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SUMMARY AND CONCLUSION

1. Generation of the electroretinogram b-
wave is simulated with a computer model rep-
resenting a dark-adapted amphibian retina.
The simulation tests the K* hypothesis of b-
wave generation, which holds that b-wave
currents arise from localized Miiller cell
depolarizations generated by light-evoked
increases in extracellular K* concentra-
tion, [K*],.

2. The model incorporates the following
components and processes quantitatively: )
two time-dependent K* sources representing
the light-evoked [K*], increases in the inner
and outer plexiform layers, 2) a time- and
[K*],-dependent K* sink representing the
[K*], decrease in the rod inner segment layer,
3) diffusion of released K* through extracel-
lular space, 4) active K* reuptake and passive
K™ drift across the Miiller cell membrane, 5)
spatial variations in the tortuosity factor and
the volume fraction of extracellular space, 6)
an extraretinal shunt resistance. Miiller cells
are modeled with /) cytoplasmic resistance,
2) spatial variations in membrane permeability
to K*, and 3) a membrane potential specified
by the Nernst equation and transmembrane
current flow.

3. For specified K* source and sink den-
sities, the model computes [K*], variations in
time and retinal depth. Based on these [K*],
distributions, Miiller cell potentials, current
source-density profiles, and intraretinal and
transretinal voltages are calculated.

4. Imposed [K*], distributions similar to
those seen experimentally during the b-wave
lead to the generation of a transient b-wave
response and to a prolonged Miiller response
in the model system. These response time

courses arise because the b-wave is dominated
by the short-lived distal [K*], increase, while
the Miiller response primarily reflects the long-
lived proximal [K*], increase.

5. Current source-density distributions and
intraretinal voltage profiles that are generated
by the model at the peak of the b-wave closely
resemble experimental results.

6. The model generates a realistic slow PIII
potential in response to prolonged [K*], de-
creases in the distal retina and reproduces the
K* ejection results of Yanagida and Tomita
(50) accurately. Simulations also suggest that
tissue damage caused by K*-selective micro-
pipettes in experimental preparations can lead
to an underestimation of the distal [K*], in-
crease.

7. The simulations demonstrate that the
spatiotemporal properties of intraretinal b-
wave voltages and currents and Miller cell
responses can be generated according to the
K* hypothesis: by passive Miiller cell depo-
larization driven by variations in [K*],.

INTRODUCTION

Glia are believed to contribute to the gen-
eration of extracellular field potentials in the
central nervous system (6, 8, 22). Glial con-
tributions to these potentials presumably arise
from cell depolarization initiated by changes
in extracellular K* concentration, [K*], (22).
One of the best studied of these field potentials
is the electroretinogram (ERG), a complex
light-evoked potential generated by the retina.
It has been suggested that several components
of the ERG, including the prominent b-wave
response, are generated by the major glial ele-
ment of the retina, the Miiller cell (12, 17,
26, 29, 41).
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Faber (12) and Miller and Dowling (26)
first suggested that the b-wave is generated by
an interaction between extracellular K* in-
creases and Miller cells in the retina. This
“K* hypothesis” holds that increases in [K*],
generated by neuronal activity locally depo-
larizes the Miiller cell membrane. These de-
polarizations can generate radially directed
current flow through extracellular space with
the establishment of a transretinal potential.

Support for this hypothesis has come from
several laboratories. Dick and Miller (10, 11),
Kline et al. (21), and Karwoski and Proenza
(20) have all observed light-evoked [K*], in-
creases in two retinal laminae using K*-se-
lective micropipettes: a transient increase in
the outer plexiform layer and a more pro-
longed increase in the distal portion of the
inner plexiform layer. Current source-density
studies by Newman (29, 30) demonstrate that
b-wave currents originate primarily from a
current source near the inner limiting mem-
brane and from two current sinks. The lo-
cations and time courses of the two current
sinks correspond closely to the time courses
and locations of the two light-evoked [K*],
increases. This correspondence supports the
hypothesis that the [K*], increases generate
b-wave current flow.

On the other hand, a number of objections
have been raised to the K* hypothesis of b-
wave generation. Perhaps the most significant
concerns the difference in time course between
the b-wave and the intracellular Miiller cell
response (see, for instance, Refs. 14, 17). Ac-
cording to the K* hypothesis, Miiller cell de-
polarization generates b-wave current flow.
Why then is the b-wave much more transient
than the Miiller cell response?

A second objection has recently been raised
by Yanagida and Tomita (50). They pressure
ejected KCl solutions from two micropipettes
positioned in different retinal laminae in order
to simulate the [K*], increases seen during
the b-wave. They found that the intraretinal
potential generated by these ejections was
minimal at a location between the two ejection
pipettes. During the b-wave response, how-
ever, the minimal intraretinal potential occurs
near the outer plexiform layer, at the location
of the distal [K*], increase. This suggests that
the distal b-wave current sink may not be gen-
erated by the [K*], increase seen in the outer
plexiform layer.

A third objection to the K* hypothesis con-
cerns the magnitudes of the light-evoked [K*],
increases that have been measured with K*-
selective micropipettes (20, 39, 49). Compared
with the proximal increase, the distal [K*],
increase measured by some laboratories does
not appear to be large enough to generate the
distal b-wave current sink seen in Newman’s
(29, 30) current source-density studics.

The retinal components, which, according
to the K* hypothesis, interact to generate the
b-wave response, represent a complex physical
system. This system includes the Miiller cell,
which is believed to have highly differentiated
membrane properties (14, 27-30, 32, 50).
Other components of the K* hypothesis model
include time-varying cellular sources and sinks
of XK', diffusion of released K* through ex-
tracellular space, active uptake of K™ from
extracellular space, and K* drift across the
Muiiller cell membrane. The current and volt-
age-generating properties of a system em-
bodying these components is complex and
cannot be analyzed through qualitative pro-
cedures alone.

We have chosen to study the properties of
such a retinal system by constructing a com-
puter model that simulates the behavior of
the relevant retinal structures. Using this
model, we have simulated various aspects of
b-wave generation and have studied in detail
the objections to the K* hypothesis discussed
above. A summary of some of this work has
appeared previously (34).

MODEL

Our model simulates retinal processes that, ac-
cording to the K* hypothesis, generate the b-wave
response. The model assumes uniformity of ge-
ometry, ion concentrations, and electric potential
in planes parallel to the retinal surface. Uniformity
of ion concentration and potential will occur when
the retina is illuminated uniformly. Under this con-
dition the retina can be modeled by a one-dimen-
sional system with retinal depth as the single spatial
variable (36). The model represents an idealized
amphibian retina.

Our goal has been to study the general properties
of the K* hypothesis system rather than to repro-
duce a single set of experimental results. Accord-
ingly, we have chosen system parameters that are
typical of the amphibian retina. Nevertheless, the
results of the simulations are not significantly altered
by variations in many of the system parameters
(see below).
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The model comprises the following components.
They are summarized in Fig. 1 and Table 1.

Retina. For the purpose of specifying current
flow, the retina is assumed to be in an eyecup prep-
aration, with the pigment epithelium intact. The
thickness of the retina proper is 250 um, extending
from the inner limiting membrane, 0% depth, to
the distal end of the outer segments, 100% depth.
The pigment epithelium extends from 100 to 106%
depth.

Extracellular space. The volume fraction of ex-
tracellular space is equivalent to the cross-sectional
area of extracellular space per unit cross-sectional
area of whole tissue (37). In our model, the volume
fraction is set to 100% in the vitreous (<0% depth)
and distal to the pigment epithelium (>106%
depth). Within the retina (0-100% depth) the vol-
ume fraction is 7%. Although lower than some es-
timates of the volume fraction in the central nervous
system (37), this figure was chosen because it pro-
duced a transretinal resistance in the model retina
of 78 Q-cm?, similar to the value measured ex-
perimentally in the frog retina (30; D. A. Frambach,
personal communication). In the pigment epithe-
lium layer, we assume an extracellular volume frac-
tion of 0.07%. This restricted cross-sectional area
simulates the diffusion barrier presented by the pig-
ment epithelium membranes and associated tight
junctions (7). The restricted space from 100 to 106%
depth models the high-resistance “R-membrane,”

which has been localized experimentally to the pig-
ment epithelium membrane (3, 46).

Experimental measurements (30, 42) show that
different retinal laminae can differ somewhat in
their specific resistance. Thus the uniform resistance
(volume fraction) of extracellular space used in the
model from 0 to 100% depth is somewhat of a
simplification. However, we did use nonuniform
distributions of extracellular resistance in several
simulations and found that within the range tested,
resistance variations changed the spatial and tem-
poral properties of the b-wave and Miiller potentials
very little (see DISCUSSION section).

Extraretinal shunt resistance. In our simulations
the vitreous is in indirect electrical contact with the
sclera via an extraretinal shunt pathway (indicated
by the arrowheads in the lower trace of Fig. 1) (see,
for instance, Ref. 45). This pathway simulates the
shunt resistance that occurs in the intact eye and
in eyecup preparations and that leads to a reduction
in light-evoked transretinal voltages. Except when
otherwise noted, the shunt resistance in the model
(from 0% depth through the vitreous and back to
106% depth) is 1,400 Q- cm?.

Diffusion and extracellular ion concentrations.
The K* diffusion coefficient, Dy, is assumed to
equal 2-107° cm?/s in our model, the value mea-
sured in saline (15). Within the retina and pigment
epithelium (0-106% depth) the effective diffusion
coefficient of K* in extracellular space is reduced
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Summary of retinal model. Locations and values of retinal structures and parameters are shown as a

function of percent retinal depth. Retinal layers, shown above plots are, from left to right, optic fiber layer, ganglion
cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, (rod) inner segment
layer, (rod) outer segment layer, and retinal pigment epithelium layer.
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TABLE 1.

Model parameters and assumptions

Parameter

Value in Model Range of Values Tested

Retinal depth (0-100%)

Extracellular volume fraction (of total retinal volume)
In vitreous and beyond pigment epithelium
In retina (0-100% depth)
In pigment epithelium (100-106% depth)

[K*], (initial)

[Na'],

[crl,

Retinal resistivity (0-100% depth)

Retinal resistance
From 0-100% depth
From 0-106% depth

Extraretinal shunt resistance

Dk, Dna, Dc| (apparent)
In vitreous and beyond pigment epithelium
In retina

Time constant of active K* reuptake

b-Wave K* source-sink locations
Proximal source
Distal source
Distal sink

Uptake rate constant of K* sink

Miiller cell
Location, entire cell
Location, endfoot

K* membrane permeability ratio of endfoot versus
remainder of cell (per unit depth)

Electrical length constant

Volume fraction (of total retinal volume)
K],

[CI];

250 pm

100%
7% 100% for damaged retina
0.07%

2.5 mM
100 mM
102.5 mM

3,125 Q-cm 1,562-6,250 Q-cm

(in nuclear layers)

78 Q-cm?
547 Q-cm?

1,400 Q- cm? 280-7,000 Q- cm?

2-107° cm?-s7!
6-107° cm?-s7!

10s

3-12-107° cm?-s™!

22-32% depth
53-63% depth
70-76% depth

045!

0-70% depth

0-5% depth
20:1 1:1-60:1
166 um
7% 1.4-35%
100 mM
100 mM

by a factor A%, where A is the tortuosity factor (35,
37). A = 1.8 in our model, a value close to that
measured experimentally for small ions (37). Dk
(apparent) within the retina, designated Df, thus
equals Dy /A% or 6- 107 cm?/s. For simplicity, we
assume that Dy, and D¢, also equal 2-107° cm?/
s and that A = 1.8 for both these ions within the
retina.

In our simulations, [K*], is initially set to 2.5
mM and [Na*], to 100 mM. CI7, the counterion
for both K* and Na*, is present at 102.5 mM con-
centration in extracellular space. [Na*], and [CI7],
are assumed to remain constant in time and space.
Because K*, Na*, and Cl~ have equal mobilities

in our simulation, diffusional potentials within ex-
tracellular space can be ignored.

Electrical conductivity of extracellular space (the
interstitial conductivity) is calculated from values
of extracellular ion concentrations and their dif-
fusion coefficients using the Einstein relation: ion
mobility, u(cm?-V~'.s7!) = ion diffusion coeffi-
cient/(kT/q). Thus
conductivity (mho/cm)

= F([K'Jopk + [Na*louna + [Cl7Ioua) (1)

(See end of this section for list of symbols.) Within
the retina (0-100% depth) interstitial conductivity
equals 0.32 mmho/cm.
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To describe K* diffusion through the retina we
take into account the variation (with depth) of the
volume fraction of extracellular space («) and
membrane K* permeability, which affects passive
K™ diffusion and electrically driven K* drift across
the Miiller cell membrane. We also include a term
to account for active ion uptake. Active uptake is
assumed to occur with first-order kinetics, having
a time constant of 10 s, the value derived by Kar-
woski and Proenza (19) in their study of K* dis-
tributions in the retina. Active uptake in our sim-
ulations is restricted to the region from 0 to 70%
depth, i.e., within the neural retina. (A second K*
uptake pump is located in the rod inner segment
region, 70-76% depth, but is neutralized by passive
K* efflux prior to rod hyperpolarization. See below.)

Since our transretinal electric fields are small,
we need not solve the complete electrodiffusion
equation. Instead we use a coupled diffusion coef-
ficient to account for electrical interaction between
K* and its counterion. Since K* and Cl™ are as-
sumed to have equal diffusion coefficients, the cou-
pled diffusion coefficient equals the K* diffusion
coeflicient.

The caicuiation of K* disiribuiion with depih,
incorporating diffusion through extracellular space,
active uptake, and diffusion and passive drift across
the Miiller cell membrane, is solved in steps of 1%
retinal depth. For the jth depth interval, the K*
concentration satisfies the equation

d[K"],
dt

_pt, FK T, K ( RN ) _

2
dz Tpj®  Ta

Gm
F—'J (Ar) ()

@;

The differential terms in the formula are the familiar
bulk diffusion equation (Fick’s law). The remaining
three terms account for transmembrane K* fluxes
(diffusion, active uptake, and passive drift). In the
passive diffusion term, 1/7, is proportional to
membrane permeability. «; is the local volume
fraction of extracellular space. The active term, 7,
is the time constant of active uptake (10 s). In the
drift term, G, is the total membrane conductance
per unit volume of tissue and AV is the K* driving
potential, the difference between the K* equilibrium
potential and the membrane potential.

Because cell membranes are thin relative to the
dimensions of the system, steady-state transmem-
brane concentration profiles are established rapidly
(<1073 s) relative to other times of interest. There-
fore we treat transmembrane concentration profiles
and ion fluxes as if they are always in the steady
state (quasi-steady-state assumption; see Ref. 25).

K* sources and sinks. Light-evoked changes in
[K*], during the b-wave are simulated in the model
by two K* sources, located between 22 and 32%
depth and between 53 and 63% depth, and by a

K" sink located between 70 and 76% depth. The
two sources and the sink model the experimentally
measured [K*], increases in the inner and outer
plexiform layers and the [K*], decrease in the rod
inner segment layer. The locations of the sources
and the sink used in the simulations were chosen
to match the locations of the experimentally mea-
sured [K*], increases and the [K*], decrease (10,
21, 41) and the measured distribution of the two
b-wave current sinks (30). The source-density am-
plitude of each source and sink is assumed to be
uniform across its entire width, i.e., it is spatially
rectilinear.

In our simulations, K* source and sink values
are specified for each 50-ms interval (500-ms in-
tervals when calculating slow PIII potentials). For
each time interval, the appropriate amount of K*
is either added to or subtracted from local extra-
cellular space. As source or sink activity progresses,
[K*], changes accumulate. Thus, extracellular space
acts as an “integrator” for source and sink activity.
The integration process is “leaky” because [K*],
changes are dissipated by diffusion, drift, and reup-
take processes.

K* sources. K* efffux from the two K* sources
is directly proportional to the value of the source
density. Source magnitudes may be thought of as
paralleling the amplitudes of the light-evoked re-
sponses of depolarizing retinal neurons (17).

K" sink. K* sink dynamics in our simulations
are based on the model of Matsuura et al. (24) and
Oakley et al. (40). Net K* influx is the sum of an
inward K* flow generated by an active K* pump
and an outward, passive K* flow. The active K*
influx is assumed to be proportional to [K*], (over
the range 2.0-3.0 mM), as is suggested from pump-
activity experiments in axons (2). The passive K*
efflux is proportional to the K* driving potential,
the difference between the rod membrane potential
(V) and the rod K* equilibrium potential (V).
Net K* influx is described by the equation

G
Kinaux = ¢[K™]o — F Ve = V) (3)

The first term on the right-hand side of the equa-
tion represents active K* influx. The parameter ¢
is an uptake rate constant having the value 0.4 s™".
The second term represents passive K* efflux. G
represents total membrane conductance per unit
volume of tissue (in units of S-cm™). In our sim-
ulations, V,, = —30 mV prior to light stimulation
and Vx = —55 mV.

Prior to a light stimulus the inward and outward
K* fluxes are in balance and K., = 0. Light-
evoked rod hyperpolarization drives V,, closer to
Vk, reducing the passive K* efflux. A net current
influx results. A step change in V;, produces a near
exponential change in [K*], having a “time con-
stant” of 3.0 s, somewhat smaller than the value
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measured experimentally in the isolated retina by
Oakley et al. (40).

Miiller cell. The Miiller cell extends from O to
70% retinal depth in the model, from the inner to
the outer limiting membranes. It has a [K*]; of 100
mM. With a [K*], of 2.5 mM, the cell has an initial
membrane potential of —93 mV, similar to the value
measured experimentally (31). [K*]; is assumed to
remain constant during changes in membrane po-
tential gcumatcu U'y' variations in [1\ JO The cell
has a volume fraction (cross-sectional area of in-
tracellular space per unit cross-sectional area of total
tissue) of 7%, close to the value measured experi-
mentally in a number of species (43). D within
the Miiller cell equals 2 - 10° cm?/s (A = 1.0). Vari-
ations in the value of the Miiller cell volume fraction
(which controls cytoplasmic resistance) has rela-
tively small effects on b-wave and Miiller potentials
(see DISCUSSION section).

In accord with CApculucuta} observ
the Miiller cell membrane is assumed to be exclu-
sively permeable to K*. Furthermore, membrane
permeability (per unit depth) is assumed to be 20
times greater in the region from 0 to 5% depth than
it is in the region from 5 to 70% depth. This per-
meability distribution is in accord with a number
of recent physiological studies of Miiller cell mem-
brane properties (14, 27-32, 48, 50), all of which
indicate that a large fraction of total Miiller cell
K* permeability is located in the endfoot region of
the cell. This skewed permeability distribution seen
experimentally could be due to a specialization of
endfoot membrane conductance properties, to a
large increase in membrane surface area in the end-
foot region (43), or to both factors. Our choice of
distributing the high-permeability region over the
proximal 5% of retinal depth is not critical. Varying
the width of this region over a range of 1-10%
depth changes the results of our simulations little
(see Ref. 30). The magnitude of endfoot perme-
ability used in the model (20X) was chosen to pro-
duce the best fit between simulated and experi-
mentally determined (30) b-wave current source-
density plots. The electrical length constant of the
model Miiller cell to depolarization at 65% depth
is 166 um.

Potentials and currents. Under the quasi-steady-
state assumption for transmembrane ion concen-
trations, we can calculate the Miiller cell membrane
potential at any time from the Nernst equation and
the electrical properties of the retina. For example,
at the jth depth step the local K* diffusion potential
is

rotin
vauior

y o KT

T @

The distribution of potential in the extracellular
space, like the diffusion calculation, is solved in

steps of 1% retinal depth. For the jth step, the dis-
tribution of potential is derived from the circuit

diagram, Fig. 2, where R.; and R;; are the extra-
cellular and intracellular resistances in interval j,
R, ; is the Miiller cell membrane resistance in in-
terval j, V; is the Miiller cell K* diffusion potential
in interval j, i; is the mesh current flowing within
interval j, and i is the mesh current flowing through
the extraretinal shunt resistance. R., R;, and R,
are calculated from the local values of 1) the con-
centrations and mobilities of K*, Na*, and CI™ (as
described in equation 1); 2) the volume fraction of
extracellular space; 3) the volume fraction of the
Muiiller cell; and 4) the Miiller cell membrane per-
meability. ¥ is calculated from equation 4. Once
these values are tabulated, the mesh currents, i,
and the shunt current, i, are calculated using equa-
tions given in the APPENDIX. The local Miiller cell
membrane potential is the sum of the Nernst po-
tential (V) and the voltage resulting from current
flow through the membrane resistance. Based on
this network of resistances and voltage sources, the
model computes current flows and associated po-
tential drops across the entire depth of the retina.
Details of these calculations are given in the AP-
PENDIX.

In summary, for a specified temporal pattern of
K* source-density for the two K* sources and the
K™ sink, the spatiotemporal distribution of [K*],
is calculated. Based on this K* distribution, the
model computes the Miiller cell potential, extra-
cellular potentials, and the current source-density
in both space and time. Calculations were per-
formed on a Digital Equipment Corp. PDP 11/40
computer and results displayed graphically on a
Hewlett Packard 2648A graphics terminal.

Light-evoked [K*], and retinal damage

In addition to the calculations described above,
we have simulated light-evoked [K*], changes that
would be measured in a retina damaged by an ion-
selective micropipette. Because retinal damage
produced by a pipette will be localized to the pipette
tip, the problem cannot be modeled in a one-di-
mensional system. Instead, [K*], levels are com-
puted in a model that simulates damage in three
dimensions. The region of damaged retinal tissue
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FIG. 2. Circuit diagram of retinal model.
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is restricted to a cylindrical volume of diameter
and length, d. Within this region the volume frac-
tion of extracellular space is increased to 100%, the
tortuosity factor is reduced to 1.0 (thus increasing
Dk (apparent) to 2 - 107 cm?/s), and any K* sources
or sinks are eliminated.

[K*], levels within the damaged region are com-
puted as a function of time using a coupled trans-
mission line model. Within the damaged region,
K* diffusion along the depth axis of the retina is
computed as described above by equation 2. An
additional term is included to account for K* dif-
fusing in tangential planes from the undamaged
retina into the damaged region. The magnitude of
this term is estimated by assuming that [K*], outside
the damaged region is uniform in tangential planes
and equal to [K*], in an undamaged retina. The
magnitude of K* diffusion into the damaged region
is calculated for each depth increment from an
equation describing diffusion into a disk of diameter
d lying in an infinite plane (see Ref. 9, p. 30). For
this calculation, the initial value of [K*], within
the disk is set to the [K*], value at the middle of
the damaged region at the previous time step. The
initial value of [K*], outside the disk equals [K*],
in the undamaged retina at the previous time step.
This estimate of the coupling between damaged
and undamaged tissue will overestimate somewhat
the amount of K* diffusing into the damaged region.

List of symbols

uptake rate constant of K* sink, s

c

d diameter of damaged retinal region, um

D ion diffusion coefficient, cm?-s™

D* D (apparent), D/\2, cm?-s™!

F Faraday constant, C-mol™!

G conductance/cm of rod membrane,

S-cm™3
Gm conductance/cm of Miiller cell mem-
brane, S-cm™3
mesh current in interval j, A
I mesh current in extraretinal shunt path-
way, A

k Boltzmann constant, J - K™!

[K*],, extracellular ion concentration,
[Na‘l,, M
[cr],

[K*, [CI7); Muiiller cell intracellular ion con-
centration, M

elementary charge, C

gas constant, J-mol ! - K™!

external resistance in interval j, Q

internal resistance in interval j,

Muiiller cell membrane resistance in inter-
val j, Q

extraretinal shunt resistance, Q

time, S

temperature, K

Miiller cell K* potential, V
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Vk rod K* potential, V
Ve rod membrane potential, V

z retinal depth, cm

«a volume fraction of extracellular space, di-
mensionless

u mobility, cm?- V™! .57

Ta time constant of active K* uptake, s

Tp time constant of passive K* diffusion

through Miiller cell membrane (in-
versely proportional to membrane per-
meability), s

A tortuosity factor, dimensionless

RESULTS

The b-wave is simulated in our model sys-
tem using the K* source and sink values il-
lustrated in Fig. 3. Amplitudes of the two K*
sources are shown as a function of time in
Fig. 34. The K" sink curve in Fig. 3B indicates
the imposed time course of rod hyperpolar-
ization which, in turn, drives the current sink
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FIG. 3. K" variations during the simulated b-wave. A:
imposed time course amplitudes of the two K* sources.
B: imposed time course of rod hyperpolarization re-
sponse. Rod hyperpolarization, in turn, generates the distal
K* sink as specified by equation 3 (MODEL section). C:
[K*], variations resulting from the K* source-sink activity
specified in 4 and B. The two traces represent [K*], at
27 and 58% retinal depths, the midpoints of the two K*
sources. The rapid return to base line at 58% depth is
caused by “diffusion” of the distal [K*], decrease into the
outer plexiform layer.
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(see above). The variations in [K*], in time
resulting from the two K* sources and the K*
sink are illustrated in Fig. 3C. They represent
[K*], values at 27 and 58% depths, the mid-
points of the two K* sources. The distal [K*],
increase is both smaller in magnitude and
more transient in time course than the prox-
imal increase. This reproduces the properties
of the light-evoked K* changes that have been
measured experimentally with K*-selective
micropipettes. (Although some investigators,
notably Kline et al. (21), have measured a
distal [K*], increase nearly as large as the
proximal one, other workers (10, 18) have seen
only small distal increases. We justify our
choice of a relatively large distal increase for
modeling b-wave generation in the DISCUS-
SION section.)

The temporal and spatial variations in [K*],
illustrated in Fig. 3C produce changes in the
Muiiller cell membrane potential and generate
radially directed currents within the retina.
The intracellular Miiller cell response and the
transretinal potential that are generated by our
model system are illustrated in Fig. 4. The
Muiiller cell potential represents the intracel-
lular voltage measured at the cell body (42%
depth) and referenced to the extracellular po-
tential at 0% depth. The b-wave potential is
the extracellular voltage at 0% depth refer-
enced to the extracellular voltage at 110%
depth (a point just beyond the pigment epi-
thelium). This potential is equivalent to the
ERG voltage measured between the vitreous
and the sclera in an eyecup preparation.

The rising phase of the Miiller potential
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FIG. 4. Time course of retinal responses. Miiller cell
plot represents the intracellular potential at 42% depth
referenced to the extracellular potential at 0%. The Miiller
cell resting potential is —93 mV. The b-wave plot represents
the extracellular potential difference between 0 and 110%
depth. The b-wave potential decays much more rapidly
than does the Miiller cell response.

and the ERG potential have similar time
courses in our simulation. However, the re-
mainder of the two potentials differ dramat-
ically. The Miiller cell response remains large
for several seconds, decaying only slowly. The
b-wave response, on the other hand, decays
to near base line within the first second of the
response.

The magnitude and duration of the distal
K* sink has a strong influence on the time
course of the transretinal b-wave response in
our model system. Decreasing K* sink mag-
nitude (reducing imposed rod hyperpolariza-
tion) produces a b-wave response that decays
more slowly. A large, prolonged distal K* sink,
on the other hand, leads to a b-wave with a
shorter decay phase than that shown in
Fig. 4.

The distribution of [K*],, current source-
density, and intraretinal potential, all plotted
as a function of retinal depth, are illustrated
in Fig. 5. These distributions were calculated
at a time corresponding to the b-wave peak
(300 ms), using the K* source and sink values
shown in Fig. 3. The spatial distribution of
[K*], (Fig. 54) shows two major peaks of in-
creased [K™],. These are generated by the two
K* sources. These two high [K*], regions de-
polarize the Miiller cell membrane locally,
generating local current influx. This is illus-
trated in the current source-density plot (Fig.
4B), which shows two prominent current sinks
at the same depths as the [K*], increases. A
large fraction of the current entering the
Miiller cell from these two sinks exits from
the current source at the endfoot region of the
cell (0-5% depth). Current flows preferentially
across this region of cell membrane because
its permeability to K* is 20 times greater per
unit depth than other portions of the cell. The
current efflux in the endfoot region is carried
by K* ions and thus represents a secondary
K* source. As shown in Fig. 54, this source
raises [K*], in the region from 0 to 10% depth.

The current entering the Miiller cell at the
two current sinks and exiting from the current
source establishes a current flow directed dis-
tally in extracellular space. This current, flow-
ing through the extracellular resistance, es-
tablishes an intraretinal potential (Fig. 5C).
The potential falls steadily from a maximal
value at 0% depth and reaches a minimum
in the distal retina at 60% depth, near the
border of the outer plexiform and outer nu-
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FIG. 5. Intraretinal b-wave depth profiles computed at 300 ms, the peak of the response. 4: [K*], versus retinal
depth. Locations of the retinal layers and the K* sources (filled bars) and sink (open bar) are shown above the plot.
B: current source-density distribution. b-Wave current arises primarily from current sinks in the inner and outer
plexiform layers and from a current source in the proximal 5% of the retina. C: b-wave amplitude. The b-wave
potential reaches a minimal value near the border of the outer plexiform and outer nuclear layers. The rise in the
potential in the extreme distal retina (100-106% depth) represents the voltage drop produced by b-wave shunt current
flowing across the high-resistance pigment epithelium membranes.

clear layers. The rise in potential in the region  flows through the high-resistance membranes
from 100 to 106% depth occurs as the current  of the pigment epithelium.
flowing through the extraretinal shunt pathway The spatial distributions of [K*],, current
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source-density, and potential illustrated in Fig.
5 strongly resemble experimentally measured
values. K*-selective micropipette measure-
ments reveal two regions of [K*], increase, in
the distal inner plexiform layer and in the
outer plexiform layer (10, 11, 20, 21), and a
distal decrease in [K*], in the inner segment
layer (41). Experimentally determined current
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sinks, also in the distal inner plexiform and
outer plexiform layers, and a large current
source at the inner surface of the retina (29,
30). The three secondary sources of b-wave
current seen in Fig. 5B between and flanking
the two current sinks have also been observed
experimentally (12, 30). Numerous measure-
ments of the intraretinal b-wave potential
show that it is maximal at the retinal surface
and reaches a minimum near the outer plexi-
form layer (4, 12, 29, 47).

Extraretinal shunt pathway

Our simulations demonstrate that the spa-
tial distribution of the intraretinal b-wave po-
tential is sensitive to the magnitude of the
extraretinal shunt resistance (see also Refs. 16,
45). This phenomenon is illustrated in Fig. 6.
When the shunt resistance is increased from
the nominal level (trace b) to a fivefold higher
value (trace c), there is a marked reduction
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FIG. 6. Intraretinal b-wave depth profiles (computed

at 300 ms) for three values of extraretinal shunt resistance.
The b-wave potential computed using the normal shunt
resistance is shown by trace b. When shunt resistance is
reduced to 20% the normal value (a), the voltage drop
across the high-resistance pigment epithelium (100-106%
depth) is increased. When shunt resistance is increased to
a high value (c, 500% the normal value), the voltage drop
across the distal retina is very small. Arrows indicate lo-
cations of the reversal points, where the b-wave potential
shifts from a positive to a negative response when refer-
enced to the distal extreme of the retina. The location of
the reversal point shifts proximally as the extraretinal shunt
resistance is reduced.

in the current flow and, hence, a reduction in
the voltage drop across the pigment epithelium
membranes. When the shunt resistance is de-
creased to one-fifth the normal value (trace
a), the magnitude of the current flow across
the pigment epithelium increases. This pro-
duces a large voltage drop across the pigment
epithelium membranes.

The most dramatic effect of dbufﬁ&SluB e
extraretinal shunt resistance in our simulations
is to decrease the amplitude of the transretinal
b-wave voltage (the potential difference be-
tween 0 and 110% depth). Decreasing the
shunt resistance also decreases the peak neg-
ative intraretinal potential slightly.

Another consequence of the change in shunt
resistance is to shift the location of the “re-

versal nnt nt”’

O

dlcated by arrows in Fig. 6). This is the location
within the retina where the b-wave shifts from
a positive to negative potential, when the re-
sponse is referenced to the sclera (or to the
distal extreme of the retina). As shown in Fig.
6, the reversal point is located more distally
when the intraretinal shunt resistance is high
and more proximally when the shunt resis-
tance is low. (There is, of course, no reversal
point when the intraretinal b-wave is refer-
enced to the vitreous. It is always negative.)
The simulation shown in Fig. 6 demonstrates
that the location of the reversal point of the
sclerally referenced b-wave has no inherent
meaning in itself. It simply reflects the mag-
nitude of the extraretinal shunt resistance.

of the intraretinal notential (in-
ol the intraretinal potential (1n

K" ejection experiments

Tomita and his colleagues (14, 48, 50) have
investigated the effects of intraretinal ejections
of K* solutions on intraretinal and transretinal
potentials. They have analyzed their results
in terms of the K™ hypothesis, assuming that
the potentials resulting from the ejections arise
from KT*-generated current flow through
Muiiller cells.

We have simulated their experiments in our
model system, using short pulses of a K*
source to simulate the pressure-ejected K*
used in the experimental preparations. All
other model parameters are identical to those
used in our b-wave simulations. Our simu-
lations do not reproduce the experiments pre-
cisely. Our model assumes that K* diffusion
and current flow occurs only in a radial di-
rection, while in the original experiments,
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gjected K* is free to diffuse (and current to
flow) tangentially as well as radially within the
retina. Our one-dimensional approximation
is sufficient to investigate the phenomena of
intraretinal K* ejectlons quahtatlvely, how-
€VeEr, dIlU lIl ldbl lelUuUbe lllC C)&pt:lllllculdl

data quite well.

SINGLE K" EJECTIONS. Fujimoto and Tomita
(14) measured intraretinal voltage responses
generated by K* ejections at different retinal
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locating a single K* source at specified loca-
tions within the retina. Our K* stimulus was
a 50-ms pulse of K* ejected into extracellular
space. The intraretinal potentials resulting
from these ejections were measured after a
delay of 300 ms.

Fujimoto and Tomita (14) found that in-
traretinal K* ejections resulted in the gener-
ation of a vitreal-positive transretinal potential
for all but the most proximal locations of the
ejection pipette. Only when the K* pipette
was positioned within 10-20 um of the inner
limiting membrane was a vitreal-negative re-
sponse generated. This finding is reproduced
qualitatively in our model. Simulated K*
ejections from 1 to 20% depth produce vitreal-
negative transretinal potentials (the potential
at 0% depth is more negative than at 110%
depth), while ejections at all depths distal to
21% produce vitreal-positive responses. The
“neutral point,” where K* ejection elicits nei-
ther a positive nor a negative transretinal po-
tential, is located at 21% depth in our model.

Fujimoto and Tomita (14) point out that
the asymmetric location of the neutral point
indicates that a large fraction of the Miiller
cell K* permeability is localized near the inner
limiting membrane. In our simulation, the lo-
cation of the neutral point depends strongly
on the permeability of the Miiller cell endfoot
region. When the permeability of the Miiller
cell from 0 to 5% depth is decreased 20-fold,
to the value of the remainder of the cell, the
neutral point shifts from 21% depth to 35%
depth, the precise midpoint of the cell. On the
other hand, the location of the neutral point
shifts from 21 to 17% depth when the per-
meability of the Miiller cell membrane from
0 to 5% depth is raised threefold, from 20
to 60.

DOUBLE K* EJECTIONS. Tomita and Yana-
gida (48) and Yanagida and Tomita (50) have
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b-wave response by pressure ejecting K* from
a pair of pipettes positioned in different retinal
layers. We have, in turn, simulated their ex-
perimental results by locating two K* sources
at 25 and 48% depths in our model system.
These correspond approximately to the lo-
cations of the two pressure-gjection pipettes
used by Tomita and Yanagida.

The intraretinal potentials generated by our
model for the two K* sources activated sep-
arately and for both activated together are il-
lustrated in Fig. 74. For the single K* sources,
the potential profile reaches a minimum near
When l-\nfh Kt
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sources are activated simultaneously, the
minimum of the potential is located between
the two K* sources. Tomita and Yanagida
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FIG. 7. Intraretinal voltage profiles generated by paired
K* sources. A: response profiles for simulated K* ejections

at 25% depth (p), 48% depth (d), and for combined prox-
imal and distal ejections (p + d). Response profiles are
computed after a 300-ms delay from the time of ejection.
The potential representing the combined ejection (p + d)
reaches a minimal value at a location between the two
ejection sites (filled bars). B: voltage profiles for b-wave
K* sources and sink. K* source-sink time courses are the
same as those shown in Fig. 3. Illustrated here are response
profiles generated by the proximal K* source alone (p),
by the distal K* source and the distal K* sink (d), and
for all three together (p + d). Response profiles are com-
puted at 300 ms. The p + d potential reaches a minimal
value near the location of the distal K* source. Locations
of the K* sources (filled bars) and the K* sink (open bar)
are shown above the graph.
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(48) obtained similar results in their experi-
mental system.

A similar simulation is illustrated in Fig.
7B. However, instead of using two-point
sources of K*, we have specified locations and
time courses of two K" sources and a K* sink
that are appropriate for the b-wave (those
shown in Fig. 3).

The intraretinal potentials generated by the
proximal K* source and by the distal K*
source and sink activated separately have
minimal values near the locations of the two
K™ sources. When both K* sources are acti-
vated together, however, the minimum value
of the intraretinal potential is located in the
distal retina at the location of the distal K*
source.

There is a qualitative difference between
the profiles of intraretinal potentials in the
two simulations. When Tomita and Yanagi-
da’s (48) experiment is modeled, the intra-
retinal potential peaks between the two K*
sources. When the b-wave is modeled, the po-
tential peaks near the distal K* source. The
simulations accurately reproduce both sets of
experimental results.

Slow PIII response

The slow PIII response, as well as the b-
wave, is believed to be generated by an in-
teraction between varying [K*], levels and
Muiiller cells (12). Specifically, the vitreal-neg-
ative slow PIII is thought to be generated by
Muiiller cell hyperpolarization in response to
the [K*], decrease arising from the rod inner
segment layer. We have simulated the gen-
eration of the slow PIII response in order to
test the general applicability of our model ret-
inal system.

We generated slow PIII responses using the
distal K* sink alone, specifying the time course
of rod hyperpolarization. All system param-
eters are identical to those used in the b-wave
simulations.

One example of imposed rod hyperpolar-
ization is shown in Fig. 84. It represents the
response of a dark-adapted rod to a brief light
flash. The simulated rod response, with its
plateau and slow-decay phases, was chosen to
match an experimentally measured rod re-
sponse (40).

The decrease in [K*], generated by the rod
hyperpolarization is illustrated in Fig. 8B. It
represents [K*], levels at 73% depth, the mid-
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FIG. 8. Generation of the slow PIII potential. 4: im-
posed time course of rod hyperpolarization. The response
generates a distal K* sink as specified by equation 3 (MODEL
section). The proximal and distal K* sources are not used
in this simulation. B: resulting [K*], decrease measured
at 73% depth, the midpoint of the distal K* sink. The
[K™*], response does not peak until after the rod response
begins to decay. C: extracellular transretinal potential
generated by the [K*], decrease. This vitreal-negative po-
tential has a time course typical of the slow PIII response.
The delay between the [K*], decrease and the transretinal
potential is due to diffusion of the [K*], decrease into the
region of the Miiller cell.

point of the rod inner segment layer. The [K*],
decrease reaches a minimum after the rod re-
sponse begins to decay. The same temporal
relation between rod potential and [K*], has
been noted experimentally (40).

The transretinal potential generated by the
[K*], decrease is shown in Fig. 8C. It is a
vitreal-negative response having a time course
similar to experimentally recorded slow PIII
potentials (12, 33). The simulated slow PIII
response peaks at a somewhat later time than
does the [K*], decrease measured at 73%
depth. The difference in peak latencies rep-
resents the delay introduced by K* diffusion
from the rod inner segment layer to the Miiller
cell. A similar delay in peak latencies has been
noted between the [K*], decrease and the c-
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wave (39). In the latter case, the delay is caused
by K* diffusion from the inner segment layer
to the pigment epithelium apical mem-
brane (41).

DISCUSSION

Several previous attempts have been made
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principles of the K* hypothesis. Karwoski and
Proenza (17, 18) and Oakley (39) concluded
from qualitative reasoning that the time course
as well as the intraretinal distribution of the
b-wave potential could not arise solely from
a [K"], increase in the proximal retina. They
did not include a distal [K*], increase in their
treatments. Kline et al. (21) treated the influ-
ence of both a proximal and a distal [K*],
increase on intraretinal voltage but did not
consider the effects of the large Miiller cell K*
permeability in the endfoot region. Thus, they
postulated that the proximal K* increase gen-
erates a vitreal-negative transretinal response.
This is most probably incorrect, as demon-
strated by Newman’s (29, 30) current source-
density analyses and, most notably, by Fuji-
moto and Tomita’s (14) K* ejection experi-
ments. Vogel (49) analyzed b-wave generation
using measurements of both [K*], levels and
current source-density distributions. However,
his treatment did not include the distal [K*],
increase or the large b-wave current source at
the inner limiting membrane.

None of these previous analyses modeled
b-wave generation in a quantitative fashion.
The diffusion of K" through extracellular
space was not considered; neither were the
effects of a regional variation in Miiller cell
K* permeability. These factors influence the
time course of the b-wave and Miiller cell re-
sponses significantly.

We have attempted, in our model, to in-
corporate all factors that we believe have a
significant effect on b-wave generation. The
responses generated by this model are in close
agreement with experimental findings. Given
reasonable values of K* source-density for the
K™ sources and sink, b-wave and Miiller cell
responses with the proper time courses are
generated. The resulting distribution of current
source-density and intraretinal b-wave poten-
tials closely resemble experimentally measured
values. In addition, the model accurately sim-
ulates intraretinal voltages generated by ex-

perimental ejection of K* by single and paired
intraretinal micropipettes, and simulates the
generation of the slow PIII potential.

Variations in system parameters

It might be argued that the responses gen-
erated by the model have the proper temporal
and spatial characteristics only because of ju-
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the properties of the model system are changed
little when the values of system parameters
are altered within ranges consistent with ex-
perimental observation. We stress that all of
the simulations reported here, including b-
wave, Miiller cell, K* ejection, and slow PIII
potentials, are generated using identical system
parameters. Only the values of the K* sources
and sink are changed to produce the different
responses.

The influence of several system parameters
on b-wave generation were examined in detail.

EXTRACELLULAR RESISTANCE. The resis-
tance of extracellular space has been assumed
to be constant from 0 to 100% depth. How-
ever, the spatial and temporal characteristics
of the simulated b-wave and Miiller cell re-
sponses are altered little when the resistance
of the inner and outer nuclear layers is either
doubled or halved from its nominal value.
(These resistance changes were produced in
these tests without altering the volume fraction
of extracellular space.) These imposed varia-
tions in resistance more than account for the
laminar differences in retinal resistance noted
by Proenza and Freeman (42).

HIGH-RESISTANCE R-MEMBRANE. The R-
membrane is located in the pigment epithe-
lium layer (100-106% depth) in our simula-
tions. However, this high-resistance region is
found to extend into the outer-segment layer
in some experimental preparations (12, 30).
When this more extended distribution of high
resistance (the high-resistance region extending
from 76 to 100% depth) is modeled, only slight
temporal changes in b-wave and Miiller cell
potentials result. A more significant change
occurs in the distribution of b-wave potential
with depth. The rise in the potential in the
extreme distal retina, which occurs from 100
to 106% depth in the normal model retina
(Fig. 5C), occurs more gradually in the region
from 76 to 100% depth when the location of
the R-membrane is shifted.
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MULLER CELL CYTOPLASMIC RESISTANCE. b-
Wave potentials are changed only slightly
when the cross-sectional area of the Miiller
cell is increased or decreased by a factor of 5
from its nominal value. At the lowest resis-
tance values the Miiller cell potential is nearly
isopotential during the b-wave response. The
internal potential becomes progressively less
uniform in space as internal resistance is
raised.

K* DIFFUSION COEFFICIENT. b-Wave and
Miiller cell responses are changed little when
Dk (apparent) within extracellular space of
the retina is raised or lowered twofold from
the nominal value of 6 - 107¢ cm?/s. The most
notable effect is on the falling phase of the
responses, which decays at a faster rate when
the diffusion coeflicient is increased.

MULLER CELL K" PERMEABILITY. In contrast
to the above parameters, the distribution of
membrane K* permeability along the Miiller
cell is critical. When the permeability of the
Muller cell endfoot (0-5% depth) is lowered
20-fold to the same value as the remainder of
the cell, the b-wave is altered significantly. The
transretinal b-wave potential is reduced to 20%
of its normal amplitude. In addition, the spa-
tial distributions of intraretinal b-wave poten-
tial and current source-density are dramati-
cally altered. In particular, the proximal cur-
rent source in current source-density plots (Fig.
5B) is marked reduced. The results demon-
strate that the Miiller cell endfoot must have
high K* permeability for our simulations to
recreate the current source-density distribu-
tions measured experimentally. Our simula-
tions thus lend support to the experimental
findings (27-29, 31, 32) that the Miiller cell
endfoot region has high K* permeability.

b-Wave and Miiller cell
response waveforms

According to the K* hypothesis, increased
levels of [K*], depolarize Miiller cells. These
depolarizations, in turn, drive the currents that
generate the b-wave. Yet the Miiller cell re-
sponse is far more prolonged than the b-wave.
This difference between the two responses has
led some investigators to question the K* hy-
pothesis. However, our simulations of b-wave
generation demonstrate that a prolonged
Miiller cell response and a transient b-wave
can both arise from the processes outlined in
the K* hypothesis. The difference in the time

course between the two responses arises pri-
marily from the differences in duration and
amplitude of the proximal and distal [K*],
increases.

B-WAVE. The b-wave response decays rapidly
because it is generated primarily by the short-
lived distal [K*], increase. The more pro-
longed proximal [K*], increase contributes
little to the total transretinal potential. This
occurs, even though the distal [K*], increase
is significantly smaller than the proximal one,
because the current generated by the distal
increase (most of it flowing from the current
source near the inner limiting membrane) falls
across a large extracellular resistance within
the retina.

This phenomenon is illustrated in Fig. 94,
which shows the time course of the transretinal
b-wave potential generated by the proximal
K™ source alone (p), by the distal K™ source
and K" sink (d), and by all three together (p
+ d). The combined distal K* source and sink
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FIG. 9. Proximal and distal K* source responses. A:

time course of transretinal potentials generated by the
proximal K* source alone (p), by the combined distal K*
source and K* sink (d), and by all three together (p + d).
B: time course of the Miiller cell potential generated by
the proximal K* source alone (p), by both the distal K*
source and K* sink (d), and by all three together (p + d).
The b-wave response is dominated by the transient distal
K* source and sink combination, while the Miiller cell
response primarily reflects the sustained proximal K*
source.
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generate a large transretinal potential that ac-
counts for 76% of the total b-wave amplitude.
The proximal source, on the other hand, pro-
duces a small sustained transretinal potential
that generates only 24% of the b-wave am-
plitude at the peak of the response.

MULLER CELL RESPONSE. The Miiller cell
potential, in contrast to the b-wave, more
closely reflects the total change in [K*], within
the retina. It is thus dominated by the large
and prolonged proximal [K*], increase. This
is illustrated in Fig. 9B, which shows the
Miiller cell potential generated by the proximal
K* source alone (p), by the combined distal
K* source and K* sink (d), and by all three
together (p + d). The sustained proximal [K*],
increase clearly dominates the total Miiller
cell response. The small, transient contribu-
tion of the distal [K"], increase only adds sig-
nificantly during the rising phase of the re-
sponse.

The proximity of the high-permeability
endfoot region to the proximal K* source fur-
ther increases the proximal [K*], contribution
to Miiller cell depolarization. As K* released
from the proximal source diffuses into the
endfoot region, the depolarization generated
by the [K*], increase is magnified.

Intraretinal K* ejections

Yanagida and Tomita (50), in a test of the
K* hypothesis, pressure ejected K* simulta-
neously from two intraretinal micropipettes
to simulate the two light-evoked b-wave [K*],
increases. They found that the intraretinal
voltage generated by the simultaneous ejec-
tions reached a minimal value st a location
between the two ejection sites. During the b-
wave response, however, the intraretinal volt-
age has a minimum value near the outer
plexiform layer, i.e., at the site of the distal
[K*], increase. Yanagida and Tomita (50)
concluded that the b-wave cannot be generated
solely by [K*], changes.

Our simulations suggest, however, that in-
traretinal b-wave profiles as well as the K*
ejection profiles of Yanagida and Tomita (50)
can both be generated according to the K*
hypothesis. Simulation of the dual K* ejection
experiment in our model system (Fig. 74)
yields intraretinal voltage profiles very similar
to the experimental results. The intraretinal
voltage reaches a minimum at a location mid-
way between the two K* sources. Yet, when

we simulate the [K*], changes that occur dur-
ing the b-wave, a different pattern of intra-
retinal voltage is obtained. In this case (Fig.
7B), the minimum is located at 60% retinal
depth, near the distal K* source.

The simulations demonstrate that differ-
ences in the locations, magnitudes, and time
courses of the K* sources are of critical im-
portance. Both the proximal and distal K*
sources used in the b-wave simulation are lo-
cated more distally than are the corresponding
K" ejection sites used by Yanagida and Tomita
(50) (in our simulation, 22-32% and 53-63%
for the b-wave versus 24-26% and 47-49%
for the K* ejections). Due partly to this dif-
ference in K* source location, the distal K*
source contributes a greater percentage to the
total intraretinal potential in the b-wave sim-
ulation than in the K* ejection simulation.
Thus, we believe that Yanagida and Tomita’s
experiments do not reproduce the [K*],
changes that occur during the b-wave accu-
rately enough to function as a critical test of
the K* hypothesis.

Magnitude of distal [K*), increase

A troubling aspect of the K* hypothesis is
that the distal [K*], increases that have been
measured in some experimental systems do
not appear to be large enough to generate the
b-wave currents of the distal retina. In our
simulation of b-wave generation, we use a dis-
tal K* increase that is 62% as large as the
proximal increase in peak amplitude. This
produces b-wave current source-density and
intraretinal potential profiles that resemble the
experimental data. This distal [K*], increase
is larger than those measured in some exper-
imental preparations. However, Kline et al.
(21) and Dick and Miller (11) have observed
distal increases that are greater than 50% the
amplitude of the proximal one.

The distal [K*], increase, as measured by
K*-selective micropipettes, is often elusive.
Some investigators fail to observe it at all (41,
49). Others do measure a distal increase, but
only occasionally. Karwoski and Proenza (20),
for instance, have recently reported a distal
[K*], increase in the frog, but see it in only
60% of their penetrations. Even when a distal
increase is seen, its amplitude can vary greatly
from penetration to penetration.

A possible clue to this puzzling behavior
comes from an observation of Kline, Ripps,
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and Dowling (21) (J. E. Dowling, personal
communication). They were able to record
distal [K*], increases only as they advanced
their K*-selective micropipette into the retina
from the vitreal surface. If they first advanced
the micropipette past the neural retina and
into the pigment epithelium and then mea-
sured [K*], on withdrawal of the pipette, they
failed to see a distal increase. This suggests
that retinal damage caused by the micropipette
itself may be compromising [K*], measure-
ments.

How might this come about? A dead space
will be created around the tip of the ion-se-
lective micropipette, especially as it is with-
drawn from the retina. Within this dead space,
the effective volume fraction of extracellular
space ‘will be increased and K* sources (de-
polarizing neurons) will be destroyed. Thus
[K*], measured at the center of a dead space
will not reflect the true value of [K*], in nor-
mal retinal tissue but rather will reflect the
[K*], level produced as K* diffuses from the
undamaged tissue into the middle of the dam-
aged region. The larger the region of damaged
tissue, the smaller will be the apparent value
of [K*], change measured by the micropipette.

We have modeled the conditions created
by micropipette damage in retinal tissue in
order to assess their effects on [K*], levels in
the distal retina. In our model, the region of
damage is described by a cylindrical volume
of diameter d and length d. [K*], is measured
at the center of this region. To measure the
distal [K*], increase, this damaged region is
centered at 58% depth, at the middle of the
distal K" source. Within the simulated region
of damage, the volume fraction of extracellular
space is increased from 7% (the value in un-
damaged tissue) to 100%. The tortuosity factor
is reduced from 1.8 to 1.0, increasing Dk (ap-
parent) to 2- 107> cm?/s.

Figure 10 illustrates the effect of tissue
damage on [K*], levels at 58% depth. When
the diameter of damage (d) is set to O, the
normal distal [K*], increase is obtained. As
d is increased, the [K*], level at the center of
the damaged region is reduced. At the same
time, the latency to the peak of the increase
is lengthened, as expected from the delay in-
troduced by K* diffusion to the middle of the
damaged region. When the diameter of dam-
age is small (<7.5 um), [K*], is reduced little,
but as d is increased, the reduction in [K*],

29+

27

K], (mM)

25

TIME (s)

FIG. 10. Distal [K*], increase at the middle of a sim-
ulated region of retinal damage. Damaged region is a cy-
lindrical volume of diameter and length d centered at 58%
depth. The diameter of the damaged region (in microm-
eters) is given next to each trace. The O trace represents
[K*], in an undamaged retina. As d is increased, the am-
plitude of [K*], is reduced and its latency to peak is
lengthened.

becomes significant. For d values equal to 7.5,
12.5, and 20 pum, the peak amplitude of the
[K*], increase is reduced to 91, 66, and 28%
the normal value.

The reduction of measured [K*], by retinal
damage is due largely to the increase in volume
fraction created by the damage. The magni-
tude of this reduction is critically dependent
on the value of the volume fraction («) of the
undamaged tissue surrounding the damaged
region. For a damaged region 12.5 um in di-
ameter, for instance, the peak [K*], increase
is reduced to 45% when « (undamaged tissue)
= (0.023, 66% when a = 0.07, and 81% when
a = 0.21.

The simulation illustrated in Fig. 10 suggests
that if the region of damage produced by an
ion-selective micropipette is small (<7.5 um
in diameter) measured [K*], levels will not
be compromised seriously. However, for larger
regions of damage, such as those that might
be produced by first advancing and then with-
drawing a micropipette, measured [K*], levels
could seriously underestimate the true am-
plitude of the increase. We have chosen to
model b-wave generation in our simulations
using a relatively large distal [K*], increase
for this reason.

Predictions of model

Our simulation of the K* hypothesis has
led to a number of predictions. /) The location
of the reversal point within the retina, where
the b-wave potential shifts from a positive to
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a negative response when referenced to the
sclera, will vary with the magnitude of the
extraretinal shunt resistance. The reversal
point will shift proximally when the shunt re-
sistance is reduced. 2) Larger distal [K*], in-
creases will be measured experimentally if
greater care is taken to prevent retinal damage
by K*-selective micropipettes. Larger increases
may also be recorded under conditions where
the distal [K*], decrease is kept to a minimum.
3) Using the experimental paradigm of Yan-
agida and Tomita (50), intraretinal K* ejec-
tions will generate voltage profiles that vary
depending on the location of the ejection site.
Dual K" ejections will generate an intraretinal
voltage profile similar to that of the b-wave
when ejection pipettes are positioned at the
sites of the two light-evoked [K*], increases.
4) K*-mediated current efflux from the high-
permeability Miiller cell endfoot represents a
secondary K* source. A small but significant
light-evoked [K™], increase will occur in this
region and should be measurable in the vit-
reous adjacent to the retina and in the optic
fiber layer. 5) Reduction or destruction of the
large K* permeability of the Miiller cell end-
foot will result in a dramatic rearrangement
of b-wave current flow. This will cause a large
decrease in the amplitude of the transretinal
b-wave response.

The means to selectively reduce endfoot K*
permeability are not known at this time. Me-
chanical destruction (complete or vigorous
draining of the vitreous) or anoxia are two
possible candidates. The gradual decrease in
b-wave amplitude seen in experimental prep-
arations while neuronal responses remain in-
tact may be due to deterioration of Miiller
cell endfoot permeability.

In conclusion, simulations in our model
retina strongly support the K* hypothesis of
b-wave generation. The time course of the b-
wave and Miiller cell responses generated by
the model resemble those recorded experi-
mentally. The distribution of current source-
density and of intraretinal b-wave potential
also match experimental findings. The pre-
dictions suggested by our simulations will
provide further tests for the K™ hypothesis.

APPENDIX

The most general form of the equations used to
model the K* hypothesis require solution of the
complete electrodiffusion problem since ion fluxes

are composed of both electrical drift and diffusion
components. We chose instead to decouple the
electrical problem from the diffusion problem. This
is justified, since we are only concerned with the
distribution of ions over dimensions much greater
than the Debye length (25). Thus, we proceed by
first solving the diffusion problem for the distri-
bution of [K*], and then solve the electrical problem
for the distribution of potential and current.

The solution to the diffusion problem gives the
change in [K*], as a function of retinal depth and
time. The homogeneous equation of continuity is

dIK*]
dt
2K 5 1 1 ij
L, K [K+1°(T_ +7) — 22 (AV) (5)

=D
dz? o a Fo;

as described in the MODEL section of this paper.

Equation 5 is solved numerically using a pre-
dictor-corrector method based on the Crank-Ni-
colson procedure (Ref. 1, p. 85). Given a concen-
tration specified at depth (j)Az and at time (i) Az,
the predictor calculates the concentration at the
intermediate time point (i + Y2)At. The corrector
is then used to calculate the concentration at time
point (i + 1)At.

The predictor is

2 KT — K] ) = 2 52K
Al ([Ko]|+‘/z.] [Koll,j) (AZ)Z 6: [Ko]rf-'/zJ
1 1 G
- [Ko]i,j( + _) —— AV, (6a)
Tp%  Ta Fa,
The corrector is
—1— — = D_/* Fy 2
A ([Ko)ir1; — [Koliy) = 26z ([Koli+r,
1 1 G,
+ ) = Ko = + ) = 2 v, (60
Tpj® Ta Fo;

where 6.2 is the central difference operator
8 [Koliy = [Kolije1 — 2[Kolij + [Kolij-1

Increases or decreases in [K*], in a given time in-
terval due to a K* source or sink are included by
incrementing or decrementing [K*]; prior to com-
puting the new value of [K*];.

Equations 6a and 6b, together with concentration
increments or decrements due to a K* source or
sink, relate the concentration profile at one point
in time to the concentration profile after a time
increment, At. We use the Thomas tridiagonal al-
gorithm (5) to solve this set of equations for the
new concentration profile.

Once a concentration profile at a particular time
is known, we calculate the transmembrane Nernst
potential (V) for each spatial increment j, and then
solve for the mesh current, i, (see the circuit diagram,
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Fig. 2). We include a mesh current term, i, to
describe the current flowing through the extraretinal
shunt resistance, R;.

The voltage distribution is found by writing the
mesh equations for the circuit. The mesh current
in interval j, i;, is described by the following equa-
tion

V; - V/+1 = 'Re,jis - Rm,j[j—l
+ (Re; + Rij + Ry j + R js1)lj = R jsiljn

The matrix of mesh equations has the form

where
Rij=Re;+ Rij+ Rn;+ Rnmjui

Since the set of mesh equations differs from a tri-
diagonal set by the shunt current term, i, we split
the set of equations, treating the shunt term as a
current source and use a relaxation method to find
an approximation to the solution. The iteration
matrix is tridiagonal and can be solved by the
Thomas algorithm.
We truncate our iteration procedure when

R, + ZR. )i
(‘—&i - 1| < 0.001

ERCJIJ
which indicates a close approximation to the so-
lution of the last equation of the set in equation 7.
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