute a 

second class of medullary output neuron whose visual response 

is mediated by a compound IPSP which diminishes a tonic 

discharge. Together, the SFs and DFs constitute a dual 

channel mechanism for detecting contrast {Yamaguchi and 

Ohtsuka, 1973). Visual stimulation at any point on the 

crayfish cornea excites a subset of SFs and inhibits a subset 

of DFs which have overlapping receptive fields. Tangential 

neurons and amacrine cells are also involved in this neural 

network. TAN1 

hyperpolarization. 

responds to light with a biphasic 

Direct hyperpolarization of these cells 

increases firing rates in the SFs {Wang-Bennett and Glantz, 

1987). The amacrine cells are graded depolarizing 

interneurons localized in the medulla externa. Extrinsic 

depolarization of these cells inhibits the excitatory pathway 

to the SFs and indirectly excites the DFs {Waldrop and Glantz, 

1985). Taken together, these four cells constitute a neural 

network in the medulla externa which acts to increase contrast 

detection. A generalized structure of each of these cells is 

illustrated in Figure 30. 

Immunocytochemical studies indicate that GABA, ACh and 

glutamate appear to be contained in different subsets of the 

columnar transmedullary neurons of the medulla externa 
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FIGURE 30 

Morphological representation of each medullary cell type 

described. Modified from Wang-Bennett and Glantz, 1987. 

Symbols represent: Basement membrane (BM); medullary amacrine 

cell (MA) ; tangential cell (TAN1) ; transmedullary neuron (TM) ; 

dimming fiber (DF) and sustaining fiber (SF). Scale is 100 

J.Lm. 
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(Pfeiffer and Glantz, 1989: Pfeiffer-Linn and Glantz, 1989a,b 

and Wang-Bennett et. al., 1989). Furthermore, high levels of 

GABA are also found in lamina monopolar cells which project 

throughout the distal half of the medulla externa. Since the 

dendrites of the multicolumnar cells intersect or are in close 

proximity to the neurites of the lamina monopolar cells and 

the transmedullary neurons (Kirk et. al., 1982: Waldrop and 

Glantz, 1985 and Wang-Bennett and Glantz, 1989b), we tested 

the effect of GABA, ACh and glutamate on each cell type and 

on the medullary neural network. our results suggest that 

each of the analyzed cells in the medulla externa receives two 

antagonistic neurotransmitter inputs. ACh or glutamate 

provide the excitatory stimulus and GABA antagonizes this 

action using a variety of mechanisms. In the neuronal 

network, these neurotransmitters play a major role in the 

functional organization of the medulla externa by effecting 

multiple sites. 



MATERIALS AND METHODS 

Physiological Preparation 
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Adult crayfish were prepared as in Kirk (1982) and 

Pfeiffer and Glantz (1989). Procambarus clarkii were slowly 

exsanguinated with 4° C. oxygenated saline, over a period of 

two hours through a 1.0 cm2 opening in the carapace over the 

pericardia! cavity. The eye was cemented to the adjacent 

cephalic carapace and the animal was mounted in a Plexiglas 

chamber filled with oxygenated saline. The dorsal cuticle and 

hypodermis of the eyestalk were removed to expose the medulla 

externa. The bath temperature was maintained at 15° C. with 

a cooling coil. 

Micropipettes used for intracellular recording were 

pulled on a Campden microelectrode puller yielding tip 

resistances of 100-150 megohm in 3M potassium acetate. All 

recordings were obtained with intradendritic impalements 

within the neuropil of the medulla externa. Signals were 

recorded with an electrometer amplifier (WPI M707), stored on 

a Vetter FM tape recorder and printed out on a Gould chart 

recorder. Impaled cells were identified in accordance with 

previously established criteria (Kirk et. al., 1982; Waldrop 

and Glantz, 1985 and Wang-Bennett and Glantz, 1989a,b) or by 

iontophoresis of Lucifer Yellow into the cell (Stewart, 1978). 

Visual stimuli were delivered to the eye with a 6 V microscope 

illuminator focused through a condenser lens to illuminate the 
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crayfish eye. Light intensity was controlled with neutral 

density filters. 

Pharmacology 

All of the pharmacological agents tested were applied as 

in Pfeiffer-Linn and Glantz (1989a) via pressure 

microinjection from single or double barrelled micropipettes 

into the medulla externa. Agonists were injected directly 

into the medulla externa neuropile with pipette tips (< 5 uM) 

that delivered droplets with a maximum size of 50-60 uM in 

diameter (100 pl). Larger tips which delivered 0.5mm droplets 

were used for the application of antagonists or CoC12 • 

The pharmacological agents used in this study included 

ACh, carbachol, pempidine, neostigmine bromide, gamma

aminobutyric acid, muscimol, bicuculline and L-glutamic acid 

(from Sigma). Chemical synaptic transmission was blocked by 

microinjection of 20 mM CoC1 2 in calcium free crayfish saline. 

The cobalt typically produced a complete block of visually 

elicited synaptic events within 2-5 minutes. Cobalt also 

increased the membrane input resistance of each cell analyzed 

suggesting an effect on postsynaptic membranes also. However, 

in a number of cases described below, cobalt had no 

significant effect on the agonist-elicited response. 

RESULTS 

The following results present a pharmacological analysis 
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of amacrine cells, DFs and SFs based on methods similar to 

those used to analyze neurotransmitter interactions of TAN1 

(Pfeiffer-Linn and Glantz, 1989a). The pharmacological 

similarities and differences of all four cell types will be 

reviewed in the discussion. Each of the four cell types 

routinely impaled in the medulla externa was identified in 

accordance with the cell's unique physiological response to 

illumination. 

MEDULLARY AMACRINE CELL 

The amacrine cells are nonspiking, local interneurons of 

the medulla externa (Waldrop and Glantz, 1985). They have a 

broad bistratified dendritic arbor that occupies two 

transverse vertical planes (Kirk, 1982). Their receptive 

fields cover the entire cornea (Waldrop and Glantz, 1985) and 

they respond to light with a biphasic graded depolarization. 

Following an initial transient response, the depolarizing PSP 

decays to about 50% of its peak value (fig. 31). The input 

conductance of the amacrine cell increases in parallel with 

the depolarizing PSP (Waldrop and Glantz, 1985). 

The effects of ACh and carbachol on amacrine cells have 

been previously described in Pfeiffer and Glantz (1989). ACh 

elicits a depolarizing response associated with an increase 

in conductance and a reversal potential similar to that of the 

PSP. 

GABA appears to be an antagonistic inhibitory 
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FIGURE 31 

Action of three putative neurotransmitters on identified 

medullary interneurons. 

cell type is illustrated 

Control visual responses for each 

in the far left column. Bar at 

bottom of each PSP indicates the timing of the light pulse. 

Pressure injected transmitter effects on each of the four 

cells analyzed are demonstrated in the remaining three 

columns. Transmitter concentrations were used which produced 

half-maximal responses: acetylcholine (ACh; 10-~), gamma

aminobutyric acid (GABA; 10-5M) , and glutamate (10-5M) . 

Agonist responses obtained were not always from the control 

cell illustrated (ex. DF traces were obtained from three 

separate DFs in this figure) . Note that agonists do not 

reproduce the kinetics of the visual response due to the type 

of injection procedure and diffusion barriers. Bar at the 

bottom of each panel indicates timing of transmitter 

injection. Scale at lower right is 10 mV and 1 sec. 
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neurotransmitter to the amacrine neurons. When 10-5M GABA or 

10-~ muscimol is pressure injected into the medulla externa, 

amacrine cells respond with a small depolarizing PSP. Unlike 

the ACh-elicited response, however, the GABA response is never 

more than +5 mV (2-3 mV is typical) (fig. 31) and the reversal 

potential for the GABA-elicited response is within 5 mV of the 

resting potential (fig. 32). Thus, GABA appears to inhibit 

the amacrine cells via a depolarizing IPSP. When 20 mM cobalt 

is applied to the eyecup preparation, the amacrine cell's 

membrane potential gradually depolarizes by 10-15 mV and the 

GABA-elicited response is inverted to a hyperpolarization 

(fig. 33B). When the membrane potential is brought back with 

extrinsic current, GABA again elicits a depolarizing PSP (fig. 

33C). The GABA-elicited response is associated with an 

increase in conductance (79 +/- 60% SD N=3) (fig. 34C) when 

measured following synaptic blockade with 20 mM cobalt. 

GABA also has a large presynaptic effects on amacrine 

cells. When GABA is superimposed on the amacrine cell's 

visual PSP (in the absence of cobalt), GABA elicited a 

depolarizing PSP on top of the light response (in 4 out of 

5 cases) (fig. 33E). The response polarity is opposite that 

observed for a depolarized cell in cobalt. This result 

implies that GABA has a presynaptic excitatory effect on the 

amacrine cells. Although it has previously been demonstrated 

that the amacrine cell's depolarizing PSP is mediated by ACh 

(Pfeiffer and Glantz, 1989), 10-4M bicuculline blocks the light 
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FIGURE 32 

Reversal potential of medullary amacrine cell (MA) response 

to GABA. Membrane resting potential is -65 mV. The GABA

elicited response amplitude (filled circles) were plotted 

versus membrane potential. 

least squares regression. 

The solid line represents the 
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response by 94% suggesting strong GABAergic excitation of the 

cholinergic inputs to the amacrine cells (fig.33F). The most 

likely source of this GABAergic presynaptic input (lamina 

monopolar cells) will be reviewed in the discussion. 

Lastly, the interaction of ACh and GABA on amacrine cells 

were analyzed in the presence of 20 mM cobalt. In these 

experiments, ACh and GABA were pressure injected into the 

medulla externa from a double barrelled electrode to ensure 

injection of the two transmitters at a common site. If the 

two transmitters give rise to opposing ionic currents, then 

the concurrent action of ACh and GABA should mutually reduce 

their responses. The predicted results can be seen in fig. 

35 (left column). When GABA was superimposed on an ACh-

elicited response in the presence of 20 mM cobalt, the GABA

elicited response was always reduced (70.8 +/- 23.2% SEM N=6). 

Likewise, when ACh was applied during a GABA pulse, the ACh

elicited response diminished by an insignificant 13% (+/- 62% 

SEM N=6). The transmitter induced shift of membrane potential 

alone does not account for the diminished response (N=5). 

Rather, the combined effect of the induced membrane potential 

shift and the actions of two opposing ionic currents produce 

the diminished response in each case. 

Therefore, ACh and GABA have been shown to have direct 

antagonistic effects on amacrine cells. ACh is directly 

responsible for the depolarizing visual PSP elicited by a 

light stimulus. GABA has a direct antagonistic effect on the 
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FIGURE 33 

GABA elicits a depolarizing IPSP in medullary amacrine cells 

(MA). (Upper row) A. Control GABA response at rest. B. 

Response in 20 mM CoC12 • The response inversion is correlated 

with a 10 mV membrane depolarization. c. MA response to GABA 

in a cobalt treated prep (top trace). -1 nA injected current 

pulse (middle trace) brings the membrane potential to GABA 

Erev· -2 nA injected current (bottom trace) brings membrane 

potential back to rest. GABA not depolarizes the cell. Bar 

at bottom of each panel indicates timing of GABA application. 

(Lower row) D. Control MA light response (PSP). E. GABA 

pulse superimposed on PSP. F. MA light response in 10-4M 

bicuculline. Bar at the bottom of each panel represents the 

duration of the light stimulus. Scale is 10 mV and 1 sec. 
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FIGURE 34 

synaptic and agonist-elicited conductances in medullary 

amacrine cells (MA) and dimming fibers (DF) . A: conductance 

changes during DF light evoked PSP. The bar under the panel 

represents the timing of the light stimulus. B and 

c: conductance changes during GABA-elicited responses in DF 

and MA cells which have been treated with 20 mM CoC12 • All 

responses were measured with -0.5 nA current pulses. The bar 

under each trace indicates the duration of the GABA pulse. 

Scale is 10 mv and 1.0 sec. 
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FIGURE 35 

Antagonistic interactions. Left column (upper half) : control 

acetylcholine (ACh) and gamma-aminobutyric acid (GABA)

elicited responses in cobalt treated medullary amacrine cells 

(MA). (lower half): the effect of superimposing a GABA pulse 

(short bar) on a longer ACh pulse (long bar) and an ACh pulse 

on a longer GABA pulse in MA neurons. Right column (upper 

half): Control ACh and GABA-elicited responses in cobalt 

treated dimming fibers (DF). (lower half): Superimposing a 

GABA pulse (short bar) during a longer ACh pulse (long bar) 

and an ACh pulse during a long GABA pulse in DFs. Scale is 

10 mV and 1.0 sec. 
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ACh-elicited response but it is not yet clear whether GABA 

participates in the formation of the visual response as it 

does in TANl (see discussion). 

Glutamate has no direct effect on the medullary amacrine 

cells. In 4 out of 4 cases, pressure injecting 10-5M L

glutamic acid into the medulla externa had no effect on 

amacrine cells. Glutamate does, however, have a presynaptic 

action. When the glutamate antagonist, kynurenic acid (10-4M) 

was applied to the eyecup, the amacrine cell's light response 

tripled in amplitude. Dopamine, another transmitter localized 

in the medulla externa (Elofsson et al., 1972) , was also 

applied to amacrine cells but had no effect on the ACh

elicited response or on the visual PSP. 

DIMMING FIBERS 

Dimming fibers are small principal neurons whose 

dendrites are localized in the medulla externa (Kirk, 1982). 

Their light response is mediated by a compound IPSP that 

diminishes a spontaneous tonic discharge (fig. 31). 

ACh and carbachol elicit hyperpolarizing responses in the 

DFs in both the presence and absence of 20 mM cobalt (Pfeiffer 

and Glantz, 1989) (fig. 31). Thus, ACh appears to mediate the 

major component of the light-elicited PSP. In contrast, GABA 

elicits an antagonistic response in 9 of 11 cases. In 20 mM 

cobalt, GABA (10-5M) or muscimol (10-6M) always elicited a 

depolarization in the DFs (N=5) (fig. 31). When superimposed 
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on the hyperpolarizing visual PSP, GABA elicited a transient 

depolarization which acted to return the membrane potential 

back to rest (N=4). Whether GABA is actively involved in the 

formation of the visual response remains to be determined. 

Addition of 10-4M bicuculline to the eyecup blocks the DF 

visual response by 100% suggesting that there are presynaptic 

GABAergic pathways impinging on the cholinergic input neurons. 

The input conductance of DFs changes in parallel with the 

visual PSP. It increases at light onset by 83% +/- 19.2% (SEM 

N=4) and then decreases at a gradual rate until the stimulus 

is terminated (fig. 34A). In contrast to TANl, the GABA

elicited response recorded in DFs is associated with an 

increase in conductance (80.5 +/- 17.4% SD N=3) (fig. 348). 

If ACh and GABA are acting on the DFs through the activation 

of opposing ionic currents, then superimposing GABA on an ACh 

pulse should decrease the GABA-elicited response. The 

predicted results are illustrated in fig. 35 (right column). 

ACh decreases the GABA response by 77.8% (+/- 13% SEM N=5) and 

GABA reduces ACh-elicited responses by 63.2% (+/-24% SEM N=5). 

Other agents applied to the DFs included baclofen (GABA8 

receptor agonist), L-glutamic acid and dopamine. Baclofen 

elicited a depolarization in the DFs, but only in the absence 

of cobalt (N=3). L-glutamic acid also elicited a response in 

the DFs (2 hyperpolarizing responses and 1 depolarizing), but 

again, only in the absence of coc12 • When 10-~ dopamine was 

applied to the DFs, the membrane potential slowly 
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hyperpolarized over a period of three minutes bringing the 

membrane potential to the visual and ACh-elicited response 

reversal potential. Light stimulation or agonist application 

to the DFs in this condition produced no change in membrane 

potential. 

SUSTAINING FIBERS 

Of the four multicolumnar medullary cells, the sustaining 

fibers (SFs) are the best known. There are fourteen 

identifiable SFs which are segregated by their visual 

receptive fields (Wiersma and Yamaguchi, 1967) and the 

morphological distribution of their dendrites in the medulla 

externa (Kirk et. al., 1982a). The SFs respond to light with 

a depolarizing tonic discharge whose frequency is related to 

the amplitude of the graded EPSP (Kirk et. al., 1982a) (fig. 

31). SFs are the principal output cells of the medulla 

externa and appear to be physiologically influenced by two of 

the other multicolumnar cells in the medulla externa; TAN1 and 

amacrine cells. Tangential cell hyperpolarization indirectly 

excites the SF (Wang-Bennett and Glantz, 1987) and medullary 

amacrine cell depolarization presynaptically inhibits cells 

in the SF visual pathway (Waldrop and Glantz, 1985). Because 

of these presynaptic actions, injection of putative 

neurotransmitters produces a mixture of pre- and postsynaptic 

agonist-elicited responses as reported by Pfeiffer and Glantz, 

1989. As a result, all agonists applied to the SFs in this 
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Like TANl 

amacrine cells and DFs, the SFs also appear to be innervated 

by two antagonistic neurotransmitters. L-glutamic acid 

appears to mimic the natural excitatory transmitter (Pfeiffer

Linn and Glantz, 1989b) (fig. 31) and ACh directly inhibits 

the SFs. 

The SFs, therefore, appear to be innervated by two 

antagonistic neurotransmitters as demonstrated in the other 

medullary cell types as well. L-glutamic acid provides the 

excitatory input and ACh mediates a hyperpolarizing inhibitory 

influence. In this case, GABA does not play a direct 

inhibitory role. Rather, its role appears to be entirely 

presynaptic although its effects on the SFs in the intact 

neuropile is profound. 

Fig. 36 demonstrates the effect of GABA on the SFs. When 

10-~ GABA or 10-7M muscimol is applied to the medulla externa 

in the absence of light, 8 of 13 impaled cells exhibit no 

response (fig. 36B) (2 cells produced a hyperpolarization; 3 

cells depolarized). In 6 of these 8 cases in which direct 

action was · not observed, however, GABA elicited a 

hyperpolarization if it was superimposed on the depolarizing 

PSP (fig. 3 6C) . The postsynaptic depolarization is not 

responsible for this effect. A current of 2 nA (either 

polarity) injected into the SF in the dark produces a 10 to 

20 mV shift in membrane potential but it is not sufficient to 

reveal a GABA response (fig. 36D). This suggests that GABA 
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FIGURE 36 

GABA's presynaptic action on sustaining fibers (SFs). A. 

Control SF light response (PSP). B. SF response to 10 ~M 

gamma-aminobutyric acid (GABA) applied at rest. c. 

Superimposing a GABA pulse during a SF PSP. D. -2 nA 

injected current during a GABA pulse. The lower bar in panel 

A and C represents the timing of the light stimulus. The bars 

in B and C (smaller bar) represent application of GABA. Scale 

is 10 mV and 1.0 sec. 
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acts presynaptically and does not have a direct inhibitory 

effect on the SFs. This inference is further supported by the 

action of bicuculline (10-4M) which increased the SF light 

response by an average of 350% (N=3). Thus, GABA plays a 

major role in modulating the amplitude of the visual signal 

conveyed to the SFs but its effect is indirect. 

DISCUSSION 

In this study, we have examined 

properties of GABA' s synaptic action 

the pharmacological 

in four classes of 

mul ticolumnar medullary interneurons. The results demonstrate 

that each of the cells analyzed receives two antagonistic 

neurotransmitter inputs consisting of pairwise combinations 

of ACh, GABA and glutamate. In all cases, ACh has a direct 

effect on the medullary interneurons and GABA has either a 

direct or presynaptic inhibitory role. GABA antagonized the 

excitatory neurotransmitter in each cell by one of three 

different mechanisms. Glutamate was found to be the sole 

excitatory neurotransmitter to the SFs and affected no other 

medullary neuron. 

TANl cells are a class of centrifugal interneurons which 

convey signals from dendrites in the second optic ganglia to 

the first optic ganglia, the lamina ganglionaris (Wang-Bennett 

and Glantz, 1987b). TANl responds to light with a 
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hyperpolarizing PSP of 5-20 mV which decays to a smaller 

plateau (fig. 31). The pharmacological analysis of TAN1 

(Pfeiffer-Linn and Glantz, 1989a) , demonstrates that the 

light-elicited hyperpolarizing PSP is mediated by ACH which 

hyperpolarizes the cell (fig. 31) and this response persists 

following synaptic blockade with 20 mM cobalt chloride. The 

ACh-elicited response has the same reversal potential as the 

visual PSP and is associated with a similar conductance 

increase. Unlike vertebrate ACh receptors, the tangential ACh 

receptor activates a chloride conductance. However, the 

pharmacological and toxicological profiles of this receptor 

closely resembles that of the mammalian neuronal nicotinic 

receptors (Pfeiffer-Linn and Glantz, in preparation) . The ACh 

response is antagonized by GABA and the GABA antagonist 

bicuculline blocks the repolarizing phase of the light

elicited PSP (Pfeiffer-Linn and Glantz, 1989). By itself, 

GABA elicits a chloride dependent depolarization and a 

reduction in input conductance. GABA appears to act by 

closing the same channels which are opened by ACh. 

AMACRINE CELLS 

Amacrine cells respond to light with a depolarization which 

is mimicked by ACh in the absence or presence of cobalt 

chloride. Both the visual PSP and ACh-elicited response are 

associated with a similar increase in membrane conductance 

and share similar reversal potentials. A pharmacological and 
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toxicological study of the amacrine cell ACh receptor 

demonstrate that it is a neuronal nicotinic receptor like that 

of TANl. 

In the amacrine cells, GABA elicits a direct depolarizing 

IPSP which antagonizes the action of the excitatory 

neurotransmitter, ACh. The GABA response is associated with 

an increased conductance to an ion whose reversal potential 

is a few mVs positive to the resting potential (-60 mV) 

suggesting a possible chloride involvement. In the crustacean 

central nervous system, inhibitory synapses produce 

depolarizing IPSPs in several types of neurons including 

abdominal motor giant fibers (Ochi, 1969), primary afferent 

terminals of tactile receptors (Kennedy et. al., 1980) and 

interneurons of the brain (Glantz et. al., 1985). In all of 

these cases, the ionic mechanism is probably an increase in 

membrane chloride conductance, as at the peripheral synapse. 

Therefore, unlike the atypical action of GABA on TANl, GABA 

inhibits the amacrine cell by a conventional mechanism. 

DFs 

DFs constitute a subset of principal output neurons of the ME. 

They respond to light with a biphasic hyperpolarization which 

inhibits the dark discharge. The PSP is directly mimicked by 

ACh. Both the visual and ACh-elicited response are associated 

with an increase in chloride conductance. To date, no 

reversal potential measurement for the ACh-elicited response 
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has been recorded in DFs due to the infrequency of 

impalements. However, the DF ACh receptor has thus far shared 

all the properties of the TAN1 receptor and we have not seen 

any indication to believe it differs in any aspect. 

In 20 mM cobalt chloride, GABA always elicited a 

depolarization in the DFs, antagonizing the excitatory 

neurotransmitter. Like the amacrine cells, the GABA-elicited 

chloride channels that ACh opens has been shown to be 

responsible for the repolarization phase of the light mediated 

response. GABA, therefore, has a direct antagonistic role and 

operates through a receptor which decreases a chloride 

conductance. 

The SFs constitute the subclass of larger principal 

output neurons. Illumination of the excitatory receptive 

field elicits a compound EPSP and a spike train with frequency 

related to depolarization. At "light-off" they exhibit a 

post-excitatory hyperpolarization. Illumination of the region 

outside of the excitatory field (the surround) inhibits 

elements in the excitatory pathway to the SF but not the SF 

itself (Waldrop and Glantz, 1985). 

The EPSP appears to be mediated by glutamate. L-

glutamate and related agonists depolarize the SF and increases 

the input conductance. Furthermore, the reversal potential of 

the glutamate-elicited response is identical to that of the 
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EPSP (Pfeiffer-Linn and Glantz, 1989). 

GABA has no direct action on the SF in the dark but it 

reduces the EPSP and bicuculline enhances the EPSP. In this 

regard, GABA appears to mimic the surround inhibitory 

mechanism and the indirect actions of medullary amacrine 

neurons (Waldrop and Glantz, 1985) on the excitatory pathway 

to the SF. 

ACh inhibits the SFs in the presence of cobalt chloride 

and appears to mimic the transmitter which mediates the 

hyperpolarizing after-potential. ACh directly hyperpolarizes 

the SF membrane and nicotinic antagonists block the 

hyperpolarizing after-potential (Pfeiffer and Glantz, 1989). 

Conversely, cholinesterase blockers enhance the amplitude of 

the after-potential. 

It is now well established that ACh, GABA and glutamate 

can elicit a wide variety of action on neurons in the nervous 

system of crustaceans and molluscs (Blankenship et. al., 1971; 

Kehoe, 1972 and Marder, 1976). In the stomatogastric ganglion 

of the crab Cancer pagurus, iontophoretic application of GABA 

produces three kinds of responses; an increase in potassium 

conductance, an increase in chloride conductance and a 

depolarizing response. Likewise, pressure injection of L

glutamic acid to these stomatogastric cells produces three 

similar kinds of responses; a potassium dependent inhibition, 

a chloride dependent inhibition and a depolarizing response 

(Marder and Paupardin-Tritsch, 1978). In Aplysia neurons, 
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Yarowsky and Carpenter (1978a,b) demonstrated five different 

types of responses to iontophoretic application of GABA. 

Three of these responses were excitatory and two were 

inhibitory. Thus, there is ample precedent for multiple 

mechanisms of GABA action in a single invertebrate ganglion. 

SYNAPTIC ORGANIZATION 

The results presented thus far have several implications for 

the organization of the crayfish visual system. Strausfeld 

and Nassel (1981) identified six morphologically distinct 

classes of columnar transmedullary neurons. Immunocytochemical 

evidence indicates that these columnar neurons are likely to 

contain at least three neurotransmitters; ACh, GABA and 

glutamate. One may hypothesize that TAN1, DFs and amacrine 

cells share a common class of cholinergic and GABAergic inputs 

from these transmedullary neurons. At light onset, ACh and 

GABA are released from the TM neurons onto the receptors of 

the medullary cells. ACh elicits the visual PSP in all three 

cells whereas GABA antagonizes the response in all three 

cells. This would suggest that coactivation regulated by 

nearly synchronous inhibition is a general feature of 

information processing in the medulla externa. In Pfeiffer 

and Glantz (1989), ACh coactivation of TAN1 and amacrine cells 

was hypothesized to drive SF excitation and the surround 

inhibitory mechanism and enhance contrast detection via 

concurrent DF activation. 
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The interactions of antagonistic neurotransmitters 

provides an important insight into the organization of the 

crayfish visual system. In TANl, ACh and GABA were found to 

jointly shape the visual response to light by affecting the 

same chloride ion channels. In the amacrine cells and DFs, 

ACh and GABA operate via two independent classes of ion 

channels. Two separate strategies are therefore utilized in 

the medulla to modulate the effects of the excitatory 

neurotransmitter. In TANl, the interactions of ACh and GABA 

are independent of cable properties of the cell, whereas in 

amacrine cells and DFs, the net response is the result of 

membrane integration of the excitatory and inhibitory ionic 

currents. 

Presynaptic Effects 

Presynaptic actions provide evidence for several additional 

actions of GABA in the crayfish visual system. When 

bicuculline is applied to the neuropile, the visual PSP of DFs 

and amacrine cells were diminished by 95%. This suggests that 

GABA has an excitatory effect on the immediately presynaptic 

cholinergic transmedullary neuron. Immunocytochemical studies 

have demonstrated that GABAergic and glutamatergic fibers are 

localized in the first chiasm of the optic lobe connecting the 

lamina ganglionaris to the medulla externa. These fibers 

appear to be the axons of the columnar monopolar cells of the 

first optic ganglia. The monopolar cells consist of five 



175 

morphologically distinct columnar first order neurons (Mla, 

Mlb, M2-4). Morphological evidence suggests that these cells 

are presynaptic to the TM neurons of the medulla. Therefore, 

GABAergic monopolar cells may be presynaptic to the 

cholinergic TM neuron synapsing on the DFs and amacrine cells. 

GABAergic monopolar cells do not participate in the excitatory 

pathway of TANl or SFs as bicuculline does not act to block 

the visually-elicited PSP in these cells. A separate, most 

likely glutamatergic class of lamina monopolars is probably 

involved in the pathway of these cells. 

Extrinsic current experiments have demonstrated that TANl 

presynaptically effects the excitability of the SFs. 

Hyperpolarization of TANl indirectly excites the SFs. ACh 

application to TANl, therefore, should also indirectly excite 

the SFs via the TANl input. GABA, on the other hand, actively 

terminates TANl's PSP and thus terminates the excitatory 

action of ACh on the SFs. These neurotransmitter interactions 

of TANl may explain the profound enhancement of the SF's PSP 

when bicuculline is present. Bicuculline prevents 

repolarization of TANl, thus enhances ACh's indirect 

excitatory effect on the SFs. The amacrine cells have also 

been shown to indirectly effect the SFs. Extrinsic 

depolarizing current in the amacrine cells presynaptically 

inhibits the SFs, whereas hyperpolarizing current disinhibits 

them. The presynaptic actions of GABA and bicuculline on the 

SFs mimic the effects of polarizing the amacrine cells; GABA 
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presynaptically blocks the SF PSP and bicuculline enhances the 

PSP. GABA, therefore, may be the neurotransmitter of the 

amacrine cells which releases its transmitter when depolarized 

through the action of corneal illumination or extrinsic 

current. 

Fig. 37 diagrammatically summarizes the results and 

interpretations of the GABAergic and cholinergic synaptic 

interactions discussed above for TAN1, amacrine cells and DFs. 

Our results imply that several neurotransmitter interactions 

are involved in the processing of visual information through 

the crayfish medulla and several coherent patterns emerge: 

1) GABA has an antagonistic effect (i.e. antagonizes the 

visually-elicited PSP) on all medullary cells analyzed. 2) 

ACh has direct effects on all medullary cells analyzed. 3) 

Each cell receives two antagonistic inputs. 4) The specific 

synaptic mechanisms activated by a given transmitter can vary 

from cell to cell. Both GABA and ACh participate in sign

conserving as well as sign-inverting synapses. GABA exerts 

its inhibitory influence via a different mechanism on each 

class of medullary cell examined. ACh elicits both 

hyperpolarizing and depolarizing responses and mediates each 

cell's visual PSP. 

The SFs (Fig. 38) are unique among the multicolumnar 

medullary neurons. Theirs is the only visual PSP mediated by 

glutamate. They have no GABA receptors (GABA's action is 

exclusively on the excitatory pathway to the SFs) and their 
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FIGURE 37 

Proposed circuitry for the GABAergic and cholinergic synaptic 

interactions in the crayfish visual system. Specific 

connections were defined based on the assimilation of electron 

microscopy, immunocytochemistry, physiological and 

indicate presynaptic neuropharmacological studies. Ovals 

terminals; open 

whereas closed 

Photo receptors 

ovals indicate a sign conserving 

ovals indicate a sign inverting 

(Rl-R7) ; laminar monopolar cells 

synapse 

synapse. 

(Ml-M4); 

columnar transmedullary neurons (TM} ; medullary amacrine cell 

(MA); dimming fiber (DF) and tangential cell (TANl). 
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FIGURE 38 

Proposed circuitry for the glutamatergic and GABAergic 

synaptic input to the sustaining fibers. Triangles indicate 

presynaptic terminals; open triangles indicate a sign 

conserving synapse whereas closed triangles indicate a sign 

inverting synapse. Specific connections were defined based 

on the assimilation of electron microscopy, 

immunocytochemistry, physiological and neuropharmacological 

studies. Symbols represent: photoreceptors (Rl-7); laminar 

monopolar cells (Ml-4); columnar transmedullary neurons (TM); 

medullary amacrine cells (MA) and sustaining fibers (SF). 

Evidence presented in this thesis suggest the TM neurons 

provide the glutamatergic input to the SFs whereas the MAs 

provide presynaptic GABAergic input. 



FIGURE THIRTY-EIGHT 

GABAergic 

glutamatergic 

B ~ \'--------.... 

+ 

--------6 
0 

..... 
00 
0 



181 

cholinergic input occurs upon the reduction of illumination 

(poststimulus hyperpolarization) . Thus, SF excitation appears 

to be modulated by a number of parallel pathways. The 

glutamatergic TM cells excite the SFs in a direct pathway and 

cholinergic and GABAergic actions on tangential cells and 

amacrine cells appear to modulate the glutamatergic input. 

All of these actions occur continuously in time and without 

the mediation of action potentials. In this and several other 

regards, there are profound analogues between the pathways 

which control the excitation and inhibition of the SFs and 

ganglion cells of the vertebrate retina. 
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VI. AN INVERTEBRATE NMDA RECEPTOR 

Receptors for N-methyl-D-aspartate (NMDA) have been 

described in most classes of vertebrates. Considerable 

attention has focused on their capacity to modulate the 

postsynaptic response to excitatory amino acids (EAAs) and 

their role in synaptic plasticity (Cotman and Monaghan, 1988; 

Gustafsson and Wigstom, 1988). Although glutamate receptors 

are well known in invertebrates (e.g. at arthropod 

neuromuscular junctions) (Otskuka et al, 1967), there is no 

known examples of an invertebrate NMDA receptor (Mayer and 

Westbrook, 1987). The absence is noteworthy, because 

invertebrates provide some of the best examples of plasticity 

in the synaptic interactions among identified neurons (Byrne, 

1987). Furthermore, since invertebrates collectively exhibit 

a remarkable diversity in amino acid receptors, the apparently 

unique distribution of the NMDA receptor implies that it 

occupies a unique role in neural evolution. 

Glutamate is found in high concentrations in arthropod 

brains (McCaman, 1984) and immunocytochemical studies in 

crayfish indicate a particularly high level in the first optic 

chiasm and the medulla externa (second neuromere of the optic 

lobe) (Wang-Bennett and Glantz, 1986). Among four classes of 

visual interneurons with dendrites in the medulla, only one, 

the sustaining fibers (SF), exhibit responsiveness to 

glutamate. 
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The SFs are the principal output cells of the medulla. 

The class consists of 14 neurons which can be individually 

identified by their visual receptive fields and dendritic 

geometries (Wiersma and Yamaguchi, 1966; Kirk et al, 1983). 

SF axons project to the brain where they innervate ocular 

motoneurons and thus participate optomotor reflexes (Glantz 

et al. 1984; Glantz and Nudelman, 1988). The SFs respond to 

illumination with a tetrodotoxin insensitive, diphasic EPSP 

(Fig. 39A) associated with a graded increase in input 

conductance (Gn) (Waldrop and Glantz, 1985). Glutamate (10 uM, 

Fig. 39B), quisqualate (.01 uM, Fig 39C), and kainate (1.0 uM) 

elicit approximately half-maximal depolarizing responses which 

are unaffected by synaptic blockade with 20 rnM CoCl2 (Fig. 

39C,D) (Pfeiffer-Linn and Glantz, 1989b). The responses to the 

EAAs are associated with increases in Gn (Fig. 390) and reveal 

no evidence of desensitization. EAA receptors with maximal 

sensitivity to quisqualate have been described at the crayfish 

neuromuscular junction (Stettmeier and Finger, 1983). 

NMDA, applied at resting potential, in normal crayfish 

saline, is without measurable effect (Fig 40A). In the 

absence of Mg2+, however, NMDA elicits a modest depolarization 

(Fig. 40B), which is further enhanced (by 100-200%) and 

prolonged by the presence of 10 to 100 uM glycine (Fig. 40C). 

A comparable action of glycine on the NMDA-elicited membrane 

conductance change is shown in Fig. 40E and F. The action of 

glycine is specific to the NMDA receptor (Johnson and Ascher, 
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FIGURE 39 

SF light response (A) and SF responses to 10 ~M L-glutamate 

(B) and 10 nM quisqualate (C). At 10 nM, quisqualate reduces 

the SF input resistance from 16 to about 1.0 Mn (D). Current 

pulses are -.5 nA. Scale is 10 mV and 1.0 s. 
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FIGURE 40 

SF responses to NMDA (10 ~M) and glycine. A. Response to 

NMDA in control saline (NMDA receptors do not operate at 

physiological levels of Mg+2 when the SFs are at rest). B. 

Response to NMDA in saline in the absence of Mg+2 • c. 

Response to NMDA in 10 ~M glycine in the absence of Mg+2 • D. 

Voltage (bottom) and input resistance measurements during 

perfusion with glycine by itself. E. & F. Input resistance 

changes in response to NMDA in 0 Mg+2 (E) and after the 

addition of 10 ~M glycine (F). G. Control light response. 

H. Light response in 10 ~M glycine. I. Response to an NMDA 

pulse superimposed on an EPSP. Scale (in panel A) is 10 mV 

and 1.0 s. throughout. 
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1987; Kleckner and Dingledine, 1988). By itself, glycine 

produces no effect on the SF membrane potential or input 

conductance (Fig. 40D) and has no effect on the response to 

kainate (not shown). Glycine (1.0 to 100 ~M) does, however, 

reduce the amplitude of the EPSP (by 50-70% at 100 ~M) in a 

dose dependent manner (Fig. 40G,H). If this glycine action 

is mediated by the NMDA receptor, then it implies that NMDA-

elicited currents contribute to the repolarization of the 

EPSP. This is precisely what we observe when an NMDA pulse 

is superimposed on the EPSP (Fig. 40I). 

The partial inhibition of the EPSP by glycine is 

consistent with the potentiation of the NMDA receptor and the 

difference in the Erev of the EPSP and the NMDA-elicited 

response (Fig. 41). E~v for responses elicited by glutamate 

(-23 ± 3 mV, mean± S.D. n=4, Fig. 41A open circles) are about 

4 8 mV above resting potential and identical to Erev of the 

transient EPSP (Waldrop and Glantz, 1985). (Fig. 41A filled 

circles). The Erev of the NMDA-elicited response, however, is 

only a few mV above rest (-59 ± 6 mV, n=9) (Fig. 41B, filled 

circles). As a consequence, the action of the NMDA receptor 

in a depolarized cell tends to move the membrane potential 

away from the glutamate Erev toward -59 mV. Thus, the plateau 

phase of the sustaining fiber EPSP appears to reflect the 

joint action of two EAA receptor classes which gate opposing 

currents. 

An E of -59 mV is unusual for an NMDA-activated rev 
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FIGURE 41 

A. Reversal potentials of the PSP and agonist elicited 

responses. A. Reversal potential measurement of the PSP 

(filled circles) and glutamate response (open circles). B. 

Reversal potential measurements of the NMDA (10 ~M) response 

(filled circles, left inset) and the NMDA response following 

injection of Cs+ into the neuron (open circles, right inset). 

Continuous lines are least-square regressions. 
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NMDA receptors generally gate a nonspecific 

cation conductance with Erev = 0 mV and with a modest but 

significant calcium permeability (Mayer and Westbrook, 1987; 

Cotman and Monaghan, 

Since intracellular 

1988; Gustafsson and Wigstrom, 1988). 

potassium 

possibility 

calcium can 

conductance (Meech, 

that the -59 mV 

gate 

1978), 

a 

was 

calcium-activated 

we examined the 

only secondarily 

associated with NMDA receptor activation. When SFs are 

injected with Cs+ (to block potassium conductances; Johnson 

and Ascher, 1987: Cull-Candy and Usowicz, 1987: Jahr and 

Stevens, 1987), Er~ of the NMDA-elicited response shifts to 

about +4 ± 8 mV (n=3) (Fig.41B, open circles and right inset). 

These results are consistent with an NMDA-activated cation 

conductance and a secondarily activated potassium conductance. 

Similar interactions are well described in mammalian brain 

(Alger and Nicoll, 1980; McDermott and Dale, 1987; Womack, 

McDermott and Jessell, 1988). 

Kynurenic acid is both a nonspecific EAA antagonist 

(Perkins and Stone, 1982; Grillner and Wallen, 1985; Odell and 

Christensen, 1989) and a competitive antagonist of the 

allosteric action of glycine on the NMDA receptor (Kemp et. 

al., 1988; Watson et. al., 1988; Huettner, 1989 and Thomson 

et. al., 1989). When 0.1 mM kynurenate is applied to SFs, it 

reduces the EPSP by 50-60% (Fig. 42A, lower trace) and blocks 

the response to kainate and NMDA (Fig. 42B,C, lower traces). 

In 10 uM glycine and low Mg2+, 0.1 mM kynurenate abolishes the 
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FIGURE 42 

Kynurenate at 0.1 mM {lower traces A-C) antagonizes the 

natural transmitter {A), the response to 10 ~M glutamate {B), 

and NMDA in low Mg+2 but in the absence of glycine {C) . In 10 

~M glycine, kynurenate blocks the NMDA response {D, lower 

trace) but the block is overcome by elevating glycine to 1.0 

mM {D, upper trace). 
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NMDA response (Fig 420, lower trace) but the inhibition is 

reversed by 1 mM glycine (Fig. 420, upper trace). 

The crayfish NMDA receptor exhibits some striking 

similarities when compared to the vertebrate receptor. Both 

receptors are blocked by circulating levels of Mg2+ (Kemp et 

al, 1988; Huettner, 1989; Thomson et al, 1989), and both have 

a requirement for glycine which is susceptible to competition 

by kynurenate. Furthermore, the crayfish NMDA receptor, like 

that in many vertebrate synapses (Davies and Watkins, 1977; 

Mayer and Westbrook, 1987; Cotman and Monaghan, 1988; 

Gustafsson and Wigstrom, 1988), occurs in conjunction with a 

non-NMDA glutamate receptor. In mammalian hippocampus, the 

non-NMDA receptor mediates the initial phase of the EPSP 

which is subsequently modulated by the delayed action of the 

NMDA receptor. In crayfish SFs, the transient EPSP is 

mediated by the non-NMDA receptor. The actions of the NMDA 

receptor are consistent with a delayed modulatory role but 

this inference will require further substantiation. 

The failure of previous invertebrate studies to reveal 

NMDA receptors may reflect the particular sites tested. The 

crayfish NMDA receptors were found on neuronal dendritic 

processes in central neuropile. Previous studies in lobster 

and locust were confined to the neuromuscular junction 

(Usherwood and Machili, 1968 and Mistri and Constanti, 1979) 

and those in the snail examined only neuronal cell body 

receptors (Parmentier and Case, 1972). Thus, it is likely 
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that further study of invertebrate neurons will reveal 

additional examples of NMDA receptors. 



VII. DOPAMINE ENHANCES THE VISUALLY-ELICITED EPSP 

AND GLUTAMATE ACTION ON CRAYFISH SUSTAINING FIBERS 

A. INTRODUCTION 
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In vertebrate nervous systems, catecholamines have been 

the object of extensive study as neurotransmitters and 

neuromodulators. Neuromodulation can be achieved through the 

alteration of voltage- or ligand-gated ionic channels (Reuter 

et al., 1982) . In the retina of teleosts, dopamine is 

contained in interplexiform neurons and has profound 

modulatory actions on electrical coupling among horizontal 

cells (Dowling, 1986) and on the postsynaptic action of 

excitatory amino acids (EAA). It has recently been proposed 

that in amphibian retina, dopamine is responsible for the 

neuronal gain adjustments associated with light adaptation 

(Wi tkovsky et al. , 1989) . In a variety of arthropods, 

cytochemical (Elofsson 

neuropharmacological studies 

and Klemm, 1972) 

(Cooke and Sullivan, 

and 

1982) 

indicate that dopamine is a principal catecholamine in 

crustacean nervous systems. 

Extensive studies based upon the Falk-Hillarp procedure 

indicate high concentrations of dopamine in both insect and 

crustacean optic lobes (Eloffson and Klemm, 1972). In 

crayfish, a low level of dopamine is detected in the lamina 

ganglionaris (first optic neuromere) and much higher 

concentrations in the proximal neuromeres. This distribution 
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was subsequently confirmed with high performance liquid 

chromatography (Elofsson et al., 1982). 

In the lamina and the medulla externa (second optic 

neuromere) much of the dopamine appears to be contained in T

neurons, a unique class of columnar elements (Strausfeld and 

Nassel, 1981). The T-neurons are retinotopically distributed 

elements which convey signals from the lamina ganglionaris to 

the medulla externa. They are unique among the columnar cells 

of the lamina in two regards; their somata are located over 

the external chiasm and they are the only columnar neurons 

which support action potentials (Wang-Bennett and Glantz, 

1987b). The T-neurons discharge continuously in the dark and 

they respond to illumination with a graded, sustained 

hyperpolarizing IPSP which inhibits the dark discharge. 

These results imply that dopamine is released by T

neurons when the eye is in the dark and that the release is 

reduced by illumination. If dopamine has a modulatory 

function in the optic lobe as in the cardiac and 

stomatogastric ganglion (Miller et al., 1984; M;:trder and 

Eisen, 1984) , it is possible that it participates in the 

neuronal sensi ti vi ty changes observed in sustaining fibers 

during dark adaptation (Arechiga and Wiersma, 1969). 

Here we show that dopamine produces a long-term 

potentiation of the visual response of crayfish sustaining 

fibers (SFs). The magnitude of potentiation is dose-dependent 

and it is achieved through a selective enhancement of the 
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SFs. 

Furthermore, we have reexamined the distribution of dopamine 

with antisera and confirm the general distribution previously 

revealed with the Falk-Hillarp procedure. In particular, we 

find dopamine-like immunoreactivity in tangential bands across 

the medulla externa which are coextensive with the dendrites 

of the SFs. 
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Immunocytochemistry 
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Adult crayfish, Procambarus clarkii, were cooled for 2 

hrs. at 4 o c. in oxygenated saline. The cuticle of the 

eyestalk was removed and the optic lobe was excised and 

desheathed in the presence of 1 o fixative (.1M Cacodylate 

buffer; PH 11, 37% formaldehyde, .2M allyl alcohol and 1% 

sodium metabisulfite) . The tissue was then fixed in the dark 

for 2 hrs at room temperature in a 2° fixative containing 5% 

glutaraldehyde, .1M Cacodylic acid, .1M Tris buffer; PH 7.6 

and 1% sodium metabisulfite. The optic lobe was washed in 

10% sucrose wash buffer (.05M Tris buffer; PH 7.4, .9% NaCl, 

1% Na metabisulfite) for 1 hr. and subsequently rinsed 

overnight at 4• c. in 30% sucrose wash buffer. The following 

day, the tissue was horizontally sectioned in cryostat. The 

sections were immediately washed with .1M Na borohydride for 

15 minutes and then immersed in 10% normal goat serum for 40 

minutes to reduce nonspecific binding of the 2 o antibody. Two 

polycJ.onal primary antibodies were used in these studies 

(obtained from Incstar and Chemicon). Both were generated in 

rabbit against a dopamine-glutaraldehyde-protein conjugate. 

Optic tissue was incubated in 1° antibody for 3 hrs. at room 

temperature a~ 1:1000 dilution. Reactive sites were enhanced 

with the ABC method and visualized with the PAP procedure. 

The sections were then photographed in a compound microscope 

with Ektachrome slide film. In control experiments separate 
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crayfish saline was 

substituted for 1" antisera and all reactivity of the antisera 

was eliminated. 

Physiological preparation 

Adult crayfish were prepared as in Pfeiffer-Linn and 

Glantz (1989a,b). The animals were exsanguinated at 4" c. by 

exchange with oxygenated Van Harrevelds (1936) solution 

through an opening of the carapace over the pericardia! 

cavity. The crayfish was then clamped in a lucite chamber and 

the eye was fixed to cephalic carapace with methacrylate. The 

dorsal cuticle of the eyecup was removed and the optic lobe 

was desheathed. 

c. 

The preparation was then maintained at 15" 

Intracellular recordings were made with micropipettes 

filled with 3M K+ acetate. The resistances were about 100 Mn. 

The SFs were impaled in their large dendritic arbors contained 

in the neuropil of the medulla externa. This preparation 

exhibited healthy visual responses for up to three hours and 

single impalements typically lasted 30 minutes. 

Longer-term recordings appropriate for dose-response 

curves were obtained with extracellular electrodes on the SF 

axons in the optic tract (Glantz, 1972). The electrodes were 

formed from tungsten wire, electrolytically sharpened and 

coated with a liquid insulator. Single cells could be 

followed in this manner for up to six hours. The response 
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magnitudes were estimated from the number of spikesjstimulus, 

N, and normalized by the ratio of N (dopamine) 1 N (control). 

Each stimulus intensity was tested five times at each dopamine 

concentration. The animal was allowed to recover until 

approximately control level responses were obtained before the 

next dose was administered. Stimuli were presented at 1/5 s. 

Pharmacology 

Dopamine and glutamate were obtained from Sigma. They 

were applied with low resistance micropipettes via pressure 

injection into the neuropile of the medulla externa. 

Injection volumes were approximately 500 pl. To avoid 

contamination from sensitivity shifts due to light or dark 

adaptation, the impaled neurons were subjected to a regular 

stimulus regime with light pulses repeated at 1/30 s. 

Dopamine injections commenced after a minimum of 3-5 

consecutive responses of constant amplitude. 

adjusted with a neutral-density wedge 

The stimulus was 

to elicit an 

approximately half-maximal or smaller response. 
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C. RESULTS 

The distribution of dopamine-like immunoreactivity in the 

lamina and medulla is indicated in Fig. 43. We will describe 

the reactivity pattern beginning with the most distal site of 

reactivity. There is a relatively dense line of reactivity 

distal to the laminar cell body region (Fig. 43, arrow). The 

staining pattern is consistent with the description of distal 

tangential processes that have been previously described by 

Hamori and Herridge in lobster. There is a thick but diffuse 

band of reactivity that runs tangentially through the 

plexiform layer of the lamina ganglionaris (Fig 43, right 

column; top) and there is a suggestion of dopamine-like 

reactivity in the lamina amacrine cell body region (not 

shown). Additionally, there is a modest level of reactivity 

in columnar neurons of the external chiasm (Fig. 43,. right 

column, middle) (Elofsson et al, 1977) . These axons terminate 

in distinct layers of the medulla externa and three tangential 

layers of reactivity can be discerned in the distal two-thirds 

of the medulla (Fig. 43, right column, bottom) (Elofsson and 

Klemm, 1972). The most distal band is generally the thickest 

and darkest. Elofsson et al (1977) and Strausfeld and Nassel 

(1981) have interpreted similar patterns of reactivity as a 

reflection of dopamine localized in columnar T-neurons which 

are projection neurons from lamina to medulla. 

Finally, there is typically some staining at the proximal 

edge of the medulla externa (i.e. a fourth medullary band of 
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FIGURE 43 

Dopamine-like immunoreactivity in the crayfish visual system. 

Left column: A horizontal section of the crayfish eye which 

has been stained with eosin to highlight the neuropillar 

regions and cell bodies. The four neuropiles are referred to 

as the lamina ganglionaris (L), the medulla externa (ME), 

medulla interna (MI) and medulla terminalis. The three most 

distal neuropiles are illustrated here. The first chiasm, (CH 

1) consists of bundles of columnar neurons connecting the 

lamina to the medulla externa. Chiasm 2 (Ch 2) conveys 

projections from medulla externa to the medulla terminalis. 

Right column: Dopamine-like reactivity in different regions 

of the optic lobes. Top panel: Dopamine-like reactivity in 

the lamina (L) . Arrow head illustrates a dense band of 

staining in the plexiform layer. The arrow points to 

reactivity in the outer cell body region of the lamina. 

Middle panel: Dopamine appears to be contained in columnar 

projections in the first optic chiasm (CH 1). Bottom panel: 

Three distal bands in the medulla externa (ME) show dopamine

like reactivity. Additionally, there is a weak columnar 

staining pattern in the second optic chiasm (CH 2). 
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reactivity) and a weak columnar staining pattern in the 

internal chiasm (Fig. 43, right column, bottom). The 

reactivity in the medulla interna is generally rather diffuse 

but it can exhibit tangential banding analogous to that in the 

medulla externa. 

All of 

outline of 

these results essentially confirm the broad 

results obtained with aldehyde fluorescence 

(Elofsson and Klemm, 1972; Elofsson et al, 1977) • 

Furthermore, the cytochemical localization provides a basis 

for further analysis of dopamine's role in the medulla 

externa. 

Neuropharmacology 

In a preliminary survey, dopamine's action was examined 

in tangential cells, dimming fibers, medullary amacrine 

neurons and SFs. The most unambiguous and internally 

consistent results were obtained on the SFs. We will focus 

our attention exclusively on these neurons. 

When a SF is impaled in the integrating segment of the 

dendrite (Waldrop and Glantz, 1985), the light-elicited 

response is dominated by a compound EPSP ( 10 to 35 mV in 

amplitude) and superposed small action potentials (=1.0 mV) 

(Fig. 44A). Following the injection of 1.0 ~M dopamine into 

the medulla, there is a noticeable increase in the light 

response amplitude in less than 1.0 minute (Fig. 44B). The 

enhancement continues to increase for about 5.0 minutes (Fig. 

44C,D). By this time, the response has typically increased 
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FIGURE 44 

Dopamine enhancement of the SF light response. A. Control 

SF PSP. B-D. SF light response 1 minute, 3 minutes and 5 

minutes after dopamine (1 ~M) application. The bar under each 

panel represents the timing of the light stimulus. Scale is 

10 mV and 1 s. 
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by 70 to 100% (84 ± 19%, N=5) 

enhancement typically persists 

relative to control. 
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This 

for at least the next 30 

minutes or the life of the preparation. When compared to the 

action of acetylcholine (Pfeiffer-Linn and Glantz, 1989b), 

GABA (Pfeiffer-Linn and Glantz, 1989a) and glutamate (Fig. 

47A) injected at comparable concentrations and volumes, 

dopamine's prolonged action and slow evolution of its effect 

leaves little doubt of its capacity as a modulator. 

To assess the dose-dependence of this enhancement, we 

used extracellular optic tract recordings from SF axons. The 

dose-response sensitivity changes were measured with 0.5 s. 

pulses of illumination at three stimulus intensities 

(threshold, 102 x threshold, 104 x threshold). Fig. 45 is a 

plot of the relative response amplitude normalized to the 

preinjection response. The open circles indicate the changes 

in the dark discharge which was 1.5js. in the control period 

and increased to 6 .1/s. in 10 JJ.M dopamine. The threshold dose 

was variable; about 0.1 nM in Fig. 45 but 10 nM in another 

such measurement. Response enhancement was noticeable in this 

preparation at 0.1 nM and increased more-or-less sigmoidally 

up to 10 JJ.M. The maximal enhancement obtained at 10 JJ.M was 

150% above control and was equivalent to a 20 to 30 fold 

increase in visual sensitivity. The effective concentration 

range extensively overlaps the range for dopamine action in 

cardiac ganglia (Cooke and Sullivan, 1982; Miller et al, 

1984) . 
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FIGURE 45 

Response of SF discharge rates to various dopamine 

concentration. SF dose-response sensitivity changes were 

measured with an extracellular electrode in the optic tract 

during four stimulus conditions: i) in the dark (open 

circles): ii) Imax (filled circles); iii) Imax x 10-2 (open 

squares) ; iv) Imax x 10-
4 (filled circles). 0. 5 s. light pulses 

were used in conditions ii-iv. For each data point, the 

response amplitude was normalized to the preinjection 

response. 
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The sensitivity shift measured with the intracellularly 

recorded EPSP at 1.0 ~M dopamine (Fig 46) is indicated by the 

leftward shift (open circles) on the log intensity axis. The 

sensitivity increase is about 0.5 log units (3 fold) at low 

stimulus intensities and increases to 1. 0 log unit at the 

highest intensities. All of these results could be due to an 

enhancement of transmitter release by cells presynaptic to the 

SFs or to a dopamine-dependent enhancement of the SF's 

response to its natural transmitter. 

In a separate study (Pfeiffer-Linn and Glantz, in 

preparation), we have shown that L-glutamic acid fulfills 

several requirements for the excitatory transmitter to the 

SFs. Glutamate is present in the medulla and it depolarizes 

the SFs (Fig. 47A). The depolarization has the same reversal 

potential as the 1 ight-el ici ted EPSP (Waldrop and Glantz, 

1985). Both the EPSP and glutamate responses are associated 

with large increases in input conductance and both are 

diminished by the EAA antagonist kynurenic acid. Finally, 

the glutamate response persists without attenuation after 

synaptic blockade by 20 mM CoC1 2 • Thus, its action is clearly 

postsynaptic on the SF membrane. When the glutamate response 

is tested in the presence of dopamine, it is enhanced by 100 

to 200% (156 ± 64%, N=7 Fig. 47B) and the enhancement persists 

in the presence of 20 mM Co+2 (Fig. 47C). As is the case for 

the EPSP, the dopamine-dependent enhancement of the glutamate 

response develops over about 5 minutes (Fig. 470-G) and it 
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FIGURE 46 

SF sensitivity change in dopamine. Intracellular PSPs were 

recorded at four log intensities before (filled squares) and 

5 minutes after (open circles) the application of 1 ~M 

dopamine. 
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FIGURE 47 

Dopamine potentiation of the glutamate response. A. SF 

response to pressure injected glutamate (10 ~M). B. 

Glutamate response in the same cell after 1 ~M dopamine was 

applied to the eye. c. 2 o mM CoC12 does not block the 

dopamine induced glutamate potentiation. D. Control 

glutamate response in another preparation. E-G. Dopamine (1 

~M) enhances the glutamate response over a 1, 3 and 5 minute 

period of time, respectively. The response remains 

potentiated throughout the impalement of the cell (=30 

minutes) . The bar under each panel represents glutamate 

application. Scale is 10 mV and 1.0 s. 
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persists for the life of the preparation (30 minutes). 

In addition to its action on the EPSP and the glutamate

elicited response, dopamine elicits a slow depolarization of 

the SF by 10-15 mV (at 1.0 MM dopamine) and increases the 

input resistance, Rn, by 74 ± 29% (N=8) from 8 to 14 Mn. If 

the synaptic or glutamate-elicited current were unaffected by 

dopamine, the response would be enhanced by 74% due to the 

increase in Rn and diminished by about 25% due to the 

depolarization, for a net change of about 50%. This indirect 

enhancement can account for only one-third of the average 

enhancement of the observed glutamate response. 

A more direct assessment of the dopamine-dependent 

enhancement of glutamate sensitivity is to measure the 

conductance increase elicited by glutamate in the control 

(Fig. 44) and dopamine treated condition (Fig. 48B). In 

control conditions, 10 MM glutamate diminishes Rn from 9.5 to 

7. 0 Mn resulting in a conductance increase of 3. 8 x 10-8 S. 

In the presence of dopamine (Fig. 48B), the resting Rn is 17.0 

Mn but 10 MM glutamate reduces Rn to 5. o Mn. Thus, the 

glutamate-elicited conductance increase in dopamine is 14.1 

x 10-8 S. which is 270% larger than the control response. The 

same measurement in a second preparation revealed a 780% 

dopamine-dependent enhancement of the glutamate mediated 

conductance increase. 

The action of dopamine appears to be quite specific to 

the glutamate receptor. We have previously shown that 
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FIGURE 48 

Dopamine increases glutamate induced conductance. A. -1 nA 

current pulses were delivered during a glutamate pulse (10 ~M) 

in a SF. B. The same current pulses were delivered during 

another glutamate injection in the same SF after dopamine (1 

~M) had been applied. The bar under A and B represents the 

duration of the glutamate injection. Scale is 10 mV and 1.0 

s. 
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acetylcholine (ACh) conveys an inhibitory signal to SFs with 

a reversal potential negative to the resting potential 

(Pfeiffer-linn and Glantz, 1989b). In a preliminary set of 

experiments, we found no effect of dopamine on the ACh

elicited hyperpolarization. 

D. DISCUSSION 

Our principal physiological findings are as follows: i). 

Dopamine produces a dose-dependent enhancement of the SF 

visual response over a concentration range of 0.1 nM to 10 ~M; 

the enhancement develops over a time course of 5.o minutes; 

ii) . Dopamine produces a similar enhancement of the SF 

response to applied L-glutamate, the putative excitatory 

transmitter, and this enhancement also takes about 5 minutes 

to reach a plateau; iii). Dopamine has additional effects on 

SFs including an increase in Rn and a modest depolarization, 

but these are not sufficient to explain the modulation of the 

EPSP or the glutamate sensitivity and iv). The dopamine 

enhancement of SF visual and glutamate sensitivity can be 

explained by a dopamine-dependent increase in the SF's 

glutamate receptor sensitivity to glutamate or the conductance 

changes attributable to glutamate action. Either of these 

interpretations is consistent with the measured increase in 

the glutamate-elicited conductance produced by dopamine. 

A recent precedent for our findings is documented in 

teleost retina where dopamine (derived from interplexiform 



cells) potentiates the glutamate-elicited current 
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in 

horizontal cells and a similar potentiation is produced by 

cAMP {Knapp and Dowling, 1987). More recently, this result 

has been extended to the amphibian cone to horizontal cell 

synapse {Witkovsky et al, 1989). In teleost and amphibian's 

horizontal cells, the effective doses of dopamine depolarizes 

the cells in the intact retina but does not alter the membrane 

resting potential and has no consistent direct effects on 

membrane conductance in isolated neurons. In crayfish SFs, 

however, the dopamine induced depolarization and change in Rn 

persist in CoC12 and thus appears to be a true postsynaptic 

effect. 

In addition to its action in the optic lobe, dopamine has 

been reported to enhance the EPSP at the crustacean foregut 

neuromuscular junction {Lingle, 1981) and some of this 

enhancement is due to a dopamine-dependent increase in muscle 

fiber input resistance. Thus, dopamine's action in muscle 

appears to share some features with its action in SFs. 

In crab cardiac ganglion (Miller et al, 1984), dopamine 

increases the bursting frequency and enhances the driver 

potentials associated with the depolarizing phase of the 

endogenous oscillator of the small neurons in the ganglion and 

slightly decreases the input resistance in the large follower 

cells. In the lobster stomatogastric ganglion, dopamine 

increases the amplitude of the endogenous oscillation in the 

AB interneuron while simulataneously hyperpolarizing and 
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inhibiting bursting in the electrically coupled PD neuron 

(Marder and Eisen, 1984a). Interestingly, a glutamatergic 

inhibitory synapse from the AB neuron to a follower PY neuron 

is not particularly influenced by 0.1 mM dopamine (Eisen and 

Marder, 1984). 

In conclusion, our results are consistent with the 

hypothesis that dopamine can enhance the sensitivity of the 

SF in the dark adapted crayfish eye. A future task is to 

determine whether effective doses of dopamine are in fact 

released onto the SF dendrites in dark adapted animals and do 

dopamine antagonists block neuronally mediated changes in 

visual sensitivity. 

An alternative scheme that can also provide a context for 

dopamine action is the excited state. During periods of 

intense motor activity, the SFs exhibit enhanced spontaneous 

activity and a greatly facilitated visual response (Wiersma 

and Yamaguchi, 1966). An efferent pathway, known as "activity 

fibers," convey appropriate signals to the optic lobe 

(Arechiga and Wiersma, 1969) but there is presently no basis 

for connecting these cells to the release of dopamine. 
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DISCUSSION 

In this thesis, the functional role of several 

neurotransmitters and one neuromodulator were analyzed in the 

crayfish medulla. In the process, a number of synaptic 

connections were verified and a number of implications for 

synaptic organization arose from the data (see each chapter's 

separate discussion) . The result of this organization implies 

that the processing of visual information does not depend on 

one single variable. Rather, the signal conveyed to the brain 

is the product of the circuitry, the neurotransmitter 

interactions in the optic neuropiles and the different 

mechanisms of action they induce. I have shown that much of 

the functional variability arises at the neurotransmitter 

receptor sites. 

The ACh receptor was originally isolated and sequenced 

from the electric organ of Torpedo. The channel is formed 

between five homologous subunits with the stoichiometry 

alpha2,beta,gamma,delta. The smallest subunit, a, is 

associated with the agonist binding site on the receptor. 

Early electrophysiological studies indicated that activation 

of any nicotinic ACh receptor transiently opened an associated 

cation channel which depolarized the neuron membrane. This 

was true for ACh receptors found in the central nervous system 
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system as well as in invertebrate neurons and vertebrate 

electric organ. In this thesis, however, I have presented 

evidence that two medullary nicotinic ACh receptors open 

chloride channels (i.e. TAN1 and DFs). Nicotinic cholinergic 

receptors coupled to a chloride conductance have also been 

described at molluscan synapses (Blankenship et al, 1971; 

Kehoe, 1972) This result implies a substantial difference in 

the structure of the receptor's ionic pore. The vertebrate 

nicotinic ACh receptor channel has a wide entrance of 30 A0 

diameter and narrows down to less than 6.4 A0 (the diameter of 

the largest permeating cation). The charge distribution of 

the ACh receptor pore in TAN1 and DFs probably differs from 

the vertebrate channel to preferentially allow only chloride 

ions through. Other features of the receptor, however, appear 

to be similar to the vertebrate neuronal nAChR. This 

similarity was thoroughly analyzed with the use of nicotinic 

agonists, antagonists and specific neurotoxins. Vertebrate 

neuronal nicotinic ACh receptors differ pharmacologically from 

nicotinic receptors found on skeletal muscle. The use of 

specific snake venom neurotoxins has led to a more complete 

determination of the properties of these ACh receptors. In 

vertebrates, F-toxin blocks nicotinic receptors in neuronal 

preparations while having little affinity for nicotinic 

receptors in skeletal muscle. a-Bungarotoxin, on the other 

hand, has a much higher affinity for muscle nACh receptors 

than neuronal ones. I have found that the TAN1 and amacrine 
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nACh receptors share similar pharmacological profiles as the 

neuronal nACh receptors. 

the peptides involved 

Recent molecular probe analysis of 

in vertebrate and invertebrate ACh 

receptors suggest a common evolutionary genetic origin for the 

different ACh subunits. The genes coding for the subunits may 

have arrived from a single ancestor by gene duplication (Lunt, 

1986). Such an origin would certainly explain why the 

pharmacological and toxicological profiles of the vertebrate 

and invertebrate ACh receptors are so similar. 

GABA 

GABA was found to have profound inhibitory effects on all 

medullary neurons examined in this thesis. This, in itself, 

was not a particularly striking find as GABA has been known 

to play a key inhibitory role in information processing in 

most neural regions studied to date. In fact, the ubiquitous 

nature of GABA in vertebrates and invertebrates suggest that 

it too has been conserved through evolution. Recently, the 

GABAA receptor was cloned and sequenced (Schofield et al, 

1987). In the vertebrates, the receptor consists of two a 

subunits, two B subunits and a chloride channel that is an 

integral part of the receptor. In another lab, one of the 

subunits for the spinal cord glycine receptor has been 

analyzed {Grenningloh et al, 1987). When the sequences of 

GABAA, glycine, vertebrate nACh and invertebrate nACh 

receptors were compared, there were large areas of homology 
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portions of the extracellular domain. 
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and in substantial 

All of these agonist 

gated receptors were deduced to be members of a receptor 

superfamily (Barnard et al, 1987). 

In the crayfish medulla, GABA operates through 

conventional GABAA receptors on amacrine cells and 

unconventional receptors in TAN1 and DFs. In TAN1, GABA 

depolarizes the membrane and decreases chloride conductance. 

A decreasing conductance synapse is also found in the 

vertebrate retina. Glutamate is released from the 

photo receptors and elicits a depolarizing decreasing 

conductance in the "on" bipolar cells (Miller and Slaughter, 

1986). Recent studies have shown that this decreasing 

conductance is second messenger mediated (Nawgy and Jahr, 

1989). If the GABA receptor on TAN1 is also activating a 

second messenger system, then TAN1's PSP is a result of ACh 

opening a set of chloride channels and GABA subsequently 

closing the same channels by activating an intracellular 

second messenger. This scenario represents a unique type of 

GABA receptor. GABA8 receptors also activate second messenger 

systems through a G protein. However, the GABA8 receptor is 

insensitive to bicuculline, 1s selectively activated by 

baclofen (Hill and Bowery, 1981) and is linked to an increase 

in potassium conductance (Newberry and Nicholl, 1984; Inoue 

et al, 1985). None of these features are characteristic of 

TAN1's GABA receptor. 



226 

The DF GABA receptor may provide another example of an 

unconventional GABA receptor. GABA elicits a depolarization 

in the DFs which is associated with an increase in 

conductance. As the resting potential of the DFs is -40 mV, 

it is unlikely that the GABA-activated channel is chloride. 

The approximate reversal potential of -3 o mV, suggests at 

least a partial cation conductance. 

Glutamate 

Glutamate 

neurotransmitter 

is the major excitatory amino acid 

in mammalian central nervous systems 

(Hamberger et al, 1979; Watkings, 1981; Levi et al, 1982; 

Fonnum and Engelsen, 1983) and at neuromuscular junctions of 

crustaceans and insects (Nistri and Constanti, 1979). Patch 

clamp studies have revealed significant differences between 

the vertebrate and invertebrate receptor channel complexes. 

For example, channels activated by L-glutamate on locust 

muscle (Cull-Candy et al, 1981) and on crayfish muscle (Franke 

et al, 1983) have a much larger conductance than any of the 

excitatory amino acid-activated channels on vertebrate 

neurons. The reason for this is not yet clear. As yet, the 

vertebrate and invertebrate glutamate receptor have not been 

cloned and/or sequenced. Pharmacological studies, though, 

demonstrate that there are at least three amino acid receptor 

subtypes that occur throughout the vertebrate phylogenetic 

tree. All three receptors are excited by L-glutamate but each 
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subtype also demonstrates a high affinity for one of three 

glutamate analogues; n-methyl-d-aspartate (NMDA), kainate or 

quisqualate. 

In the invertebrates, it was generally thought that the 

NMDA receptor subtype was absent from neuronal tissue after 

looking for it in lobster muscle (Nistri and Constanti, 1979) 

molluscs (Parmentier and Case, 1972) and insects (Usherwood 

and Machili, 1968). Mayer and Westbrook (1987) hypothesized 

that the NMDA receptor may have evolved relatively late. 

The SFs in the crayfish medulla, however, appears to 

possess two subtypes of glutamate receptors. One receptor is 

similar to the kainate or quisqualate vertebrate receptor and 

its high sensitivity to quisqualate resembles the receptor at 

the crayfish neuromuscular junction. I have presented 

evidence in this thesis that this receptor subtype elicits the 

transient depolarization typical of the SF visual PSP. The 

second glutamate subtype discovered in the SFs has a selective 

high affinity for NMDA and shares most of the vertebrate 

distinguishing features. For instance, vertebrate NMDA 

responses are depressed by ~M concentrations of Mg+2 (Ault et 

al, 1980). This block is voltage dependent, increasing with 

hyperpolarization beyond -30 mV (Mayer and Westbrook, 1985). 

As in vertebrate neurons, we were only able to elicit SF NMDA 

responses in the absence of Mg+2 • Also, the vertebrate NMDA 

response is greatly potentiated and may even be dependent on 

sub-micromolar concentrations of glycine (Thomson, 1989) due 
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to a strychnine insensitive high affinity glycine binding 

site. In our preps, 10 ~M glycine enhanced the SF glutamate 

response by 150%. In vertebrates, this NMDA glycine site is 

subject to competitive block with kynurenic acid. We also 

found this to be the case with the SF NMDA receptor. One 

major difference does arise in the SF when compared to the 

vertebrate receptor. The vertebrate NMDA receptor channel is 

a non selective cation channel with a relatively high 

conductance for calcium ions. We have found the reversal 

potential of the SF NMDA ion to be -60 mV due to activation 

of a calcium dependent potassium conductance. Thus, 

activation of the SF NMDA receptor may participate in 

inhibition or the repolarization phase of the SF light 

response. 

Colocalization of NMDA and non-NMDA receptors has also 

been reported in rat hippocampal neurons and rabbit retinal 

ganglion cells. In the hippocampal model, stimulation of 

presynaptic mossy fiber bundles induce postysynaptic membrane 

depolarizations by an influx of monovalent cations through 

quisqualatejkainate activated channels. Upon sufficient 

stimulation, NMDA receptors activate and induce the influx of 

calcium through a non selective ion channel. The resulting 

increase in intracellular calcium can subsequently activate 

second messenger systems or a variety of enzyme mediated 

events. 

Vertebrate ganglion cells, like the crayfish SFs, are 
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NMDA and non-NMDA 

receptors have been identified on both "on" and "off" retinal 

ganglion cell. Pharmacological studies of these cells 

demonstrate that the major light driven synaptic input from 

bipolar cells to ganglion cells is via kainate receptors 

(Massey and Redburn, 1987). NMDA also excites ganglion cells 

directly, but causes a characteristic burst firing pattern 

which is not typical of physiological responses in the retina 

(Massey and Miller, 1988). As yet, the significance of the 

NMDA receptors on the ganglion cells is unknown. 

Dopamine 

It is now widely accepted that biogenic amines function 

in either short or long term ways at the membrane level. 

Recently, however, a body of literature has emerged suggesting 

that amines act at the transcriptional level as well 

(Montarolo et al, 1986; Pritchett and Roberts, 1987). Thus, 

amines may act at three levels and in three different time 

frames on target neurons: 1) to open channels directly (time 

frame of tens of ms), ii) to affect ion channels and cell 

metabolism through second messengers (minutes to hours) and 

iii) to function at the transcription level (days or 

permanent) . Dopamine's relatively slow action on the SFs 

suggest that its action may be mediated by a second messenger 

system. The cellular mechanism of this effect, however, has 

not been analyzed. Previous vertebrate and invertebrate 
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studies have demonstrated that biogenic amines frequently 

produce prolonged alterations in cellular excitability by 

activating cyclic nucleotides (Moore and Bloom, 1978; 

Kupferman, 1979) and a great deal of work is currently focused 

on the specific intracellular enzymes and proteins activated 

by these nucleotides. 

Dopamine's modulation in the SFs begins within 30 sec. 

of application and continually enhances the amplitude of the 

PSP over a 5 minute period. This enhancement persists longer 

than 30 minutes and suggests that dopamine may be involved in 

long term synaptic changes in the SFs. We propose that the 

long term changes induced by dopamine 1n the SFs may be linked 

to dark adaptation or the SF excited state. The SFs provide 

an excellent model to fully explore the modulatory effect of 

dopamine on these specific behaviors. Not only do we have 

direct evidence that dopamine effects the SF light response, 

but we know that it potentiates the action of the excitatory 

neurotransmitter (L-glutamate) to the cell. 

Although we are still at a stage of heavy speculation, 

it seems that we have the means to approach the neuronal 

mechanisms of visual information processing. Using a 

combination of techniques like immunocytochemistry, 

electrophysiology and neuropharmacology, we have begun to 

understand how visual stimuli and contrasts in the environment 

are conveyed into meaningful information for the brain. 
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