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Introduction to the Origins of
Electroretinographic Components

Chester Karwoski

It is not yet possible to examine all the different
components of an electroretinogram (ERG) and de-
cide which retinal cells are abnormal, but advances
in methodology, physiology, and clinical observa-
tion are leading toward this goal. It is therefore im-
portant to understand the cellular origins of the ERG
as well as the methods used to identify the sites and
modes of generation of the ERG currents.

GENERAL PRINCIPLES

Extracellular responses like the ERG (and visual
evoked cortical potential [VECP]) arise during neural
aclivity because localized regions of cell membrane
become depolarized or hyperpolarized and thus be-
come sinks or sources of current. This current flows
through the resistance of the extracellular fluid com-
partment to relatively inactive sites on the cell.
These currents spread out through the tissue, some-
what like lines of magnetic force around a magnet. If
the neurons are arranged in an orderly fashion, the
resulting “field potential” may be large enough to
record at a distance. In the retina, all cells generate
light-evoked responses, and in principle, all must
contribute to the field potential. However, depend-
ing on various factors, the contribution from a cer-
tain cell could be undetectable or could dominate the
recording,.

One such factor is cellular orientation. It is the ra-
dial component of a cellular field potential that is
sensed in the commonly recorded transretinal ERG.
Radially oriented cells (photoreceptors, pigmented
epithelium, bipolar cells, and Miiller cells) should

generate fields with stronger radial components
than should cells oriented more irregularly or tan-
gentially (horizontal, amacrine, interplexiform, and
ganglion cells).

Another factor derives from lateral inhibitory in-
teractions being best developed at and proximal to
the bipolar cells. If a stimulating light flash illumi-
nates a small retinal area, fields from cells of the
proximal retina (bipolar, amacrine, ganglion, and
the proximal half of the Miller cells) will make a
proportionately greater contribution to the ERG. On
the other hand, cells of the distal retina (photorecep-
tors, pigmented epithelium, horizontal cells, and the
distal half of the Miiller cells) are best excited by
large homogeneous stimuli. Qrt i 1

Other factors that will receive mention in -this—

-chapter are flash intensity, background illumination,

and whether the retina contains predominately rods
or cones. Mammalian species will be discussed
where possible, but the emphasis in most sections is
on the intensively studied retinas of lower verte-
brates.

K* SPATIAL BUFFERING

Field potentials generated by wneurons are well
known, and their origin constitutes a classic topic
area in neurophysiology.* However, in the retina,
most of the ERG components that have been identi-
fied are believed to arise from Miiller (glial) cells and
pigmented epifhelial cells rather than from neurons.
There are several ways by which glial and epithelial
cells can generate field potentials, and some of these
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88  Origin of Electroretinographic Components

are described later in conjunction with the specific
ERG components. One mechanism, the spatial buf-
fering of potassium ions (K*), is described here in
detail because it is known to occur in the retina® and
is thought to be involved in the generation of most
ERG components.

The K™ spatial buffer process is schematized for
an amphibian glial cell in Figure 8-1.'! In the resting
condition (Fig 8-1,A), the extracellular K* concen-

A Ek =Vn=-90mV; [K*],=3mM
Cell at rest
B [K*]o =12 mM [K*],= amm

lonic currents
during localized
increase in [K*],

C -50 = {E K

mv

K*in
Cellular potentials -70 K* out
during localized Vi
increase in [K*], .
-80
Distance
FIG 8-1.

Schematic of the K* spatial buffer process in a glial cell. A,
the cell at rest. Since glial cell membranes have relatively
high K* conductance, the resting membrane potential (V,,)
is given by the Nernst equation (Ex = 58 log,o([K*1.)/([K*1)),
where E, is the K* equilibrium potential. Ex = —90 mV
since [K*), is much higher than [K™],. B, activity in a group
of neurons has produced a local increase in [K*], to 12mM
(stippled area). This K* increase produces a local intracel-
lular depolarization that spreads passively to the rest of the
cell. As explained in the text, differences between V,;, and Ey
produce transmembrane K* currents that are associated
with intracellular and extracellular current flow, the latter giv-
ing rise to field potentials. C, graph showing the distribution
of Ex and V,, as a function of distance along the glial cell.
Where V,, < Ei, K* flows into the cell; where Ex < V,;,, K*
flows out. (Adapted from Orkland RK: Ann NY Acad Sci
1987; 481:269-272.)

tration ([K*],) is constant at 3mM and the intracellu-
lar K" concentration ([K*];) at 108mM. The K* equi-
librium potential (Ex) is given by the Nernst
equation as —90 mV, and since glial cell membrane
permeability is dominated by K*, the membrane po-
tential (V) equals E¢. In Figure 8-1,B, neural activ-
ity has locally increased [K*], to 12mM, and this
shifts Ex to a less negative value (see also Fig
8-1,C). But V_, does not reach the new Ey because
the membrane is electrically connected to regions of
membrane where [K*], is not raised. Where [K*], is
raised, there is a driving force (V,, — Eg) for K™ to
enter the cell, and at other cell regions (where AV
has spread), the driving force is for K* to leave the
cell. Thus, a current loop is set up (Fig 8-1, B): K™
enters the cell where [K¥], is raised, and it leaves
the cell at other regions. Inside the cell, there must
also be a current that is carried primarily by K*, and
to complete the circuit, an extracellular return cur-
rent is carried by the dominant extracellular ions CI~
(not shown in Fig 8-1, B) and Na™. As described
here, this process reduces local increases in [K™],, but
the model works equally well “backwards,” i.e., to
reduce local decreases in [K™],.

The function of K* spatial buffering is to mini-
mize A[K*],, which could be harmful to normal neu-
ral activity, and to redistribute it to regions where it
should cause fewer problems. But more important to
electroretinography is the return current carried by
Na* and CI~ through the extracellular space. This
current generates field potentials, several of which
are major components of the ERG. Because the
buffer process will work for any cell whose mem-
brane permeability is dominated by K, it is applica-
ble to retinal pigmented epithelial cells as well as
glial cells.

METHODS FOR DETERMINING
ELECTRORETINOGRAM ORIGINS

The following methods are straightforward, and
interpretation of results hinges primarily on how
well the targeted ERG component can be isolated
from other components.

1. Intracellular recordings.—Cell types are identi-
fied that have intracellular responses that best match
the waveform of an ERG component. A caution is
that the exact relationship between field potential
waveform and intracellular responses may be com-
plex.?

2. lon recordings.— Where an ERG component is
thought to arise through a mechanism such as K*
spatial buffering, the waveform can be compared
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with recordings of light-evoked A[K*],.> ® This tech-
nique has proved quite useful, although the relation
of field potential waveform to ion signals may also
be complex.”

3. Pharmacology.— Particularly valuable are phar-
macological agents that have defined actions on reti-
nal cells.”” > A correlation of these actions with drug
effects on the ERG permits ERG components to be
localized to specific cells or neural circuits.

4. Anatomy.—Some studies find correlations be-
tween retinal anatomy and ERG components. For ex-
ample, anatomy may be studied developmentally'? or
by induction of cellular degeneration.”

Other methods for determining ERG origins re-
quire an understanding of the electrical current
pathways in the retina and eye. A particularly useful
equivalent electrical circuit described by Rodieck'? is
reproduced in Figure 8-2. Here, the extracellular cir-
cuit is represented by five resistors, with the length
of each being proportional to its ohmic value. A cel-
lular current generator (I) within the retina is shown
to the left. Current enters the extracellular space at
one retinal depth (a current source), and it returns
into the cell at another depth (a current sink). Most
of the current traverses the extracellular space
within the retina, but a small fraction travels extra-
retinally— through the vitreous humor, the extraoc-

AOCULAR PATHW,,
tl"’i’,i(‘\vz VALUE)

NSORY RETING
— SE —

/\

R - MEMBRANE

FIG 8-2.

Electrical equivalent circuit for current pathways in the eye.
The lengths of the resistors are proportional to typical resis-
tance values of the structures they represent. The current
source (/) represents the intracellular current through a reti-
nal cell or cells. (From Rodieck RW: The Vertebrate Retina.
San Francisco, WH Freeman & Co, 1969. Used by permis-
sion.)

ular tissues, the sclera and choroid, and the high re-
sistance of the pigmented epithelium (R membrane
in Fig 8-2), and back into the neural retina. ERG
waveform, polarity, and amplitude are critically de-
pendent on where the electrodes are placed in this
circuit. Figure 8-2 shows electrode placements for a
typical (and small-amplitude) ERG recorded from
the cornea (ERG), for the (larger) ERG recorded with
an electrode in the vitreous (VITREAL ERG), and for
the ERG recorded with an electrode within the ret-
ina (local ERG, LERG).

Because cell types are localized within retinal lay-
ers, the contribution of each cell type to the ERG de-
pends on the depth within the retina at which a re-
cording is made. Recordings at different depths
(laminar analysis) have been used in numerous
studies to localize ERG origins. These analyses are
useful if the electrode depth is specified, and this
can be done by micromanipulator readings, by de-
position of extracellular stain, or by various physio-
logical criteria. Laminar analyses have shown, for
example, that the c-wave is generated by the pig-
mented epithelium and the proximal negative re-
sponse by neurons in the proximal retina.

There are two difficulties with laminar analysis:
(1) field potentials may spread far, and they super-
impose in space and time, which makes it difficult to
determine whether a change in amplitude of one
ERG component is intrinsic to that component or is
due to interference by another component. (2) Reti-
nal resistance differs from the resistance of adja-
cent structures, and it varies even within retinal lay-
ers.> '% ¥ Thus, currents passing through regions of
different resistance will set up complex voltage dis-
tributions.

Current source density (CSD) analysis® provides a
solution to these difficulties, because resistance is in-
cluded in the analysis. The result is a spatiotemporal
profile of relatively well-localized current sources
and sinks, and this profile can be compared with
known features of retinal anatomy and physiology.
When properly performed, CSD analysis can pro-
vide powerful evidence regarding the origins of ERG
components. However, this technique, particularly
its application to the retina, is fraught with difficul-
ties, and results from published CSD analyses need
careful scrutiny.

OVERVIEW

The following chapters describe retinal extracellu-
lar potentials, and focus on their origins. ERG com-
ponents initiated by events in the distal retina (i.e.,
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the subretinal space and adjacent structures) are dis-
cussed in Chapter 9. ERG components initiated by
events in the mid- and proximal-retina (i.e., by cells
post-synaptic to the photoreceptors) are discussed in
Chapters 10 through 16. Finally, some retinal extra-
cellular potentials not generated by light are dis-
cussed in Chapter 17.
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