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Abstract

Light-Evoked Synaptic Excitation of Retinal Ganglion Cells

Jeffrey Scott Diamond

The transformation in retinal ganglion cells of light-evoked excitatory synaptic input

to spike frequency output was studied. Excitatory synaptic inputs and spike outputs

were recorded with patch electrodes from ganglion cells in the tiger salamander retinal

slice preparation. With inhibitory synaptic transmission blocked, excitatory

postsynaptic currents (EPSCs) were recorded under whole-cell voltage clamp; action

potentials were recorded under cell-attached patch clamp and voltage responses were

recorded under whole-cell current clamp.

Light-evoked excitatory input to ganglion cells is mediated by N-methyl-D-aspartate

(NMDA) and non-NMDA ionotropic glutamate receptors (Mittman, Taylor &

Copenhagen, 1990). In the present study, NMDA inputs are shown to contribute to the

light-evoked spike output of ganglion cells. Application of an NMDA receptor

antagonist reduced the light-evoked spike rate 36%. Further experiments demonstrated

that NMDA receptors do not participate substantially in the light-evoked voltage

response until the postsynaptic membrane is depolarized by non-NMDA input,

reducing the voltage-dependent magnesium block on the NMDA channel.

As the membrane is depolarized, the reduced driving force of both excitatory

currents is offset by the increasing NMDA channel conductance (fMittman, 1990

#54}). As a result, the combination of NMDA and non-NMDA conductances provides

a source of synaptic current that is voltage-independent over a wide range of membrane

potentials. It was hypothesized that, due to the combined NMDA and non-NMDA



synaptic input, the relationship between light-evoked synaptic activation and spike

frequency would be linear. This hypothesis was tested experimentally.

Synaptic activation of ganglion cells was modulated by changing the intensity of the

light stimulus. EPSCs and spike patterns were recorded in response to a broad range

of stimulus intensities. When light-evoked firing frequency was plotted versus peak

EPSC amplitude, a linear relationship emerged. This linearity, however, persisted

when NMDA was blocked. Further experiments revealed that the spike-generating

conductances near the soma "voltage-clamp" the cell membrane to a depolarized value

that is independent of the level of supra threshold activation, obviating the need for

voltage-independent synaptic efficacy to maintain a linear synaptic input-output

relationship.
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Introduction 1

The individual steps in the neuronal process of transforming excitatory input into

an output pattern of action potentials have intrigued neurophysiologists for much of

this century. Recordings of postsynaptic responses to single vesicles of

neurotransmitter first demonstrated the quantal nature of synaptic transmission (Fatt

& Katz, 1952); more recently, patch recordings of single ligand-gated channels have

revealed the complexity of receptor binding and activation (Hamill, Marty, Neher,

Sakmann & Sigworth, 1981). The cable properties of the dendritic arbor, through

which the synaptic current is borne to the cell soma, have been studied and modeled

in exquisite detail (Rall, 1989), as has the transformation in ma near the soma of

current to spike frequency (Barron & Matthews, 1938; Hodgkin, 1948; Granit,

Kernell & Shortess, 1963; Schwindt & Calvin, 1973; Baylor & Fettiplace, 1979). In

this thesis all of these steps — from synaptic activation to spike generation — are

studied in unison in an effort to characterize the relationship between the

physiological input to and output of a central neuron. For the purposes of this study,

input is defined as the binding and activation of postsynaptic receptors, which are, in

many cases, directly coupled to ion channels that conduct synaptic current. Recorded

under voltage clamp, postsynaptic current is the most direct measure of postsynaptic

receptor activation elicited by neurotransmitter released from presynaptic terminals.
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In this study, output is defined as the frequency of action potentials evoked by the

synaptic input. Although it is probable that higher order characteristics of the spike

train code neural information (Bialek, Rieke, de Ruyter & Warland, 1991), at present

spike frequency is the most accessible and will be used here to measure the strength

of output from ganglion cells. The relationship between synaptic activation and firing

rate will be referred to here as the excitatory input-output relation of the cell.

The retinal ganglion cell is an ideal neuron in which to attempt this type of "input

output" analysis. It receives excitatory, glutamatergic input that can be evoked by the

retina's physiological stimulus, light (Lukasiewicz & McReynolds, 1985; Massey &

Miller, 1988; Mittman, Taylor & Copenhagen, 1990). This input is transformed into

stereotyped patterns of action potentials that are easily recorded with either

intracellular or extracellular electrodes. Many attributes of the ganglion cell — the

synaptic input it receives, its dendritic architecture and its generation of spike output

— are similar to those of many other neurons in the central nervous system (CNS).

Given that many aspects of neuronal function are conserved throughout the CNS, it is

hoped that the characterization of the excitatory input-output relation in ganglion cells

will help elucidate mechanisms of neuronal information processing in other areas of

the CNS. The work described in this thesis addresses itself to several questions

fundamental to our understanding of how a neuron processes synaptic input. How do

the different light-evoked excitatory inputs that impinge on the ganglion cell

contribute differentially to the spike output? How do these inputs interact with each
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other in a way that affects the spiking behavior? What special properties of the

synaptic inputs, or the spike generation process, contribute to the transformation of

input to output?

As a preface to the description of the experiments done to examine these

questions, this introduction serves as a brief review of the synaptic structure of the

excitatory pathway in the retina, with particular attention paid to ganglion cells. The

literature of ganglion cell electrophysiology is punctuated by contributions from

many of the prominent neurophysiologists of the past century, as outlined below in a

brief historical account. In addition, a short review of ionotropic glutamate receptor

physiology and pharmacology seems appropriate.

The Excitatory Pathway: Synaptic Structure and Function

Ramón y Cajal's early illustrations of the vertebrate retina (1892) described a

beautifully layered mosaic comprised of a number of different cell types. His work

included drawings of teleost, amphibian, reptilian, avian and mammalian retinas.

Because the experiments described in this study were performed in the larval tiger

salamander, Ambystoma tigrinum, the comments below shall be concerned primarily

with the amphibian retina. While the retinas of higher vertebrates, especially
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mammals, possess some different architectural features, the fundamental structure of

the excitatory pathway in the retina is preserved across a wide range of species.

From a morphological standpoint, retinal processing is performed primarily in two

different directions. The excitatory signal is transmitted radially, from photoreceptors

to bipolar cells to ganglion cells. The excitatory, radial pathway alone, however,

would provide the brain only with an indication of light levels and perhaps

rudimentary aspects of the visual world. The image sent to the brain through the

optic nerve is spatially and temporally refined by the lateral, inhibitory processing

performed by horizontal cells and amacrine cells, respectively (Werblin & Dowling,

1969). Horizontal cell processing is largely responsible for developing the center

surround properties of the bipolar cell receptive field, a characteristic that is preserved

throughout much of the visual system. In addition, modulation by endogenous

dopamine of gap junctional coupling between horizontal cells may be a mechanism

for light adaptation (Lasater & Dowling, 1985; DeVries & Schwartz, 1989; Dong &

McReynolds, 1991). Through mechanisms that are still poorly understood, amacrine

cells are thought to underlie directional selectivity in the retina (Werblin &

Copenhagen, 1974; Borg-Graham & Grzywacz, 1992), as well as the transformation,

where appropriate, of sustained light responses into transient signals (Werblin &

Copenhagen, 1974). A complete understanding of retinal processing would require

the characterization of the complex interplay between the radial excitation and the

lateral inhibition. This study focuses only on the excitatory component, a first step
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toward that complete characterization. As a result, this review will concern itself

primarily with those retinal neurons that comprise the excitatory pathway:

photoreceptors, bipolar cells, and ganglion cells.

Photoreceptors

Photoreceptors perform the complicated task of transforming light from the

outside world into an electrical signal. The activation of the rhodopsin

transmembrane protein by a single photon, via the isomerization of the chromophore

11-cis-retinal, triggers the complex process of phototransduction (for review see

McNaughton, 1990). This enzymatic cascade culminates in a decreased steady-state

"dark current" flowing across the photoreceptor membrane, causing a

hyperpolarization that reduces the amount of neurotransmitter released from the

presynaptic terminal. Higher rates of photon absorption result in a graded increase in

this hyperpolarization (Tomita, 1966).

The salamander retina, like nearly all vertebrate retinas, contains two

photoreceptor types, rods and cones. In humans it is known that rods mediate

scotopic vision and are sensitive enough to detect the absorption of a single photon

(Hecht, Shaler & Pirenne, 1942). In most vertebrates, including both salamanders

and humans, cones have evolved into three different types, distinguished by the hue to

which they are most sensitive. The different chromatic sensitivities are conferred

onto each cone type by small differences in the opsin protein structure that affects its
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interaction with retinal (Nathans, Thomas & Hogness, 1986). As a result of these

differences, cones mediate color vision. Cones respond to light with faster kinetics

than rods but are about 30 times less sensitive (Fain & Dowling, 1973). As a result,

cones respond to brighter (photopic) light that saturates rods. The tiger salamander

possesses at least three cone types: red, blue and ultra-violet (Makino, Taylor &

Baylor, 1991).

Bipolar Cells

Photoreceptors release their transmitter, which is most likely glutamate (Slaughter

& Miller, 1983; Ayoub, Korenbrot & Copenhagen, 1989), in the outer plexiform layer

(OPL), where it binds receptors on bipolar and horizontal cells. The two major

classes of bipolar cell are distinguished by their opposite responses to light (Werblin

& Dowling, 1969), which are mediated by different postsynaptic glutamate receptors.

Because they possess conventional ionotropic glutamate receptors (Nawy & Jahr,

1991), OFF bipolar cells are depolarized by glutamate and thus respond to light with a

hyperpolarization. In the dark, the steady release of glutamate from the

photoreceptors continually activates the receptors and maintains the OFF bipolar cell

in a depolarized state. In the presence of light, glutamate release from photoreceptors

is reduced, and the resulting decrease in the depolarizing synaptic response in the OFF

bipolar cell appears as a hyperpolarization. ON bipolar cells, in contrast, respond to

light with a depolarization. In the dark, glutamate binds a metabotropic glutamate

receptor, the 2-amino-4-phosphonobutyric acid (APB) receptor (Slaughter & Miller,
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1981). Activation of this receptor by glutamate suppresses a comp-gated cationic

conductance via a GTP-binding protein-mediated process (Nawy & Jahr, 1991).

Thus, when light reduces the glutamate released from photoreceptors, this cationic

current increases, resulting in a membrane depolarization. Although it has been

demonstrated directly only in ON bipolar cells (Tachibana & Okada, 1991), it is

generally assumed that both bipolar cell types, upon depolarization, release glutamate

onto third-order retinal neurons.

Ganglion cells

A ganglion cell receives a complicated combination of excitatory and inhibitory

inputs, which are then transformed into a pattern of action potentials that is conducted

down its axon in the optic nerve to higher visual centers. Excitatory, glutamatergic

input is provided by bipolar cells. In the amphibian retina, the response to light by a

particular ganglion cell depends on the bipolar cell type(s) to which it is connected

(Werblin & Dowling, 1969; Sakai & Naka, 1987). ON ganglion cells, which respond

to the onset of the light, receive excitatory input primarily from ON bipolars. OFF

ganglion cells, which are encountered rarely and are not addressed in this study,

receive their input primarily from OFF bipolar cells. OFF ganglion cells in the

salamander respond with a burst of action potentials when the light stimulus is

extinguished. ON-OFF ganglion cells, which are seen with great frequency in the

salamander retina, receive input from both ON and OFF bipolar cells. The center

surround structure of both ON and OFF bipolar cell receptive fields (Werblin &
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Dowling, 1969) is preserved in all ganglion cell types (Barlow, 1953; Kuffler, 1953;

Werblin & Dowling, 1969).

Prior to the development of excitatory amino acid receptor antagonists (Davies,

Francis, Jones & Watkins, 1980; Honoré, Davies, Drejer, Fletcher, Jacobsen, Lodge

& Nielsen, 1988), it was difficult to determine what types of glutamate receptors

drive the light-evoked response in ganglion cells. Numerous studies, performed in

several different species, have shown that applied glutamate excites retinal ganglion

cells via N-methyl-D-aspartate (NMDA) and non-NMDA type ionotropic glutamate

receptors (Slaughter & Miller, 1983; Lukasiewicz & McReynolds, 1985; Massey &

Miller, 1988; Coleman & Miller, 1989a; Boos, Müller & Wässle, 1990; Massey &

Miller, 1990; Mittman, et al., 1990). Some authors have concluded, however, that

NMDA input does not contribute significantly to the light-evoked spike response

(Coleman, Massey & Miller, 1986; Coleman & Miller, 1988; Massey & Miller, 1988;

Coleman & Miller, 1989a; Massey & Miller, 1990). This issue is addressed directly

by the experiments described in Chapter 3.

Recordings from Ganglion Cells: A Brief History

The first light-evoked electrical responses from the retina were recorded nearly

130 years ago by Holmgren (1865) with what would come to be known as the
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electroretinogram (ERG). While Holmgren thought he was recording activity from

the optic nerve, it was later determined that the ERG represents electrical activity of

pigment epithelial cells, glia and numerous neuronal cell types, but not ganglion cells

(Bialek, et al., 1991; for review see Dowling, 1987). H. Keffer Hartline, whose early

work in Limulus laid the foundation for modern retinal physiology, first recorded

single-unit light responses from vertebrate ganglion cells nearly 60 years ago

(Hartline, 1938). His extracellular recordings in bullfrog retina clearly distinguished

three classes of ganglion cell responses, which he termed ON, OFF, and ON-OFF. More

complicated aspects of ganglion cell responses were characterized at about the same

time in the cat by Steven Kuffler (1953) and in the frog by Horace Barlow (1953).

The "center-surround" receptive field organization that these workers described has

since been shown to be a fundamental characteristic of the visual system and other

sensory systems in a wide range of vertebrates. The subsequent discovery of

directionally selective ganglion cells in rabbit (Barlow, Hill & Levick, 1964) revealed

still another level of complexity in ganglion cell function.

The first intracellular recordings from ganglion cells were obtained from the intact

eye of the cat by Torsten Wiesel and Kenneth Brown (Brown & Wiesel, 1958;

Wiesel, 1959). Their voltage recordings demonstrated a sustained membrane

depolarization that underlay the spike response, a characteristic observed in ganglion

cells of other species, including the tiger salamander (see Chapters 3 and 4) and in

neurons elsewhere in the CNS (e.g., see Douglas, Martin & Whitteridge, 1991).
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According to Wiesel's account, "the magnitude of the maintained

depolarization...[was] graded according to the strength of illumination" (Wiesel,

1959). This observation is contradicted by experimental results described in Chapter

4.

While these earlier studies provided a thorough description of ganglion cell

response characteristics, the network properties underlying these responses remained

a mystery until Frank Werblin and John Dowling intracellularly recorded light

responses from a number of different cell types in the same retina (Werblin &

Dowling, 1969). From their recordings in the mudpuppy eyecup preparation

(Werblin & Dowling, 1969), Werblin and Dowling drew important conclusions that

remain valid today. They proposed that spatial processing is performed in the OPL

and temporal processing is performed in the IPL. Noting the similarity in light

responses between ON ganglion cells and ON bipolar cells, they suggested that the

response characteristics of ganglion cells may depend primarily on the cell types that

supply its synaptic input. They also postulated a mechanism of feedback inhibition

by which amacrine cells might truncate the bipolar cell response. This particular

phenomenon is now thought to be mediated by Y-aminobutyric acid (GABA) released

from amacrine cells onto GABAB receptors populating the bipolar cell presynaptic

terminals (Maguire, Maple, Lukasiewicz & Werblin, 1989). While Werblin and

Dowling (and Maguire, et al., 1989) proposed this as a mechanism of amacrine cell
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self-inhibition, experiments presented in Chapter 3 suggest that direct bipolar

ganglion cell transmission also may be affected by amacrine cell feedback.

Werblin and Dowling's work inspired a closer examination of how the retinal

network shapes the properties of the ganglion cell response. One popular way to

characterize the ganglion cell response was to quantify the light-evoked spike activity

over a range of light stimulus intensities (Werblin & Dowling, 1969; Werblin &

Copenhagen, 1974; Thibos & Werblin, 1978; and see Chapter 4). Experiments in the

mudpuppy eyecup demonstrated an important role for amacrine cells in the more

complex tasks accomplished by ganglion cells. Motion sensitive ganglion cells had

been observed in a number of species (Maturana, Lettvin, McCulloch & Pitts, 1960;

Maturana & Frenk, 1963; Barlow, et al., 1964; Michael, 1968; and subsequent work

by Baylor & Fettiplace, 1979; Bowling, 1980); work in the mudpuppy showed that

ON-OFF ganglion cells exhibited a different intensity response curve when a moving

stimulus was present in the surround, by virtue of amacrine cell input (Werblin &

Copenhagen, 1974). ON ganglion cells, on the other hand, were unaffected by motion

in the surround, and exhibited similar intensity response curves to those obtained

from bipolar cells (Werblin, 1974; Werblin & Copenhagen, 1974; Thibos & Werblin,

1978).

These intensity-response experiments demonstrated that, while both ON and ON

-OFF ganglion cells receive excitatory input from bipolar cells organized in a center



CHAPTER 1: INTRODUCTION 12

surround configuration, amacrine cell-mediated inhibitory inputs contribute to

temporal processing, including motion and directional selectivity, performed in ON

-OFF ganglion cells. While ON ganglion cells do receive inhibitory synaptic input

(Belgum, Dvorak & McReynolds, 1982), their responses to light primarily reflect the

collective activity of the bipolar cells that synapse onto them. The "center" portion of

the ON cell response, which does not depend on horizontal cell or amacrine cell input,

represents the excitatory pathway in isolation (Werblin & Copenhagen, 1974). In

lower vertebrates, the excitatory pathway from the photoreceptors to both ON and ON

OFF ganglion cells can be isolated pharmacologically by blocking inhibitory

neurotransmission from horizontal and amacrine cells (Mittman, et al., 1990).

Abolition of lateral interactions in both the OPL and the IPL makes it possible to

focus on the light-evoked excitation of ganglion cells without the spatial and temporal

modifications performed by horizontal and amacrine cells. This approach was taken

in the experiments described in this thesis (Chapters 3 and 4).

With the development of specific receptor antagonists (Davies, et al., 1980;

Honoré, et al., 1988), work in the 1980s became more concerned with the synaptic

receptors driving ganglion cells. Work in lower vertebrates, primarily amphibians,

demonstrated that ganglion cells receive inhibitory inputs primarily through A-type

GABA and glycine receptors (Frumkes, Miller, Slaughter & Dacheux, 1981; Belgum,

Dvorak & McReynolds, 1984) and excitatory inputs through NMDA and non-NMDA

ionotropic glutamate receptors (Slaughter & Miller, 1983; Lukasiewicz &
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McReynolds, 1985; Massey & Miller, 1988; Boos, et al., 1990; Mittman, et al., 1990;

Yazejian & Fain, 1992). (A more complete description of ionotropic glutamate

receptors is provided in the next section.) Whole-cell voltage-clamped recordings of

light-evoked ganglion cell responses demonstrated clearly that NMDA receptors

comprise part of the light-evoked input to ganglion cells (Mittman, et al., 1990), but

several researchers have maintained that NMDA receptors do not contribute

significantly to the light-evoked output spike response. The experiments described

here in Chapter 3 provide clear evidence that NMDA input does, in fact, contribute

Substantially to the light-evoked spike response in salamander ganglion cells. Thus,

ganglion cells have joined a long list of central neurons that receive input from

NMDA and non-NMDA ionotropic glutamate receptors. The attributes of both

receptor types, as well as their possible involvement in some of the most important

functions of the CNS, has engaged a large portion of the neuroscience community

over the last 20 years.

Ionotropic Glutamate Receptors: More Than Just Memory

Ionotropic glutamate receptors mediate excitatory synaptic input to many neurons

(for review, see Watkins & Collingridge, 1989 and Mayer & Westbrook, 1987b).

Two main subtypes of ionotropic glutamate receptors have been distinguished based

on their pharmacological profiles. The first subtype is selectively activated by the
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aspartate analog N-methyl-D-aspartate (NMDA), and therefore is referred to as the

NMDA receptor. At least two other ionotropic glutamate receptors are not activated

by NMDA: One is highly sensitive to kainic acid and is referred to as the kainate

receptor, and another is activated by O-amino-3-hydroxy-5-methyl-4-isoxazole

propionic acid (AMPA) and quisqualate and is commonly called the AMPA receptor.

Because kainate and AMPA receptors have yet to be distinguished by a

pharmacological antagonist, they often are referred to collectively as non-NMDA

receptors.

NMDA and non-NMDA receptors were first distinguished biophysically with

single-channel recordings (Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987).

The synaptic physiology of the two receptor types was made more accessible with the

development of the specific NMDA antagonist 2-amino-5-phosphonovalerate (APV;

Davies, et al., 1980) and the specific non-NMDA receptor antagonist 6-cyano-7-

nitroquinoxaline (CNQX; Honoré, et al., 1988). The coincidence of these important

pharmacological and electrophysiological advances has borne a huge literature

suggesting that NMDA and non-NMDA receptors underlie mechanisms of neuronal

plasticity (for review, see Rauschecker, 1991), excitotoxicity (Ben-Ari, 1985; Choi,

1988), and complex information processing (Salt & Eaton, 1989; Dickenson &

Sullivan, 1990; Fox, Sato & Daw, 1990; Grillner, Wallén & Viana di Prisco, 1990;

Suga, Olsen & Butman, 1990; Kwon, Nelson, Toth & Sur, 1992; Armstrong-James,

Welker & Callahan, 1993). Particular attention has been paid to the roles of both
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receptor types in long-term potentiation (LTP), a putative model for memory

formation studied primarily in the hippocampus (for review see Madison, Malenka &

Nicoll, 1991). Calcium entry through NMDA receptors has been shown to be

required for the induction of LTP (Alford, Frenguelli, Schofield & Collingridge,

1993; Perkel, Petrozzino, Nicoll & Connor, 1993), and evidence suggests that, during

LTP, it is the non-NMDA component of the postsynaptic response that is potentiated

(Kauer, Malenka & Nicoll, 1988; Davies, Lester, Reymann & Collingridge, 1989).

There are several striking differences between NMDA and non-NMDA receptors.

While not all are relevant to the issues addressed in this thesis, they merit mention

here. The first is a voltage dependence conferred uniquely onto the NMDA receptor

channel by external magnesium, which blocks the channel at hyperpolarized

potentials (Mayer, Westbrook & Guthrie, 1984; Nowak, Bregestovski, Ascher, Herbet

& Prochiantz, 1984). At hyperpolarized potentials, the magnesium block prohibits

the channel from conducting ionic current, even if the receptor is bound and activated

by glutamate. This voltage dependence has been observed in the NMDA receptor

mediated component of excitatory synaptic inputs recorded in many cells, including

those in the hippocampus (Forsythe & Westbrook, 1988; Hestrin, Nicoll, Perkel &

Sah, 1990; Randall, Schofield & Collingridge, 1990), spinal cord (Dale & Roberts,

1985) and retina (Mittman, et al., 1990, and see Chapter 3). The observation that

NMDA receptors require the presence of glutamate coincidentally with a postsynaptic
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membrane depolarization has fueled speculation that the receptor channel is the

molecular substrate for associative learning (Watkins & Collingridge, 1989).

NMDA receptor channels are more permeable to calcium than non-NMDA

receptors (MacDermott, Mayer, Westbrook, Smith & Barker, 1986; Mayer &

Westbrook, 1987a; Ascher & Nowak, 1988), although recent fluorometric evidence

indicates that the difference in physiological calcium permeability may not be as great

as originally believed (Scheggenburger, Zhou, Konnerth & Neher, 1993). Calcium

entry through NMDA receptors is thought to be a vital step in LTP (Alford, et al.,

1993; Perkel, et al., 1993), as well as glutamate-induced excitotoxicity (Choi, 1988).

In pattern generators underlying locomotion in lamprey, NMDA receptor-mediated

calcium entry has been shown to contribute to rhythmic activity by activating a

calcium-dependent potassium conductance (Grillner, et al., 1990). The effects of

calcium entry into retinal ganglion cells through NMDA receptors has been studied in

the rat, where it has been shown to contribute to neurotoxicity, partly by stimulating

the release of calcium from intracellular stores (Lei, Zhang, Abele & Lipton, 1992).

Kinetically, the two receptor types are very different. NMDA receptors bind

glutamate with higher affinity than non-NMDA receptors (Patneau & Mayer, 1990),

and the receptor remains bound for a longer period of time, perhaps several hundred

milliseconds (Lester, Clements, Westbrook & Jahr, 1990). Once bound, NMDA

receptors activate (i.e., become conductive) more gradually; as a result, the NMDA
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receptor response to a single vesicle is much slower than that of non-NMDA

receptors (Bekkers & Stevens, 1989). In most neurons, therefore, the NMDA EPSC

has a longer time to peak and slower decay rate than that mediated by non-NMDA

receptors (Dale & Roberts, 1985; Forsythe & Westbrook, 1988; Hestrin, et al., 1990;

Mittman, et al., 1990). In a system in which the time course of transmitter release is

very slow, as it is from bipolar cells onto ganglion cells in the dark-adapted retina,

NMDA and non-NMDA EPSCs exhibit similar time courses (see Chapter 3).

While NMDA receptors are much more sensitive to glutamate than non-NMDA

receptors (Patneau & Mayer, 1990), it is unclear how this difference affects synaptic

transmission. A growing body of evidence suggests that release of a single synaptic

vesicle is sufficient to saturate both receptor types (Clements, Lester, Tong, Jahr &

Westbrook, 1992; Tong & Jahr, 1994; and see Chapter 4), so differences in affinity

for glutamate may not play a role in normal synaptic transmission.

As indicated in this brief review, a great deal is known about excitatory,

glutamatergic synaptic inputs to many central neurons, including retinal ganglion

cells. In addition, 60 years of electrophysiology has yielded a thorough

characterization in ganglion cells of light-evoked spike outputs. This study seeks to

explore the relationship between these two components of ganglion cell function.

After a short description of the experimental procedures and techniques used to
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analyze data (Chapter 2), Chapter 3 describes experiments exploring the voltage

dependent interaction between NMDA and non-NMDA receptors, and how it affects

the light-evoked depolarization of ganglion cell toward spike threshold. Chapter 4

extends this analysis to examine the excitatory input-output relation of ganglion cells;

the relative importance of NMDA receptors and spiking mechanisms in the linear

transformation of excitatory synaptic activation to spike frequency is discussed.

Finally, concluding remarks are offered in Chapter 5, along with speculations about

other possible roles for NMDA receptors in ganglion cell function.
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Experimental Methods 2

Note: The procedures described below were performed in accordance with the U.S.

Animal Welfare Act and the recommendations of National Institutes of Health (NIH)

Publication No. 85-23, NIH Guide for the Care and Use of Laboratory Animals and

also were approved by the UCSF Committee on Animal Research.

Retinal Slices and Solutions

Larval tiger salamanders (Ambystoma tigrinum from Charles D. Sullivan Co.) were

maintained under a 12 h light-dark cycle in 3-4°C water. Animals were dark adapted

for 90 min before being decapitated and double-pithed under dim red light. The entire

dissection and slicing of the retina was performed under infrared (850 nm) illumination.

Both eyes were removed and hemisected, and retinal slices were prepared (Werblin,

1978). An eyecup was halved with a razor blade, and one hemi-eyecup was inverted

and blotted ganglion cell-side-down onto a 13 mm disc of filter paper (Millipore; pore

size 0.45 pum) that had been secured with high vacuum grease (Dow Corning) to the

bottom of the slicing chamber. This chamber comprised one section of the experiment



CHAPTER 2: EXPERIMENTALMETHODS 20

dish, which was milled out of 0.25" Plexiglas. When the choroid and retinal pigment

epithelium were removed, the retina remained adhered to the filter paper. The slicing

chamber and the adjoining recording chamber were then flooded with saline; the filter

paper disc and the retina were cut into 150 pum-thick slices using an injector-type razor

blade mounted to a custom-made slicing apparatus. The slices were then moved with

forceps from the slicing chamber to the recording chamber, with care taken to keep the

slices submerged throughout the transfer. About 13 slices were placed, like rungs on a

ladder, atop two parallel tracks of vacuum grease that had been laid down, 8 mm apart,

in the recording chamber. Each slice was turned on its side, so that the photoreceptors

were pointing "north," and pushed into the vacuum grease. This procedure secured the

slices so that they would not move during saline superfusion. The unused hemi-eyecup

was stored on ice in a light-tight canister for later use.

Solutions were delivered from an array of bottles to the 700 pil recording chamber

by a gravity-driven drip superfusion system at a rate of 1-2 ml minº'. Delivery rate

sometimes was increased to about 5 mimim” during solution changes. Superfusion

saline normally contained (in mM): NaCl, 104; KCl, 2; CaCl2, 2; MgCl2, 1; glucose, 5;

hemisodium HEPES, 5; picrotoxin, 0.05; strychnine hydrochloride, 0.0005; pH was

adjusted to 7.4 with NaOH. The final osmolarity was checked to be 225-240 mCsm

with a vapor pressure osmometer (Wescor). Picrotoxin (100 mM stock in DMSO) and

strychnine (1 mM stock) were added just prior to the experiment. In Mg2+-free

solutions, MgCl2 was replaced with 1 mM CaCl2.
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Pipette solutions contained (in mM): CsP (or C.Gluconate or KF or KGluconate),

84; EGTA, 11; hemisodium HEPES, 15; MgCl2, 0.4; CaCl2, 0.4; NaCl, 7.2; pH was

adjusted to 7.6 with CSOH (or KOH). As with the superfusion saline, the final

osmolarity was 225-240 mCsm. All saline components were of reagent grade (Sigma).

Patch solutions were filtered when made, frozen in 5 ml aliquots, and then thawed as

needed. Each aliquot was used for up to a week and was refrigerated between

experiments. Pipette solutions were passed through a syringe filter when they were

inserted into the patch pipettes. KF pipette solutions were used for all whole-cell

current-clamped recordings in Chapter 3, except where noted. During extended whole

cell current-clamp experiments (>1 hr), voltage-gated currents were observed to run

down with KF in the patch pipette. This rundown prevented spiking, and such cells

were not included in any analysis. Some of the current clamp recordings reported in

Chapter 3 were performed in KF, but relevant data (Figure 3.4) were obtained soon

after recording began, before significant rundown had occurred. To prevent rundown

during the more elaborate current clamp experiments described in Chapter 4,

KGluconate was used as the major cation in the patch electrode. No rundown of

voltage-gated currents was observed when KGluconate was used. CSF solutions were

used in all voltage-clamped recordings, except where noted, in most cell-attached

experiments and selected current-clamped recordings. Some voltage-clamp recordings

in Chapter 4 were performed with KGluconate in the pipette. Both the superfusion and

pipette solutions were maintained at room temperature (21°C) during the experiment.
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Glutamate receptor antagonists D,L-2-amino-5-phosphonoheptanoate (AP7;

Research Biochemicals Incorporated) and CNQX (Tocris Neuramin), as well as the

Na+ channel blocker TTX (Sankyo), were applied by adding appropriate amounts of

stock solutions to the superfusion saline just prior to the experiment. The GABAB

antagonist CGP35348 (a gift from CIBA-GEIGY Limited) and K+ channel blocker

TEA (Sigma) were dissolved directly into the superfusion saline.

Recording Methods

Slices were visualized on a video monitor via an infrared camera (Dage-MTI) and a

40X water immersion lens on an upright light microscope (Zeiss). The microscope

light source was passed through an infrared (850 nm) filter before entering the

condenser, allowing cells in the ganglion cell layer to be selected and approached with

the patch pipette under visual control. Patch electrodes were pulled from borosilicate

glass (7052, Garner Glass) on a two-stage vertical puller (Narashige). Electrodes had

tip diameters of 1-1.5 pum and resistances of 8-10 MQ. Seal resistances ranged

between 2-10 GQ. The infrared light source was extinguished immediately after

formation of a gigaseal. Recordings were performed with an Axopatch 1D amplifier

(Axon Instruments) and an I/O board (Indec Systems) controlled by a 386SX PC using

Software developed in the laboratory.
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During cell-attached patch recordings, the amplifier was placed in voltage-clamp

mode. Bursts of brief, biphasic currents were recorded in response to light stimuli.

These capacitive currents reflected the first derivative of membrane potential with

respect to time during an action potential (McLarnon, 1991). The repolarization phase

of the spike wave form, which was blocked when 500 puM TEA was applied via the

superfusion solution, persisted with 84 mM cesium in the patch pipette (see Figures 2.1

and 3.2B). This concentration of cesium is sufficient to block the delayed-rectifying

potassium channel, indicating that the light-evoked action potentials measured in cell

attached recordings reflected the activity of the entire cell membrane, not just that small

portion beneath the electrode. This conclusion is supported further by the observation

that the cell-attached spike wave form was affected only slightly by the potential to

which the patch electrode was clamped (Figure 2.1). If we had been measuring ionic

conductance through the voltage-gated channels in the membrane spanning the patch

pipette, we would have expected alterations in wave form with changing clamping

potential, due to channel activation and inactivation, and changes in driving force on

both sodium and potassium conductances.

Following cell-attached recordings, mechanical suction and short voltage pulses

(1.5V DC, 0.1 to 10 ms in duration), both applied through the patch pipette, were used

to rupture the membrane and obtain whole-cell recordings. Occasionally, the

membrane would rupture spontaneously (Figure 2.2). Input resistances with CsP in



CHAPTER 2: EXPERIMENTALMETHODS 24

the pipette were 0.5-3 GQ; access resistances typically were 30 MQ. All voltage

clamped recordings and most current-clamped and cell-attached recordings were

sampled at 1 kHz and low-pass filtered at 500 Hz. In some cases, current-clamped

recordings and cell-attached recordings were sampled at 10 kHz and filtered at 5 kHz,

to ensure that variations in spike amplitude were not due to sampling errors.

The holding potential under voltage clamp and the measured potential under current

clamp were corrected to account for the -6 mV liquid junction potential that occurred

when whole-cell recordings were obtained. Junction potential was determined by first

filling the electrode with patch solution and placing it into a recording chamber filled

with patch solution. After the pipette potential under current clamp (Iclamp = 0 pA) had

stabilized at 0 mV, the patch solution in the chamber was exchanged with superfusion

saline, and the resulting change in pipette potential, a 6 mV depolarization, WaS

measured. Thus, the junction between the patch and superfusion solutions caused

measured potentials to appear 6 mV more depolarized than they actually were.

Data analysis was performed on a Macintosh with Igor analysis software

(WaveMetrics). In all cases in which results from different cells were pooled, data are

expressed as mean it standard deviation (n = number of cells).

Light Stimulation
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Light stimuli were delivered orthogonally to the major axis of the photoreceptors.

Light from a tungsten lamp source passed through a variable array of neutral density

filters and a 500 nm interference filter. The stimulus, imaged through the microscope

condenser, consisted of a spot 435 pum in diameter, centered on the photoreceptors

above the cell of interest. Light intensity was calibrated with a photometer (United

Detector Technologies). During the experiments described in Chapter 3, in which

strong light stimuli were used to obtain consistent responses, stimulus intensity was set

between 5 x 102 and 1.6 x 10° photons pum-2s-1. In the intensity-response

experiments described in Chapter 4, light intensities ranged from 2x 10-2 to 130

photons pum-2s-1. The intensity of the unattenuated 500 nm light was 3.82 x 106

photons pum’s'. Assuming that the photoreceptors across the width of the slice were

screened, on average, by half the thickness of the slice (75 pm) and that a typical

salamander rod outer segment is 25 um long and 10pm in diameter, 1 photon um’s”

was determined to be approximately equivalent to 3 Rh" rod-1s-1 (Baylor, Lamb &

Yau, 1979).

Analysis of Light Responses

Cell-Attached Spike Responses
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Spike frequencies were calculated from data obtained during cell-attached

experiments (Figure 2.3A). After the experiment, digitized raw data was run through a

software-based spike detector, and the exact location in time of each light-evoked action

potential was stored on computer (Figure 3.2B). For the spike histograms described in

Chapter 3, the last 10 light-evoked responses in each experimental condition, during

which time any superfused drug would have exerted its largest effect, were combined.

In the intensity-response experiments described in Chapter 4, 5 consecutive responses

to each light intensity were combined. In both cases, a spike frequency histogram was

constructed using a sliding window algorithm. The average spike frequency in a 100

ms window was plotted at the time point in the center of the window. The window slid

through time in 10 ms steps, and the average frequency across the window was plotted

at every step. The magnitude of this composite histogram was divided by the number

of component responses, yielding the average spike frequency response to a single light

stimulus (Figure 2.3C). Peak firing rate was determined by averaging the spike

frequency in the 100 ms window about the peak of the histogram.

Whole-Cell Voltage-Clamped Responses

Because the baseline of a voltage-clamped recording depended on the clamping

potential, each whole-cell voltage-clamped trace was "zeroed" by averaging the 300 ms

preceding the light stimulus and subtracting that scalar from the entire trace. At very

depolarized clamping potentials (above 0 mV), the baseline often gradually relaxed over

the duration of the 5 s trace. To compensate for this, the first and last 300 ms of the
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voltage step, which occurred before and after the light response, were fitted with a

least-squares algorithm to a single exponential, which was then subtracted from the

entire trace. EPSC amplitude was measured by finding the peak value and averaging

amplitudes sampled during the 10 ms on either side (a 20 ms window). Given the slow

time course of the light-evoked EPSCs recorded here (see Figure 3.1C), this 20 ms

window provided an accurate measure of EPSC amplitude while reducing the effects of

occasional recording glitches.

Whole-Cell Current-Clamped Responses

During whole-cell current-clamp experiments, the baseline membrane potential was

observed to fluctuate by as much as 20 mV over the course of an experiment. In an

effort to minimize these variations, a holding current (usually less than 5 pa) was

injected, and modified as required between responses, to maintain the baseline

membrane potential near a resting level of -70 mV (Lukasiewicz & Werblin, 1988;

Coleman & Miller, 1989b).

To test whether the voltage excursion during the spike response was affected by

small changes in the baseline membrane potential, current-clamped light responses were

recorded, and the baseline voltage was purposely changed between responses by

varying the amplitude of the constant holding current. The resulting voltage traces

(Figure 2.4A) were differentiated with respect to time and plotted versus the

undifferentiated voltage time course ("derivative-time" plot; Figure 2.4B). In this plot,
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the point at which the membrane potential exceeded spike threshold was reflected in a

rapid increase in the rate of depolarization (a in Figure 2.4B). The location of spike

threshold was more difficult to discern in the original voltage trace (Figure 2.4A). The

derivative-time plot illustrated the rapid depolarization of the action potential to its peak,

which occurred when the derivative re-crossed the zero line (b in Figure 2.4B), and

then the subsequent repolarization. Although the two illustrated voltage responses

began with baseline membrane potentials separated by 8 mV (Figure 2.4A; filled

triangle versus open triangle in Figure 2.4B), the derivative-time plots demonstrated

little more than a 1 mV difference in spike threshold (Figure 2.4B). Therefore, when

the membrane potential during a current-clamped spike response was analyzed (as in

Chapter 4), small variations in baseline membrane potential from one response to the

next were disregarded.

Intensity Response Analysis

In a number of experiments described in Chapter 4, light responses were recorded

from the same cell in response to a range of light stimulus strengths. When plotted

against light intensity, both peak light-evoked EPSC amplitude and peak light-evoked

spike frequency were fitted satisfactorily by the Hill equation (Equation 2.1):

I*
R(I) = R. —,

(I) * 1: 4-1.
(2.1)
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where R(I) represents the response evoked by a given light intensity I, Rmax the

maximum response amplitude (spikes s” or pa), I50 the light intensity that elicits a

half-maximal response, and c the Hill cooperativity coefficient. This cooperativity

coefficient is inversely proportional to the dynamic range (d.r.) of the response, i.e.,

the log range of intensities eliciting responses that are between 5% and 95% of

maximum (Thibos & Werblin, 1978), according to Equation 2.2:

d. r. = −, (2.2)

where c is the Hill cooperativity coefficient from Equation 2.1.

Mathematical Simulations

Neuronal models were employed at two different points during this study. The

disparate objectives of each model are reflected in the very different ways in which they

were constructed. Different circumstances made necessary simplifying assumptions

about different aspects of ganglion cell function in order to study other aspects in

greater detail. While it would be ideal to construct a comprehensive, structurally and

physiologically accurate model of a retinal ganglion cell, this has proven quite difficult.

Several efforts have been made to characterize the electrotonic properties of ganglion
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cells (Lukasiewicz & Werblin, 1988; Coleman & Miller, 1989b; Mittman, 1990), but

this work is far from complete. Even models specifically intended to replicate the

spiking behavior of salamander ganglion cells (Fohlmeister, Coleman & Miller, 1990)

have been unable to represent accurately the depolarized plateau present in every

spiking response (see Figures 3.1, 3.4, 4.4, 4.7 and 4.8). While the model

constructed by Fohlmeister, et al. (1990) did duplicate the linear injected current-spike

frequency relationship observed in ganglion cells (Baylor & Fettiplace, 1979; Figure

4.4), it did so at the expense of physiological time constants of the voltage-gated

conductances.

In Chapter 3, a model was required to simulate the synaptically-evoked membrane

depolarization leading to the first action potential in a light response. Simplifications

were made regarding the spike-generating conductances and the electrotonic location of

the synaptic input, in an effort to maintain a general structure applicable to all spiking

neurons that receive NMDA and non-NMDA receptor-mediated synaptic input. Firstly,

voltage-gated sodium and delayed-rectifying potassium conductances were the only

voltage-activated conductances included in the simulation. Other conductances,

including a high voltage-activated calcium current, a rapidly inactivating potassium

current and a calcium-activated potassium current (Fohlmeister, et al., 1990) had no

effect on the relevant behavior of this model, and so they were omitted. In another

simplification, the synaptic conductances were introduced directly into the soma,
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despite evidence that they are distributed across the dendritic arbor (Sterling, Freed &

Smith, 1988; Lukasiewicz & Werblin, 1990).

The parameters and general framework of the single-compartment somatic

membrane model, including the voltage-dependent characteristics of the synaptic and

spike-generating conductances, were adapted from a more extensive simulation

(Ekeberg, Wallén, Lansner, Travén, Brodin & Grillner, 1991) that followed the

mathematical formalisms used by Hodgkin & Huxley (1952b). Numerical methods

were performed with STELLA II simulation software (High Performance Systems,

Inc.), using Euler's method with a constant 50 pus step size, on a Macintosh IIck

computer. The parameters listed in Table 2.1 were used to characterize the electrical

properties of the simulated soma.

Five membrane currents were expressed as follows:

Sodium: INa=gs, m*h (ENa-Vm) (2.3)

Potassium: IK = gºn*(EK-Vm) (2.4)

Leak: Ileak = gm:(Eleak - Vm) (2.5)

NMDA: INMDA = gy Tp(Esyn-Vm) (2.6)

Non-NMDA: Inon-NMDA = g&T (Esyn-Vm) (2.7)
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In Equations 2.3 through 2.7, Vm represents the membrane potential and T is an O.

function, varying between 0 and 1, that describes the time course of the synaptic input

mediated by both receptor types (Equation 2.8):

T = (#)
-

ext{H}) (2.8)t t

where t is time (ms) and t is the time at which the function reaches its peak. m., n and p

are activation parameters and h is an inactivation parameter, as described by Hodgkin

and Huxley (1952b). The differential equation describing any one of these activation or

inactivation parameters, i, is

* - a -a-i-ad-i) fl, (2.9)

where values for Oi and B; for each parameteri are calculated in Equation 2.10:

A+BVº

O.,■ } -
cº)C+exp E

(2.10)

using the parameters listed in Table 2. The membrane potential was then calculated

according to Equation 2.11:

º = IN, +Ik+Heart INMDA + Inon-NMDA. (2.11)
C

in
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The experiments described in Chapter 4 raised more complicated questions about

ganglion cell function. Specifically, a simulation was required to estimate the extent to

which the postsynaptic sites on the ganglion cell dendrites are depolarized during a

light-evoked spike response. Whereas in the first model it was sufficient to model the

cell as a single compartment, in this case it was necessary to consider the electrotonic

properties of the dendritic arbor. A multi-compartmental model of a synaptically

activated neuron was beyond the capabilities of STELLA, so NEURON simulation

software (Hines, 1989) was employed on a UNIX-based workstation (Silicon

Graphics, Inc.). The model cell consisted of a single-compartment soma connected to a

10-compartment dendritic cylinder (Rall, 1989). The physical and electrotonic

characteristics of the simulated neuron were derived from analysis of current transients

recorded from whole-cell voltage-clamped salamander ganglion cells (W. R. Taylor, S.

Mittman and D. R. Copenhagen, in preparation) and were similar to those derived in

the same cells in a different laboratory (Coleman & Miller, 1989b), as well as those

used in other single neuron models (Spruston, Jaffe, Williams & Johnston, 1993).

These parameters (Table 2.3) yielded an electrotonic length L = 0.4 (Rall, 1989).

While recent evidence has demonstrated that other neuronal cell types possess dendrites

with active properties (Stuart & Sakmann, 1994), analysis of tiger salamander ganglion

cells suggest that they possess electrically passive dendrites (Coleman & Miller, 1989b;
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Taylor, et al., in preparation). Based on these findings, the dendritic cylinder was

modeled as a passive cable.

To simulate the experimental results described in Chapter 4 while avoiding the

problems mentioned above regarding the spike-generating mechanisms in ganglion

cells, the soma was modeled as a membranous sphere with a high passive conductance

that reversed at -45 mV (Table 2.3) to represent the average state of the soma during

spiking. This simplification was justified by experimental results shown in Figure

4.7B. Simulated NMDA and non-NMDA excitatory synaptic conductances were

evenly distributed across the dendritic cylinder, as suggested by electrophysiological

and anatomical evidence in ganglion cells of salamander and cat, respectively (Sterling,

et al., 1988; Lukasiewicz & Werblin, 1990). The non-NMDA conductance was

assumed to be ohmic, and therefore was expressed by a time-dependent O function

(Equation 2.12):

=T.■ –E–). t – 250
ga(t)=ga (#) ext{ 250 ) (2.12)

Here ga(t) is the time-varying non-NMDA synaptic conductance, g, is the peak

non-NMDA conductance and t is time (ms). Equation. 2.12 yielded an EPSC wave

form that reached a peak in 250 ms and was similar to those observed experimentally

(Figure 4.1A).

h
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As in the first model, the time course of the NMDA conductance was modeled to be

identical to that of the non-NMDA conductance (Figure 3.5). The voltage dependence

of the NMDA channel conductance, derived via single-channel kinetic analysis (Jahr &

Stevens, 1990), was incorporated into an expression of the NMDA synaptic

conductance that varied with both voltage and time:

5 ( t ) ext{*}”)N | 2NZN | "
-

250 250“Tº (2.13)3.57

where gs(V,t) is the NMDA conductance, gº is peak conductance in the absence of

magnesium blockade, t is time (ms), M is external magnesium concentration (mM) and

V is membrane potential (mV). To obtain current-voltage relations similar to those

described in Chapter 4 (see Figure 4.5), gº was configured to be 4.5 times as large as

gº. The denominator of equation 2.13 yielded a j-shaped current-voltage relation

similar to that attributed to the NMDA component of the light-evoked EPSC recorded in

salamander ganglion cells (Mittman, et al., 1990; Figure 3.5). The voltage-dependence

of this expression is similar to that used in the first model (Equation 2.6), but Equation

2.13 is a better representation of the NMDA conductance, because it allows accurate

modification of the conductance in response to changes in magnesium concentration

(C). This was not attempted in the simulations relevant to Chapter 4.



CHAPTER 2: EXPERIMENTALMETHODS 36

Table 2.1: Electrical properties of somatic model

1.5 nS

0.03 nF

-65 mV

50 mV

-80 mV

0 mV

1000 nS

200 nS

8.0 nS

5.3 nS

250 ms
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Table 2.2: Parameters used to calculate ion channel rate constants

A B C D E

O■ m -8 -0.2 -1 40 -1

Ém 2.94 0.06 -1 49 20

Oth 3.2 0.08 -1 40 1

■ h 0.4 0 1 36 -2

On -0.62 -0.02 -1 31 –0.8

Bn 0.14 0.005 -1 28 0.4

Op 0.7 0 0 0 –27

Ép 0.1 0 0 0 27
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Table 2.3: Electrotonic and physical parameters of the compartmental simulation

Cm

Rm (soma)

Rm (dendrite)

Ri

1 HF cm-2

500 Q cm2

50,000 Q cm2

110 Q cm

17 pum

1.7 pum

560 pum

-45 mV

-65 mV

dsoma

ddendrite

ldendrite

Eleak (soma)

Eleak (dendrite)

M 1 mM
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Figure 2.1

+45 mV

+30 mV

+15 mV

0 mV

-15 mV

–30 mV

–45 mV

-60 mV

–75 m V

~~~~
-90 mV

50 pA

5 mSec
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Figure 2.1. Cell-attached recordings measured capacitive, not ionic, current.

Light-evoked action potentials recorded from a ganglion cell under cell-attached patch

clamp. Each trace shows a small portion of a different light response, with the patch

electrode voltage-clamped to the potential indicated at the right of each trace. One spike

from each response is shown, expanded in time and centered to facilitate comparison

with the other traces. The general biphasic spike wave form, corresponding to an

inward (depolarization) phase followed by an outward (repolarization) phase was

preserved at all clamp potentials. Assuming a resting potential of about -70 mV

(Lukasiewicz & Werblin, 1988; Coleman & Miller, 1989b), when the clamping

potential was more hyperpolarized than -45 mV the potential across the patch membrane

would have been -25 mV or higher. At this potential, the sodium conductance in the

patch would have been inactivated (Lukasiewicz & Werblin, 1988), yet spike activity

was still observed. This indicated that the spikes observed in cell-attached recordings

reflected activity of the entire cell, not just ionic current through the cell membrane. In

addition, the repolarization phase, which is mediated in large part by the delayed

rectifier potassium conductance (Hodgkin & Huxley, 1952b), persisted here, even

though the patch pipette contained 84 mM Cs”, a concentration sufficient to block

completely the potassium channels in the patch.
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Figure 2.2

LIGHT



CHAPTER 2: EXPERIMENTALMETHODS 42

Figure 2.2. Light-evoked spikes and EPSCs were recorded with the same electrode.

Three light-evoked responses from an ON-OFF ganglion cell, recorded at 10s

intervals. The first light response (top trace), recorded under cell-attached patch clamp,

exhibited a burst of action potentials at the onset and extinction of the light stimulus.

During the second response (middle trace), the membrane spanning the patch electrode

spontaneously ruptured (arrow), and whole-cell voltage clamp was achieved. As a

result, while the ON portion of the middle trace appears as a pattern of action potentials,

the OFF response is represented by a voltage-clamped EPSC. In the bottom trace both

the ON and OFF responses appear as EPSCs.
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Figure 2.3
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Figure 2.3. Quantification of cell-attached spike responses.

Analysis of light-evoked spike responses recorded under cell-attached patch clamp was

done "off-line," after the experiment. (A) Raw data obtained from an ON ganglion cell.

Spike responses were recorded at 1 kHz and filtered at 500 Hz. Traces were fed into a

software-based spike counter (Igor), which cataloged the point in time of each action

potential and created a spike raster (B). Responses were combined into a single file and

spike frequency was calculated using a sliding window histogram (C). A 100 ms

window was advanced in 10 ms steps across the combined raster. The average firing

rate in the window was plotted versus the time point in the middle of the window. The

peak firing rate was determined by averaging the 100 ms period about the absolute peak

of the histogram. In the experiments described in Chapter 4, the above steps were

repeated for responses to a range of different light intensities. Peak firing rates were

then plotted versus the log light intensity (D). These data were then fitted (solid line)

by the Hill equation (Equation 4.1) to determine the maximum spike frequency (fmax),

the half-maximal intensity (I50), and the cooperativity coefficient (c).
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Figure 2.4
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Figure 2.4. The membrane potential during a light-evoked spike response was

unaffected by small changes in the baseline membrane potential.

(A) Whole-cell current-clamped recordings of two different light responses from the

same ON ganglion cell. The baseline membrane potential was about -50 mV in one

response (solid trace), and about -58 mV in the other (dashed trace). (B) Same

responses as in (A). The first derivative with respect to time (0V/0t) is plotted against

membrane potential (V). Significant deviations from the zero line occurred when the

cell reached threshold (a) and fired a spike. At the peak of each action potential, the

derivative crossed the zero line at a depolarized potential (b). Although one response

began 8 mV more hyperpolarized than the other (filled triangle versus open triangle),

the threshold for the first action potential (~ -40 mV) was shifted only 1 mV. Note that

the threshold for subsequent action potentials in each response is more depolarized.



47

The Contribution of NMDA and non-NMDA
Receptors to the Light-Evoked Input-Output 3
Characteristics of Retinal Ganglion Cells.

Part I: From Rest to Spike Threshold

Note: The text and figures in this chapter have been published previously (Diamond &

Copenhagen, 1993). Minor revisions and additions have been made to ensure

continuity.

Summary

In order to examine how light-evoked excitatory synaptic inputs to retinal ganglion

cells are transformed into output patterns of activity, action potentials were recorded

with cell-attached patch-clamp techniques, and then EPSCs and EPSPs were recorded

from the same cell in the whole-cell configuration. AP7, an NMDA antagonist,

reduced the light-evoked peak spike frequency 36+ 21% (mean it S.D.) and reduced

the EPSC amplitude, indicating a major role for NMDA receptors in the light response.

CNQX, a non-NMDA receptor antagonist, reduced the light-evoked peak spike

frequency 28 + 22%. CNQX also caused a voltage- and magnesium-dependent delay

to spike onset. AP7 and CNQX, however, did not differ significantly in their effect on
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the EPSC time course, indicating that postsynaptic cellular properties are responsible

for the delay observed in the presence of CNQX. These results show that NMDA

receptor contribution to the excitatory response is increased as the cell is depolarized

from rest by non-NMDA input.
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Introduction

Chapter 1 reviewed the biophysical and pharmacological differences between

NMDA and non-NMDA receptors. These distinctions are most easily observed in

experiments that compare the synaptic inputs mediated by the two receptor subtypes

(Dale & Roberts, 1985; Forsythe & Westbrook, 1988; Hestrin, et al., 1990; Mittman,

et al., 1990; Randall, et al., 1990). The effects of NMDA and non-NMDA receptor

agonists and antagonists on output patterns of action potentials, recorded

extracellularly, also have been investigated (Massey & Miller, 1988; Miller, Chapman

& Stryker, 1989; Salt & Eaton, 1989; Boos, et al., 1990; Fox, et al., 1990; Nishigori,

Tsumoto & Kimura, 1990; Kwon, Esguerra & Sur, 1991). The experiments described

in this chapter address a question to which relatively little attention has been paid: In a

single cell, how do NMDA and non-NMDA synaptic inputs, evoked by a physiological

stimulus, contribute to the generation of action potential responses? In particular, how

is the output spike response influenced by the voltage dependence of the NMDA

receptor-mediated inputs?

Glutamate is thought to be the major neurotransmitter at excitatory synapses in the

retina (see Chapter 1, or, for a more complete review, see Massey & Redburn, 1987).

Glutamate released from photoreceptors excites OFF bipolar cells and horizontal cells

through non-NMDA receptors (Slaughter & Miller, 1983); glutamate drives ON bipolar

cells through metabotropic APB receptors (Slaughter & Miller, 1981). Bipolar cells
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provide excitatory, glutamatergic input to amacrine cells and ganglion cells through

NMDA and non-NMDA receptors (Slaughter & Miller, 1983; Massey & Miller, 1988;

Dixon & Copenhagen, 1992). Amacrine cells, in turn, inhibit ganglion cells through

glycine and GABAA receptors (Frumkes, et al., 1981; Belgum, et al., 1984). The

work in this chapter focuses on the glutamatergic excitation of ganglion cells.

Using a combination of recording methods in the same cell, we measured light

evoked synaptic inputs and spike outputs from salamander retinal ganglion cells.

Light-evoked spike activity in intact, unruptured cells was measured with cell-attached

patch-clamp techniques. The contributions of the NMDA and non-NMDA inputs to the

output spike pattern were investigated using selective antagonists. Light-evoked

postsynaptic currents (EPSCs) or postsynaptic potentials (EPSPs) were recorded in the

whole-cell configuration with the same patch pipette used to record cell-attached spike

responses. The time course, voltage dependence and magnitude of the NMDA and

non-NMDA synaptic inputs were characterized using selective antagonists, as well as

voltage-clamp and current-clamp protocols. The combination of recordings enabled us

to study how synaptic input currents are transformed into excitatory voltage responses

and output patterns of action potentials.

Our results indicate that, even though the time courses of the NMDA and non

NMDA inputs to ganglion cells in dark-adapted retina overlap considerably, the two

inputs play different roles in the generation of the cells' physiological output. As a
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result of the voltage-dependent magnesium block of NMDA channels, currents

mediated by non-NMDA receptors underlie the initial light-evoked depolarization in

these cells. In addition, at more depolarized levels, the relief of the magnesium block

on NMDA channels appears to offset the decline in response that would result from the

excitatory inputs approaching their reversal potential.
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Results

Light-Evoked Spike, Voltage and Current Responses in Ganglion Cells

Light-evoked action potentials were recorded from ganglion cell somas using the

cell-attached patch-clamp technique. In these and all other recordings described in this

study, the excitatory component of the response was isolated by blocking inhibitory

inputs mediated by GABAA and glycine receptor channels with 50 puM picrotoxin and

500 nM strychnine, respectively. Light stimuli of 2 s duration elicited excitatory

responses either 1) at light onset and extinction (ON-OFF cells), 2) during the light

stimulus (ON cells), or 3) only at light extinction (OFF cells). OFF ganglion cells were

encountered rarely and were not studied. The duration of ON cell responses varied over

a wide range. Some ON cells responded transiently, with spike trains lasting 200-300

ms, while others fired action potentials for nearly the entire duration of the light

stimulus. The analysis presented here is confined to all types of ON cell responses and

the ON portion of ON-OFF cell responses.

Figure 3.1A shows a cell-attached recording of a light-evoked response from an ON

ganglion cell. During the response the cell fired 13 action potentials. The average

number of spikes evoked by each stimulus increased monotonically with light intensity.

Light-evoked action potentials were eliminated reversibly by 10 nM tetrodotoxin

(Figure 3.2A), a blocker of voltage-gated sodium channels (5 of 5 cells tested).

Tetrodotoxin had no effect on the light-evoked excitatory synaptic input to ganglion
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cells (not shown). The potassium channel blocker tetraethyl ammonium (500 puM)

slowed the repolarization of each action potential (Figure 3.2B). Similar results were

observed in all cells tested (n = 4). This repolarization is known to be mediated, in

large part, by delayed-rectifying potassium channels (Hodgkin & Huxley, 1952a).

These results confirmed that spikes measured in the cell-attached configuration were

generated via voltage-gated sodium and potassium channels.

The whole-cell voltage clamp technique was used to record light-evoked,

synaptically-driven input currents. In some of these cells, light-evoked voltage

responses – both EPSPs and action potentials — generated by the synaptic inputs were

measured under whole-cell current clamp, in addition to voltage-clamped current

recordings. To obtain whole-cell recordings from the same cell after cell-attached spike

recordings were completed, the membrane spanning the electrode was ruptured.

Figures 1B and 1C show whole-cell current- and voltage-clamped light responses,

respectively, in the same ganglion cell from which the cell-attached recording in Figure

3.1A was obtained. In the current-clamped recording (Figure 3.1B), the light-evoked

voltage response includes an EPSP leading to a series of action potentials atop a

baseline depolarization. The voltage-clamped response (Figure 3.1C) demonstrates the

timecourse of the light-evoked synaptic input from bipolar cells. The 57 ms difference

between the times to the first spike in the current-clamped recording (Figure 3.1B) and

the cell-attached recording (Figure 3.1A) is due to the fact that negative current was

injected under current-clamp to hold the baseline membrane potential near-80 mV.
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Because this potential was probably more hyperpolarized than the normal resting

potential of this ganglion cell, more time was required in the current-clamped recording

for the cell to reach spike threshold.

In ganglion cells in which both cell-attached and whole-cell recordings were

obtained in control saline, cell-attached spike responses matched well with whole-cell

voltage-clamped current responses in terms of classification of response type (e.g., ON

vs. OFF vs. ON-OFF) and, to a first approximation, the duration and magnitude of the

light response. This correspondence between synaptic currents and spike output

suggests that the time course of the synaptic input current was not altered significantly

by the voltage-gated conductances in and near the cell soma.

CNQX and AP7 Reduce the Light-Evoked Spike Response

The contribution of pharmacologically isolated non-NMDA or NMDA inputs to the

spike output of ganglion cells was studied by recording light-evoked spike responses in

the cell-attached patch-clamp configuration. Figure 3.3A shows a raster plot of

multiple light responses in a single ganglion cell. Each dot in the raster represents the

occurrence of one action potential; a horizontal line of dots depicts the spike response to

a single 2-s light stimulus. The non-NMDA component of the excitatory response was

isolated by blocking the NMDA receptors with the competitive antagonist DL-2-amino

5-phosphonoheptanoate (AP7, 20 puM); the NMDA input was isolated by blocking non
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NMDA receptors with 6-cyano-7-nitroquinoxaline (CNQX, 1 puM), also a competitive

antagonist. 1 puM CNQX and 20 puM AP7 together abolished the light-evoked EPSC in

whole-cell voltage-clamped recordings (data not shown).

As a method to quantify the strength of the NMDA and non-NMDA inputs, we

compiled instantaneous spike frequency histograms, from which we obtained the peak

firing frequency (see Chapter 2). The histograms in Figure 3.3B summarize the raw

spike data plotted in Figure 3.3A. Each histogram represents the average of the last 10

light responses in each experimental condition. In the illustrated cell, 20 puM AP7

decreased the peak light-evoked spike frequency by 46% versus control; 1 puM CNQX

caused a 60% reduction. In a sample of cells in which recovery was obtained, AP7

reduced the peak light-evoked firing rate by 36+ 21% (mean it S.D.; n = 18), and

CNQX reduced the peak rate by 28+22% (n = 18). The significant reduction (P<

.001; paired t-test) by both AP7 and CNQX of the light-evoked spike response argues

strongly that both NMDA and non-NMDA inputs play physiologically important roles

in the generation of light-evoked action potentials in ganglion cells.

To compare response delays in spike recordings, we measured the time between

light onset and the first action potential, a value referred to here as the spike delay. In

each case, spike delays in ten responses were averaged together. In the illustrated cell

(Figure 3.3), when 1 ||M CNQX was added to the bath the spike delay increased by

165 ms, from 313 ms to 478 ms. In 18 cells analyzed, CNQX caused a 101 + 53 ms
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increase in the spike delay. In the cell shown in Figure 3.3, AP7 increased the spike

delay by only 12 ms, from 306 ms to 318 ms. On average, AP7 increased the spike

delay 9.6+ 13.4 ms (n = 18). To determine the significance of the increased spike

delays, the variability of the spike delays in control responses was compared to the

changes induced by either CNQX or AP7 in the same cell. CNQX increased the spike

delay by an amount exceeding the standard deviation (S.D.) of the control spike delay in

all 18 cells analyzed; this effect of CNQX did not vary significantly with cell type or

time course of response. The increase in spike delay induced by AP7 exceeded the

control spike delay S.D. in only 3 of 18 cells, consistent with the notion that AP7

exerted only a small effect on the spike delay as compared to CNQX.

In the cell shown in Figure 3.3, both AP7 and CNQX caused the duration of the

light-evoked spike pattern to increase, an effect that was observed in a number of cells.

One possible explanation for this phenomenon is that CNQX and AP7, in addition to

blocking glutamatergic input to the ganglion cell, also inhibited interneurons that

function to truncate the duration of the ganglion cell spike response. Inhibition of such

interneurons would cause the ganglion cell spike response to become longer. The

response prolongation was observed in the presence of picrotoxin and strychnine,

suggesting that the putative truncation mechanism was mediated independently of

GABAA or glycine receptors. Preliminary experiments suggest that GABAB receptors

may underlie this truncation. Application of CGP 35348 (500 puM), a GABAB

antagonist, caused reversible elongation of the light-evoked spike response, similar to

:

s
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that observed here in the presence of AP7 or CNQX. The mechanisms responsible for

prolonging the spike response were not addressed further in this study.

Light-evoked EPSPs and/or action potentials were recorded under whole-cell

current clamp in 27 cells. It was apparent in these recordings that the increase in the

spike delay in the presence of CNQX was a result of a slower membrane depolarization

preceding the first action potential. Figure 3.4 shows a voltage response from one of

these cells. As with cell-attached recordings, spike delay is defined here as the period

of time between light onset and the first action potential. In control saline, after a 395

ms spike delay the cell fired 14 action potentials over a 375 ms period. Due to the

lower number of light-evoked responses recorded under whole-cell current-clamp,

spike frequency statistics were not compiled as in the cell-attached recordings. In the

presence of 20 mm AP7, the spike delay was comparable to control, and thirteen action

potentials were fired over a 595 ms period. In the presence of 1 puM CNQX, the light

evoked depolarization leading to the initial action potential was clearly more gradual

than in control or AP7. The first of 11 spikes was observed after a 622 ms spike delay,

227 ms longer than the spike delay observed in control. This increase in spike delay

was greater than that observed in most cells. During the experiment described in Figure

3.4, a negative holding current was injected into the cell, hyperpolarizing the baseline

membrane potential to -80 mV, which exaggerated the spike delays.
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Two possible effects of CNQX that would account for the increased spike delay

observed in the presence of CNQX were checked experimentally: 1) CNOX could have

acted directly on the cell's action potential-generating mechanisms, or 2) CNQX could

have reduced the cell's input conductance, thereby increasing the membrane time

constant and, therefore, the amount of time required to depolarize the membrane to

threshold.

To check the first possibility, we injected depolarizing, supra threshold current

steps into ganglion cells under whole-cell current-clamp and saw no effect of 1 puM

CNQX on the spike patterns, which argues against an action of CNQX on voltage

gated, spike generation mechanisms (data not shown). Furthermore, CNQX caused no

change in the threshold or wave form of individual action potentials in light-evoked

voltage responses (Figure 3.4). To check the second possibility, the passive membrane

time constant (tm) of ganglion cells was calculated with whole-cell current-clamped

recordings by injecting a current step and fitting the resulting voltage response with a

single exponential function. This technique demonstrated that the passive membrane

time constant was on the order of 80 ms. CNQX certainly reduced the light-evoked

reduction of tim by blocking the non-NMDA synaptic conductance, but in order for

CNQX to cause a delay similar to that observed in Figures 3.2 and 3.3 via effects on

passive membrane characteristics, it would have had to increase tim by more than an

order of magnitude. This value corresponds to an input resistance exceeding 20 GQ,
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an unrealistically high value. Under whole-cell current clamp, CNQX induced no

significant change in tim in ganglion cells (data not shown).

The results described above indicate that both NMDA and non-NMDA receptor

mediated inputs contribute to the production of light-evoked action potentials in retinal

ganglion cells. Both inputs contribute throughout the spike response (Figure 3.4), but

the increase in the spike delay induced by CNQX indicates that the non-NMDA

component mediates a particularly large portion of the membrane depolarization prior to

the first spike. While NMDA input alone was sufficient to produce action potentials, in

the absence of non-NMDA input the attainment of spike threshold was delayed

substantially.

NMDA and Non-NMDA Synaptic Inputs Have Similar Time Courses

Another explanation that could account for the observation that CNQX, and not

AP7, increased the spike delay stems from reports in many systems that NMDA and

non-NMDA synaptic inputs have different time courses (Dale & Roberts, 1985;

Forsythe & Westbrook, 1988; Hestrin, et al., 1990; Mittman, et al., 1990). Typically,

the non-NMDA component of the response is much faster than the NMDA component,

due to differences in single-channel kinetics (Lester, et al., 1990). In such a system,

CNQX would be expected to increase the spike delay, because it would block the fast

component of the EPSC.
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To test whether there were temporal differences between the NMDA and non

NMDA light-evoked synaptic inputs, we measured light-evoked EPSCs under whole

cell voltage clamp. For the purpose of description, we define synaptic latency to be the

period of time between onset of the light stimulus and the beginning of the EPSC. In

44 cells analyzed, the light-evoked EPSC in control saline peaked in 261 + 89 ms,

following a synaptic latency of 245+ 73 ms. Figure 3.5A shows light-evoked EPSCs

recorded in the same cell from which the raster in Figure 3.3 was obtained. The
:

synaptic latency and time course of the EPSC recorded in the presence of AP7 was

almost identical to that recorded in the presence of CNQX, even though the spike delay

in the same cell was affected differently by the two drugs (Figure 3.3). These results s
argue against the hypothesis that the delay induced by CNQX was either a result of

actions at sites presynaptic to ganglion cells, or due to the blockade of a faster non- *u-

!
NMDA component of the synaptic input. º

ºf

Even though the increased spike delay was not attributable to selective presynaptic --a

effects of CNQX, in the presence of either AP7 or CNQX, the light-evoked EPSCs in

this cell peaked and decayed more slowly than in control (Figure 3.5A). The

observation that AP7 and CNQX slows the decay of the synaptic input is consistent

with the elongation by AP7 or CNQX of the light-evoked spike train in this cell (Figure

3.3). As mentioned earlier, we speculate that this elongation was the result of a

mechanism presynaptic to the ganglion cell.
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Though the NMDA portion of the light-evoked synaptic input had a time course

similar to the input mediated by non-NMDA receptors, the NMDA conductance did

display a distinctive voltage dependence similar to that described previously (Mayer, et

al., 1984; Nowak, et al., 1984). The I-V plot in Figure 3.5B, summarizing whole-cell,

voltage-clamped recordings from an ON ganglion cell, demonstrates that AP7 reduced

the non-linear conductance associated with the voltage-dependent magnesium block of

the NMDA receptor channel. AP7, however, had little effect on the time course of

light-evoked EPSCs (Figure 3.5C). Similar results were obtained in 72 cells. The

difference current (dashed line, Figure 3.5B), calculated by subtracting from the control

curve the curve obtained in the presence of AP7, resembles strongly the current-voltage

relation associated with NMDA receptors (Mayer, et al., 1984; Nowak, et al., 1984).

I-V plots similar to this difference curve were obtained in other cells in the presence of

1 puM CNQX (data not shown).

In agreement with previous reports (Mayer, et al., 1984; Nowak, et al., 1984;

Forsythe & Westbrook, 1988; Hestrin, et al., 1990; Mittman, et al., 1990), the results

described in Figures 3.4B and 3.4C demonstrate that blocking NMDA receptors

reduces a voltage-dependent synaptic conductance. The data also indicate, however,

that the time course of the EPSC mediated by NMDA receptors was similar to that

mediated by non-NMDA receptors. This result is in contrast to a large body of work in

other systems demonstrating that EPSCs mediated by NMDA receptors are many times
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slower than those mediated by non-NMDA receptors. In most systems,

neurotransmitter release is triggered by the arrival of an action potential to the

presynaptic terminal. As a result, the time course of release is fast enough that the

differences in kinetics between the NMDA and non-NMDA receptors shape the time

course of the EPSC, which is effectively a temporal convolution of the time course of

vesicle release with the postsynaptic response to the release of a single vesicle (i.e., the

miniature EPSC).

In dark-adapted retina, however, neurotransmitter release from bipolar cells

depends on the slow, graded depolarization of the presynaptic terminal (Tachibana &

Okada, 1991). As a result, the time course of neurotransmitter release is approximately

two orders of magnitude slower than that observed in the hippocampus (Hestrin, et al.,

1990) and many times slower than in dark-adapted retina (Mittman, et al., 1990). The

release time course is so slow that it "smears" out the kinetic differences between the

NMDA and non-NMDA receptors and leads to EPSCs of similar time course. This

interpretation is supported by the observation that non-NMDA miniature EPSCs

recorded in light-adapted retina (Taylor, Chen and Copenhagen, in preparation) have

time courses similar to those recorded in dark-adapted retina (data not shown).

The CNQX Effect on the EPSP Time Course Is Voltage Dependent
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A likely explanation for the CNQX-induced synaptic delay increase takes into

account the voltage-dependence of the NMDA receptor. It suggests that, because most

of the NMDA receptors are blocked at the cell's resting potential by magnesium, non

NMDA receptors mediate most of the initial portion of the excitatory response. Kinetic

studies have suggested that, in the presence of 1 mM magnesium, almost 96% of the

NMDA receptors on a hippocampal neuron are blocked at -70 mV (Jahr & Stevens,

1990). If non-NMDA receptors were blocked by CNQX, at the resting potential

excitatory current would be conducted only by that 4% of NMDA channels that were

not blocked by magnesium. An NMDA receptor-mediated EPSC would produce a

small depolarization that would relieve the magnesium block slightly. Subsequently,

more NMDA receptors would be free to conduct current, and the depolarization would

grow. The time required to recruit enough NMDA receptors to produce a significant

EPSP would depend on the membrane potential of the cell: At hyperpolarized

potentials, the magnesium block would be stronger, and fewer NMDA receptors would

be available to conduct current. In addition, because the magnesium block displays a

sigmoidal dependence on voltage, at more hyperpolarized potentials a small

depolarization would have a lesser effect on the magnesium block (Jahr & Stevens,

1990).

To test our hypothesis, we recorded whole-cell current-clamped, light-evoked

responses from ganglion cells (see Figure 3.6). We included 10 nM TTX in the

bathing saline and 84 mM cesium in the pipette solution in an effort to reduce voltage
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gated conductances and isolate the EPSP. The holding current was varied between

responses to change the baseline membrane potential of the cell. In control saline

(Figure 3.6A) the time course of the rising phase of the EPSP was not affected

significantly by the baseline membrane potential. However, in 1 puM CNQX, the rising

phase of the EPSP slowed as the resting potential was hyperpolarized (Figure 3.6B).

This result indicates that the CNQX-induced delay is dependent on the ganglion cell's

membrane potential (Figure 3.6C) and supports the notion that the NMDA receptors'

inability to contribute to the early phase of the voltage response is due to the voltage

dependent magnesium block.

Removing Magnesium Reduces the CNQX-Induced Delay

The experiments described above suggest that NMDA receptors do not participate

strongly in the light-evoked response until the cell is depolarized sufficiently to relieve a

magnesium block. This hypothesis was tested in another way by observing the effects

of CNQX in saline that was nominally magnesium-free.

Light responses were recorded in the cell-attached configuration, first in normal

saline and then in nominally Mg2+-free saline (Figure 3.7). The effect of CNQX on the

spike delay was reduced significantly by removing magnesium from the superfusion

saline. In control saline, the addition of CNQX to the bath increased the spike delay by

160 ms, from 353 ms to 513 ms. When magnesium in the bathing solution was
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replaced with calcium, CNQX increased the spike delay by only 38 ms, 77% less than

in control saline. On average, removing magnesium from the superfusion saline

reduced the CNQX effect on the spike delay by 89 + 10% (n = 4).

These results in Mg2+-free saline support the hypothesis that the voltage-dependent

magnesium block prohibits NMDA receptors from participating in the initial stages of

the light-evoked spike response, but we are cautious in assuming that the removal of

magnesium affected only ganglion cell NMDA receptors. Removing magnesium

greatly increases ganglion cell excitability (Massey & Miller, 1990). If magnesium was

not replaced with calcium, ganglion cells showed increased firing rates, larger EPSCs

and changes in impulse response patterns (data not shown). When magnesium was

replaced with calcium to maintain the divalent concentration, cells displayed relatively

normal firing rates, in agreement with previous reports (Massey & Miller, 1990), but

the length of the impulse pattern increased (Figure 3.7). These observations suggest

that magnesium acts pre- and postsynaptically at sites other than ganglion cell NMDA

receptors. Nonetheless, the reduction of the CNQX-induced delay in Mg2+-free saline

did not depend on whether or not magnesium was replaced with calcium, an

observation that lent support to our hypothesis.

A Simple Somatic Model Mimics the CNQX Effect

The experimental results described above suggest that the distinct contributions of

NMDA and non-NMDA inputs to the generation of the light-evoked spike response are
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a result of postsynaptic processing performed in the ganglion cell itself. As another

way to deduce whether it is plausible that such voltage-dependent processing of NMDA

and non-NMDA mediated synaptic inputs might affect the spike output, we constructed

a somatic membrane model of a spiking neuron.

This simplified model included only conductances that are common to all spiking

cells that receive NMDA and non-NMDA excitatory input. Passive membrane

parameters and Hodgkin-Huxley formulations for classical voltage-gated sodium

channels and delayed-rectifying potassium channels were taken, with only minor

modifications, from a more extensive model of lamprey spinal cord neurons (Ekeberg,

et al., 1991), as was a similar representation of the voltage-dependent NMDA receptor

mediated synaptic conductance (Figure 3.8A). The only other conductance, that

mediated by non-NMDA synaptic input, was set linear with respect to voltage (Figure

3.8A).

Although the anisopotentiality of ganglion cells has been demonstrated (Taylor,

Mittman and Copenhagen, in preparation), for the sake of simplicity we modeled the

cell as a sphere with synaptic inputs directly onto the cell body. The time courses of

both EPSCs were identical in the model, represented by an alpha function that peaked

in 250 ms (Figure 3.8B), which agreed well with our experimental results (see Figure 4

for examples). In the model, the simulated voltage response to combined synaptic

input (Figure 3.8C) elicited a train of action potentials similar to current-clamped light

.
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responses (Figure 3.4). In this simple model, however, the membrane potential did not

remain at a depolarized plateau during spike intervals, and the spike train exhibited little

accommodation. Previous work in salamander ganglion cells (Lukasiewicz & Werblin,

1988) demonstrated a series of voltage-gated potassium currents that may be

responsible for timing and truncation of the spike response, but in the interest of

generality they were excluded from our model.

The simulated cell took longer to initiate a spike when the non-NMDA input was

removed (Figure 3.8D). The response driven by both inputs (—) and that driven only

by non-NMDA input (---) fired initial spikes within 10 ms of each other; the first spike

in the NMDA case (“) occurred after an extra 165 ms delay. The addition to our

model of non-inactivating calcium channels and calcium-dependent potassium channels,

both of which are present in tiger salamander ganglion cells (Lukasiewicz & Werblin,

1988), had little effect on the results, so they were not included. These channels, as

well as the A-type inactivating potassium channel, have been incorporated into a model

of a repetitively firing salamander ganglion cell (Fohlmeister, et al., 1990). When we

employed the latter model and isolated the NMDA and non-NMDA synaptic inputs, we

obtained results similar to those described above (data not shown).

The basic model also mimicked the voltage dependence of the CNQX-induced delay

that was observed experimentally (in Figure 3.6). When the membrane potential of the

model cell was set to -80 mV (Figure 3.8E), removing the non-NMDA input (…)
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increased the spike delay by 120 ms versus control (–). When the resting membrane

potential was changed to -50 mV, this increased spike delay was only 27 ms. In

addition, Mg2+-free conditions were simulated by removing the voltage-dependent term

from the expression representing the NMDA synaptic conductance. When this was

done, removing the non-NMDA input increased the spike delay only 13 ms, 92% less

than in control conditions (data not shown). This effect was qualitatively similar to our

experimental data.

The aim of this model was to reproduce qualitatively our experimental observations

with a minimum number of specialized conductances, thereby illustrating that the

interaction between NMDA and non-NMDA inputs may not be unique to ganglion cells

and therefore may resemble interactions in other neurons that receive similar excitatory

input. It should be stated here that it was not our intent to simulate in vivo ganglion cell

activity, nor to predict how interactions between the two inputs might affect other

aspects of ganglion cell behavior. Parameters describing the voltage-gated

conductances were taken from a simulation of a different system (Ekeberg, et al.,

1991); these parameters were changed only slightly to increase the distance between the

resting and spike threshold potentials, and once in place they were not changed or tuned

to optimize the performance of the simulations. The simulation results described above

were robust to broad changes in magnitude and time course of synaptic input and, to a

lesser extent, voltage dependence of the NMDA conductance.
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Our model mimicked qualitatively the increased spike delay observed

experimentally in the presence of CNQX, even when the synaptic latencies and time

courses of the NMDA and non-NMDA inputs were identical. Furthermore, the

simulated "CNQX effect" was sensitive to changes in resting membrane potential and to

the presence of voltage dependence in the NMDA conductance. These results were

analogous to those observed experimentally. The results from this general model

suggest that the voltage-dependent interaction between NMDA and non-NMDA

synaptic inputs observed in retinal ganglion cells also may occur in other spiking

neurons that receive similar, temporally overlapping inputs.
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Discussion

The results presented here indicate that both NMDA and non-NMDA receptor

mediated inputs participate in light-evoked spike responses in salamander ganglion

cells. Our findings also suggest that, although NMDA receptors are able to generate a

delayed spike response by themselves, they do not contribute significantly to the

normal light response until the cell has been depolarized sufficiently by non-NMDA

receptor-mediated input.

Numerous studies have shown that glutamate excites retinal ganglion cells via

NMDA and non-NMDA receptors (Slaughter & Miller, 1983; Lukasiewicz &

McReynolds, 1985; Massey & Miller, 1988; Coleman & Miller, 1989a; Boos, et al.,

1990; Mittman, et al., 1990; Yazejian & Fain, 1992). Some authors, however, have

concluded that NMDA input does not contribute significantly to the light-evoked spike

response (Slaughter & Miller, 1983; Coleman, et al., 1986; Coleman & Miller, 1988,

1989a; Massey & Miller, 1988, 1990). The present study reports that the removal by

AP7 of NMDA receptor-mediated input reduced the light-evoked frequency of spike

discharges by 36+ 21% (n = 18). Further, when the non-NMDA input was blocked

by CNQX, the NMDA component of the EPSC was sufficient to elicit action potentials

(Figures 3.2A, 3.3, 3.6). We conclude from these observations that NMDA receptors

contribute to a significant portion of the physiological excitatory light response in

Salamander retinal ganglion cells.
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Earlier studies that are contradicted by our findings in salamander were performed

in rabbit and mudpuppy retina, and it is possible that species differences underlie our

conflicting conclusions. However, one important difference between previous work

and that presented here is that all of our experiments were carried out in the presence of

Strychnine and picrotoxin, which block the amacrine cell-mediated glycinergic and A

type GABAergic inhibition of ganglion cells, respectively. The effects of glutamate

receptor antagonists on ganglion cell light responses in the presence of inhibition may

be more difficult to dissect and certainly are more difficult to interpret, because

amacrine cells in tiger salamander also are driven by NMDA and non-NMDA receptors

(Dixon & Copenhagen, 1992). With inhibition present, CNQX and AP7, in addition to

their direct effects, partially disinhibit ganglion cells by reducing amacrine cell-mediated

inhibition. Nonetheless, the CNQX-induced increase in the spike delay described here

also was observed in the absence of strychnine and picrotoxin (data not shown),

indicating that interaction between NMDA and non-NMDA inputs persists in the

presence of inhibition.

Interaction of non-NMDA and NMDA Receptor-Mediated Inputs

Combined non-NMDA and NMDA receptor activation contributes significantly to

neuronal signal processing in spinal cord (lamprey swimming, Grillner, et al., 1990; rat

nociception, Dickenson & Sullivan, 1990), thalamus (rat somatosensation, Salt &
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Eaton, 1989; cat vision, Kwon, et al., 1992), somatosensory cortex (rat, Armstrong

James, et al., 1993), auditory cortex (bat biosonar, Suga, et al., 1990) and visual

cortex (cat, Fox, et al., 1990). The present study examines more closely how

interactions between NMDA and non-NMDA inputs contribute to signal processing in a

single cell. Our results indicate that, in dark-adapted ganglion cells, the initial light

evoked depolarization is mediated primarily by non-NMDA receptors, because near the

resting potential a high percentage of the NMDA receptors are blocked by magnesium.

After the cell has been depolarized sufficiently, however, NMDA receptor-mediated

input contributes substantially to the excitatory response. The voltage dependence of

the CNQX-induced delay across a physiological range of potentials (Figure 3.6) is

consistent with the idea that the magnesium block of the NMDA conductance is

reduced, and therefore the NMDA current is increased, during light-evoked membrane

depolarization from rest.

NMDA and Non-NMDA Receptors Combine to Linearize Ganglion Cell Responses

While an NMDA receptor-mediated EPSC contributes a highly non-linear

component to a cell's I-V curve, it actually helps to linearize the cell's response with

respect to strength of synaptic input. This linearization can be inferred from I-V curves

obtained from individual ganglion cells (Figure 3.5B). From whole-cell voltage

clamped recordings, it is evident that the NMDA component (dashed line, Figure 3.5B)

Of the light response is small near the resting potential (~-70 mV) and increases as the
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cell depolarizes. In contrast, the non-NMDA component (open triangles in Figure

3.5B) is largest at hyperpolarized potentials; as the cell depolarizes and the driving force

on the permeant ions is reduced, the non-NMDA current decreases monotonically.

When these two components are combined (open squares in Figure 3.5B), light evokes

a relatively constant amount of current at membrane potentials between -90 and -40

mV. (In the cell shown in Figure 3.5B, the current is actually boosted between -60 mV

and -40 mV.) This flat region of the I-V curve occurs when the reduction in driving

force is offset by the relief of the magnesium block, and it indicates that a unit

excitatory signal from bipolar cells elicits EPSPs of approximately the same amplitude

over this range of membrane potentials. Conversely, if the cell possessed only non

NMDA receptors, responses to larger signals would be attenuated, because the

resulting depolarization would cause the membrane potential to draw closer to the

reversal potential (Martin, 1955; Bekkers & Stevens, 1990; Mittman, 1990). With both

NMDA and non-NMDA inputs present, larger inputs would elicit proportionally larger

responses. This linearization of the response with respect to the input, caused by the

unmasking of the "occult" NMDA conductance (Bekkers & Stevens, 1990), is

consistent with the NMDA receptor-mediated amplification of responses that has been

reported in visual cortex (Fox, et al., 1990). This effect is addressed in greater detail in

Chapter 4.

Significance of Similar EPSC Time Courses in Single-Cell Processing
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In many systems, NMDA receptor-mediated inputs display a much slower time

course than non-NMDA inputs (Dale & Roberts, 1985; Dale & Grillner, 1986;

Forsythe & Westbrook, 1988; Jones & Baughman, 1988; Bekkers & Stevens, 1989;

Hestrin, et al., 1990; Mittman, et al., 1990; McBain & Dingledine, 1992). This

distinction was accentuated by stimulating the presynaptic neuron with single, brief

depolarizing pulses (Dale & Roberts, 1985; Dale & Grillner, 1986; Forsythe &

Westbrook, 1988; Jones & Baughman, 1988; Hestrin, et al., 1990) or by observing

single quantal events (Bekkers & Stevens, 1989; McBain & Dingledine, 1992),

although analogous results have been reported in physiological responses from

ganglion cells in salamander retina (Mittman, et al., 1990).

We observed, in dark-adapted retina, that light responses were much slower than

those reported in the light-adapted preparation (Mittman, et al., 1990). We believe this

to be due, in large part, to the slower kinetics of the rod-driven pathway, which

predominates at low light levels, as compared to the faster cone pathway, which

mediates responses to higher illumination (Fain & Dowling, 1973). This distinction is

evident in the difference between ganglion cell EPSCs reported in light-adapted retina,

which peaked in 28 + 10 ms (Mittman, et al., 1990), and those described here, which

peaked in 261 + 89 ms. Postsynaptic receptor mechanisms in ganglion cells appear to

be unaffected by the state of light adaptation: Non-NMDA receptor-mediated miniature

EPSCs recorded from ganglion cells in dark-adapted retina (data not shown) displayed

similar rise and decay times to those recorded in light-adapted retina (Taylor, Chen and
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Copenhagen, submitted). Thus, in dark-adapted retina the time course of the light

evoked EPSC in ganglion cells is rate-limited not by the kinetics of the postsynaptic

receptors, but by the time course of release from the presynaptic bipolar cells.

Glutamate release from bipolar cells has been shown to be dependent on the slowly

changing membrane potential of the presynaptic terminal (Tachibana & Okada, 1991).

As a result, the time courses of the EPSCs mediated by NMDA and non-NMDA

receptors are similar, even though the receptor kinetics may be different.

In many areas of the brain, physiological stimuli from presynaptic neurons

probably do not consist of simultaneous, brief pulses of neurotransmitter release, but

more sustained release from numerous, asynchronous inputs. As a result,

physiological responses probably are more sustained than those observed in response

to single pulse stimulation (Dale & Roberts, 1985; Dale & Grillner, 1986; Forsythe &

Westbrook, 1988; Jones & Baughman, 1988; Hestrin, et al., 1990). For example,

visually evoked responses in cortex consist of sustained responses, some lasting almost

2 s, during which action potentials are fired from atop a plateau of depolarization

(Douglas, et al., 1991). During such a response, NMDA receptors would be activated

continuously by the sustained glutamate release; the magnitude of the resultant current

through those receptor channels would depend strongly on the extent to which the

plateau depolarization had relieved the magnesium block. This situation is quite

analogous to that observed here in retinal ganglion cells.
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Figure 3.1
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Figure 3.1. Ganglion cell light-evoked responses recorded in the cell-attached and

whole-cell configurations from the same cell.

(A) Light-evoked response of an ON ganglion cell to a 2-s flash of light, recorded in the

cell-attached configuration. Capacitative current flowed into the electrode when the

membrane depolarized during an action potential; outward current resulted from the

subsequent membrane repolarization (McLarnon, 1991). Gradual voltage changes did

not generate enough capacitative current to be detected above the baseline noise in the

recordings. Light intensity was 1.6 x 103 photons pum” s”.

(B) Whole-cell current-clamped recording of a light response in the same cell as (A). A

holding current was applied to the cell prior to the light stimulus to maintain the resting

membrane potential at about -80 mV.

(C) Whole-cell voltage-clamped recording (Vclamp = -51 mV) of a light response in the

same cell as (A) and (B).
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Figure 3.2
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Figure 3.2. Light-evoked spikes are mediated by voltage-gated sodium and potassium

conductances.

(A) Cell attached recordings of light evoked spike responses from a ganglion cell. The

addition to the superfusion saline of 10 nM TTX, which blocks voltage-activated

sodium channels, abolished light-evoked action potentials. Upon washout of TTX,

light-evoked spike activity resumed.

(B) Expanded view of single light-evoked action potentials recorded in the cell-attached

patch configuration. The magnitude of the capacitive current measured under cell

attached patch clamp is proportional to the first derivative of voltage with respect to time

(0V/0t). In control conditions (solid line) each action potential consisted of a sharp,

inward current (into the electrode), corresponding to the depolarizing phase of the

action potential, followed by a longer, smaller, outward current, representing the

repolarization of the membrane. The current crossed the zero (dashed) line at the peak

of the action potential. When 500 puM TEA was added to the superfusion saline, the

repolarization phase of the action potential was severely reduced (dotted line). TEA

blocks the delayed rectifier potassium channel, which is known to participate in the

repolarization phase of the action potential (Hodgkin & Huxley, 1952b).
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Figure 3.3. Effects of AP7 and CNQX on the light-evoked spike responses of

ganglion cells.

(A) Raster summarizing light-evoked spike responses recorded from an ON ganglion

cell in the cell-attached configuration. Each dot on the raster represents one action

potential; single responses to light stimuli, recorded every 10s, are plotted in each

horizontal row. In control saline, the cell began firing spikes approximately 313 ms

after light onset. In most cells this spike delay was 250-400 ms, similar to delays

reported in turtle (Baylor & Fettiplace, 1979). Both 20 puM AP7 and 1 puM CNQX

reduced the light-evoked spike frequency, but CNQX increased the spike delay by 165

ms, while AP7 increased the spike delay by only 12 ms. Light intensity was 1.6 x 103

photons plm’s'.

(B) Spike frequency histograms summarizing data in (A). In each case, histograms

were constructed with a sliding window (100 ms wide, 10 ms steps); each histogram

represents an average of the last 10 responses from each experimental condition (see

Chapter 2).
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Figure 3.4

LIGHT

20 HM AP7

Recovery

I I I I I I
500 1000 1500 2000 2500 3000

Time (ms)

A /





CHAPTER 3: FROM REST TO SPIKE THRESHOLD 83

Figure 3.4. Whole-cell current-clamped recordings also reveal the CNQX-induced

delay.

Light responses from an ON ganglion cell recorded under whole-cell current clamp.

The spike delay and time course of depolarization in control and in the presence of 20

HMAP7 were nearly identical, while in the presence of 1 puMCNQX the spike delay

increased by 227 ms as a result of the slower rising phase of the EPSP. Traces were

offset and action potentials were truncated to facilitate comparison. Dotted line

indicates time of first spike in control saline. A holding current was applied to the cell

throughout the experiment to maintain the baseline membrane potential near-80 mV.

Light intensity was 1.6 x 103 photons pum-2s-1.
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Figure 3.5. NMDA and non-NMDA inputs exhibit similar time courses.

(A) Whole-cell voltage-clamped recordings of light responses in the same ON ganglion

cell from which the spike raster in Figure 2 was obtained. Responses have been scaled

and smoothed to facilitate comparison of time courses. The light-evoked EPSCs

(Vclamp = -36 mV) in 20 plMAP7 (green) and 1 pm CNQX (violet) overlapped in time

almost completely, indicating that the NMDA and non-NMDA inputs had similar time

courses. Both drugs caused a slight slowing of the EPSC time course as compared to

control (red) and recovery (blue). Light intensity was 1.6 x 103 photons plm-2 s−1.

(B) I-V plot summarizing voltage-clamped recordings obtained from an ON ganglion

cell. The peak value of each EPSC, relative to the pre-stimulus baseline, was plotted.

20 HM AP7 (green) reduced the region of negative slope conductance conferred onto

the control curve by NMDA receptor-mediated input. The AP7 curve was subtracted

from control (red), revealing the NMDA-mediated portion of the EPSC (violet).

Recovery is sghown in blue.

(C) Some of the voltage-clamped EPSCs (Vclamp = -66, -21, +24 mV) used to

construct the I-V curve in (B). Again, control is shown in red, AP7 in green, recovery

in blue. These recordings demonstrate that, over a wide range of membrane potentials,

AP7 caused very little change in the time course of synaptic input to this cell. Light

intensity was 1.6 x 104 photons pum-2s-1.
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Figure 3.6. The increase in spike delay caused by CNQX is voltage-dependent.

(A) Current-clamped, light-evoked voltage responses from a ganglion cell. Current

steps were injected into the cell to set the prestimulus membrane potential to the value

indicated at the right of each trace. In control solution, the delay to the steep portion of

the EPSP was affected only slightly by changes in baseline membrane potential.

Records begin 200 ms after light onset; traces were shifted to superimpose baseline

potentials. Voltage value to the right of each trace indicates original baseline membrane

potential. TTX (10 nM) was added to the bath and Cs+ (84 mM) to the patch pipette to

reduce voltage-gated Na+ and K+ conductances. Light intensity was 5.1 x 10° photons

pum-2s-1.

(B) When 1 puM CNQX was added to the superfusion saline, the delay to the steep

portion of the EPSC increased as the baseline membrane potential was hyperpolarized.

(C) Delays as a function of baseline membrane potential, from the current-clamped

records in (A) and (B).
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Figure 3.7. The CNQX-induced delay to spiking is magnesium-dependent.

Raster summarizing cell-attached recordings from an ON ganglion cell. In the presence

of 1 mM Mg2+, 1 HM CNQX increased the spike delay by 160 ms. When Mg2+ in the

superfusion saline was replaced with calcium ("0 Mg2+"), the spike train became

longer, but CNQX increased the spike delay only 38 ms, 77% less than in saline

containing magnesium. Light intensity was 1.6 x 10° photons pum’s”.
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Figure 3.8
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Figure 3.8. A somatic model mimicked the voltage-dependent delay induced by

CNQX.

(A) Current-voltage plots of simulated excitatory inputs. The NMDA input, as

measured at +40 mV, was configured to be 50% larger than the non-NMDA input.

(B) Time course of both excitatory synaptic inputs. An alpha function with t = 250

msec was chosen to produce a wave form that peaked in 250 ms (see Chapter 2), which

was in good agreement with voltage-clamped, light-evoked EPSCs obtained

experimentally.

(C) Simulated light response. Synaptic input with the time course described above

elicited a pattern of action potentials. The time course of the excitatory input (shown in

B) was inverted and plotted below.

(D) Simulation of added delay to spike onset induced by CNQX. Removal of the

NMDA input (---) caused only a 10 ms increase in the spike delay versus control (–).

When the non-NMDA input was removed (…), however, the spike delay increased 165

ms versus control.

(E) The delay to spike onset showed a greater dependence on the baseline membrane

potential when the non-NMDA input was removed. Responses to combined (–) and

isolated NMDA (…) input are plotted. The baseline membrane potential was varied

from -80 to -50 mV. With both inputs present, the 30 mV variation caused only a 25

ms change in time to the first spike. With the NMDA input isolated, the difference

between the delays at -50 mV and -80 mV increased to 117 ms.
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The Contribution of NMDA and non-NMDA
Receptors to the Light-Evoked Input-Output 4
Characteristics of Retinal Ganglion Cells.

Part II: The Excitatory Input-Output Relation

Summary

Light-evoked input-output characteristics of ganglion cells in dark-adapted tiger

salamander retina were studied in the slice preparation using patch clamp techniques.

EPSCs, isolated by blocking inhibitory inputs and evoked by a range of light stimulus

intensities, were recorded under whole-cell voltage clamp. Spike responses, evoked by

the same light intensities, were recorded extracellularly from the same cells with the

cell-attached patch clamp technique. When NMDA input was blocked by AP7, the

light-evoked EPSC amplitude and peak firing rate were reduced at all light intensities.

In both cases, the data obtained in the presence of AP7 scaled linearly to control data,

indicating that NMDA and non-NMDA receptors are activated in the same proportions

across the entire 2 log unit stimulus range of ganglion cells.

The relationship between light-evoked spike frequency and light-evoked EPSC

amplitude (frequency-current [f-I] relation) was linear. The slope of the synaptic f-I

relation, ksyn (0.79 + 0.67 spikes sºl par!; n = 17), agreed well with the f-I slope
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obtained with injected current, kini (0.97+ 0.45 spikes sº! pa"; n = 7), indicating that

synaptic current and injected current drive spiking in a similar manner. Blocking

NMDA input with AP7 caused minimal deviation from linearity in the evoked f-I

relation, suggesting that NMDA receptors are not required by ganglion cells to maintain

the linear relationship between synaptic activation and spike frequency.

Light-evoked voltage responses, recorded under whole-cell current clamp, revealed

that the average membrane potential during a spike response was depolarized only

slightly with increased firing rate. Once the membrane potential surpassed spike

threshold, it was maintained by the voltage-gated, spike-generating conductances at a

depolarized plateau upon which action potentials were fired. The potential of this

plateau varied only slightly with spike frequency. We conclude that the voltage control

exerted by the spike-generating currents in ganglion cells prevents a response

dependent decrease in the driving force of the excitatory currents, obviating the need for

the voltage-independent synaptic efficacy provided by the combination of NMDA and

non-NMDA inputs.
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Introduction

Neurons convertionic current, which enters the cell through synaptically activated

channels, into patterns of action potentials. The conversion of exogenously injected

current to spike frequency has been studied (Barron & Matthews, 1938; Granit, Kernell

& Lamarre, 1966; Baylor & Fettiplace, 1979), but little is known about the relationship

between synaptically evoked current and firing rate over the physiological response

range of a neuron. At synapses driven by concomitant activation of NMDA and non

NMDA glutamate receptors, even less is known about how the different characteristics

of the two receptor types contribute to this relationship between synaptic activation and

spike frequency. In this chapter, these issues are addressed in retinal ganglion cells.

Mittman, Taylor & Copenhagen (1990) characterized excitatory synaptic inputs to

amphibian retinal ganglion cells by recording light-evoked excitatory postsynaptic

currents (EPSCs) under whole-cell voltage clamp. Other workers have investigated

light-evoked spike responses of ganglion cells and how they change with stimulus

intensity (Werblin & Dowling, 1969; Thibos & Werblin, 1978). In the present study,

ganglion cells' excitatory input-output relations are determined by recording light

evoked excitatory synaptic inputs to and spike outputs of the same retinal ganglion cell

in response to light stimuli spanning the entire range to which the cell is sensitive.
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Light-evoked EPSCs in tiger salamander ganglion cells are mediated by both

NMDA and non-NMDA ionotropic glutamate receptors (Mittman, et al., 1990; Chapter

3). The NMDA channel conductance is voltage-dependent, due to blockade of the

channel by external magnesium at hyperpolarized membrane potentials (Mayer, et al.,

1984; Nowak, et al., 1984). Non-NMDA conductances display no such voltage

dependence. The kinetics of NMDA receptor channels are slower than those of non

NMDA receptor channels (Lester, et al., 1990). Due to the extended time course of

transmitter release onto ganglion cells in the dark-adapted salamander retina, however,

the NMDA and non-NMDA receptor-mediated, light-evoked EPSCs overlap

extensively in time, allowing significant interaction between the two inputs (Chapter 3).

It was demonstrated previously that the two excitatory conductances combine to forge a

relationship between synaptic activation and EPSC amplitude (i.e., synaptic efficacy)

that is relatively constant over a wide range of membrane potentials (Mittman, 1990;

Mittman, et al., 1990; Copenhagen, Mittman, Taylor & Dixon, 1993. When the

membrane is depolarized, the increase in the voltage-dependent NMDA conductance

offsets the decrease in driving force of both excitatory currents. As a result, synaptic

efficacy is maintained independently of membrane potential. A key question, then, is

how this voltage-independent input is transformed into spike frequency. Our working

hypothesis is that an incremental increase in light-evoked synaptic activation of NMDA

and non-NMDA receptors results in a directly proportional increase in EPSC amplitude.

Because most neurons convert injected current to spike frequency in a linear fashion

(Barron & Matthews, 1938; Granit, et al., 1966; Baylor & Fettiplace, 1979), it is
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predicted that an increase in synaptic current would lead to a directly wºmen
increase in spike frequency. Thus, a linear relationship between synaptic activation and

spike frequency is predicted over the entire range of stimulus strengths to which the cell

is differentially responsive. This hypothesis presumes that the combined action of

NMDA and non-NMDA synaptic inputs is necessary to maintain this linear

relationship. The experiments described here were designed to test this hypothesis and

its underlying assumptions.

Results

Intensity-response functions of light-evoked inputs and outputs

The results and analyses presented in this chapter are confined to responses

recorded from ON ganglion cells and the ON portion of ON-OFF ganglion cell responses.

OFF ganglion cells were encountered only rarely and were not considered. Excitatory

inputs were isolated by blocking inhibition mediated by GABAA and glycine receptors

with picrotoxin (50 puM) and strychnine (0.5 puM), respectively. In the dark-adapted

tiger salamander retina, ON and ON-OFF ganglion cells responded to the onset of a 2 s

light stimulus with a slowly developing light-evoked EPSC. At stronger light stimulus

intensities, both the synaptic latency and the rise time of the light-evoked EPSC

decreased, while the amplitude of the light-evoked EPSC increased (Figure 4.1A).

These stimulus-dependent changes in the light-evoked synaptic input were reflected in
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the light-evoked output patterns of action potentials, recorded under cell-attached patch

clamp. As the light stimulus was increased, the spike delay — the time between the

onset of the light stimulus and the first action potential — decreased, as did the time to

the peak of the spike frequency histogram (Figure 4.1B).

Light-evoked EPSC amplitude and peak firing rate were measured in response to a

range of light stimulus intensities. Typical intensity-response curves, describing ON

responses recorded from an ON-OFF cell, are shown in Figure 4.2. In 20 cells, peak

light-evoked EPSC amplitude (Vclamp = -60 mV) was fitted by the Hill equation (Eqn.

1) with c = 1.16 + 0.22 (mean it S.D.), corresponding to a dynamic range (d.r.) of

2.21 log units of light intensity (according to Eqn. 2), and I50 = 0.37 ■ 0.29 photons

Hm’s” (see Table 4.1). The values for c and I50 were unaffected by Vclamp (not

shown). In 36 cells in which spike responses were obtained over a range of light

stimulus intensities, peak firing rate was fitted by the Hill equation with c = 1.25 +

0.39, corresponding to a dir. of 2.05 log units of light intensity, and I50 = 0.41 + 0.35

photons um-2s-1. In the 9 ON ganglion cells within this group, c was 1.20 + 0.44 (d.r.

= 2.13 log units); in 27 ON-OFF ganglion cells c was 1.27+ 0.37 (d.r. = 2.02 log

units). The I50 values measured here (-0.4 photons um’s') roughly correspond to

1.2 Rh” rod-1 s−1 (see Chapter 2). Threshold responses were elicited therefore, by

~0.1 Rh" rod-1s-1. Similar intensity thresholds have been obtained in rod-driven

responses in toad (Reuter, Donner & Copenhagen, 1986). We believe, therefore, that

the light responses reported here were driven primarily by rod photoreceptors.
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NMDA and non-NMDA receptors are activated in the same proportions in response to

light of different intensities

Voltage-clamped responses to light stimuli of a single intensity have revealed that

light-evoked excitatory synaptic input to both ON and ON-OFF ganglion cells is mediated

by NMDA and non-NMDA ionotropic glutamate receptors Mittman, et al., 1990;

Figure 3.5). Here we sought to determine whether NMDA and non-NMDA receptors

are activated in the same proportions at all light stimulus intensities. Light-evoked

EPSCs were recorded under whole-cell voltage clamp in response to a full range of

light stimuli (Figure 4.3A). After an intensity-response curve was obtained in control

saline, 20 puM-AP7 was added to the bath to block the NMDA receptor-mediated input.

AP7 reduced the peak amplitude of the light-evoked EPSC at all light intensities. Both

control and AP7 data were fitted well by the Hill equation, and when the fit to the AP7

data was scaled (dashed line) to the same amplitude as the fit to the control data, the two

curves matched well (Figure 4.3A). In 14 cells, though AP7 significantly reduced

EPSC amplitude (paired t-test, P × 0.05), it had minimal effects on the Hill

cooperativity coefficient c and ISO (see Table 4.1). These data indicate that NMDA and

non-NMDA receptors are activated in the same relative proportion over the full range of

light stimulus intensities.
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The above effects of AP7 on the synaptic inputs were reflected in the output spike

rate (Figure 4.3B). AP7 reduced the light-evoked firing frequency at all light stimulus

intensities. Furthermore, the Hill equation fit to the data obtained in the presence of

AP7, when scaled linearly (dashed line), agreed well with the fit to the data obtained in

control saline. In 23 cells, AP7 significantly reduced the peak spike frequency (paired

t-test, P × 0.01) but had little effect on c or I50 (see Table 4.1).

Ganglion cells convert a current source input to spike frequency in a linear fashion

Whole-cell, current-clamped recordings were used to study more closely the

spiking behavior of tiger salamander ganglion cells. Previous work has demonstrated

that, above a threshold current level, motoneurons (Barron & Matthews, 1938; Granit,

et al., 1966) and turtle ganglion cells (Baylor & Fettiplace, 1979) convert injected

current to spike frequency in a linear manner. More recent experiments have suggested

that tiger salamander ganglion cells also possess this feature (Lukasiewicz & Werblin,

1988; Mobbs, Everett & Cook, 1992; Copenhagen, et al., 1993); we sought to confirm

and quantify this result. Whole-cell current-clamped recordings were obtained from

ganglion cells in the retinal slice. Figure 4.4A shows voltage traces obtained when

current steps of different amplitudes (indicated to the right of each trace) were injected

through the patch pipette into the cell soma. A plot of the average spike frequency

during the response versus the magnitude of the current injection (the f-Irelation)

demonstrated a linear relationship between injected current and spike frequency output
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(Figure 4.4B). In 7 cells tested, the Pearson correlation coefficient (r) was 0.99 it

0.01, indicating a good fit to a straight line, and the slope of the injected f-Irelation,

kinj, was 0.97+0.45 spikes sº! pa". These results demonstrate that ganglion cell

spike frequency is linearly proportional to injected current.

Light-evoked EPSC amplitude is voltage-independent over a wide range of membrane

potentials

An ideal current source would inject a constant amount of current into a cell,

independent of changes in the membrane potential. Previous reports of light-evoked

EPSCs recorded in salamander ganglion cells under whole-cell voltage clamp have

demonstrated that the excitatory synaptic input to ganglion cells can behave as an ideal

current source over a wide, physiologically significant range of membrane potentials

(~-80 mV to -20 mV; Mittman, et al., 1990); an example is shown in Figure 4.5. Here,

an ON ganglion cell was voltage-clamped to a series of different membrane potentials,

indicated on the abscissa. While the cell was held at each potential, a 2 s light stimulus

was delivered to the slice and the amplitude of the resulting light-evoked EPSC was

plotted on the ordinate. In the dark-adapted retina, the time course of ganglion cell

excitation is very slow (Chapter 3; and see Figure 4.1A) and the NMDA and non

NMDA components of the synaptic input overlap in time almost completely (Figure

3.5). The peak EPSC amplitude, therefore, reflects the combined input through both

receptor channel types. The flat region of the I-V curve below -20 mV is characteristic
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of an ideal current source. Hence, approximately the same amount of synaptic current

was elicited when the cell was clamped at -21 mV as when it was clamped at -81 mV,

even though the driving force on the excitatory current at -21 mV is only one fourth of

that at -81 mV. The mechanism underlying this behavior is that, as the membrane is

depolarized, the decrease in the driving force on both types of excitatory currents is

offset by the increase in the voltage-dependent NMDA conductance (Mittman, et al.,

1990; Copenhagen, et al., 1993).

Ganglion cells convert light-evoked synaptic activation to spike frequency in a linear

fashion

Comparison of light-evoked spike rate to light-evoked EPSC amplitude revealed

that the light-evoked input-output relationships of retinal ganglion cells were linear over

the entire dynamic range of the cell (Figure 4.6A). Peak firing rates evoked by a series

of light stimulus intensities was plotted against the peak EPSC amplitude evoked by the

same intensities. The data, taken from the cell shown in Figure 4.2, were fitted well by

a straight line. In 17 cells analyzed, r was 0.96+ 0.03 and ksyn was 0.79 + 0.67

spikes sº! pa". In most of these experiments, K* was replaced with Cs+ as the major

cation in the patch pipette to block potassium conductances and improve voltage control

during whole-cell recordings. The switch from K* to Cst caused little change in r, but

it had a larger effect on ksyn. With Cs” in the patch pipette, r was 0.97+0.02 and ksyn

was 0.64 + 0.42 spikes sºl parl (n = 13); with K+ the in the patch pipetter was 0.94
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+0.05 and ksyn was 1.27+ 1.15 spikes sº! pa" (n = 4). The decreased value of ksyn

in the presence of Cs+ probably was due to the fact that blocking the potassium

channels during whole-cell recordings reduced membrane leak and therefore increased

the amplitude of the EPSC reaching the soma. Because they were recorded in the cell

attached configuration, spike responses, against which the EPSCs were compared,

were unaffected by the composition of the patch solution.

The strong correlation demonstrated here between light-evoked EPSC amplitude

and peak firing rate indicates that ganglion cells convert synaptic input to action

potential frequency in a linear fashion, consistent with our working hypothesis.

Removal of NMDA input causes no significant deviation from linearity in the light

evoked input-output relation

At the beginning of this chapter we postulated that the linear input-output relation

described in the previous section is due to the combination of NMDA and non-NMDA

input. If this prediction is correct, in the absence of NMDA input the light-evoked

input-output relationship would be non-linear. This prediction was tested

experimentally by measuring the light-evoked f-Irelation in the presence and absence of

NMDA input. When NMDA receptors were blocked by adding 20 puM AP7 to the

bath, no significant deviation from linearity was observed in the input-output relation

(Figure 4.6B), despite the fact that AP7 significantly reduced both the peak firing rate
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and light-evoked EPSC amplitude (Figure 4.3). Similar results were observed in 9 of

10 cells. In the 9 cells in which AP7 caused no significant deviation from linearity, r in

control saline was 0.97+0.03; in the presence of 20 puM AP7, r was also 0.97+ 0.03.

While linearity was unaffected, ksyn increased from 0.85 + 0.84 spikes sº! pa” in

control to 1.24+ 0.96 spikes sº! pa" in AP7 (n =9). In the tenth cell, AP7 caused a

large reduction in r (from 0.99 to 0.70) and a negligible increase in ksyn (from 1.46 to

1.48 spikes sº! parl).

These results indicated that, despite the large contribution of NMDA receptors to

light-evoked ganglion cell responses (Mittman, et al., 1990; Chapter 3) and the

"linearizing" effect of combined NMDA and non-NMDA inputs (Copenhagen, et al.,

1993; Figure 4.5), the voltage-dependent NMDA conductance does not appear to be

required to maintain reasonable linearity between synaptic activation and spike

frequency.

Driving force on synaptic current is reduced only slightly during periods of increased

firing

Our working hypothesis that NMDA receptors play a role in the linearization of

synaptic input and spike output cannot be reconciled with the experiments described in

the last section. An implicit assumption in this hypothesis was that the postsynaptic

membrane potential is significantly more depolarized during larger responses. If the
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average synaptic membrane potential during a response did not change wenty OVer

a wide range of stimuli, then there would be no substantial change in the driving force

on the EPSC. As a result, the synaptic current, and therefore spike frequency, would

increase proportionally with synaptic activation, whether or not NMDA receptors were

present.

Whole-cell, current-clamped light responses were recorded from ganglion cells to

determine how the average membrane potential in the soma varied with response

amplitude (Figure 4.7). A range of firing rates were obtained by varying the intensity

of the light stimulus (Figure 4.7A). Comparison of the average membrane potential

during the spike response versus the average firing rate for 25 responses recorded in

the same cell (Figure 4.7B) demonstrated a relationship between average membrane

potential and firing rate that was well fitted by a straight line (r = 0.93). The shallow

slope of this line (0.25 mV s spike') indicated, however, that large changes in firing

rate were associated with only small changes in average somatic membrane potential.

In the illustrated cell (Figure 4.7B), a six-fold change in firing rate (from 5 spikes s-1 to

30 spikes sº") was associated with only a 6 mV depolarization (from -42 mV to -36

mV) of the average membrane potential. Similar results were observed in all 4 cells

tested. These results suggest that, during spiking, the membrane is clamped by the

voltage-gated currents to a narrow range of potentials.
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Figure 4.8 shows how action potential-generating mechanisms can clamp the

membrane potential. Here light-evoked voltage responses in the presence and absence

of spiking are compared. Current-clamped demonstrated that, once the light-evoked

EPSP surpassed spike threshold, the large, voltage-gated conductances held the

membrane potential at a depolarized plateau of about -40 mV, a level from which

additional action potentials were fired (Figure 4.8A). As in the cell shown in Figure

4.7, the value of this plateau did not vary substantially with changes in firing rate.

When tetrodotoxin (TTX, 13 nM) was added to the bath to block activation of voltage

gated Na+ conductances, the amplitudes of the light-evoked EPSPs did not reach a

plateau but were graded over the entire range of light stimulus intensities (Figure 4.8B).

The experiments described in this section suggest that, during spiking, the somatic

membrane potential is "clamped" by voltage-gated conductances to an average value

that varies only slightly with firing frequency.

Discussion

ON and ON-OFF ganglion cells are excited over similar ranges of intensity

In the present study, it has been demonstrated that ganglion cells respond with a

graded increase both in EPSC amplitude and spike frequency over a range of about two

log units of light intensity (Figure 4.2). Although ON-OFF cells did, on average,
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exhibit slightly smaller d.r.s than ON cells, the difference was not statistically

significant (see Table 4.1). Previous work in amphibian retina (Thibos & Werblin,

1978) showed that ON-OFF ganglion cells possessed a substantially smaller d.r. than

ON ganglion cells (0.9 versus 1.8 log units). These earlier experiments, however,

were performed with all lateral inhibitory mechanisms intact, while the present data

were obtained with glycine and GABAA receptor-mediated inhibition blocked. d.r.s

measured here in ganglion cells matched well those reported by Thibos and Werblin

(1978) for bipolar cells (d.r. = 2.1 log units), consistent with the idea that the major

influence of inhibition on dynamic range may occur at the level of the inner plexiform

layer (Werblin & Copenhagen, 1974). This notion remains to be tested.

Injected and synaptic current are transformed into spike frequency in similar ways

The present results demonstrate that salamander ganglion cells, like other spiking

neurons (Barron & Matthews, 1938; Granit, et al., 1966; Baylor & Fettiplace, 1979),

convert injected current to spike frequency in a linear fashion (Figure 4.4). The kin;

value reported here (0.97+0.45 spikes sº! parl) is 3 to 5 times larger than that

recorded with intracellular microelectrodes in turtle ganglion cells (0.21 spikes sº! pa";

Baylor & Fettiplace, 1979) and CA1 hippocampal pyramidal cells (0.20-034 spikes sº

1 parl; Lanthorn, Storm & Andersen, 1984), but it was in excellent agreement with that

derived from published whole-cell recordings in salamander ganglion cells (~0.9 spikes

sºl parl; Lukasiewicz & Werblin, 1988). Since input resistances typically are much
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higher in whole-cell recordings than intracellular recordings (Coleman & Miller, 1989b;

Spruston, et al., 1993), the discrepancy between the present results and those reported

previously (Baylor & Fettiplace, 1979) probably is due to the different recording

techniques.

In the present study, EPSCs and spike responses evoked by a range of light

intensities were recorded independently from the same ganglion cell and compared to

determine the synaptic f-Irelation. In 17 cells analyzed, this relationship was found to

be linear over the entire range or responses, with a slope of 0.79:# 0.67 spikes sº! pa"

1. At least two factors might impact on the measured slope of the synaptic f-Irelation,

ksyn: Vclamp during the whole-cell recordings and the predominant cation used in the

pipette solution. We do not believe that ksyn was affected substantially by our choice of

Vclamp (-60 mV), because the magnitude of an EPSC evoked by a particular light

stimulus intensity is relatively constant over a wide range of Vclamp (Figure 4.5),

including that region of membrane potential traversed by the cell during a spike

response (Figure 4.7). The mean value for ksyn with Cs+ in the patch pipette was

lower thanksyn measured with K+ in the pipette (Table 4.1). By blocking membrane

leakage through potassium channels, Cs” increases the portion of synaptic current that

reaches the soma. Because the extracellular spike recordings are unaffected by the

contents of the patch pipette, the larger measured EPSC in Cs+ results in a lower value

of ksyn, which can be expressed as [spike frequency / EPSC amplitude]. Nonetheless,

the values for ksyn measured with Cs+ and K+ both were in reasonably good agreement
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with kinj (see Table 4.1). The similarity of kinj and ksyn (Table 4.1) lends substantial

support to the idea that synaptic current is converted to spike frequency in the same way

as injected current. Three previous reports have presented indirect evidence that

injected and synaptic current are equivalent in this respect (Granit, et al., 1966;

Schwindt & Calvin, 1973; Powers, Robinson, Konodi & Binder, 1992). In these

studies, synaptic current was evoked concomitantly with the injection of current into the

soma, and the effect of the synaptic current on the injected f-Irelation was observed.

In the present study, linear f-I curves in response to injected (Figure 4.4) and light

evoked synaptic current (Figure 4.6) were obtained separately from the same cell,

yielding independent values of kinj and ksyn.

The application of AP7 caused a significant increase in ksyn (see Table 4.1). This

increase reflects a greater effect of AP7 on EPSC amplitude than spike frequency (Table

4.1). The source of this discrepancy is unclear. Close examination of light-evoked

voltage responses recorded under whole-cell current clamp revealed no discernible

effects of AP7 on the spiking behavior of ganglion cells (not shown), so it seems

unlikely that AP7 affected spiking mechanisms in ganglion cells.

Insights into the bipolar-ganglion cell synapse

An important question to consider is whether the larger EPSC evoked by brighter

light is due to an increase in the number of presynaptic release sites ("n"), or an
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increase in the probability of neurotransmitter release ("p") from each of a fixed number

of sites. Several observations favor the hypothesis that higher light intensities increase

p and not n.

In hippocampal neurons, changes in EPSC amplitude have been measured in

response to pharmacological alterations of p (Perkel & Nicoll, 1993; Tong & Jahr,

1994). These studies determined that the proportion of NMDA and non-NMDA

components of the EPSC remained constant for different values of p. Figure 4.3A

shows that the ratio of the NMDA to non-NMDA components of light-evoked EPSCs

remained constant for all light intensities, which is consistent with the findings in

hippocampal neurons where only p was varied.

In most cases, p depends primarily on the concentration of calcium in the synaptic

terminal during a presumptive synaptic event (Augustine, Charlton & Smith, 1987). In

ON bipolar cells, which drive the excitatory ON responses in ganglion cells, the light

evoked depolarization is monotonically related to the light intensity over approximately

2 log units of intensity (Thibos & Werblin, 1978). Calcium channel activation and

synaptic release from ON bipolar cells in goldfish is increased in a graded fashion over

the range of membrane potentials that is subtended during light responses (Tachibana &

Okada, 1991). It seems plausible, then, that p is modulated over the entire 2 log unit

range of stimulus intensity.
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The intensity-dependent, graded depolarization of ON bipolar cells contrasts sharply

with the behavior of most central neurons, in which the arrival of an action potential in

the presynaptic terminal leads to the release of a synaptic vesicle. In the latter case, it is

thought that p in each terminal does not depend on the stimulus, because each action

potential affects the synaptic terminal in a similar way. Experimentally, stronger

stimulation of the presynaptic tract results in an increased number of activated

presynaptic fibers. If a stronger light stimulus merely recruited more bipolar cells, one

would predict that the light response range of the ganglion cell would be significantly

greater than that of its constituent bipolar cells. The present study demonstrated,

however, that ganglion cells are excited over a dynamic range similar to that reported by

Thibos & Werblin (1978) in bipolar cells. This would suggest that the number of

bipolar cells contributing to a ganglion cell light response does not vary substantially

with changes in light intensity. Therefore, we favor the interpretation that stronger light

stimuli increase the probability of synaptic release from each bipolar cell terminal.

Mechanisms underlying the linearity of ganglion cell function

Given a linear relationship between injected current and spike frequency (Figure

4.4), a linear synaptic f-Irelation requires direct proportionality, over the full response

range, between synaptic receptor activation and the amplitude of synaptic current

reaching the soma. It is well known that depolarization of the postsynaptic membrane

could easily confound this linear relationship. Namely, by reducing the driving force
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on the excitatory synaptic currents, depolarization reduces the proportionality constant

linking conductance and current (Martin, 1955). On this basis, the linearity of the f-I

relation would be compromised if the synaptic membrane became increasingly more

depolarized with greater excitation. For the purposes of this discussion, we distinguish

two sources of depolarization — one due to spiking activity near the Soma and another

due to synaptic input onto the dendrites. It is argued here that ganglion cells

compensate for both sources in different ways, thereby maintaining a linear relationship

between synaptic activation and synaptic current.

One possible source of depolarization is the large influx of current through the

voltage-gated conductances that underlie the formation of action potentials in and near

the soma. As the depolarization associated with spike activity spreads out through the

dendrites, the postsynaptic membrane sites also become depolarized. If higher spike

frequencies, elicited by larger synaptic activation, were to cause a greater depolarization

of the soma, then the synapses also would be more depolarized. The present results

demonstrate, however, that the average membrane potential during a ganglion cell light

response does not vary substantially with spike rate (Figure 4.7). Our results indicate

that the voltage-gated currents "clamp" the membrane potential to a small range that

varies only slightly with firing frequency (Figure 4.8).

Another source of depolarization is the synaptic current itself. Larger synaptic

inputs cause larger depolarizations of the postsynaptic membrane that locally reduce the
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driving force of the excitatory synaptic current. We initially proposed that ganglion

cells compensated for this with a combination of NMDA and non-NMDA receptors.

When the synaptic membrane is depolarized, the reduction in driving force of both

synaptic currents is offset by an increase in the voltage-dependent NMDA conductance

(Mittman, 1990; Copenhagen, et al., 1993). As a result, the amplitude of the synaptic

current is unaffected by broad changes in membrane potential (Mittman, 1990; Figure

4.5). In our experiments, however, when NMDA inputs were blocked the synaptic f-I

relation remained linear (Figure 4.6B). This result indicates that "current source"

characteristics of the synaptic input (Figure 4.5) are not required to maintain linearity

and suggests that the depolarization of the synaptic membrane is not increased

substantially with increased synaptic input.

To confirm these effects and gain some insight into how much synaptic membrane

along ganglion cell dendrites could be depolarized by synaptic input, we constructed a

compartmentalized cable model of a ganglion cell. The simulated neuron consisted of a

single-compartment soma attached to a 10-compartment dendritic cylinder, along which

synaptic inputs were evenly distributed (see Chapter 2). The synaptic input reaching

the soma was converted to firing frequency according to a function similar to the

injected f-I slope measured experimentally (Table 4.1). A wide range of synaptic

inputs caused little change in membrane potential in the somatic compartment (a in

Figure 4.9A), in agreement with experimental results (Figure 4.7B). The simulation

revealed that the membrane potential of the synaptic sites did not change substantially
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over a broad range of stimuli (b and c in Figure 4.9A). As a result, when NMDA

inputs were removed, little deviation from linearity was observed in the synaptic f-I

relation (Figure 4.9B). Similar results were obtained when the synaptic input were

confined to the two most distal compartments of the dendritic cylinder (not shown).

The experimental results described above, supplemented by the simple model

discussed here, suggest that NMDA receptors are not required by salamander ganglion

cells to maintain a linear relationship between synaptic input and spike output. The

clamping effect of the voltage-gated currents in the soma maintains the membrane

potential within a small range such that increased synaptic activation causes only small

changes in the driving force on the synaptic conductances. Analogous results have

been reported in cat motoneuron, where it was demonstrated that a particular synaptic

input shifted the injected f-Irelation along the current axis by a constant amount over a

wide range of spike frequencies (Schwindt & Calvin, 1973). This result, like that

reported above, is consistent with the interpretation that the driving force on the

synaptic current did not vary with changes in firing rate. In some neurons, however,

the soma may be significantly more depolarized with elevated firing frequency. In such

cases, the combination of NMDA and non-NMDA input may be essential to maintain a

linear relationship between excitatory input and spike output.

NMDA/non-NMDA receptor interaction at other central synapses
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Voltage-dependent interactions between NMDA and non-NMDA inputs require that

the non-NMDA receptor-mediated depolarization overlap significantly in time with the

NMDA conductance. The results presented in Chapter 3 showed this to be the case in

ganglion cells of the dark-adapted salamander retina, and experimental evidence

suggests that similar interactions could occur in other systems. Experiments measuring

excitatory postsynaptic potentials (EPSPs) have demonstrated that the decay of the fast

non-NMDA EPSP is significantly slower than that of the non-NMDA EPSC and may

last long enough to interact with the slower, voltage-dependent NMDA conductance

(Dale & Roberts, 1985; Hestrin, et al., 1990). The different decay times of the EPSC

and EPSP is due to the fact that, after the termination of the synaptic conductance, the

repolarization of the membrane is rate-limited by the membrane time constant, which is

several times larger than the decay rate of the non-NMDA EPSC.

simple simulations with the present compartmental model demonstrate this

phenomenon for miniature and evoked responses (Figure 4.10). Although the duration

of a non-NMDA miniature EPSC is only a few ms (Bekkers & Stevens, 1989), the

associated EPSP lasts significantly longer (Figure 4.10A). While the simulated

example, in which the membrane time constant was 50 ms, may overestimate the

slowness of the miniature EPSP decay, it is clear that this depolarization would

coincide with the NMDA component of the miniature EPSC, which peaks in about 10

ms (Silver, Traynelis & Cull-Candy, 1992). The second example (Figure 4.10B)

illustrates an O. function approximation of a fast non-NMDA EPSC (Hestrin, et al.,
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1990). The resulting EPSP decays with a slower time course than the EPSC, as

observed (Dale & Roberts, 1985; Hestrin, et al., 1990), and would overlap

substantially in time with the NMDA component of the EPSC, which peaks in about 20

ms (Hestrin, et al., 1990; Lester, et al., 1990). We also simulated ganglion cell

responses in dark-adapted retina, to see how the membrane time constant distorts the

EPSCs. In this case (Figure 4.10C), the EPSC and EPSP exhibit nearly identical time

courses. In ganglion cells of dark-adapted retina, it is evident that the EPSC time

course, rather than the membrane time constant, limits the decay of the EPSC.

In summary, the experiments described in this study demonstrate that salamander

ganglion cells are driven by and respond to light intensities spanning 2 orders of

magnitude. Furthermore, the ratio of NMDA to non-NMDA inputs remains constant

over the entire stimulus range. We found that these neurons transform excitatory

synaptic input to spike frequency output in a linear fashion. Comparison of the injected

and synaptic f-Irelations provided strong evidence that ganglion cells convert both

types of current to spike frequency in a similar way. Our initial hypothesis that the

combination of NMDA and non-NMDA synaptic inputs is required to produce the

linear synaptic f-Irelation was disproved when linearity was shown to be preserved in

the absence of NMDA input. Further experiments showed that the spiking mechanisms

in the ganglion cell prevent the average membrane potential from varying significantly

over the entire range of light responses, thus reducing problems that might have been

associated with loss of driving force during larger synaptic inputs. This clamping
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effect appears to obviate the need for voltage-independent synaptic efficacy afforded by

the concomitant activation in these cells of NMDA and non-NMDA receptors.
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Table 4.1. Summary of ganglion cell responses

Peak Spike Rate
All cells

ON cells

ON-OFF cells

Effects of AP7

Control

20 HM AP7
Difference

(95% conf. int.)

Peak EPSC Amplitude
All cells

ON cells

ON-OFF cells

Effects of AP7

Control

20 p.m. AP7
Difference

(95% conf. int.)

Pl Rmax (spikes s−1)

Intensity-Response Relations

I50 (photons im” s”) C

36 46 H 13 0.41 + 0.35 1.25 + 0.39

9 45 + 13 0.41 + 0.40 1.20 + 0.44

27 46 H. 13 0.41 + 0.34 1.27 H- 0.37

47 -- 13 0.50 + 0.39 1.16 + 0.32

23 31 + 12 0.47+ 0.49 1.16 + 0.51

15.4 0.03 0

(10.6 to 20.1) (-0.16 to 0.22) (-0.18 to 0.17)

P1 Rmax (p4) I50 (photons um-2 s−1) C

20 74 + 59 0.37 -- 0.29 1.16 + 0.22

6 84 + 73 0.30 + 0.29 1.08 + 0.10

14 70 + 55 0.41 + 0.29 1.19 + 0.25

99 + 80 0.53 + 0.37 1.17 ± 0.24

14 40 + 36 0.64 + 0.65 1.18 + 0.32

59 –0.09 -0.01

(31 to 87) (-0.41 to 0.19) (-0.20 to 0.17)

Frequency-Current (f-I) Relations

Injected Current
Synaptic Current

Internal Cs+

Internal K+

Effects of AP7

Control

20 puM AP7

k (spikes sº pa’)n r

7 0.99 + 0.01 0.97 -- 0.45

17 0.96+ 0.03 0.79 + 0.67

13 0.97 -- 0.02 0.64 + 0.42

4 0.94 + 0.05 1.27 -E 1.15

9 0.97 -- 0.03 0.85 + 0.84

0.97+ 0.03 1.24 + 0.96

Values are given as means # S.D. n indicates number of cells. 95% confidence intervals
refer to the difference values and were determined with the paired t-test.
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Figure 4.1
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Figure 4.1. Light-evoked ON responses of an ON-OFF ganglion cell. In this particular

cell, each trace represents 10 averaged responses. A, voltage-clamped EPSCs (Vclamp

= -60 mV.) were recorded in response to a range of light stimulus intensities, including

0.053, 0.13, 0.29, 0.72 and 2.6 photons pum-1 s−1 (shown). In response to stronger

light stimulation, peak EPSC amplitude was greater and synaptic delay was decreased.

B, instantaneous spike frequency histograms were compiled from light-evoked spike

responses recorded in the cell-attached configuration from the same cell as in A. Light

intensities are identical to those in A. As the light stimulus intensity was increased,

spike responses increased in peak frequency and decreased in latency. Inset, raster of

raw data used to construct the spike frequency histograms.



CHAPTER 4: THE EXCITATORY TRANSFER FUNCTION120

Figure 4.2
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Figure 4.2. Intensity-response curves. A, voltage-clamped EPSCs (Vclamp = -60 mV)

were recorded in response to a range of light stimulus intensities. At each intensity,

five consecutive responses were averaged together and the peak amplitude was plotted.

Peak EPSC amplitudes evoked by light stimuli ranging from 0.012 to 2.17 photons

plm's' were fitted by the Hill equation with c = 0.99 and an I50 = 0.076 photons pum

*s-' (solid line). B, prior to obtaining the whole-cell recordings in A, light-evoked

spike responses were recorded from the same cell under cell-attached patch clamp in

response to the same range of light intensity. Peak firing rate was fitted by the Hill

equation with c = 1.21 and I50 = 0.096 photons plm-2 s−1 (solid line).
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Figure 4.3. The effect of AP7 on the intensity-response relationship. A, the

application of 20 puM-AP7 reduced the light-evoked EPSC amplitude at all light

intensities. Data obtained both in control saline (open squares) and in the presence of

AP7 (open triangles) responses were fitted well by the Hill equation (see text; solid

lines). When the Hill fit to the AP7 data was scaled to control (dashed line), the scaled

and control fits agreed well. B, application of AP7 to the same cell as A caused a

similar reduction in the peak light-evoked spike frequency. Data obtained both in

control saline (solid squares) and in the presence of AP7 were fitted well by the Hill

equation (solid lines). The fit of the data obtained in AP7, when scaled linearly (dashed

line), matched well the fit of the data obtained in control saline.
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Figure 4.4
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Figure 4.4. Relationship between injected current and spike frequency. A, under

whole-cell current clamp, current steps (4 s in duration) were injected into the soma and

the resulting spike patterns were recorded. Injections of larger current steps (indicated

at the right of each trace) elicited higher spike rates. Tick marks to the left of each trace

indicate -60 and 0 mV. B, average firing rate during each response (ordinate) was

plotted against the magnitude of the injected current (abscissa). The relationship

between injected current and firing rate (the f-Irelationship) was fitted by a straight line

(r = 0.992) with slope kinj = 0.61 spikes sº! pa".
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Figure 4.5
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Figure 4.5. Voltage dependence of excitatory inputs. Light-evoked EPSCs were

recorded under whole-cell voltage clamp at a range of clamping potentials. The peak

EPSC amplitude (ordinate) is plotted versus Vclamp (abscissa). In the dark-adapted

retina, light-evoked EPSCs in ganglion cells are very slow, and the NMDA and non

NMDA components overlap almost completely (Diamond & Copenhagen, 1993).

Therefore, the peak EPSC amplitude reflects the combined NMDA and non-NMDA

inputs. Integrating the current trace and plotting the charge passed during the 2 s light

stimulus yielded a similarly shaped curve (not shown).
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Figure 4.6
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Figure 4.6. A, linear relationship between light-evoked spike frequency and light

evoked EPSC amplitude. Data is the same as that shown in Figure 4.2. The value of

the peak firing rate recorded under cell-attached patch clamp (Figure 4.2B) was plotted

against the peak whole-cell voltage-clamped EPSC amplitude evoked by the same light

intensity (Figure 4.2A). This relationship between synaptic input and spike output was

fitted well by a straight line (r = 0.997) with slope ksyn = 1.12 spikes sº pa". B, the

effect of AP7 on the evoked f-Irelationship. Data is the same as that shown in Figure

4.3. Light-evoked spike rate (Figure 3B) was plotted versus light-evoked EPSC

amplitude (Figure 4.3A), as in Figure 4.6. The data obtained in control saline (open

squares) was fitted well by a straight line (r = 0.978) with slope ksyn = 2.78 spikes S-1

pA-1. Although addition of 20 puM-AP7 to the superfusion saline reduced both EPSC

amplitude and peak firing rate (open triangles), the linear relationship between the two

measures (r = 0.976) was not compromised significantly. The application of AP7 did,

however, increase ksyn to 3.12 spikes s” pa".
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Figure 4.7. Effect of increased spike rate on the average somatic membrane potential.

A, under whole-cell current clamp, spiking voltage responses were recorded in

response to light stimuli of varying intensities. Examples of four responses are shown,

with light stimulus intensity indicated to the right of each trace. The ticks to the left of

each trace indicate -60 and 0 mV. B, the average somatic membrane potential between

the first and last action potential was calculated for 25 responses recorded from the

same cell as A. Average firing rate was calculated over the same span. When

membrane potential (ordinate) was plotted versus firing rate (abscissa) the data were

fitted well by a straight line (r = 0.93) with slope = 0.25 mV (spike sºl)-1.
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Figure 4.8
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Figure 4.8. Effect of voltage-gated conductances on light responses. A, light-evoked

voltage responses were recorded under whole-cell current clamp. Each response was

evoked by a light stimulus of a different intensity. In the responses in which spike

threshold was achieved, the membrane potential was maintained a depolarized plateau

(~ -40 mV.) that was unaffected by increases in firing rates. B, responses in the same

cell, evoked by the same light intensities, in the presence of 13 nM TTX. In the

absence of voltage-activated conductances, the light-evoked EPSPs increase

monotonically with light stimulus intensity.
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Figure 4.9. Results from a compartmental simulation of a spiking ganglion cell. A,

increased firing rate had little effect on average somatic membrane potential (a) and only

slightly larger effects on the average potential of middle (b) and distal (c) dendritic

compartments. B, the linear relationship between synaptically-evoked firing rate and

synaptic input was unaffected by the removal of the NMDA component of the synaptic

conductance (triangles).
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Figure 4.10
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Figure 4.10. Non-NMDA EPSPs decay more slowly than the non-NMDA EPSCs.

Synaptic events were simulated by placing a non-NMDA synaptic conductance onto the

middle of the dendritic cylinder and recording the current (EPSC) and depolarization

(EPSP) associated with a synaptic response. The passive membrane resistance was 50

kQ cm” (Spruston, et al., 1993), yielding a membrane time constant of 50 ms. A, a

simulated non-NMDA receptor-mediated miniature EPSC (time to peak = 0.5 ms)

evokes a rapid depolarization. After the EPSC has terminated, however, the decay of

the EPSP slows considerably, now rate-limited by the membrane time constant. The

depolarization would coincide with the NMDA component of the miniature EPSC. B.

the same effect occurs in response to a fast synaptic event (time to peak = 5 ms)

mediated by non-NMDA receptors. C, the non-NMDA EPSCs observed in ganglion

cells of dark-adapted retina (Chapter 3) are so slow that the decay of the EPSP is rate

limited by the EPSC time course instead of the membrane time constant.
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Conclusions 5

The results from experiments and numerical simulations described in this

dissertation address a number of interesting aspects of ganglion cell function, and the

role that NMDA receptors play in each. Several fundamental questions, however,

remain unanswered. This final chapter serves as a brief summary of what was learned

through the course of this study and a discussion of some questions that remain.

Light-evoked NMDA and non-NMDA inputs interact in a voltage-dependent manner

The experiments described in Chapter 3 investigated the light-evoked, excitatory

responses of ganglion cells in dark-adapted tiger aimander retina. The significant

temporal coincidence in ganglion cells of the NMDA and non-NMDA EPSCs (Figure

3.5) is in sharp contrast to the temporally disparate inputs in other neurons (Dale &

Roberts, 1985; Forsythe & Westbrook, 1988; Hestrin, et al., 1990; Mittman, 1990).

The similar time courses, while not required for cross-talk between the two inputs

(see Figure 4.10), certainly maximize the opportunity for interaction, making

ganglion cells in the dark-adapted preparation an ideal neuron in which to study this

phenomenon.
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Isolation of NMDA receptors with CNQX caused a significant increase in the

spike delay of a light-evoked spike response (Figure 3.3) without affecting the time

course of synaptic input (Figure 3.5). This result suggested that the two glutamatergic

inputs contribute to the light response in different ways. Further experiments

indicated that, when only NMDA inputs were present, the spike delay was

dramatically voltage- and magnesium-dependent (Figures 3.6 and 3.7, respectively).

These results showed that NMDA receptors do not contribute to the light response in

a timely fashion until the synaptic membrane has been significantly depolarized by

non-NMDA receptor-mediated input. These experiments, particularly that illustrating

the voltage-dependence of the delay (Figure 3.6), demonstrated conclusively that

NMDA and non-NMDA inputs interact via changes in membrane potential.

NMDA and non-NMDA receptors are activated in similar proportions by light of

different intensities

In Chapter 4, responses in ganglion cells were evoked by a range of light

intensities spanning the full extent of the cells' sensitivity. AP7 reduced both the

light-evoked EPSC amplitude by the same proportion over the entire response range

of the cell (Figure 4.3A; Table 4.1), demonstrating that NMDA and non-NMDA

receptors contribute to the synaptic input in the same proportions at all light

intensities. This result argues against the possibility that transmitter concentration in

the synaptic cleft is modulated such that the higher-affinity NMDA receptors
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(Patneau & Mayer, 1990) are activated preferentially at low stimulus intensities.

While it does nothing to support it, this result is consistent with the notion that both

receptor types are effectively saturated by the release of a single synaptic vesicle

(Tong & Jahr, 1994).

AP7 also caused a proportional reduction in the light-evoked firing frequency

across the full response range (Figure 4.3B; Table 4.1). This result suggests that, at

least in the absence of inhibition, NMDA receptors do not lower the threshold

stimulus (Ithresh), i.e., the minimum light intensity required to evoke an action

potential. The finding that AP7 has little effect on the delay to the first action

potential evoked by a particular light intensity (Figure 3.3) is consistent with this

interpretation.

Ganglion cells transform synaptic activation to spike frequency in a linear fashion

Previous work in this laboratory suggested a working hypothesis that NMDA

receptors are required by ganglion cells to maintain constant synaptic efficacy over a

the entire response range (Mittman, 1990). The discovery that the relationship

between synaptic activation and spike frequency was linear over the entire response

range of the cell (Figure 4.6) was consistent with this idea. Because ganglion cells

convert current entering the soma to spike frequency in a linear fashion (Figure 4.4),

the linear synaptic f-Irelation demonstrated a directly proportional relationship
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between synaptic activation and synaptic current, indicative of the postulated constant

efficacy. When NMDA inputs were blocked by AP7, however, the linearity of the

synaptic f-Irelation was preserved, requiring that the working hypothesis be rejected.

The fundamental assumption of Mittman's (1990) hypothesis — that the cell

membrane, on average, is substantially more depolarized during larger responses —

was disproved with subsequent experiments (Figure 4.7). Close examination of light

evoked voltage responses (Figure 4.8) indicated that the voltage-gated conductances

underlying spiking activity clamp the average somatic membrane potential to a small

range that is affected only slightly by spike frequency. Compartmental simulations

confirmed that the membrane potential at the postsynaptic sites does not vary with

response amplitude sufficiently to compromise the linearity of the synaptic f-I

relation, even in the absence of NMDA input (Figure 4:9).

New approaches to understanding NMDA receptor function in ganglion cells

Despite the significant progress made towards understanding synaptic

transmission in the retina, a fundamental question remains unanswered: Why do

ganglion cells have NMDA receptors? Evidence presented in Chapter 3 demonstrated

that NMDA receptors contribute to the light-evoked spike output, and they interact

with non-NMDA receptor-mediated input in a way that affects the light-evoked action
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potential pattern. Yet, in Chapter 4 it was shown that NMDA receptors make only a

small, if any, contribution to the elegantly linear transformation in ganglion cells of

synaptic input to spike output. NMDA receptors are believed to contribute to non

linear computations later in the visual pathway (Fox, et al., 1990), yet in ganglion

cells they have been shown not to participate in the processing of directional motion

(Cohen & Miller, 1992). While their role in ganglion cell function remains unclear, it

seems likely that NMDA receptors are good for something: They have been found in

ganglion cells of every species investigated thus far, including mudpuppy (Slaughter

& Miller, 1983; Lukasiewicz & McReynolds, 1985), salamander (Mittman, et al.,

1990), goldfish (Yazejian & Fain, 1992), rat (Aizenman, Frosch & Lipton, 1988),

rabbit (Massey & Miller, 1988), cat (Boos, et al., 1990) and primate (Fain, Zhou &

Marshak, 1994). This robust evolutionary conservation strongly suggests an

important function for the receptor. NMDA receptors have been shown to participate

in glutamate-induced neuronal death in ganglion cells (Levy & Lipton, 1990), but this

would seem to work against the receptor's remarkable evolutionary fitness. Let us

now consider other ways in which NMDA receptors might contribute to ganglion cell

function.

NMDA inputs may counteract synaptic inhibition

In addition to excitatory inputs from bipolar cells, ganglion cells receive

inhibitory inputs from amacrine cells via GABAA and glycine receptors (Frumkes, et
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al., 1981; Belgum, et al., 1984). These receptors gate chloride conductances that

shunt the light-evoked depolarization, reducing excitability (Frumkes, et al., 1981). It

is possible that, as the membrane potential is depolarized above resting potential, the

growing NMDA conductance counteracts the inhibitory current, which also would be

getting larger due to an increase in driving force. Thus, NMDA receptors would help

to maintain the efficacy of the excitatory input without contributing to synaptic

membrane fluctuations at resting levels.

This hypothesis might be tested effectively either with intracellular or whole-cell

recordings. With GABAA and glycine receptor-mediated inhibition blocked, AP7 has

little effect on Ithresh (Figure 4.3B). One would predict, if the above hypothesis were

true, that the effect of AP7 on Ithresh in the presence of inhibition would be

significantly greater than when inhibition was blocked. This experiment is

complicated by the fact that, with inhibition intact, AP7 has multiple effects on the

ganglion cell light response, because transient amacrine cells in salamander retina

also receive light-evoked NMDA input (Dixon & Copenhagen, 1992). Therefore, in

addition to blocking excitation of ganglion cells, AP7 also blocks inhibition by

reducing amacrine cell activity. This complication might lead to a false negative, i.e.,

no measured effect of AP7 despite the existence of the predicted mechanism. A

positive result, however, would lend strong support to the hypothesis.
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NMDA receptors: A site for glycinergic excitation?

Activation of NMDA receptors requires the binding of glycine as a coagonist

(Johnson & Ascher, 1987; Kleckner & Dingledine, 1988). It is generally assumed

that the glycine sites on the NMDA receptor are saturated, because the receptor's kD

for glycine is well below 1 puM (Johnson & Ascher, 1987; Vyklicky, Benveniste &

Mayer, 1990). The existence of high-affinity glycine uptake mechanisms in the retina

(Muller & Marc, 1990), however, makes it difficult to estimate the glycine

concentration in the synaptic cleft and prove that the glycine coagonist sites are

saturated. A recent report, in fact, suggests that NMDA receptors on salamander

ganglion cells may be modulated by glycinergic input from amacrine cells

(Lukasiewicz, Roeder & Lawrence, 1994). In these experiments, the glycine site

antagonist 5,7-dichlorokynurenic acid (DCK) reduced the amplitude of the light

evoked EPSC recorded from ganglion cells. When the light intensity was increased,

the same concentration of DCK had a lesser effect on EPSC amplitude, consistent

with the idea that glycine concentration at the synapses was increased in a stimulus

dependent fashion. The possibility remains, however, that the glycine site is always

Saturated, and an antagonist effect is seen only at very saturating concentrations of

DCK. To prove that light-evoked glycine release actually modulates activation of the

receptor, the kD for DCK must be determined, and the experiments described above

must be repeated at that concentration of DCK. A positive result would suggest that

ganglion cells are excited via NMDA receptors by glycinergic amacrine cells,

previously believed to mediate only inhibitory effects in the retina.
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An alternative approach to studying glycine modulation of NMDA receptor

activity concerns the spontaneous, miniature EPSCs ("minis") that can be recorded in

ganglion cells. Despite the prominent NMDA contribution to the light-evoked EPSC

(Mittman, et al., 1990; see Chapters 3 and 4), ganglion cell minis have no NMDA

component (Taylor, Chen & Copenhagen, 1991; Taylor, Chen & Copenhagen, in

preparation; personal observations). Light-evoked EPSCs usually contain many

small, transient events that resemble minis (Mittman, et al., 1990; see Figures 2.2 and

3.5), strongly suggesting that the receptors activated by spontaneous release also

participate in responses to light. While these results suggest that NMDA and non

NMDA receptors are not co-localized in the postsynaptic membrane (Taylor, et al.,

1991; Taylor, et al., in preparation), it is also possible that the NMDA receptor

channels are activated only when glutamate and glycine are released concomitantly

onto the NMDA receptors. Therefore, the spontaneous release of a vesicle of

glutamate would be insufficient to elicit an NMDA response. If the latter hypothesis

were true, one would predict that perfusion of a glycine site agonist would cause the

appearance of an NMDA component in the minis. To avoid the effects of uptake, the

glycine site agonist D-serine (Kleckner & Dingledine, 1988) would be perfused and

excitatory minis recorded. A positive result would be indicated by minis exhibiting a

dual-component decay time course (Bekkers & Stevens, 1989), the slower component

of which would be reduced by AP7. It should then be shown that the effects of D
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serine are blocked by the addition of a glycine site antagonist, either DCK or 3

amino-1-hydroxy-2-pyrrolidone (HA-966; Foster & Kemp, 1989).

While both approaches seem appealing, previous work suggests that the glycine

binding sites may be fully saturated in retinal slices, thereby eliminating any chance

of synaptic modulation. In salamander ganglion cells, iontophoretic application of

NMDA in the absence of added glycine evoked voltage-clamped currents with the j

shaped voltage relation indicative of the NMDA conductance (Mittman, et al., 1990).

While it is possible that the receptors responding to the NMDA application are

extrasynaptic, there is no reason to expect that they would not also require glycine as

a coagonist. It is also possible, however, that glycine uptake is less vigorous outside

of the synaptic cleft, allowing for higher basal levels of glycine at the extrasynaptic

membrane.

Conclusion

The results presented here seem to indicate, as others have suggested, that

ganglion cells act primarily as summing elements, performing no consequential

computational tasks on their own. Significant non-linearities in the excitatory input

output characteristics of ganglion cells would have been suggestive of possible

multiplicative processing performed by the excitatory inputs. The linearity that was
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observed constrains excitatory processing to simple addition. Complete

characterization of the interaction between the excitatory and inhibitory pathways

may reveal non-linearities indicative of more complicated function. At this stage, the

principal role for NMDA receptors in the activation of ganglion cells seems to be as

an additional source of synaptic current. Even though the NMDA and non-NMDA

inputs clearly interact during a light-evoked response, we found no evidence for a

unique role for NMDA receptors in the transformation of excitatory synaptic

activation to output spike frequency. Given the importance of NMDA receptors in

complex signal processing elsewhere in the brain, however, it seems premature to

limit our estimate of ganglion cell function until the role of NMDA receptors in that

function is more clearly understood. The solution to this puzzle will provide valuable

insight to synaptic transmission in the retina and the rest of the CNS.
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