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promise

is examination
of the electroretinogram
(ERG), a gross electrical signal that can be recorded
noninvasively
and reflects activity of all retinal cells. To realize the full potential
of the ERG it is
necessary
to know how to analyze the recordings
to provide quantitative
information
about the
different retinal mechanisms
that contribute
anesthetized
animals:
a primate (macaca
mice where

genetically

to clarify the cellular
models that provide

manipulated

to it. The proposed
experiments
will be carried out in
mulatta) whose retina is very similar that of humans, and

retinas

are available.

origins of the components
a quantitative
description

flash response,
for stimuli of any strength,
ERG to investigate
mechanisms
of photon
mammalian
retina. Isolation of components

The overall

goals

of the research

are 1)

of the scotopic and photopic
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of the contribution
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3) to use the
signaling
and network light adaptation
in the intact
using specific stimulus paradigms
and invasive

techniques
such as pharmacological
blockade,
selective
lesions, targeted
mutations
in conjunction
with existing information
about individual
neurons, will guide quantitative
modeling
of the ERG.
When the components
from various cell types have been characterized,
to describe each of them, and ultimately
the models for all components
a complete
ERG model in both species.
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greatly

aid in the analysis
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Initial Budget
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Year of Support
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Third

Year of Support

Fourth Year of Support
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I

Personnel
Laura

J. Frishman,

PhD P.I. ------ effort.

in all aspects of the proposed
of the proposed
experiments.
months, and ------ -- ---- --------------

--

-------------

------

glaucoma

studies

(no salary

requested.

------------

----------

phases
funding

to supervise

and be involved

studies and will assume primary responsibility
for the scientific
Support for ------ of annual salary plus benefits are requested:
---------months.
Collaborator

in monkeys.

-----

The P.I. will continue

5% effort.

---- ------------

will collaborate

He will run visual field tests on laser-treated

------ -----------

100%

effort.

A full-time

of the research.
Such a full-time
postdoctoral
period.
---- --------- will stay until March 2003,

postdoctoral

conduct
------ -- -

on experimental

animals

fellow

actively

that he provides

will participate

in all

position was present during the previous
at which time I will recruit another postdoctoral

fellow. --- ---------- an Ophthalmologist,
and recent PhD in eye research is being trained to carry out
the many time-consuming
aspects of the proposed research from planning and executing
experiments
postdoctoral

to skilled preparation
of electrodes etc to data analysis and writing. A full-time
fellow is crucial to the project.
---- --------- currently is being paid according to the NIH

pay scale for a first year
----- --------------Ophthalmologist

postdoctoral

---- --------- Graduate
and first year student

fellow

with benefits.

research
assistant,
50% effort.
---- --------------an
in our graduate program will carry out some of the proposed

studies as part of his dissertation.
He is particularly
interested
in the quantitative
aspects of the work,
and will work closely with ---- ---------in the development
and refinement
of models of ERG
components
and their behavior.
All graduate
research
assistants
(and teaching
assistants)
at the
University

of Houston

are paid at a level of 50%

-------- --- --------------------- Collaborator,
nob mouse data, and paired (probe) flash
-------carry

--- ----------

Contractual
---------------------

------

out the proposed

Collaborator,

effort with benefits.

5% effort: ---- --------------data (no salary requested).

10% effort:

immunocytochemical

---- --------

analyses

of retinal

will collaborate

and his lab personnel

on analysis

will perform

of

the

tissue.

Cost

--- ------------

------

90 days

per year.

---- ----------

-- ---- -------------- ------------- -- ----- ----------- ------------------------ --------------- ----------------

---- ---- --------

------

- ---- ----------------

-- ----

He will serve as a consultant,
---- ---- ------- -------- --- -- - -------- -- ------- -----------

----- --- -------------------- ----------------------He will be involved in all aspects of the project as he
has done for the past 10 years.
He will discuss experimental
design, he build equipment,
write
programs,
analyze data, and most importantly
and travel will cost about $40,000 a year.
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RESOURCES
FACILITIES: Specify the facilities to be used for the conduct of the proposed research. Indicate the performance sites and describe capacities.
pertinent capabilities, relative proximity, and extent of availability to the project. Under "Other," identify support services such as machine shop,
electronicsshop, and specify the extentto which they will be available to the project. Use continuation pages if necessary.
Laboratory:
The P.I. has a two-room laboratory --------- ------ ----- ------ in the College of Optometry) with a combined floor space of
750 sq ft that is available for the proposed studies. Each room has a recording setup and visual stimulators for chronic,
noninvasive recordings from monkeys, mice, or humans and one of the rooms -------- has a shielded light-tight chamber
for dark-adapted
experiments,
and life support equipment for acute (terminal) experiments
in monkeys (or cats).
Both experimental
setups include dedicated (and networked) Pentium PC-clone computers with I/O boards for digitizing
ERG date and driving the visual stimulators.
Storage oscilloscopes
with appropriate time bases, differential amplifiers,
and modifications
for standard voltage output (0.5 V/division)
provide the input to the computer IO board. The lab has
several homemade LED-based small bowl ganzfeld stimulators as well as an ESPION Console and ColorBurst Ganzfeld
(Diagnosys LLC, USA), and a VERIS (USA) multifocal stimulator with a dedicated G4 Macintosh computer.
The lab
computer network includes four other computers for real-time and offline data analysis.
Clinical:
The University Eye Institute is fully staffed for eye care by Optometrists,
and Ophthalmologists.
Animal:
Two AAALAC approved animal care facilities located on the University of Houston campus will be used by this project,
one --- ---- ----- ----- -- the Optometry building, and the other, the main facility, in ---- ------------- -- ---------- ----- ------------ ---------- ------- - -------- ------ ---- -------------- ----------The animal quarters in the Optometry
building are located about
----- ----- ------ ---- ------ -------------These quarters will house monkeys that are undergoing
noninvasive
chronic
recordings, perimetric evaluation,
or those soon to be used for acute experiments
in the monkey area, and, in a separate
area for mice for ERG experiments.
The Optometry facilities (>1000 sq ft) are subdivided
into a cage-washing
facility, an
infant monkey caging area for other studies, and three larger monkey caging areas that can accommodate
up to 36
animals, and a separate area (-100 sq ft), with a separate air circulation, for mice. Monkeys that are not currently being
studied will be housed in the 15,840 sq ft central facility.
The UH animal care operations
is administrated
full time by a
Vet, and maintains staff and equipment for transporting animals to and from Optometry.
Computers:
The P.l.'s lab has a network of Pentium 3&4 PC clone computers
(6 at present), two of which contain I/O boards
necessary for ERG stimulation and recording experiments.
The other PCs are used for real time and offline data analysis.
The lab also has a G4 Macintosh computer with a video board that is dedicated to running multifocal (VERIS) software,
and a Pentium PC with an I/O board dedicated
to run the ESPION ColorBurst
stimulator
and software.
Computer
peripherals
include two laserjet printers (black and color); Microtek scanner. The labs and office all have sufficient
Ethernet connections for all computers to be connected to internet, as well as to a local network for our lab and offices.
Office:
The P.I., and collaborators
on the UH faculty each have a private office of approximately150
square feet that is equipped
with a computer, telephone, fax line, and internet access.
The graduate students and postdoctoral
fellows have shared
office space.
Other:
Support services: The College of Optometry houses the following support services which will be available, as needed for
the proposed study:
Book-keeping,
clerical and secretarial services
Machinist/Instrument
maker and assistant and well equipped machine shop
Electronics shop and technician
Computer and internet services with a local coordinator and staff
Audio-visual
facilities for computer graphics, photography
and poster production
Core grant: A NIH/NEI core center grant also provides: 1) an instrument
design module to facilitate the development
of
optical mechanical and electronic instrumentation,
2) a computer services module to facilitate the application of laboratory
computers (expertise in Matlab and C++), 3) a clinical research module to facilitate statistical and methodological
design.
4) In our August 2002 core center competing
renewal we have requested
partial support for our existing bio-imaging
module
Research Environment:
The College of Optometry houses funded research on many aspects of vision science from molecular studies of corneal
wound healing and eye growth, optical quality, optical imaging (confocal and adaptive optics), anatomy and physiology of
the adult and developing
eye, retina and central visual pathways, animal and human psychophysics
and mechanisms
of
eye movements.
The college also is the site for two multicenter studies on myopia in children.
PHS398 (Rev. 05/01)
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MAJOR EQUIPMENT:

Director (Last, First, Middle):

Frishman TLaura J.

List the most important equipment items already available for this project, noting the location and pertinent capabilities of each.

Major Equipment in the P.l.'s Lab:
Animal maintenance: animal respirator, medical gas analyzer, infusion pump, blood pressure transducer, thermostatically
controlled heating blankets, electronic thermometers, pulse oximeter for monkeys, surgical microscope (10 X eyepieces,
Fibermatic, J. K. Hopple Corp. USA).
Stimulation: The lab has several homemade LED-based small bowl ganzfeld stimulators as well as an Espion Console
and ColorBurst Ganzfeld (Diagnosys LLC) with a dedicated PC-pentium computer, and a VERIS multifocal stimulator with
a dedicated G4 Macintosh computer.

Major Equipment in ---- ----------- Lab:
---- ---------- lab is equipped specifically for immunolabeling and retinal neuroanatomy. The lab has an Olympus IX70
inverted fluorescence microscope rigged for brightfield, phase contrast, and fluorescence imaging. Filters needed to
perform single, double, and triple-labeling are available. The microscope has a dedicated computer for image acquisition
and analysis, with a second computer available for offline data analysis. The lab also is equipped for western blotting, and
sterile retinal cell culture. Standard laboratory equipment such as stirring hot plates, pH meter, balance, pipettors, ovens,
refrigerator and freezer are also present.
Major (Relevant) Equipment in ---- --------------- Lab: Humphrey Field Analyzer modified for behavioral studies in
monkeys. Argon laser for treatments of the trabecular meshwork to achieve elevated intraocular pressure in monkeys.

Major Equipment available in the College of Optometry:
Confocal Microscope: The College of Optometry is equipped with a Leica TCS SP2 confocal microscopy system
configuredfor imaging in three fluorescence channels plus a transmitted light channel. A second computer for off-line
image analysis also is available.
Histoloqy and Microscopy facility. A shared histology and microscopy facility equipped with a cryostat, vibrating
microtome, ultramicrotomes, JB-4 and sliding microtomes, standard light microscopes, JEOL CX100 Transmission
Electron Microscope, photographic darkroom, Kodak X-OMAT X-Ray film developer, and fume hood. This facility is
staffed with a full-time microscopist whose salary is paid by the College.
Fundus photoqraphy: Zeiss surgical microscope, Nikon digital camera (Cool Pix 990, 3.2 MP resolution)
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a. Specific Aims
The overall goals of the proposed research are 1) to clarify the cellular origins of the components
of the
scotopic and photopic electroretinogram
(ERG) in the primate and in mouse 2) to construct models that
provide a quantitative
description
of the contribution
of each component
to the ERG flash response,
for stimuli
of any intensity, and under any condition of light-adaptation
in the primate and mouse ERG 3) to use the ERG
as tool to investigate mechanisms
of photon signal processing
and network light adaptation
in the mammalian
retina. The proposed experiments
will be carried out in a primate model (macaca mulatta) whose retina is very
similar in morphology
and function to that of humans, and in mouse models where genetically
manipulated
retinas are available.
Isolation of components
using invasive techniques
such as pharmacological
blockade,
selective lesions, targeted mutations and specific stimulus paradigms
in conjunction
with information
from
other investigators
about individual neurons, will guide quantitative
modeling of the ERG in both species.
The proposed studies will improve the utility of the ERG as an investigative
tool both for basic studies of
retinal function to test hypotheses
(both in mice and monkeys) about fundamental
functions
of the normal
retina, in particular photon signaling and light adaptation
in the rod circuits, and for clinical assessment
at
various different stages of retinal processing.
Studies in the primate retina will yield important
information
that can be applied to humans for study, treatment and prevention
of blinding diseases.
The identification
and
quantitative
characterization
of ERG components
in the mouse will make it possible to functionally
evaluate
retinal processing
in normal and genetically
altered eyes.
Specific aim 1: To test the hypothesis
that a major portion of the postreceptoral
contribution
to the photopic
ERG a-wave of the monkey, as well as to later negative-going
and oscillatory
components,
arises from
amacrine and/or ganglion cells in a manner that is very dependent
upon the parameters
of stimulation.
The
nature of these contributions
will be investigated
under stimulus conditions
in which the energy, wavelength,
the background
illumination,
manner of temporal modulation,
and region of the retina are varied.
Specific aim 2: To test the hypothesis
that retinal ganglion and/or amacrine cells in the mouse retina
contribute
substantial positive and negative signals a) to the dark-adapted
(scotopic)flash
ERG, and b) to the
light-adapted
(photopic)
flash ERG. To determine the ganglion cell contribution
we will record ERGs after
unilaterally
crushing the optic nerve, and waiting for ganglion cells to degenerate,
as documented
in
postmortem
immunocytochemical
analysis.
To determine
amacrine cell contributions,
we will record ERGs in
eyes following optic nerve crush and or/after intravitreal
injection of pharmacological
agents known to block
retinal activity proximal
to bipolar cells. To separate On and Off ganglion cell contributions,
and to evaluate
the role of AII coupling, we will examine the scotopic ERG of the connexin 36 knockout
mouse.
Specific aim 3: To test the hypothesis
that signaling of photon events in the sensitive rod circuit remains
effectively
linear over a large range of energies when quantal absorbtions
are less than 1 R* per rod, and that
very few photon absorptions
fail to be signaled despite the presence of a threshold
nonlinearity
in the synaptic
transmission
of signals from rods to rod-bipolar
cells (Field & Rieke, 2002).
These experiments
will be done
using isolated rod bipolar cell contributions
(PII component)
to scotopic ERGs of mice, monkeys,
and cats.
Specific aim 4: To determine
more exactly the retinal sites and mechanisms
of light adaptation
that affect rod
signals in the normal retina. This will be done by measuring
and modeling
flash ERG energy-amplitude
relations in the presence of steady backgrounds
of increasing illumination
from normal retinas and retinas in
which specific elements have been removed,
surgically
(optic nerve crush) or isolated pharmacologically,
or in
which specific elements of rod circuits have been disrupted through genetic manipulation:
Cx36 (-/-) mouse
with effects both in inner and outer retina, GABAc (-/-) mouse and the Nob mouse, lacking transmission
from
photoreceptors
to rod bipolar cells, to evaluate the photoreceptor
(PIII) adaptation.
Specific aim 5: To develop models that describes the time course, sensitivity
and saturation
of the various
retinal components
of the ERG, with emphasis
on the photoreceptor
and rod bipolar cell contributions
to the
primate and the mouse ERG. Stimulus response relations of individual components
isolated in previous
specific aims, additional
experiments
in this section to better determine photoreceptor
and bipolar cell time
course, and published data on individual
cell types, will guide us in modeling the complete responses.
b. Background
and Significance
The electrical response of the eye to a flash of light that can be recorded
at the cornea is generated by radial
currents that arise either directly from retinal neurons or as a result of the effect on Mtiller cells of changes in
extracellular
[K ÷] brought about by the activity of these neurons. This response,
the electroretinogram
(ERG)
is an excellent tool for studying retinal function in both the clinic and the laboratory
because it can be recorded
easily and non-invasively
with a corneal electrode in intact subjects under physiological
or nearly physiological conditions.
However,
it is a gross retinal potential that reflects the activity of all of the cells in the
retina; thus to realize its full utility, the various contributions
from different retinal cell populations
must be
25

Principal
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Laura J.

determined.
Building on evidence from previous studies in primates and cats (e.g. Bush & Sieving, 1994;
Frishman et al., 1996a; Robson & Frishman,
1995, 1996) and more recently in our lab (Robson & Frishman,
1999; Robson et al., 2002a; Saszik et al., 2002a) we will continue to analyze, quantify and model contributions
from both proximal
and distal retina, to the ERG.
In recent years, there has been substantial progress in several directions
that have allowed us to
considerably
advance our ability to interpret ERG recordings
and hence to enhance their clinical and scientific
utility. First, refinements
of techniques/preparations
to study cellular function have provided new information
about individual retinal neurons that can be used in designing experiments
and interpreting
observations
on
retina both in vitro and in vivo. At cellular and molecular
levels much has been learned about
neurotransmitters,
their release and receptors,
signal transduction
cascades and other cellular proteins, thereby
improving
our knowledge
of retinal microcircuitry
and allowing better use of pharmacological
tools in
isolating ERG components,
and interpreting
experimental
observations.
Second, special techniques
have
facilitated
study of particular
aspects of ERG responses,
for example, in vivo measurements
of the time course
and light and dark adaptation
of the photoreceptor
response (Pepperberg
et al., 1997; Friedburg
et al, 2001),
and the local retinal contributions
to the flash ERG using multifocal techniques
(Sutter, 1991; Hood et al.,
1997). Third, genetic manipulations
of retinal photoreceptor
transduction
cascade and signaling,
and, more
relevant to the present proposal, postreceptoral
circuits, in mouse models are providing new insights about
retinal function and useful models for studying diseases that affect the retina (e.g. reviews of Chang et al.,
2002; Smith et al., 2002). Fourth, the power of quantitative
modeling
of the ERG in the assessment
of
particular
aspects of retinal function under normal and pathological
conditions
has been demonstrated
in
humans and macaques
(e.g. Hood and Birch, 1990a,b; 1993; Breton et al., 1994; Frishman et al., 1996a;
Cideciyan
& Jacobson,1996;
Smith & Lamb,1997;
Paupoo et al., 2000; Robson et al., 2002) and in other
mammals
(cats, Robson & Frishman,
1995, 1996 and mice, Hetling & Pepperberg,
1999; Saszik et al., 2002a).
While much of the progress in understanding
and using the ERG has related to photoreceptors
and bipolar
ceils, our work also has focused on proximal retinal contributions
to the ERG (e.g. Frishman
et al., 1996a;
Saszik et al., 2002a,b,c).
The present proposal (aims 1-4) will continue to examine contributions
made both
by distal (photoreceptor,
bipolar and perhaps horizontal
cells) and proximal retinal neurons (amacrine
and
ganglion cells), and the role of glial mediation
of these contributions.
In seeking to make complete
models of
the ERG (specific aims 5) we must necessarily
describe and incorporate
all components.
In these studies it
also will be important to identify similarities
and differences
among species so that our goals of producing
insights for human ERGs from primates, and for increasing
the utility of the ERG for functional
evaluation
of
murine genetically
altered models can both be met (aims 4 and 5).
Specific aim 1: Postreceptoral
contributions
to the photopic ERG of the macaque
From recent studies in cat (Robson & Frishman,
1995,1996),
human (Hood & Birch, 1996) and monkey
(Bush & Sieving, 1994; Jamison et al., 2001; Robson & Frishman,
1999; Robson et al., 2002; preliminary
data) it is clear that activity of bipolar and more proximally
located cells contribute
to both the rod- and the
cone-driven
a-wave.
These findings challenge the traditional view that the early negative ERG responses
come from photoreceptors,
and underscore
the importance
of considering
contributions
of proximal retinal
components.
Our understanding
of the photopic flash ERG was greatly advanced when Bush and Sieving
(1994) reported that postreceptoral
retinal neurons rather than cone photoreceptors
generate the leading edge
of the a-wave for the first 1.5 log units of flash energy that it can be measured,
and contribute
about half of the
saturated response.
They discovered
these contributions
by injecting glutamate
analogues,
(L-2-amino-4phosphonobutyric
acid (APB) to block the depolarizing
(On) bipolar and more proximal
On pathway
contributions,
or cis-2,3-piperidine
dicarboxylic
acid (PDA) to block Off pathway, horizontal
(Hz) cells (and
more proximal activity).
Because the a-wave was reduced in amplitude by PDA, but not by APB, they
concluded
that hyperpolarizing
(Off) bipolar cells, or perhaps Hz-cells, contribute
to the leading edge.
In a related study Sieving et al. (1994) used the same approach to pharmacologically
dissect photopic
ERG responses to long (200 ms) flashes that allowed separation of responses
from On and Off pathways.
They again concluded
that the Off bipolar or Hz-cell influences were present, truncating
the b-wave and
shaping the "cone plateau" in the response, in addition to producing
the d-wave at light offset. However,
based on our recent work in monkeys
with experimental
glaucoma,
which mainly affects ganglion cells
(Frishman
et al., 1996b) or intravitreal
pharmacological
blockade of proximal retinal activity (Viswanathan
et
al.,1999, 2000; Robson et al., 2002) and our preliminary
data (Figs. 2-3), we believe that there are significant
contributions
to the photopic flash ERG from retina proximal
to bipolar cells (and including glial mediation).
These contributions
occur in the leading edge of the a-wave, and when stimulus conditions are adjusted
appropriately,
in truncation
of the b-wave in long flash responses by a negative wave we've called the
photopic negative response (PhNR), which is reduced or eliminated
in eyes with experimental
glaucoma.
Proximal retinal contributions
also are present in other important
ERG measures
and components.
For
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example they are present in the photopic flicker ERG, critical for clinical evaluation
of cone function in eyes
with mutations and degenerations.
In addition to On and Off bipolar cell contributions
(Kondo & Sieving,
2001), following blockade of proximal retinal activity, we have observed more proximal contributions
particularly
large in the 2 nd harmonic of the response but also present in the fundamental
(Viswanathan
et al.,
2002), and we propose to continue these studies in eyes with experimental
glaucoma.
Another feature of the
photopic (and scotopic) flash ERG, known to arise from proximal retina are the various oscillatory
potentials
(OPs) found mainly superimposed
on the b-wave. Our preliminary
studies observing
OPs in focal photopic
ERGs in monkey eyes following blockade
of proximal retinal activity indicates regional variations
of ganglion
cell contributions,
in addition to effects of stimulus contrast and adaptation
state.
In specific aim 1, we propose further studies of the postreceptoral
origins of the photopic
flash and flicker
ERG in primates, using a range of stimulus conditions,
pharmacological
blockade and monkeys with progressing experimental
glaucoma. Results of these studies will be useful for interpreting
ERGs of patients with
pathologies
of inner retina. Importantly,
recent studies of normal subjects and glaucoma patients (Colotto et
al., 2000; Drasdo et al., 2001; Viswanathan
et al, 2001) PhNR amplitudes
in normals as large as in monkeys,
and reductions
in glaucoma are consistent
with our findings the primate experimental
glaucoma model.
Specific aim 2: Retinal ganglion and amacrine cell contributions
to the mouse ERG
The ERG recorded at very low light levels, at or near human psychophysical
threshold
has been termed
the scotopic threshold response or STR (Sieving et al., 1986). The STR is a small postreceptorally
generated
potential that dominates
ERG responses
to weak flashes of light from darkness and consists in most species
studied, mainly (but not entirely, see below) of a negative-going
potential. The negative-going
response is
dependent
upon K ÷ currents in Miiller cells, induced by release of K ÷ from depolarizing
proximal
retinal
neurons (Frishman
& Steinberg,
1989a,b).
This response is more sensitive than the rod bipolar cell
component,
termed scotopic PII after Granit (1933; Robson & Frishman,
1995), and is thought to reflect
activity of the ganglion and amacrine cells that form the proximal
portion of the sensitive rod circuit of
mammalian
retina (e.g. Bloomfield
& Dacheux,
2001) for review.
Originally
identified
in cat, STRs have
been observed in a range of other species: monkeys
(Sieving & Wakabayashi,
1991; Frishman
et al., 1996b),
humans (Sieving & Nino, 1988, Frishman et al., 1996a), rats (Bush & Reme, 1992), and most recently in our
lab, mice (Saszik et al., 2002a).
Although STRs occur in several mammalian
retinas, the response varies among species with respect to its
polarity, and its ganglion vs amacrine cell origins. For example, cat and human STRs are predominantly
negative-going,
with only small positive STRs (Sieving et al., 1986; Frishman et al., 1996a), whereas monkey
and mouse STRs have substantial positive and negative portions (Frishman
et al., 1996b; Saszik et al., 2002a),
and rabbit may only have a positive components
(Sieving, 1991b), perhaps due to the relation of Mtiller cells
to the inner vasculature
(or lack of it in the rabbit).
With respect to origins, in cats and humans, the negative
STR is mainly from amacrine cells, still present after ganglion cell loss due to optic nerve section or atrophy
(Sieving 1991a) or glaucoma (Korth et al., 1994). In contrast, in monkeys the neg STR almost certainly has a
ganglion cell origin; it is eliminated
by severe experimental
glaucoma or by intravitreal
TTX, whereas the
NMDA- sensitive pos STR is probably amacrine-cell
generated
(Frishman et al., 1996b; Ahmed et al., 1998).
We have recently described
a positive and negative STR and a slightly less sensitive potential which we
called the positive scotopic response (pSR) in the scotopic ERG of the mouse. The sensitive positive
potentials
can represent up to the most sensitive 10% of the scotopic b-wave
in the mouse (also visible in
records of Toda et al., 1999), and our preliminary
data indicate that it is generated by Off ganglion cells. We
propose to isolate ganglion and amacrine cell contributions
to the mouse ERG by studying animals with
ganglion cell lesions following optic nerve crush, and by using intravitreal
pharmacological
blockade
and
genetically
altered eyes. Given the importance
of functional
evaluation
of mouse retina with the ERG because
of the potential
utility of the mouse model for neuroprotection
studies it is very important
to identify the
ganglion and amacrine contributions
to ERGs, particularly
when they masquerade
as the b-wave. We also will
study light-adapted
ERGs where preliminary
data indicate more amacrine than ganglion
cell contributions.
The sensitive rod circuit has a few well identified
cells, allowing more directed study of origins of the
STR. For instance, the AII amacrine cells that pass rod signals from rod bipolar to On and Off bipolar and
ganglion
cells are coupled to each other, and to On-cone bipolar cells via a gap junctions,
while making
conventional
glycinergic
synapses with Off-cone bipolar ceils. Recent evidence indicate that connexin 36
(Cx36) is the major gap junction protein in the sensitive rod circuit (Feigenspan
et al., 2001; Guldenagel
et
al., 2001; Mills et al., 2001). It forms homologous
gap junctions
between neighboring
AII amacrine cells in
the inner IPL, and heterologous
junctions
between the AII cells and On-cone bipolar cell axon terminals.
In
recent exciting work Volgyi et al., (2002b) have shown that knocking
out this gap junction prevents
transmission
of sensitive rod signals to On ganglion
cells. We will examine the scotopic ERG of t Cx36 (-/-)
mice, to look for residual Off ganglion contributions.
Previous ERG recordings
in an independently
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developedCX36(-/-) mouse(Guldenageletal.,2001)indicatedseverelossof rod signalsthroughoutthe
retina. However,ganglioncell recordings(Volgyi etal. 2002b),andourpreliminarydata(Sasziketal.,
2002c)aremoreconsistentwith alossof theinnerrodcircuit to Onganglioncells. Giventhis discrepancy,
newERGstudiesareimportant.OurpreliminaryfindingsalsosuggestthattheCx36(-/-)micewill provide
insightinto theroleof AII couplingin generatingamacrinecell drivenresponses
in theERG. Insightsin these
animalsto thefunctionof a secondrodpathwayvia conesandconebipolarcellswill bediscussedin the
sectionon adaptation.(It shouldbenotedthata thirdrod signalpathwayto innerretina,via directcontactsof
rodsontoOff bipolarcellsalsohasbeendescribedby Hacket al., 1999,and Tsukomotoetal., 2001)
BecauseAPB removes all sensitive scotopic ERG responses proximal to the photoreceptors,
although
sensitive Off responses of ganglion cells may survive (Volgyi et al., 2002b), we conclude that we cannot
resolve an ERG reflection of this pathway which may be sluggish as in rabbit (DeVries & Baylor, 1995).
Specific aim 3: Photon-signaling
by rod bipolar cells: linearity of retinal transmission
and signaling of
single-photon
events in the retina
Classical extracellular
recording
studies of retinal ganglion ceils (Barlow
et al., 1971; Mastronarde,
1983) in the intact eye of the cat, showed that under scotopic conditions
one
photoisomerization
(R*) in a single rod within a cell's receptive field was sufficient to give a distinctive
response.
In addition, in the dark nearly all spontaneous
activity could be ascribed to thermal R*, so that the
signal-to-noise
(s/n) ratio in ganglion cells for signaling R*s was quite large. Since ganglion cells sum the
signals converging
on them from hundreds to thousands of rods, this implies either a) that the amplitude
of the
continuous
component
of the rod photocurrent
noise is much lower than has been observed in suctionelectrode recordings
from rods of other species (e.g. Baylor et al., 1984; Field & Rieke, 2002) (for if
summation
were linear, the s/n ratio in rods would have to be higher than that in ganglion cells by a factor
equal to the sq rt of the number of converging
rod signals) or b) that this continuous
noise is not transmitted
in
the pathway from rods to ganglion cells.
The continuous noise observed in rods is not spectrally distinct from the rod's response to photons and
therefore cannot be removed with a linear filter. However,
because its amplitude
is less than that of a single
photon response, it has been suggested
that the noise could be rejected by having a threshold
at one or more
stages of the rod to ganglion cell pathway set to a level above the peak amplitude
of the noise but below the
peak amplitude of the single-photon
response
(as modeled by Von Rossum & Smith, 1998). Recent
recordings
in slice preparations
of mouse (and rat; Euler & Masland, 2000) retina from rod bipolar cells
provide direct evidence for a threshold non-linearity
in the transmission
of signals from rods to rod bipolar
cells (Field & Rieke, 2002). In Field & Rieke's experiments
the nonlinearity
appeared as a supralinear
region
in the amplitude
vs energy function when amplitude
was measured
at the peak of the bipolar cell flash
response
and the stimulus energy was in the region of 1 R*/rod.
Although
they were only able to observe
effects at relatively high stimulus energies in the slice preparation,
they estimated the threshold level to be
comparable
to the average peak amplitude of the single-photon
response and concluded
that about three out of
every four single-photon
signals are rejected along with most of the continuous
noise, although the overall
effect is to greatly increase the s/n ratio at the ganglion cell.
The conclusion
that a large proportion
of single-photon
signals are not transmitted
to the ganglion cells is
inconsistent
with classical work in cat retina which can be interpreted
to indicate that every R* (near
psychophysical
threshold)
gives rise to a discrete ganglion-cell
response.
It is possible that the situation is
different in the mouse or that the estimates
of threshold
level or noise amplitude are not applicable to the intact
eye. It is therefore desirable
to obtain estimates
in the intact mouse (monkey or cat) eye of the amplitude of the
continuous
noise in rods and the threshold level for transmission
at the rod to rod-bipolar
cell synapse (and, of
course, of the proportion
of R'that give rise to ganglion-cell
responses).
(Useful ganglion cell data at threshold
should soon be available from mouse retina in an eyecup preparation
- Volgyi et al, 2002b).
In our cat ERG study in which we studied isolated the scotopic PII component
to give insights into rod
bipolar cell function; we reported a supralinearity
of amplitude
vs. stimulus energy in isolated PII, (Robson &
Frishman,
1995). However,
unlike Field & Rieke's observations,
this supralinearity
in the ERG was only
evident at very early times in the rising phase of the response.
We subsequently
have isolated PII, believed to
be the rod bipolar cell component,
from mouse and monkey ERGs (see preliminary
data) and have seen much
the same phenomenon.
Thus, our preliminary
results support the presence of a nonlinearity,
but suggest that
the level of the threshold
(relative to the single-photon
response amplitude)
and the continuous
presynaptic
noise amplitude are less in the intact eye than in isolated and slice preparations.
In specific aim 3 we propose to measure carefully the time course and sensitivity
of scotopic PII, to use
this response to estimate the noise amplitude
and level of the threshold
nonlinearity,
as we have begun to do
preliminary
studies. Admittedly
ERGs do not provide direct measurements
of either the amplitude of the
continuous
noise in rods or the level of any threshold
in synaptic transmission
from rods to rod-bipolar
cells as
obtained from single-cell
recordings.
However,
they can be interpreted
to provide estimates of both these
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quantitiesaswell asmakingit possibleto studysignaltransmissionovera widerangeof stimulusenergies
underrelativelystableconditions,in intacteyesfunctioningnearlyin the samewayasin activeanimals.
Specific aim 4: To specify sites and mechanisms
of light adaptation.
Light adaptation,
the adjustment
of
sensitivity to the prevailing
level of illumination,
is one of the fundamental
functions of the retina, and most of
the rod-driven
signals that leave the retina are so adjusted.
Among exceptions
would be signals to the
midbrain to control to pupil diameter, and perhaps rod-driven
and melanopsin-driven
signals to circadian
centers (Berson et al.,2002).
Based on the differential
sensitivity
of proximal
and distal retinal potentials
to
background
illumination,
it has been suggested that the adaptation
in the mammalian
retina occurs in stages in
the rat (Green & Powers, 1982; Naarendorp
et al., 2001), cat, monkey and human (Ffishman
& Sieving, 1995;
and mouse (Saszik et al., 2002a).
Further it is likely that more than one mechanism
operates at each stage. In
the proximal retina, "network adaptation"
shifts stimulus response curves shift of cat retinal ganglion with
increasing
illumination,
while keeping full response ranges (Sakmann
& Creutzfeldt,
1969), i.e. "automatic
gain control" occurs, and the mouse negative STR shifts similarly (Saszik et al., 2002a). One contributor
to
this shifting could be "overlapping"
rod pathways of different sensitivity
so that as one saturates or
desensitizes,
the next steps in. This issue is one that we may be able to document
in animals in which specific
inner (and outer, see below) rod pathways may be disconnected
clue to loss of gap junctions
(e.g. Cx36, KO).
Because the STR is desensitized
by backgrounds
that are too weak to affect b- or a-wave sensitivity,
it is
likely that at least some of the cellular mechanisms
for "network"
adaptation
of the STR reside locally in the
sensitive rod circuit of proximal
retina (Frishman
& Sieving, 1995; Frishman et al., 1996a). A mechanism
that
may contribute
to local automatic
gain control is GABAc reciprocal
inhibition.
Recent work in tiger salamander retina (Ichinose & Lukasiewicz,
2002) presents data consistent
with the idea that GABAc receptors on
bipolar cell axon terminals mediate the shifts in ganglion cell sensitivity
created by surround illumination.
Further McCall et al. (2002) have developed
a GABAc knock out mouse. Because GABAc receptors
are
highly expressed
on axon terminals of rod bipolar cells they have suggested
that the site modulates
the visual
signal to amacrine and ganglion cells. Feedback
from A17 (S 1 and $2) amacrine cells forms the AII surround
(Volgyi et al., 2002a), a likely substrate for this adaptation.
In preliminary
exper-iments
in mouse, we found
that the sensitive positive potential, perhaps from ganglion cells, is desensitized
by very weak backgrounds
in
control eyes, but is not desensitized
in GABAc KO mice until PII (from rod bipolar cells) is desensitized.
In the more distal retina, the rod-driven
bipolar cell component,
PII, is desensitized
by backgrounds
weaker than those that desensitize
PIII (the photoreceptor
component
of the a-wave), suggesting
a mechanism
between the outer segment and the bipolar cell. In order to differentiate
rod- from rod-driven
cone
mechanisms,
it would be useful to study adaptation
of PII in a model lacking the gap junction connection.
It
recently has been demonstrated
in rabbit that Cx36 is present in the contacts between cone teleodendria
and
rod spherules (O'Bfien
et al., 2002), the function of which could be to form the second rod pathway.
Such a
pathway is thought to provide a middle (twilight) range of rod-driven
function when rod bipolar cells have
saturated, and thus to provide a smooth transition from scotopic to photopic vision (Smith et al., 1986). If the
pathway is missing in the Cx36(-/-) mouse, then we might be able to see the desensitization
and saturation
of
rod bipolar cells as background
illumination
is increased and to understand
more about the OPL mechanisms
of light adaptation
that may exist at the synapse to the rod bipolar cell. Our preliminary
results suggest that
rod bipolar cells can function in the absence of Cx36 at surprisingly
high background
illuminations
as
compared
to the previous results of Guldenagel
et al. (2001). In order to fully understand
the results we will
carefully separate PII, isolate rod- and cone-driven
responses,
and document
the role of the photoreceptor
with
the nob mouse that lacks a b-wave, but appears to have normal rod function (Kang-Derwent
et al., 2002).
Specific aim 5: Modelin_ of the complete ERG
Modeling of the whole ERG depends critically on a
correct quantitative
understanding
of the individual
components
of which it is composed
and is extremely
important
for any interpretation
of alterations
of the components
in pathological
situations.
The ERG is the
algebraic sum of the individual components
(Granit, 1933), and neither the time course nor the size of those
components
can possibly be determined
accurately
without such models. If some wave in the ERG becomes
larger or smaller or peaks earlier or later, due perhaps to retinal pathology,
this cannot be unambiguously
or
precisely interpreted
in terms of underlying
changes in the components
unless a sufficiently
complete model is
available. Our recent ability to isolate, and characterize
the sensitivity,
kinetics; saturation
non-linearity
and
more recently, time course of specific components
(e.g. Robson & Frishman,
1995; Saszik et al., 2002a;
Robson et al., 2002) has made this kind of modeling
more feasible, but the goal is an ambitious one, and relies
heavily on published
descriptions
of stimulus-response
characteristics
of the various retinal cell types. While
our ultimate goal is to devise a model that would enable the complete ERG waveform
to be predicted
for all
stimuli, we will focus in this proposal on models of two simplified kinds: 1) models of the time course of the
photoreceptor
and bipolar cell contributions
to the ERG, and 2) models that describe the amplitude-energy
function for a wide range of stimulus energies measured
at fixed times after the stimulus.
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c. Preliminary
Studies/Progress
Report
This is a competing renewal application for a project that was last renewed in 1996. The main objectives
in
the previous application were to identify, describe, and to determine the retinal origins of components
of the
primate ERG, and to construct
quantitative models that would be useful in predicting responses
to flashes
under any condition
of light adaptation. We also proposed,
based upon our findings in monkey eyes with
experimental
glaucoma, a study of ERGs of human patients with primary open angle glaucoma.
The specific aims of the project, abbreviated, were #1: To test the hypotheses
that the leading edge of PII
directly reflects the post-synaptic
current of rod bipolar cells, and can be described by a model that adds three
additional stages of integration
for the G-protein
cascade in the bipolar cell to the three in the photoreceptor
(Lamb & Pugh, 1992; Nawy & Jahr, 1991).
#2: To test the hypothesis
that neurons of the inner retina in
macaque contribute
to the early part of ERG responses to flashes intense enough to elicit the a-wave.
#3: To
test the hypothesis
that retinal ganglion cells in macaques contribute
a substantial (mainly negative) signal a)
to the dark-adapted (scotopic)
flash ERG, and b) to the light-adapted (photopic)
flash ERG. #4: To test the
hypotheses
a) that the amplitude of the normal macaque ERG can be modeled as the algebraic sum of several
component
potentials
whose amplitudes initially increases linearly with intensity,
but then saturates according
to a characteristic
function and b) that after inner-retinal responses
have been removed, the early (negative)
portion of the scotopic ERG can be described as the simple sum of photoreceptor
and bipolar-cell
responses.
#5: To test the hypothesis that a sensitive mainly negative component
is absent or greatly reduced in the darkadapted flash ERG of human patients with endstage glaucoma.
This last aim was altered to study instead, the
light-adapted
(photopic)
ERG in patients with primary open angle glaucoma.
We made this change because
we were able to identify a negative wave from proximal retina that was altered in monkeys
with experimental
glaucoma,
the changes were apparent at relatively early times in the progression
of field defects, and photopic
ERGs are much more amenable
to testing in a clinical setting than scotopic threshold
responses.
#6: In yr.
2000, in our progress report, we added the aim of testing the hypothesis
that there is an STR in the mouse
ERG that comes from proximal
retina. With the advent of transgenic
technology,
particularly
in mice, we saw
the opportunity
to study effects on the retinal function of genetically
manipulated
or mutated circuitry
(.e.g.
knock out of Cx36, GABAc,
mice deficient
in disabled
or reelin-1 etc), and to refine and improve
ERG
assessment
of murine models of retinal disease, e.g rodent glaucoma models (Goldblum
& Mittag, 2002)
As documented
below by summaries
of publications,
papers in press, papers in preparation,
and work in
progress we have made significant
strides toward the previous (ambitious)
specific aims. We have gained a
better understanding
of proximal
retinal contributions
to the ERG in primates,
cats and, most recently, mice,
under scotopic
(papers #1,11,12,
2P, 3P) and photopic
conditions
(papers #2-10,12,
1P, 4P), we have made
substantial
progress toward developing
quantitative
models of the whole ERG that can usefully be applied to
normal retinal functions
as well as to disease models (papers #1,11,12),
and we have identified
a clear, early
indicator of proximal retinal damage in the ERG of glaucoma patients (paper #4).
I. Studies that are published,
in press, in preparation,
and preliminary
new findings
A. Dissecting
and modeling the scotopic ERG and photopic ERGs in the macaque (Specific Aims #1-4)
In paper #1, "Dissecting
the dark-adapted
electroretinogram"
(Robson
& Frishman,
1999) and more
extensively
in paper #12, "Rod and cone contributions
to the a-wave of the electroretinogram
of the darkadapted macaque"
(Robson et al., 2002), we applied various procedures
in intact macaque
and cat eyes to
identify and characterize
the contributions
to the dark-and light-adapted
ERG of different
cells in the retinal rod
and cone pathways.
These procedures
include
1) examination
of the very early part of the flash response
(believed
to reflect directly rod, and for high energy flashes, cone, photocurrents),
2) application
of highenergy probe-flashes
to provide information
about the underlying
rod photoreceptor
response even when this
component
is obscured by responses
of other cells, and use of this information
to modify existing models of
photoreceptor
responses
3) pharmacological
suppression
of responses
of amacrine
and ganglion
cells to
identify the contribution
of these cells and to reveal and to model the weaker responses
of bipolar ceils, 4) use
of intravitreal
pharmacological
agents
that block transmission
of signals
from photoreceptors
to more
proximal
neurons
to separate responses
of receptoral
and postreceptoral
neurons,
5) examination
of the ERG
changes
produced
by ganglion-cell
degeneration
or pharmacological
block of nerve-spike
generation
to
identify the contribution
of spiking neurons,
6) modeling
measured
amplitude
vs energy functions
and time
course of flash responses
and 7) using steady backgrounds
to obtain differential
reductions
in sensitivity
of
different cell types.
While paper #1 is partially a review, it also contains new data on the time course of the
(derived) rod photoreceptor
response in primates,
and together, papers #1 and #12 present substantially
revised
models of the early part of the flash response of the ERG in mammalian
retina.
In paper #12, we specifically
focused
on modifying
the most commonly
applied kinetic model of the
leading edge of photoreceptor
responses
(Lamb & Pugh, 1992) to improve
its ability to predict the leading
edge of photoreceptor
responses
over a wide range of stimulus energies. The major alterations
were to include
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time constants
for the modeled stages of the transduction
cascade, that were based upon photoreceptor
time
course data that we derived
from paired flash studies and to replace
the initial transport
delay with a
compound
distributed
one.
We were able to greatly improve model descriptions
of the leading edge of the a-wave (e.g. see Fig 1A,
where points are digitized a-wave and grey line is the model; from Robson et al., 2002).
However,
we were
not able to extend the model over the full time course of the response
to join the leading edge of the flash
response to the derived response, due to distortions
in the derived data at times before the peak of the response
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the response, after figuring out the source of the deviations,
which,
data, perhaps due to the relative scarcity of cones in those retinas.
#12 also showed that the PDA-sensitive
postreceptoral
contributions
on the leading edge of the
ERG are very susceptible
to light adaptation.
As shown in the top of Fig. 2, for the left eye of one
animal (panel A, black lines) the sloping portion of the photopic
aEffect of TTX/NMDA and PDA
wave for flashes ranging from 0.37 - 5.9 x 10" ph td.s) was much
larger when the dark-adapted
cone response
was measured
300 ms
0
after tuming off a rod-suppressing
background
(2500 sc. Td), than
when the same flashes were presented
after more than 20 minutes
> -50
::L
of
adaptation
to
a
continuous
background
of the same illumination
Left
-100
(Panel B).
In preliminary
experiments
we had asked whether the effect of
-150
PDA was to block Off bipolar cell contributions,
as suggested
by
0
Bush
&
Sieving
(1994),
or
more
proximally
generated
contributions
that are also affected by PDA. Figs. 2A and B show
_>_-50
(red lines) that the effects
of intravitreal
NMDA
(a glutamate
continuous
_
_
_"'-7_/
\_7
agonist that reduces responses
from retinal ganglion
and amacrine
-100
background
_
w
cells) are very similar to those of PDA (blue lines in Fig 2C). In
the new specific aim #1, we will carefully
separate postreceptoral
0
contributions
to the photopic ERG.
Right eye
_%
//
\
-50
B. The photopic negative
response
(PhNR) (Specific aim 3 & 5)In
continuous
_
_
\'%/_/
background
_
v
a
series
of
studies
(papers
#2-4,
1P,
2R) in anesthetized
macaques,
-100
-pre-drug
control
-poat-PDA
cats, and human
subjects,
we have identified
a slow negative
i
i
t
i
t
potential
in the photopic
full-field flash ERG that we have called
Fi_. 2
0
5
10
15
20
the photopic
negative response
(PhNR), which originates
from the
Time after flash (ms)
proximal retina, and probably specifically
from ganglion cells. For
most of these studies the stimuli were red LED ganzfeld
flashes on a rod-saturating
blue background.
We
initially
selected this stimulus
to isolate cone-driven
responses
in macaques,
taking advantage
of the low
sensitivity
of rods to long wavelengths,
but found that it was a particularly
good stimulus for eliciting conedriven
proximal
retinal
responses
(paper
#2,
"The photopic
negative
response
in the macaque
electroretinogram
is reduced
by experimental
glaucoma",
Viswanathan
et al., 1999). In paper#4,
"The
photopic
negative response of the flash electroretinogram
in primary
open angle glaucoma."
(Viswanathan
et
al., 2001) we showed that in humans,
as well as monkeys,
a PhNR follows the b-wave, reaching
its most
negative
point between
-60-120
ms after light onset, depending
upon the stimulus,
and when the flash
duration is long enough, it appears again after the d-wave. (e.g. Fig. 3 "Red on Blue").
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Several
lines
of evidence
indicate
that
the
PhNR
originates
from the spiking
activity
of retinal
ganglion
cells and their axons. In both
monkeys
and
cats
the
response
is eliminated
by
intravitreal
tetrodotoxin
(TTX < 4 p.M) which blocks
Na +-dependent
action
potentials
that occur in all
ganglion
cells,
in
some
amacrine
cells
and
in

interplexiform
cells. In monkeys with laser-induced
experimental
glaucoma,
a pathological
condition
known
to destroy
ganglion
cells, the PhNR also was reduced
or eliminated,
strongly
implicating
ganglion
cells
(Papers #1 & 2). The monkeys
also were being tested regularly
by our collaborator,
Dr. Ron Harwerth,
for
progression
of field defects using standard
white 24-2 stimuli in a Humphrey
perimeter.
The reduction
was
present even when field defects were mild <6 dB, and became larger as field defects progressed.
Currently
we
are following
individual
animals closely to determine
more exactly the relation between PhNR amplitude
and
field defects (paper #2R, "Visual field defects and neural losses from experimental
glaucoma,"
Harwerth
et
al., 2002).
In cats, studied with intraretinal
microelectrode
recordings,
we found that a TTX-sensitive
field potential
of similar time course to the PhNR was prominent
in the region of the optic nerve head, an area dominated
by
ganglion
cell axons
(paper #1P, "Evidence
that negative
the photopic
negative
response
of the cat
electroretinogram
originates from axons of retinal ganglion cells" Viswanathan
& Frishman,
1997). In both
cats and monkeys
the response
was eliminated
by Ba _+, a K+-channel
blocker that affects currents
in glia,
indicating glial (perhaps astrocytic)
involvement
in producing
radial currents mediating the response.
An important
question is whether the PhNR will be of use in clinical evaluation
of human patients with
compromised
inner retinal function. In paper #4, we recorded
photopic
flash ERGs of patients with primary
open angle glaucoma
(POAG) and age-matched
controls using stimulus and recording
conditions
very similar
to those for macaques.
PhNR amplitudes
for normal subjects were often, as in macaques,
in excess of 20 p.V
(measured
from baseline)
for brief flash responses.
PhNRs of the patients were reduced
relative to control
subjects
even when sensitivity
losses, measured
using standard
static perimetry,
were mild, and PhNR
amplitude
was correlated
significantly
(p<0.05)
with mean deviation,
corrected
pattern standard
deviation
of
visual fields, and vertical cup to disc ratio. In related work we are looking at the PhNR of patients with other
diseases that affect optic nerve, such as optic neuritis.
The pattern ERG (PERG)
has been the most common
noninvasive
measure
of ganglion
cell activity
(Maffei & Fiorentini,
1981; Maffei et al, 1985).
The N95, a negative
wave in the transient
PERG that is
maximal
about 95 ms after each contrast reversal of the pattern on a CRT, is reduced in glaucomatous
eyes of
humans (Graham et al., 1996 for review) and monkeys
(Johnson et al., 1989). Because the PhNR has a similar
implicit time to the N95, and is likely to originate
from ganglion
cells, we compared
effects of experimental
glaucoma and effects TTX on the two responses
in macaques
in paper #2, "The uniform field andpattern
ERG
in macaques
with experimental
glaucoma:
removal
of spiking activity,"
(Viswanathan
et al., 2000). Results
indicated common origins for the two responses.
Furthermore,
the PERG waveform
(measured
at 2 Hz) could
be simulated
adequately
by adding together the ERG responses
to onset and offset of a uniform field, mainly
due to the presence of the PhNR.
We found the PhNR to be at least as sensitive
as the N95 of the PERG (Graham et al., 1996) in detecting
glaucomatous
damage in POAG patients (and OHT suspects),
but much easier to measure.
With appropriate
stimulus conditions,
it can be a larger response
than the PERG, it does not require refractive
correction,
and
will be less affected
by opacities
in the ocular media than the PERG.
The PhNR has promise
for early
detection of glaucoma and perhaps for monitoring
early therapeutic
interventions.
Although
LED stimulators
that easily produce chromatic
stimuli such as we have used to study the PhNR
are available,
it is still more common for clinics to measure ERGs using white flashes on white backgrounds,
but PhNRs have not commonly
been observed
in response
to such stimuli.
In preliminary
experiments
we
have therefore
compared
responses
to our red flash on a blue background
with those to a white flash on a
white background
for a monkey with experimental
glaucoma.
Fig. 3 shows results for responses of the control
and experimental
eye to 200 ms flashes.
The figure shows that with a red stimulus and blue background
a
PhNR is clearly visible even when stimulus energy is low, but with a white stimulus on a white background
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the PhNRonly becomesas obviousas this when the stimulusenergyis higher. Despitethe differences,the
effect of glaucomaon the PhNRis easilydetectablein the responses
to white stimuli (comparethe regions
underthe dashedredlines in the two conditions).Fig 3 alsoshowsthatresponsesto whitestimuli containa
largemaintainednegativecomponentthatwasdemonstrated
to bePDA-sensitiveby Sievinget al. (1994). In
the new specificaim 1 we will study the effectsof stimulusconditionson photopicERGresponsesmore
systematically.
C. Photopicflicker ERG. We havealsostudiedproximalretinal contributionsto the flicker ERG which is
commonlyusedin the clinic, particularly~30 Hz, to assessconefunction. Kondo & Sieving (2001; 2002)
have shown, using intravitreal
APB and PDA, that there are substantial
postreceptoral
contributions
to the
fundamental
Fourier
component
(F1) of the flicker ERG that persist for different
modes of stimuli,
i.e.
sinusoidal
flicker as well as for the more common
brief flash flicker used clinically.
In paper #5 "Innerretinal contributions
to the photopic flicker
electroretinogram
of macaques"
(Viswanathan
et at., 2002) we
investigated
retinal contributions
to ERG responses
to full field sinusoidal
flicker (red LEDs) over a large
range of flicker frequencies,
that originate from cells proximal
to the bipolar cells using intravitreal
injections
of TTX to block Na+-dependent
spiking of retinal ganglion
and amacrine
cells, followed
by NMDA to
suppress
all activity of these cells.
TTX, or NMDA, produced
small changes in fundamental
(F1) Fourier
component
but large changes in the 2 nClharmonic,
F2. Whereas for F1, proximal
retinal contributions
were
small relative to those from bipolar cells, for F2, they were equal or greater between 2 and 16 Hz. Changes in
F2 for full field flicker responses
are consistent
with CSD studies in monkeys
showing the proximal
location
of the retinal generators
of F2 (Baker et al., 1988).
Recordings
also were made after blocking
bipolar (and
horizontal)
cell responses
with APB and PDA or the KA/AMPA
receptor-blocker
CNQX, and these gave
results replicating
those of Kondo & Sieving (2001).
Given the likelihood
that ganglion
cells contribute
at
least to F2, in new specific aim #1 we will evaluate the effects of experimental
glaucoma on flicker responses.
D. Proximal retinal and ganglion cell (optic nerve head) contributions
to the multifocal
(mfERG)
In a series
of studies we examined
the proximal-retinal
and bipolar-cell
contributions
to the mfERG in macaque
eyes.
These studies (papers #6-10 and 4P) were done in collaboration
with Dr. Don Hood, and they were partially
supported
by a (small) subcontract
on one of his grants.
However much of the work was carried out to satisfy
the mission of the present project, exploring
proximal
retinal contributions
to macaque ERG, and therefore
they are described
here. This is particularly
true of paper #4P, in which the timing of the stimulation
was
arranged
to simulate the classical
photopic flash ERG (see below), and we are proposing
a continuation
of
these studies in the present proposal (we will not seek to renew the subcontract).
A limitation
of full field stimuli for flash ERGs is that they do not allow measurements
of regional
differences
in ERGs or localized
losses in function.
Sequential
focal stimulation
is impossibly
time
consuming
because it produces
such small responses
and a more effective
procedure
is the mfERG (Sutter,
1991; Sutter & Tran, 1992), which produces
simultaneous
recordings
of focal responses
from more than 100
different retinal regions.
Relevant to the proximal retinal contributions
to the response, an algorithm to extract
a component
thought to be generated
at the optic nerve head by ganglion
cell axons has been developed
(Sutter & Bearse,
1999) which is based on the distinguishing
feature of an optic nerve head component
(ONHC) - a change in latency of the waveform
as a function of the distance from the optic nerve head. These
changes create nasotemporal
variations
in local mfERG responses
that are unusually
prominent
in the ERG of
the species of monkey (Macaca
mulatta) that we use as subjects.
The stimuli consisted
of 103 equal-sized
hexagons;
each about 3.3 ° wide, displayed
on a white monochrome
monitor with a video frame frequency
of
75 Hz, but the actual duration of the light flash producing
each hexagon
was <1 ms. Commercial
VERIS
software was used to compute
1S_and 2naorder kernels for the focal ERG from each hexagon.
In papers #6-10
we demonstrated
that the nasotemporal
variations,
which could mainly be isolated from 2n° order kernels,
were eliminated
by intravitreal
injection
of TTX or by a combination
of TTX and NMDA, e.g. paper #6,
"'Evidence for a substantial
ganglion cell contribution
to the primate electroretinogram
(ERG): the effects of
TTX on the multifocal
ERG in macaque."
(Hood et al., 1999).
In paper #8 we presented
evidence
that the
TTX-sensitive
component
shared similar characteristics
with the calculated
ONHC, "The optic nerve head
component
of the monkey's
(Macaca mulatta) multifocal
electroretinogram,"
(Hood et al., 2001). In paper #9,
we used APB and PDA to isolate On and Off bipolar-cell
contributions
to the mfERG, "Retinal origins of the
primate multifocal ERG : implications
for the human response"
(Hood et al., 2002).
In paper # 4P, "Regional
variations
in the photopic full-field flash ERG revealed using the slow-sequence
mfERG,"
(Rangaswamy
et al. 2002) we slowed the presentation
of the stimulus by interleaving
blanks so that
we could simulate normal flash stimuli separated
by about 200 ms (Hood et al., 1997).
In these studies we
found nasotemporal
variations
in the oscillatory
potentials
(OPs) as seen in full field photopic
flash ERGs,
likely related
to the ONHC,
as well discovering
differences
in peak time of On and Off bipolar
cell
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contributions
to the response between fovea and about 17 degrees peripheral.
We also investigated
the use of mfERGs
as an objective
method of assessing
neural losses in monkeys
with experimental
glaucoma
during the progression
of their visual field defects in paper #10, "Effects
of
experimental
glaucoma
in macaques
on the mf ERG" (Frishman
et al., 2000) and this work is ongoing
particularly
for the study of OPs in the slowed sequence mfERG (paper #2R and Rangaswamy
et al., 2002
ARVO).
In general we have found, for both fast and slowed sequence
mfERGs,
that the TTX-sensitive
oscillatory
components
are reduced as field defects become more severe in experimental
glaucoma.
E. Isolation of the rod-bipolar-cell
response in the scotopic ERG.
In cats,
monkeys
and mice
we have
pharmacologically
isolated the PII component
of the scotopic ERG which we believe to be the rod-bipolar-cell
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component.
The center panel of Fig. 7 shows mouse PII, isolated with intravitreal
GABA and compares
it
with a patch electrode current recording
from rod-bipolar
cell in a mouse retinal slice preparation
(from Field
and Rieke, 2002); the time courses are remarkable
similar.
In the right-hand
panel, showing isolated cat PII,
we have analyzed the response
into a faster component
that we believe to be a direct reflection
of the postsynaptic current, and a slower component
that is the first integral
of the faster component
and which we
believe to be the Mfiller-cell
response, contributing
mainly to the tail of the response.
The identification
of the
Mfiller-cell
component
is corroborated
by the observation
(shown in the inset) that intravitreal
injection
of
barium to block K ÷ channels removes
a similar part of the total PII response (also see Xu & Karwoski,
1994).
The
left-hand
panel
shows
a set of energy-scaled
recordings
of
A
Rh* per rod
_0_ _0-_,0-_-,0-, ,00 ,0, _0, pharmacologically-isolated
macaque PII fit with the kinetic model line of
_00o-,;0L .....................................................
Robson
& Frishman,
1995) as well as what the responses
looked
like
--_,
----'_"
100

--

--_: ......
'°
,
.

-_
_,
_0o

_"_

before energy scaling. In new aim #3, we will use more heavily
recordings
of these responses
to estimate rod to rod-bipolar-cell

_0

and

_!
-_o

observations
suggest there may be slightly
than in macaque or perhaps cat.

averaged
threshold

P_I
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noise.
noise

level

Preliminary
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_
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F. Scotopic ERG of the mouse
In our progress
report for year 2000 we added an additional
aim, to
study and develop a quantitative
model of the components
of the scotopic

.........
/

rod-bipolar-cell
contributions
in this important
retina.
The initial study in
ERG of the mouse.
We proposed to characterize
the inner retinal
andthe
paper
#11,
"The
scotopic
threshold
response
of the dark-adapted

ii _

_o-,_/_
electroretinogramof
themouse."
Saszik
et al., (2002a)
provides
a
o oo_
baseline description
and model of the mouse scotopic ERG.
ERGs were
_
,
recorded from anesthetized
adult wild type C57/BL6 mice and efforts were
.5o .............
made to reduce noise to reveal the responses
from the sensitive rod circuit.
_
_
_ _
"_ _
_
° Scotopic
ERGs to very weak flashes consisted
of a slow negative
STR
Flash
energy
(log
sctd s)
maximal ~200 ms after the flash, with a small positive potential
preceding
Fi_. 5
it. For stimulus strengths
up to those at which the a-wave emerged,
ERG
amplitudes
measured
at fixed times after the flash at the peak of the positive b-wave and of the negative STR
(110 and 200 ms) were fit with a model assuming an initially linear rise of response amplitude
with intensity,
followed
by saturation
of five components
(in order of declining
sensitivity):
a negative
STR (nSTR),
a
positive STR (pSTR),
a positive
scotopic
response
(pSR), PII (the bipolar
cell component)
and Pffl (the
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The average model lines for 20 animals from Saszik et al. (2002a) are shown in
photoreceptor
component).
Fig. 5.
A small response
in the ERG could be seen
ONC
control
when
only
1 in about
2500
rods
was
• I_ll,C_,
_1
stimulated
which approaches
the maximum
absolute
sensitivity
reported
for humans
of
about 1 in 10,000 rods.
Pharmacological
agents that suppress proximal
retinal activity
(e.g. GABA and NMDA) removed the pSTR,
nSTR
and pSR, essentially
isolating
PII,
which we propose to be the rod bipolar cell
Fig. 6B
component
(new specific aim #3). Scotopic
-H -L1
ERGs before (black) and after (red) GABA
.l.7 ,_.$
are shown on the left of Fig. 6A while Fig.
7A shows amplitude
vs energy plots for the
-22 4.1
response
before
(filled
circles)
and after
•U ,1.9
(open
circles)GABA.
After GABA,
the
-3.4-5_
response
increased
linearly
until saturating
4_ ,_.1
as a hyperbolic
function of the energy (black
line).
Fig. 7B shows that GABA removed
Fig. 6C
the negative STR as measured
at 200 ms.
In these studies,
we modeled
proximal
Fig. 6A
retinal
contributions
to the ERG, and we
were able to eliminate
them with GABA (e.g. Figs. 6 and 7). An important
question that we will pursue in
new specific
aim #2 is the ganglion
vs amacrine
cell origins of these GABA-sensitive
potentials.
One
approach
to removing
ganglion cells is to crush the optic nerve and wait (-21 days, Li et al, 1999) for the
ganglion
cells to degenerate.
Preliminary
data from optic nerve crush (ONC) experiments
are shown in Fig.
6A (right hand panel) where ERGs of ONC and control eyes are superimposed.
The main finding was a loss
of the sensitive positive potential.
Inspection
of the fundus (Fig 7B) shows that the vasculature
in the ONC eye has not been damaged while
immunolabeling
(Sherry lab, Fig.7C) shows that ONC selectively
eliminates
ganglion
cells as demonstrated
by triple labeling for Bm-3a, GABA and glycine.
Fig 7C, left: Bm-3a (blue), a ganglion cell-specific
marker,
labels numerous
ganglion cells (GCs) in the control eye retina. Labeling of
A
R_-perro_
blood vessels (by) is non-specific.
Labeling for GABA (red) and glycine
....._ _1._ lg_ 1_, !_ !o_ ?_
(green), to identify displaced
amacrine (DA) and amacrine cells, is normal

-%r= J

1000 _0 ms
_

_

_l_nlr°l

_

in control eyes. A prominent
amacrine cell shows colocalization
and glycine (*). Fig. 7C, right: three weeks after ONC, labeling

_¢_

demonstrating
selective
loss of ganglion
cells.
ONC also eliminates
is absent, for however,
labeling
other ganglion-cell-specific
labeling
for GABA markers,
and glycine
such as
are MAP-1
unaffected,and
neurofilament
70 kDa (data not shown). Scale bars = 20 lam.
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In other preliminary
experiments
we injected NMDA and waited 6-10
days, also used by Li et al (1999) to lesion ganglion
cells, but immunoanalysis showed selective loss of certain amacrine
cell populations
as well,

so it was not a "clean"
drug for lesioning
ganglion
cells.
We have
measured
ERGs of Brn-3b
KO animals
(Steven,Wang,
Ph.D. Baylor
100 jo
o _o_,_
_,_
College of Med.; data not shown) and these resemble
ONC ERGs.
_7
Fig. 6A (central
column)
shows preliminary
ERG results in David
_"
"
Paul's Cx36(-/-)
vs wild type (WT) animals to demonstrate
that the only
°
"'''"'
change is a loss of a sensitive
negative
component.
Unlike the results of
Guldenagel
et al (2001) in a different Cx36(-/-) model, we found that the b-100
.
_
.
_
.
=
,
n
'
i
'
.
'
._ _ ._ _ -_ _ -1
wave showed normal growth in amplitude
over the entire range of flash
Fig. 7
Flashanergy(Iogsctds)
energies up to response
saturation;
the plot at 110 ms was identical to the
control
data in Fig. 7A (data not shown).
In contrast,
the plot of the
Cx36(-/-)
response at 200 ms after the flash looked much like the post GABA result in Fig. 7, i.e. the nSTR
was eliminated.
It is tempting
to think that this indicates that the nSTR is generated
by On ganglion
cells,
because
sensitive
rod-driven
responses
from On ganglion
cells are absent in Cx36(-/-)
mice (Volgyi et al.,
2002b), but the ONC results are not consistent
with the nSTR originating
primarily
from ganglion
cells,
_-colntrol

_

/
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becausean nSTR remains. However,the combineddataof ONC and Cx36(-/-) stronglysuggestthat the
sensitivepositivecomponentarisesfrom Off ganglioncells. ONC removesthepositiveresponse,andit, like
Off ganglioncell responses,
doesnot rely on Cx36. We will investigatein newspecificaim#2 whetherthese
areperhapsamacrineceilswhoseresponses
dependupontheCx36beingpresent.
G. Effectof light adaptationon thescotopicERG. In paper #3P, "Effects of light adaptation
on the
sensitivity
and kinetics of the rod P2 component
of the cat ERG," (Xu et al.) we studied the stages at which
light adaptation
of rod-derived
signals occurs by examining the effects of steady backgrounds
on 3 rod-driven
components
of the scotopic ERG of the anesthetized
cat: 1) the negative STR 2) PII, the cornea-positive
signal
that reflects the activity of depolarizing
bipolar cells and 3) the rod photocurrent.
Rod-driven
PII was isolated
by first subtracting
responses
obtained after intravitreal
injection of L-APB from responses
after NMDA and
then subtracting
the purely cone-driven
responses
to the same stimuli (recorded
a short time after a rodsaturating
conditioning
flash).
The rod photocurrent
at a given time after a test flash was determined
by
measuring
the reduction
of the response to an intense rod-saturating
probe-flash
presented
at that time.
We fit hyperbolic
functions
to isolated PII, to obtain a measure of the sensitivity
(see new specific aim #4)
10_--//
of the response
as a function of background
illumination.
Results
for 4 cats are illustrated
in Fig. 8 which includes sensitivity
of the
10, [ Psychophysics (A_
STR and PHI similarly
derived,
together
with a plot of the
_"
10 3
psychophysical
increment
sensitivity
of human rod vision.
The
figure shows that both the STR and PII desensitize
in proportion
to
10 2
"o
background
illumination
(ie
follow
Weber's
Law),
and
that
the
Rod component
v___j
101
STR is affected by weaker backgrounds
than PII.
The effect of
100
P2
background
illumination
on PII sensitivity
was unchanged
when
activity
of
Off-bipolar
and
horizontal
cells
was
suppressed
(with
1011
intravitreal
kainate/AMPA
blockade),
GABA
was injected,
or
o
10a
STR
j
GABAergic
inhibition
was eliminated.
Thus it appears
that the
10
mechanism
of PII adaptation
is intrinsic to the bipolar cell (e.g.
[
Ca 2÷' Nawy, 2000), or in the rod to bipolar synapse. However,
once
10_
10-5
104
10a
102
10-_
10 _
10 _
102
103
104
the
background
was
raised
to
50
sc.
Td,
rod
sensitivity
was
itself
Background
(scot
td)
Fig. 8
reduced
to an extent
sufficient
to explain
the PII sensitivity
reduction
observed at these levels. There are similar effects of backgrounds
in mice (Saszik et al., 2002a).
A very important
question that we could not answer in normal eyes is at what background
level the
rod-bipolar
cell saturates, and rod-driven
PII might originate from cone- rather than rod-bipolar
cells. If the
Cx36(-/-)
mouse lacks the gap junction
Dark-adapted
-l.I
log sc td
1.0 log sc td
2.5 log sc td
that allows rod signals to travel into cone
50 ms
50 ms
00•
pedicles
(e.g. O'Brien
et al., 2002), then
we may be able to study the rod bipolar
oO_ °
cell response
alone
in these animals.
o
•
Control
_•
C0ntr0
o
CX36(-/-)
0
CX36{-/-)
Our data (Fig. 9, top row: responses
0
-4
-3
-2
-1
0
1
-1
0
1
2
3
4
-7
-6
-5
-4
-3
-2
-1
-5
-4
-3
-2
-1
0
measured
near the peak of the b-wave at
200
the times
noted;
Cx36(-/-)
red, WT
black)
suggest
hardier
rod-bipolar-cell
responses
than we would have predicted
llOms
]
) llOms
based on dark-adapted
data from mouse
-201) I
and cat.
Very careful analysis
(rod vs
.7
-6
-5
-4
-3
.2
-I
-5
-4
-3
-2
-1
0
1 -4
-_
-2
-I
0
1
2 -2
-I
0
1
2
3
4
cone signal) and modeling
(PII vs PIII)
Lag flash energy (so td s)
Fig. 9 _,,_,l:_,h.,.m,,_,e,, L,,_n._,,,,,,.,_,_,a,, h,gflasl ..... K,'(_ctds)
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emergence
at -1.1 log sc td of a negative
signal, suggestive
of another pathway
into
inner retina, but its rod/vs cone origin needs to be clarified.
At higher light levels,
rod photoreceptors
may be producing
the large negative potentials.
In other preliminary
experiments
we have asked about the role of GABAc
receptors
in determining
the STR amplitude
and inner retinal gain control.
To study
this we are using the GABAc(-/-)
mouse of McCall et al. (2002).
Although
we have
not seen enlarged negative
STRs observed
in rat ERG in the presence
of GABAc
blockade
(Kapousta-Bruneau
2000), we have seen a larger than normal positive STR
or pSR.
Interestingly,
the positive
response
also does not show the dramatic
desensitization
with increasing
background
illumination
that we have observed
in
normal mice (Saszik et al., 2002a).
Fig. 10
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In normal mice (and WT control mice) by a background
of -1.7 log sc. Td in Fig. 10, the b-wave
(upper
records)
can be fit by the hyperbolic
(PII reflecting
rod bipolar cells), because the inner
retinal responses
are absent, presumably
very desensitized.
In contrast, in the GABAc(-/-)
animal, the more sensitive responses
than those predicted
by the PII component
model are still present, which could be interpreted
as a lack of gain
control. At present, we do not know why the negative potentials are not similarly affected.
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d. Research
Design and Methods
The section has two major portions:
1) general methods applicable
and 2) specific protocols and methods to accomplish
each specific aim.
I. General
Methods

to many

or all of the experiments;

A. Recording
1. Macaques:
For many experiments
in macaques
we shall noninvasively
record the ERGs from both
eyes in several "chronic"
survival sessions to get good control data and some idea of variability
under various
stimulus conditions
(e.g. aim #1 ; animals with monocular
experimental
glaucoma)
prior to any
pharmacological
manipulations
that we then undertake.
Control data also will be collected immediately
before any pharmacological
agents are injected, as it is necessary
to verify the stability of control data for each
particular
experiment,
and to establish their validity with respect to previous recordings.
In order to maximize
data from each monkey, pharmacological
manipulations
will be done separately
on different days in the two
eyes. For the first eye, the pharmacological
blockade
experiments
will be undertaken
in a recovery
session,
just as in the control runs, that will generally
last 3-5 hours, but not never >10 hours. Intravitreal
injections
will be made using sterile procedures.
Afterward
the animals will be monitored
and treated for infection,
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shouldit occur. In somecasesthesameeyewill be studiedin anothersessionto checkfor recovery,or to
introduceotheragents.At a latertimewhenpharmacological
agentsareto beinjectedin the secondeye,that
eyewill bestudiedin a terminalexperiment.If a terminalexperimentis plannedto lastmorethan10hours,
the animalwill bepreparedasan"acutepreparation"(seebelow).
In chronicsurvivalexperimentsmonkeyswill be anesthetised
with ketamine(20-25mgkg-1,IM) and
xylazine(0.8-0.9mg kg-1)andinjectedwith atropinesulfate(0.04mg kg-l, SC). Anesthesiawill be
maintainedata level sufficientto preventtheanimalfrommovingor blinking,or reactingto intravitreal
injections,with the sameor smallerdosesgivenhourly. Thechinwill reston a smallpliablepillow, with no
headrestraint.Heartrate(normally80-140BPM with this drugregimen)andblood02 (SpO2> 80mm Hg)
will bemonitoredcontinuouslywith a pulseoximeter(model44021;HeskaCorp.,USA). If heartrate
decreases
below80BPM,anesthesia
will bediscontinuedandyohimbine(0.5mg kg-1,IV) administered.If
SpOzfalls to <80mmHg, 02 will be administered.Whentherecordingsessionis over(generally3-5, butup
to 10hr) is over,anesthesia
will bediscontinued,andanimalsreturnedto theircagesaftertheywakeup.
Monkeysusedin acute,terminalexperimentswill initially beanesthetized
asabove,afterwhich deep
anesthesia
sufficientto keepvital signssteadyduringsurgery,recording,andintraocularinjectionswill be
maintainedwith urethane(100mg kg-_loadingdose,followedby intravenousinfusionof 20 mgkg-_hr-_).
Animalswill beheldin a headholder,with lidocaine(1%)injectedatpressurepoints. Thetemporalbonewill
be removedto exposethe sideof theeye,andtheeyefixed on a ring. Indomethaein(2 mg) will beappliedto
the eyeto suppressinflammatoryreactions.Eyemovementswill beinhibitedby infusionof pancuronium
bromide(2 mgkg-ahr-1)whichis sufficientto paralyzethe animal. Animalswill beartificially ventilatedto
maintain expiredCO2at4% (+/- 0.3%)by adjustingstrokevolumeandrespirationrate.Heartrate(100-150
BPM with thisdrugregimen),andmeanbloodpressure(> 80mmHg) will be continuouslymonitored.
LactatedRinger'ssolution(2.5%)will beinfused(2-4ml kg-1hr-1)to maintainhydrationandion balance.If
bloodpressurefalls, thefeetwill beelevated.If vital signsall fall belownormal,theexperimentwill be
terminated.Rectaltemperature
will bemaintainedat 36.5-38° C with a thermostatically-controlled
electrically-heated
blanket(CWE,Inc.,Ardmore,PA). Bothpupilswill befully dilatedto about8.5- 9 mm
diameterwith topicaltropicamide(1%)or atropinesulfate(0.5%),andphenylephrineHC1(2.5%). At
terminationof theexperimentwhichcanbeexpectedtolast 11-36hours,animalswill bekilled with an
overdoseof sodiumpentobarbital(100mg kg- ).
In chronicexperimentsERGsfrom onestimulatedeyewill berecordeddifferentiallybetweensilvercoatednylon (DTL) fiber electrodes(Dawsonet al., 1979) placed across the center of the cornea of each eye,
and moistened
with carboxymethylcellulose
sodium (1%). As we have demonstrated
in mfERG studies (Hood
et al., 2001), in comparisons
with bipolar Burian Allen electrodes,
this electrode arrangement
maximizes
signals from proximal retina while minimizing
noise. A needle inserted under the scalp will serve as the
ground electrode.
Each fiber electrode will be anchored with a dab of petroleum
jelly near the inner canthus
and electrically
connected
at the outer canthus.
The non-tested
eye will be covered with matte black
aluminum
foil. In acute experiments,
vitreal ERGs will be recorded between a chlorided silver wire in the
vitreous and a chlorided silver plate in the orbit just behind the eye. Corneas of all eyes will be covered with
gas-permeable
contact lenses.
In previous studies chronic and acute recording
methods have been shown to
yield very similar flash ERGs in individual
animals (Viswanthan
et al., 2002; Robson et al., 2002).
2. Mice: Adult C57/BL6 mice between 2 and ~6-8 months of age (Simonsen
Lab, Gilroy, CA or Charles
River Labs, USA) will be used in studies of normal animals.
Specific genetically
altered mice, their controls,
and hets are listed for specific aims below.
Mice will be reared and
of 14 hours on (<40 lux)-10 hours off. We have ascertained
that in
animals do not lose amplitude due to light damage.
For scotopic ERGs, animals will be dark-adapted
overnight
and
illumination
(LED, L > 620 nm). They will be anesthetized
initially

housed in a room with a light-dark
this time frame ERGs of individual

cycle

prepared for recording under red
1
with ketamine (70 mg kg- IP, Vedco,

Inc., USA) and xylazine (7 m_kg-l; Vedco, Inc., USA), and anesthesia
will be maintained
with ketamine 72
mg kg- and xylazine 5 mg kg- - every 45 min. via a SC needle fixed in the flank. Pupils will be dilated to 3
mm in diameter with topical atropine (0.5%) and phenylephrine
(2.5%). Rectal temperature
will be
maintained
between 37-38 °C with a thermostatically-controlled
electrically-heated
blanket (CWE, Inc.,
Ardmore, PA). The animal's head will be stabilized using a metal head holder that secures the upper teeth and
clamps around the nose, and also serves as the ground.
Recording
sessions will last from 4 to 8 hours, and
animals generally will be allowed to recover from the anesthesia
after the session.
Specific animals will be
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killed after experiments
using an IP dose of pentobarbital
sodium of 100 mg/kg.
These will include animals in
which pharmacological
agents have been injected into both eyes, animals whose retinas we need to examine,
i.e. after optic nerve crush, or animals that are too old.
ERGs will be recorded differentially
between DTL (Dawson et al., 1979) fiber electrodes
placed on the
two eyes, as done in monkeys, to minimize noise, and to maximize
proximal retinal contributions
to the ERG
(Hood et al., 2001). Each electrode will be moistened
with 1.2% methyl-cellulose
in 1.2% saline and on the
stimulated
eye the electrode will be covered with a "contact lens" heat-formed
from 0.2mm clear ACLAR film
(Honeywell).
The cornea of the nonstimulated
eye will be covered completely
with an opaque "contact lens"
formed from 0.7 mm rigid black PVC sheet, and then by matte black foil.
B. Stimulation
1. Scotopic ERGs: For both mice and monkeys the stimulus will normally
(LEDs, _,max--462 nm; or white light from a xenon flash tube for high energies)

be a brief full field flash
either from darkness or in the

presence of a variety of steady backgrounds
from -3.2 to 2.5 log scotopic Trolands (sc. Td) provided by a
separate set of LEDs, (_.max=462 nm). The ganzfeld stimulus will be produced by rear illumination
of a
concave white diffuser (10 or 20 mm diameter) positioned
very close to one eye and tipped away from the
nonstimulated
eye. For both animals, the nonstimulated
eye will be covered by matte black foil molded to the
face and skull (mice will also wear an opaque contact lens). For the weakest stimuli the possibility
of light
spill affecting the nonstimulated
eye either via the sclera or the skull, will be minimal.
For strong stimuli, we
have ascertained
that referencing
to the temple or mouth does not yield different results from referencing
to
the other eye. Test flash energy will be altered by choosing which of several differently
attenuated
LEDs or a
xenon flash tube to activate, as well as by altering the duration of the constant current pulse applied (from 0.8
gs up to 4.1 ms for the LEDs - with linear related increases in energy; 8 to 128 gs for the xenon flash tube
with calibrated
energies).
Time zero will be taken as half-way through the flash. The test flash energies will
range in 0.3 log unit intervals (or others in special cases such as specific aim 3) from stimuli too weak to
produce measurable
responses
(about -6 log sc. Td s) to very strong stimuli that elicit very saturated rod awaves (5.9x 10 4 log sc. Td s). The interval between flashes will be adjusted so that responses
return fully to
baseline before another stimulus is presented.
Responses
will be averaged over many trials when stimuli are
weak and responses
are small, and over fewer trials when responses are larger.
2. Photopic ERGs: We shall use two different ganzfeld LED stimulators,
one of which is the same as for
scotopic stimulation,
but calibrated
photopieally,
and in addition to blue stimuli, for macaques,
will provide
long-wavelength
(red) stimuli (LEDs,)_max=630
nm), flashed or sinusoidally
varied (using pulse-width
modulation)
on a rod saturating
blue background
(2.8-3.7 log sc Td). We also shall produce these and other
colored stimuli using our second ganzfeld stimulator,
an ESPION console with ColorBurst
stimulator
(Diagnosys,
Inc). For mice (m-cones)
we will generally
select _max=514
nm, and place a funnel adaptor on
the ColorBurst
ganzfeld to reduce the aperture to 1 cm so that light does not affect the nonstimulated
eye (2
cm for monkeys).
For mice we shall record responses on a rod-saturating
background
(40 sc. cd m -2) to brief
flashes, and flashes of 200 ms duration that increase in energy by 0.3 log unit steps.
For complete analysis of cone ERGs in mice, we shall construct a stimulator
to produce both
_max=505
nm and UV flashes (UV LEDs )_max-370
nm from Nichia, Japan) and LEDs 0_max=505 nm) for
the background
(Szel et al., 1996; Applebury
et al, 2000). To separate rod and cone responses,
we will use
brief stimuli flashed at short intervals after offset of a rod-saturating
background.
UV cone responses that
recover in less than one second are cone-driven,
and not light-adapted
except for the effect of colocalization
of
m-cone opsin (Lyubarsky
et al., 1999, 2002).
3. Light calibration:
Lights will be calibrated
with a photometer
that can measure either scotopic (sc) or
photopic (ph) luminance
or radiance (ILl700,
International
Light, USA). Spectra of the stimulus lights will be
measured
using either a Minolta (380 - 780 nm; JP) or an Ocean Optics (250 -750 nm, USA)
spectroradiometer.
To calibrate the xenon flashes the photometer
will be used in its high-speed
integrating
mode (with the silicon detector being voltage-biased)
to determine
the total luminance
energy for each flash
duration;
an average value (Standard deviation
~2%) will be calculated
for 20 repetitions
of each flash. Because the luminance
energy provided by a current pulse delivered
to the LEDs is precisely proportional
to the
pulse duration, we only need to determine
the average absolute luminance
produced
by a train of 100gs pulses
at 1 kHz to calculate the luminance
energy for a single pulse of any duration.
Ph. and sc. retinal illuminances
(Td) will be calculated
for a pupil diameter of 8.5 mm with no correction
for the Stiles-Crawford
effect for
4O
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monkeys,
and a 3 mm diameter for mice. Conversions
to R* per rod will assume that 1 sc. Td s produces,
on
average, 12.5 R*/rod (based on 8.6 R*/rod for human, Breton et al., (1994) adjusted to take account of the
20% smaller diameter of the macaque eye) and 122 R* per rod for the mouse eye (Saszik et al., 2002a).
C. Electrical recording
and signal processing
Signals will be amplified by a direct-coupled
(DC) pre-amplifier
whose input offset is automatically
reset before each trial. Further amplification
and low-pass filtering at 300 or 1000 Hz (one pole) will be
provided by a Tektronix
model 5A22N amplifier,
or ESPION console software.
Amplified
and filtered signals
will digitized at 1 kHz (or with changes in the software at rates up to 10 kHz), with a resolution
of minimally
1 _tV. Trials involving the lower energy stimuli will be repeated in sets of 10 or 20 trials, and each digitized
set will be summed before being stored; fewer trials per set for stronger stimuli.
When required, several such
stored sets will be summed to improve s/n ratio. Stored records will be digitally processed
to remove the
largest Fourier components
close to 60 and/or 120 Hz (computed
over the whole recording
epoch, which will
normally be about 15 s). This "notch" filter has no discernible
effect on ERG records that do not contain
coherent 60 Hz interference.
Most records will either not be further filtered or, when only relatively
late
slower components
are of interest, they may be digitally smoothed by applying, twice or more, a simple FIR
filter that weights every 3 consecutive
data points by 0.25, 0.5 and 0.25. For purposes of display, and before
fitting models to recorded data, records will be rezeroed by adding whatever constant is required to adjust to
zero the mean value of the signal over the 5 to 20 ms preceding
each stimulus,
ff necessary slow drifts will be
removed by subtracting
a ramp voltage that changes steadily from the value recorded at the beginning
of the
epoch to that at the end.
D. Pharmacological
blockade via intravitreal
injections
1. Rationale of approach.
We shall use pharmacological
dissection to remove components
of the full
field (or slowed mr) ERG using intravitreal
injections
that affect the whole retina. After these "bolus"
injections,
the pharmacological
agents will remain in the vitreous for a long time, providing an effect
analogous
to a continuous
retinal perfusion;
in most cases effects are long-lasting,
and will not reverse during
the experiments.
We expect to record reversals in some recovery experiments
in a later session.
2. Monkeys:
(40-80 gl) injections of pharmacological
agents will be made with a sterile 30-gauge
needle through the sclera into the vitreal cavity.
Calculations
of final vitreal concentrations
will assume no
leakage and a vitreal volume of 2.1 ml. Doses will be chosen to maximize
effects on the flash ERG.
Although the raised IOP following
injections can result in a transient nonspecific
reduction
of ERG amplitude
lasting ~15 minutes, with the volumes that we shall inject such effects are rarely observed and recordings
used
for subsequent
analysis will in any case be taken more than 45 minutes after any injection.
3. Mice: While viewing the eye with a surgical microscope
(10 X; fibermatic,
J. K. Hopple Corp.
USA) a small hole will be punctured
in the eye just behind the limbus using a 30-gauge
needle.
Pharmacological
agents (~1 gl) will then be injected into the eye via the hole using a glass pipette (tip -20
gm) fixed on a 10 gl Microsyringe
(Hamilton
Company,
Rent, NV). We shall choose injectate concentrations
that produce vitreal concentrations
(based on our estimated
vitreal volume of 20 gl) similar to those used
previously
in cat, monkey, and moue (e.g. Naarendorp
& Sieving, 1991; Robson & Frishman,
1995; Saszik et
al., 2002a,b,c;
Robson et al., 2002).
After the injection the ERG will be monitored
until no further change is
seen in the response.
Responses
generally
recover to full amplitude
and stabilize within 1-2 hrs. Although
this technique has been difficult to develop, we now use it successfully
on a daily basis.
Pharmacological
agents to be used (others will be added as appropriate,
or as they become available)
:
a. Voltage-gated
Na + channel blocker: Tetrodotoxin
(TTX: 1- 3.8 gM): contribution
of spiking activity
b. K÷-channel blocker: Barium chloride (Ba2+: 1 - 3 mM): test for glial mediation
of responses
c. Suppression
of proximal retinal activity: N-methyl-D-Aspartate
(NMDA) receptor agonist: (NMDA:
1.5 - 4 mM) at a dose low enough to insure that the b-wave is not markedly reduced.
d. Blockade of transmission
via mGLUR6
receptors to On bipolar cells (Slaughter
& Miller, 1981): (L -2amino-4-phosphonobutyric
acid) receptor agonist: (LAPB (AP4); 1 - 2 mM);
e. Kainate (KA)/a-amino-3-hydroxy-5-methyl-4-isoxazolpropionic
acid (AMPA (+ionotropic
quisqualate
(QQ)) receptor antagonists:
quinoxalines:
6-7-dinitroquinoxaline-2,3
dione (DNQX: 180 gM), 6-cyano7-nitroquinoxaline-2,3
dione (CNQX: 20-6 gM); 2,3-dihydroxy-6-nitro-7-suffamoylbenzo-f-quinoxaline
(NBQX; 10 -30 mM), and more selective AMPA receptor blockades
as available.
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f. Generalionotropicglutamate-receptor
blockade:cis-2,3-piperidine

dicarboxylic
acid (PDA: 2 - 5 raM)
(Slaughter
& Miller, 1983) will be used to separate Off bipolar and Hz cells responses
(Sieving et al.,
1994) from more proximal activity by comparing
post PDA results to post NMDA and/or TTX results.
g. Suppression
or blockade of inner retina activity by inhibitory amino acids or their antagonists:
T-aminobutyric
acid (GABA, 20 - 30 mM ), Glycine-receptor
antagonist,
Strychnine
(0.2mM).
h. Modulation
of gap junctions
by D1 receptor agonist, SKF38393
(1 mM) (e.g. Volgyi et al., 2002a- they
also used retinoic acid, but is too disruptive
of light responses
in the intact eye).
i. Blockade of all postreceptoral
responses.
Isolation of photoreceptor
response will be achieved by
combining
specific ionotropic
and metabotropic
receptor agonists or antagonists,
such as NMDA+
DNQX APB+ or PDA + APB. In some cases Na ÷ aspartate (2 mM) or cobalt chloride (40 mM) will be
used to ensure blockade (Bush & Sieving, 1994).
j. Vendors: CNQX, DNQX, NBQX, AP7 presently obtained from Research Biochemicals
International
(RBI); GABA, glycine, strychnine,
BaC12, LAPB, AP7, KYN, NMDA, PDA,TTX:
Sigma Chem. Co.).
Please note that previous work (e.g. Sieving's
and our lab) has indicated that intravitreal
concentrations
must be 2 to 4 times those necessary for similar effects in eyecup, isolated retina, cell or slice preparations.
E. Data Analysis - Modeling
of stimulus - response relations
In experiments
in which energy
- amplitude relations are to be analyzed, response amplitudes
will
measured
at fixed times after stimulus flashes corresponding
to the dominant positive peak (e.g in darkadapted ERGs of monkeys and mice, 110 ms after the flash) and negative trough (200 ms in both species), and
plotted vs stimulus energy. Based upon inspection
of the raw data, examination
of the observed energyamplitude
functions, and previous findings (Robson & Frishman,
1995; 1996; Frishman et al., 1996b;
Frishman & Robson, 1999) we will fit our data with a model incorporating
a minimally
sufficient set of
components
to account for the contributions
from different levels of retinal processing.
For scotopic ERGs in
mice, this is five components:
PHI for photoreceptors,
PII for rod-driven
bipolar cells, and three inner retinal
contributions:
a positive and negative STR (pSTR and nSTR), and a slightly less sensitive positive scotopic
response (pSR). The assumption
will be made that each component
rises in proportion
to stimulus energy for
weak stimuli and then saturates according
to one of three characteristic
functions specifically,
hyperbolic
(eq.
1), exponential
(eq. 2), or a truncated ramp function ( 3; a function
reaches the saturation
level). These functions
are specified as:

that increases

Hyperbolic:

V = Vmax I/(I+Io)

(1)

Exponential:

V = Vmax [ 1-exp(-I/I0)]

(2)

Ramp:

V = Vmax I/Io, I < I0; V = Vmax, I > 10

(3)

linear

until it abruptly

Hyperbolic
and exponential
functions have often been used to fit stimulus response relations of distal
retinal neurons, whereas an abrupt saturation
may be an appropriate
description
of spike trains where
frequency of firing is the measured variable (e.g. Sakmann
& Creutzfeld,
1969). Modeling of energyamplitude data will be carried out in SigmaPlot
(SPSS) using this program's
implementation
of the
Marquardt-Levenberg
algorithm to find parameter
values that minimize
a weighted sum of the squared
differences
between the observed data and the predicted
model. The same five components
will be used to
model data measured
at 110 and 200 ms (or other times to be chosen in the presence of adapting backgrounds
that speed up responses - Specific aim #4). For a given animal, certain model parameters
will be common to
measurements
made at the two times, whereas others will be allowed to differ (Saszik et al., 2002a).
Correlation
coefficients
of fits are expected to be greater than 0.95, in most cases better than 0.98.
F. Stability of the preparation
We will be careful to maintain normal body temperature,
02 levels (pulse oximeter,
or detecting
enlarged c-waves (e.g. Linsenmeier
& Steinberg,
1986), pupil size, and in long term recordings,
hydration
and
ion balance to avoid changes in sensitivity.
In some animals a slight decline in response sensitivity
may still
occur following repeated intravitreal
injections.
We shall use our previous experience
to minimize the number
of injections per session by delivering
the strongest possible initial doses, and in monkeys, to inject half of the
dose nasally, and half temporally
so as to reach the whole retina in a shorter time. We shall also routinely
record responses to stimuli strong enough to produce either a rod photoreceptor
component
whose sensitivity
can be adequately
gauged from measurements
of the first 10 ms of the response for monitoring
or correction
small changes, or photopically,
a large b-wave with a standard stimulus.
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G. Reliability
of ERG results (modeling is addressed
in a separate section)
For almost all control data in monkeys, we shall record responses to the same stimuli in at least two
different recording
sessions to assess repeatability.
For assessing pharmacological
effects, or for determining
regional differences
in mfERGs, whenever we have sufficient data, we shall use T-tests with paired
comparisons
either with the same eye at some different time, or the fellow eye in the same session.
When
very clear-cut findings are not subjected to statistical analysis in monkeys, for any given finding, we shall look
for a similar result in at least three different monkeys.
For mice, repeatability
will generally be assessed across mice (e.g. in Saszik et al, data from 20 normal
mice are presented).
For pharmacological
manipulations
we will use the same approach as for monkeys.
For
genetically
altered animals, when numbers of animals are sometimes limited, we would want again to see clear
effects in at least 3 (-/-) animals, vs 3 (-/+) v s3 (+/+) animals.
II. Specific Methods
Specific aim 1 is to test the hypothesis that a major portion of the postreceptoral
contribution
to the photopic
ERG a-wave of the monkey, as well as to later primarily
negative-going
and oscillatory
components
(OPs),
arises from amacrine and/or ganglion cells in a manner that is very dependent
upon the parameters
of
stimulation.
Our preliminary
results (Figs. 2-3) and studies during the previous cycle on the PhNR, indicate
extensive contributions
to the photopic a-wave, and to "dips" after the b- and d-waves from proximal
retina
(ganglion
cells in the case of the PhNR) under particular
stimulus conditions.
In this aim we will specify more
exactly the stimulus conditions
that promote these contributions.
It has been known for a long time that the
different waveforms
of the macaque photopic ERG obtained when blue, as compared
to red, stimuli are
presented
on rod saturating backgrounds
(cf Granit's Excitatory
and _Inhibitory ERGs) are partially due to lack
of Off pathway contribution
to blue flash responses (Evers & Gouras, 1986). It is also known that photopic
ERG responses to long flashes are shaped either by Off bipolar cell responses
(Bush & Sieving, 1994; Sieving
et al., 1994) or, as more recently elaborated
by Katsuga (2001) by Hz -cell feedback..
However,
the
contributions
of retinal neurons proximal
to bipolar cells has not yet been explored and results of these
experiments
will be highly important for interpretation
of photopic ERGs in patients with diseases that affect
proximal
retina (e.g. glaucoma,
diseases of the optic nerve, diabetes).
In experiments
1.1-1.3 we will compare control ERGs in normal eyes with "experimental"
responses
after
injection of TTX, NMDA, PDA, and ultimately
APB to remove all postreceptoral
responses.
In some eyes, to
test for involvement
of glial (MOiler) cells, we will observe effects of barium.
In addition, in all experiments
(1.1-1.3), we will compare ERGs in control fellow eyes with those in "experimental"
eyes, before, and after,
induction of experimental
glaucoma,
as well as while visual field defects are progressing,
as documented
by
Dr. Harwerth using a Humphrey
perimeter
modified for animal testing.
For the final postmortem
recordings
in eyes with experimental
glaucoma,
we also will have access to histological
evaluation
of tissue to be done in
other collaborations
of Harwerth
with Dr. Louvenia Carter-Dawson.
Previous studies and preliminary
data
suggest that after experimental
glaucoma
has produced
mild to moderate field defects, responses
to long
flashes will be similar to those obtained after injection of TTX. However,
preliminary
results also suggest that
NMDA will have more effect on the leading edge of the a-wave than either of these manipulations,
indicating
separate cellular origins of the effects, i.e. ganglion vs amacrine cell. It also is likely that all proximal retinal
effects are mediated by glia. We also will try more selective blockade of ionotropic
receptors if any
appropriate
drugs should become available
or be shown to be useful in distinguishing
receptors on proximal
neurons from those on Off-bipolar
cells.
Experiment
1.1 Photopic flashes.
The nature of proximal
retinal contributions
will be investigated
under
stimulus conditions
in which a) specific stimulus wavelengths
(and energy at that wavelength)
will be selected
b) the background
illumination
will be varied for each specific choice of wavelength
to ensure the largest
photopic a-wave, i.e. the least adaptation
of cone signals consistent
with complete suppression
of rods. These
experiments
will be done both using brief flashes, to study the leading edge of the a-wave, and long (200 ms
flashes) to measure effects after the b- wave and the d-wave.
1.1a: Effect of wavelength
of brief and long duration flashes on proximal retinal contributions
to the
ERG. Experiments
will be done mainly using the ESPION ColorBurst
stimulator.
Luminance
of rodsaturating backgrounds
will be selected, based on experiment
1. lb for minimal effects on proximal retinal
responses.
Wavelengths
for flashes will be selected to test the hypotheses
that 1) restricting
flash wavelength
either to long (red > 600nm) or short (blue <470nm) wavelengths
on a background
that preferentially
reduces
the responsiveness
of the other cone types will increase spiking contribution
to the photopic ERG. 2) that
effective energy will increases the spiking contributions
regardless
of wavelength
(see Fig. 3). Wavelengths
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to be chosen:
1) Red flashes on blue background
as in Viswanathan
et al. (1999) to bring out the PhNR
2) Blue flashes on yellow background
as in the studies of Drasdo et al., 2001) to bring out the PhNR
3) White flashes on a white background
as is standard in the clinic, that enhance Off bipolar/Hz
cell
effects, but also when stimulus energy is high enough, brings out a PhNR.(Fig.
3)
4) Red and blue flashes also will be imposed on a white background
to test the idea that opponency
reduces
the Off bipolar/Hz
contribution
to the response.
1.1b) Background
illumination.
We shall compare dark-adapted
cone responses,
with responses to stimuli
on backgrounds
that suppress rods, but not cones. Isolated dark- adapted cone-driven
recordings
will be made
(as in Robson et al., 2002) using a one sec rod-saturating
adapting light ( 2000 sc. Td) repeated every three
seconds, with the test flash being delivered
300 ms after offset of the adapting light, vs 200 msec before
extinguishing
the light, or on a steady background
( Fig. 2). The optimal background
luminance
may be
different for revealing proximal retinal contributions
to the leading edge of the a-wave, and for revealing
effects after the b- and d-waves when opponent
color effects on cones may be important.
Experiment
1.2. Sinusoidal
flicker ERG. In previous work (Viswanathan
et al., 2002) we studied effects
of TTX and NMDA on the photopic flicker ERG, and found effects on the fundamental
Fourier component,
but particularly
on the 2nd harmonic responses.
In these studies we will examine effects of progressing
experimental
glaucoma on the flicker responses.
We will study the photopic sinusoidal
flicker ERG (100%,
contrast 0.5 - 120 Hz) with red full field flicker at Lmean of 3.2 log ph td on a rod-saturating
blue background
as determined
in aim 1.1 b to minimize effects of the photopic a-wave.
We will Fourier analyze responses
to
examine the effects on fundamental
and second harmonic responses.
Experiment
1.3. Regional variations
of OPs in the photopic ERG; specific proximal retinal contributions
Oscillatory
potentials
(OPs) generally are thought to originate from amacrine cells (Wachtmeister,
1998 for
review).
In our recent work we have observed, as previously
reported (Miyake et al., 1989; Bearse et al.,
2000), that OPs (-70-180
Hz) are largest in central retina, and larger in temporal (macular) than nasal retina.
We found that TTX alone eliminates
the nasotemporal
variations,
without totally removing
OPs, whereas the
OPs can be eliminated
by NMDA or GABA.(Rangaswamy
et al, 2002; paper 4P), suggesting
different cellular
contributions
to the responses.
A proposed component
originating
from the optic nerve head (OHNC) may
produce the asymmetries
due to timing differences
in spikes traveling from nasal and temporal retina to the
nerve head, producing
augmentation
and cancellation
of OPs (Bearse et al., 2000; Fortune et al., 2002).
We propose to further analyze the possible contribution
of ganglion cell axons, by careful analysis of the
frequency
spectrum of the TTX-sensitive
and insensitive
OPs and its regional variations.
We also will study
effects of progressing
experimental
glaucoma
on these OPs, as preliminary
data indicates effects similar to the
effects of TTX. We will study the specific photopic OPs that can be elicited using the multifocal
stimulus
(VERIS; Sutter, 1991) under a specific set of stimulus conditions.
VERIS allows simultaneous
recording
of
focal ERGs over an extent of central retina determined
by the distance of the visual display from the eye. The
normal fast sequence presentation
consists of small hexagons that are either light or dark according
to a binary
m-sequence
that modulates
each hexagon on a high contrast video monitor at the frame rate (e.g.75 Hz). The
resulting mfERGs differ somewhat
in waveform
from a normal photopic flash ERG. However,
when the
presentation
of the stimulus is slowed so that m-sequences
are delayed by interjecting
at least 7 dark frames,
the ERG contains almost the same components
as the full field photopic flash ERG (Hood et al., 1997). For
slow sequence mfERGs we will use 14 blank frames to delay m-sequence
presentations
by -200 ms to allow
full development
of OPs. The stimulus display will consist of 103 equal-sized
hexagons each ~3.3 deg wide,
within 17 degrees of the fovea. Pupils will be dilated (and accommodation
blocked) and eyes will be refracted
retinoscopically
and fitted with appropriate
contact lenses. A modified
indirect ophthalmoscope
will be used
to determine
the projection
of the fovea and to center it on the stimulus display, In our "chronic"
experiments
anesthesia
suffices to keep the gaze direction steady (Hood et al., 1999). Each run will take 7 min total
recording
time, and runs will be repeated 2 or 3 times to reduce noise and to assess variability.
Hexagons
will
2
2
appear at the same luminance
as surround (20 cd/m ) or briefly as a bright flash (4.7 cd-s/m ). We have
established
that these parameters
optimize the size of OPs that can be elicited with this kind of presentation.
Photopic stimulus cd/m 2 is calibrated
using a spot photometer
(LS-100, Minolta Camera Co., Ltd., JP).
It should be noted that OPs vary tremendously
depending
upon stimulus conditions,
and we will learn
only about the specific ones elicited by the stimulus that we have selected.
We originally had hoped that we
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wouldbeableto observetheregionalvariationsof thePhNRwith this stimulus.Unfortunatelywith this
"white on white" stimuluswe couldnot elevatecontrastsufficientlyto seea goodresponse.
Specific Aim 2 is to test the hypothesis that there are retinal ganglion cell and amacrine cell contributions
to
the scotopic and photopic flashed ganzfeld ERG of the mouse.
Rationale:
Our previous work has shown that three sensitive components
of the mouse scotopic ERG (pSTR,
nSTR and pSR) originate from retina proximal to bipolar cells (Saszik et al., 2002a), but it is not clear which
cells of proximal retina are involved (amacrine vs ganglion cells; On vs Off cells). Our previous conclusions
were based upon results following intravitreal
injection of GABA (30 mm) to remove all proximal retina
activity, and corroborated
by effects of steady light adaptation
on the three sensitive GABA-sensitive
components.
It is important to establish proximal retina origins with more specific and selective approaches.
Modeling
of energy-amplitude
relations will help to identify ERG components.
Establishing
that part of the
ERG reflects ganglion or amacrine cell activity will be useful for studying mouse models of inner retinal
diseases, and for assessing functional
results of genetic strategies for altering retinal circuits.
Although
these
experiments
will not allow separation
of contributions
from all gangfion and amacrine ceils classes, we hope
to distinguish
On vs Off cells, and to make educated guesses about contributions
of particular
types of
amacrine cell in the sensitive rod circuit.
Experiment
2.1.To determine
whether ganglion cells contribute
to the scotopic ERG, and specifically
to
the pSTR, nSTR and pSR, we will record ERGs (see general methods)
under dark-adapted
conditions
before
and after we have crushed the optic nerve of one eye, and allowed time (-21 days) for retinal ganglion cells to
degenerate
(Li et al., 1999). We also will record from the fellow intact eye as an additional control for
recording
conditions
on a given day. Only those optic nerve crush (ONC) eyes for which the vasculature
appears normal on ophthalmoscopic
inspection
will be studied.
Fundus pictures to document
the effect will be
taken using a Zeiss surgical microscope
(12.5X eye pieces and 2X zoom).
The mouse will be held
approximately
13-17 cm below the microscope
and photographs
will be taken with a Nikon digital camera
(Cool Pix 990, 3.2 MP) attached with a standard camera mount.
Experiment
2.2. To verify retinal cell loss and to document
other morphological
changes in the retina,
in collaboration
with Dr. Sherry, we will perform immunocytochemical
labeling for ganglion, amacrine,
bipolar and glial ceils using primary antibodies
against specific protein and neurotransmitter
markers in
control and experimental
eyes from each animal.
After the last ERG recording
session (14-28 days post
ONC), animals will be euthanized,
the control and ONC eyes will be fixed and processed
either as a wholemount or for cryo- or vibratome
sectioning,
and single-, double- or triple-immunofluorescent
labeling
according to published
procedures
(Sherry et al., 1998; 2001; Yang et al., 2002; Wang et al., 2001a,b,2002).
Morphological
changes in the inner retina will be assessed in the eyes of animals receiving TTX treatment and
in Cx36(-/-) mice using the same approach.
To verify ganglion cell loss, labeling for a ganglion cell marker will be performed
in conjunction
with
labeling for GABA and glycine to positively identify displaced
amacrine cells (Fig. 6C). Ganglion
cell
markers to be used include: Thy 1.2 (Bamstable
& Dr/iger, 1984), Bm-3A (Xiang et al., 1995), MAP-1 (Huber
& Matus, 1984), and neurofilament
70kDa (Haverkamp
a& W/issle, 2000; Dr/iger et al., 1984). To document
other changes due to ONC, labeling for other inner retinal markers will be performed
singly or in combination
to visualize other inner retinal components.
Markers to be used include: VGLUT1
(Bipolar cell terminals;
Johnson et al., 2001; Wang et al., 2002), PKC-alpha
(rod bipolar cells; Negishi et al., 1988), tyrosine
hydroxylase
(dopaminergic
amacrine cells; Wulle & Schnitzer,
1989), disabled-1
(AII amacrine cells; Rice &
Curran, 2000), calretinin and CHAT (starburst amacrine cells; Haverkamp
& W/issle, 2000; Famiglietti
&Tumosa,
1987), glutamine
synthetase
(Linser et al., 1984) and GFAP (Mtiller cells and astrocytes;
Huxlin et
al., 1992; Sarthy et ah, 1991). Additional
markers for photoreceptors,
Hz ceils, and bipolar ceils are available
if needed.
When necessary to visualize
all cells in the section in addition to those labeled by the antibody
markers, retinas will be mounted using Vectashield
containing
DAPI or propidium
iodide to fluorescently
label all nuclei.
Labeling will be visualized
using both confocal and light microscopy.
For conventional
fluorescence
microscopy,
"bleedthrough"
of signals between channels will be controlled
by treating specimens
with a single primary antibody and a combination
of fluorescent
secondary
antibodies
to assure that signal is
present only in the appropriate
channel. No bleedthrough
is expected (Sherry et al., 1998, 2001;Yang
et al.,
2002; Wang et al., 2001a,b, 2002), but primary and secondary
antibody dilutions will be adjusted to eliminate
it if needed.
For confocal microscopy,
bleedthrough
between fluorescence
channels will be eliminated
by
adjusting laser power and detector sensitivity
or by sequential
imaging of each channel.
Specificity
of primary
antibodies
will be confirmed
by western blotting and pre-adsorption
according
to published procedures
when
appropriate
(e.g., Sherry et al., 2001).
Specificity
of immuno-labeling
will be confirmed
by omission and/or
substitution
of normal sera for primary antibodies
(e.g., Sherry et al., 1998, 2001; Yang et al., 2002).
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Experiment2.3. To assistin separatingOn-vs Off-ganglion cell contributions to the STR/SR, we will
record scotopic ERGs in Connexin 36 (Cx36) (-/-) mice vs controls.
Studies of Volgyi et al., (2002b) predict
that On-ganglion-cell
rod-driven
contributions
will no longer be present, but Off-ganglion-cell
contributions
will be, perhaps slightly reduced in sensitivity.
Interpretation
of these experiments
must be done carefully,
looking for consistency,
rather than direct confirmation
of hypotheses,
because all of the effects of the Cx36
KO are not known, and inner and outer retinal effects must be taken into account.
We will test whether blockade of glycinergic
synapses with strychnine
in WT and Cx36 (-/-) mice
eliminates
putative Off-ganglion
cell signals. Again interpretation
of results will be only to establish
consistency,
because there are other glycinergic
synapses in proximal retina in addition to the one between AII
and Off cone bipolar cells.
Experiment
2.4. We will apply our quantitative
models of ERG scotopic components
(Saszik et al., 2002a)
developed
for the normal ERG to assist in analysis of the results of experiments
aimed at identifying
ganglion
cell contributions.
Experiment
2.5. a) To determine
whether there are contributions
from amacrine we will record from ONC
animals before and after intravitreal
injection of GABA to suppress the remaining
inner retina activity
(Naarendorp
& Sieving, 1991; Saszik et at., 2002a), i.e. from amacrine cells of the rod circuit (or perhap+s
signals from AIIs via gap junctions to On bipolar ceils?). 2.5 b) Because AII amacrine ceils produce Na dependent
action potentials
(Veruki & Hartveit, 2002), we also will examine ERGs in the ONC (and control)
animals before and after injection of TTX to establish amacrine and ganglion cell spiking contributions.
We
will fit quantitative
models to assist in our analysis of ERG components
and their origins. Interpretation
of
these experiments
is not entirely straightforward,
but must be done in the context of other findings.
Because
spiking neurons provide feedback to AII amacrine cells (Volgyi et al., 2002a) as well, certainly to other
proximal neurons, it will be not be possible to distinguish
effects on the ERG of removal of feedback (e.g.
Dong & Hare, 2000;2002),
vs loss of components
that sum together in the ERG. However,
we can compare
results with results in GABAc(-/-)
animals to see if loss of feedback mediated by GABAc receptors (also very
involved in producing
the AII amacrine cell surround) is similar to TTX effects.
2.5c) Our preliminary
data in Cx36(-/-)
animals shows that the nSTR is absent, whereas ONC results indicated
that the nSTR is primarily
an amacrine cell response. Therefore
the nSTR may rely upon integrity of the gap
junctions
between AII amacrine cells. To test this possibility,
we will see if the D1 dopamine
agonist
(SKF38393)
that disrupts the AII gap junctions
(Volgyi et al., 2002a) disrupts the signal in ONC eyes.
Because D1 receptors are found at numerous
sites, results must be interpreted
with caution in the context of
other findings.
Although Voglyi et al also used retinoic acid as well as the D1 agonist,, we doubt that we can
use this substance to advantage
in the whole retina.
Experiment
2.6. We will record mouse photopic ERGs, brief and 200 ms flashes ,in the same ONC eyes
as for scotopic experiments
using the same approaches
as for the scotopic ERGs. We also will examine
effects of PDA and APB on the cone-driven
responses.
We already have observed that at least half the cone awave responses to weakest stimuli eliciting the cone-driven
a-wave of the mouse ERG (both m-cone and
UV-cone driven), is PDA-sensitive,
and this may account for the long time constants needed by Lyubarsky
et
al. (2002) in modeling what they believed to be cone photoreceptor
responses.
Specific Aim 3 is to test the hypothesis
that signaling of single photon absorptions
in the sensitive rod circuit
remains effectively
linear over a large range of energies when absorptions
are less than 1 R* per rod, and that
very few photon-absorptions
fail to be signaled despite the presence
of a threshold nonlinearity
in the synaptic
transmission
of signals from rods to rod-bipolar
cells (Field & Rieke, 2002). These experiments
will be based
on recordings
of isolated rod bipolar cell contributions
(PII) to scotopic ERGs of mice, monkeys,
and cats.
3.1. Isolation of PII. In previous studies in cat (Robson & Frishman,
1995, 1996, 1999; Xu et at., 1998),
and preliminary
studies in monkey and mouse (Fig. 4), we eliminated
proximal retinal activity to isolate what
logically must be the contribution
to the ERG of rod-bipolar
cells. We used slightly different pharmacological
agents in the different animals, NMDA for cats and monkeys, GABA for mice. In each case, the main
criterion that we used for establishing
satisfactory
separation of PII from more sensitive inner-retinal
components
was that the responses resolved to ones that could be superimposed
when scaled by the energy of
the stimulus.
While this may seem like a circular approach that ensures linearity of responses,
if linearity did
not exist, we would not find it. The extremely
good match in time course between our isolated PII in mouse,
and the rod bipolar cell recordings
of Field & Rieke (2002) in the mouse retinal slice preparation
encourage
us
to continue this work in mouse.
To alleviate concerns about other possible effects of GABA, we will try to validate the GABA results by
isolating PII in mice using other pharmacological
agents in mice with genetic or other lesions, for example,
strychnine
in a CX36 KO mouse, or a D1 dopamine
agonist in an optic nerve crush animal.
3.2 To estimate the level of the effective threshold
nonlinearity
at the rod to rod-bipolar-cell
synapse and
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theamplitudeof thecontinuouspresynapticnoise,wewill needto obtainvery stablelow-noiserecordingsof
PII sothatwecancarefullyanalyzetheexacttimecourseof the leadingedgeof responses
to stimulithat
certainlyproducelessthan1 R*/rodandalsodemonstrate
exactenergy-scaling.Thiswaveform,aswell as
thatof responses
generated
by stimuliof somewhathigherenergiessuchasthoseusedby Field& Rieke,2002
(upto 3 - 4 R*/rod),will becomparedwith the predictionsof a modelbasedon theleadingedgeof PII thatis
obtainedby examiningresponses
to stimuliwith a muchwiderrangeof higherenergies.
3.3 Model simulationof effectsof thresholdandphotoreceptor
noise.To modelthe effectof presynaptic
noisewewill assumethatthe single-photon
pre-thresholdsynapticsignalshavea timecoursethatwe can
determineastheenvelopeof energy-scaled
PII responses
to stimulihavingawide-rangeof energies.We shall
alsoassumethatto eachrod signalof thiskind thatreachesoneof the20-25synapsesof a rod-bipolarcell is
addeda band-limitedcontinuousnoisecomponent(a singleexampleis shownasanirregularpink or black
line in upper panel of the figure just to the left).
We shall then assume that to the extent that this noisy signal
noisy suprathreshold output
A
/ _IL
averaged noisy output
l|.
_
.
exceeds the threshold
level (black part of line) it will appear
_
iide_ _up;_hre;hold
output
I _k_l"
_t_t_k
.
.-=_
postsynaptically
and
be
recorded in the ERG. Thus, to estimate
o. 0.5
E
the time course of the postsynaptic
waveform
that we shall record
as isolated PII, we can average a large number of such signals,
0.0
E
each perturbed by a different sample of noise. The result will
8
is 0.2_0 an d the r.m.s noise
Z
depend upon both the level of threshold
and the amplitude of the
-0.5
noise that is assumed.
An example is shown as the blue line in
I
I
I
both linear and log-log plots. The effect of the noise is to "blur" or
0
Time (ms)
200
"round off" the abrupt, delayed onset of the postsynaptic
response
10°
--averaged output
that would occur if there were a threshold
but no noise (compare
_. 10-1
the blue line with the thicker green line in the region of the arrow).
E
We shall estimate the actual threshold level and noise amplitude
10.2
by adjusting these parameters
of the model simulation
so that the
E
(with__
predicted waveform
matches as closely as possible the experi;_ 10-3
mentally determined
PII waveform
obtained with weak stimuli that
I
I /
I
I
I
I
II I I
I
produce
no
multiple-photon
responses
in the rods. It will also be
20
30
Time (ms)
100
200
possible to show predictions
of the model as response vs energy
curves as measured
at various times after the stimulus. Preliminary
measurements
show a distinct region of
"supralinearity"
at early times in mice similar to that in cats (Robson & Frishman,
1995).
3.3 Recording
responses to single photon absorptions
in mouse retinal ganglion cells in the intact eye. If
no one else has accomplished
this aim by the 3rd year of the proposal cycle, we will add a specific aim to to
record from mouse retinal ganglion cells a) to find out if mouse ganglion cells, like those of cat, have a high
signal to noise ratio consistent
with thresholding
at the rod to rod-bipolar-cell
synapse and b) to estimate
directly the loss of single-photon
signals by comparing
the number of ganglion-cell
events attributable
to
single photoisomerizations
with the number of incident photons delivered
as a small spot to the cell's
receptive-field
center.
At that point, we will amend our specific aims to include this important project.
Both
the P.I. and --- --------- have extensive prior experience
in ganglion-cell
recording.
We note that the
------------lab is presently recording
very dark-adapted
thresholds
in mouse eyecup, and other laboratories
have an interest in such studies in monkeys
(e.g. ----- ------ ---- -------- --------Model
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noisy subthreshold
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Specific aim 4 is to determine
more exactly the retinal sites and mechanisms
of light adaptation
that
affect rod signals in the normal retina. It is possible to investigate
effects of light adaptation
on different
stages of retinal processing
by measuring
and modeling flash ERG energy-amplitude
relations in the presence
of steady backgrounds
of increasing
illumination.
In a previous studies in cat (Xu et at., 1998), and rat
(Naarendorp
et al., 2001), effects on pharmacologically
isolated PII specifically
were studied.
In the present
studies we propose to model stimulus-response
relations, and to examine sensitivity,
S, of modeled
components
using the following
equation regardless
of choice of saturating
function (see eqns 1 -3): S = V/I =
VmJIo. We then will plot sensitivity
as a function of background
illumination
to determine
the range over
which components
follow Weber's
Law, and when they saturate.
We will remove isolated cone-driven
responses
as described in the general methods for monkeys, but waiting for a longer time than 300 ms, as
mouse m-cones may take up to a sec to recover (Lyubarsky
et al., 2002).
Because response dynamics
change with increasing
background
illumination,
we will alter the time of
our fixed-time
measurements
so that they are related to peak time by some rule (e.g. the time to achieve 90%
of peak amplitude
of positive (PII) and negative-going
responses
(STR, and PIII for high stimulus energies).
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In thesestudies,weproposeto comparethebehaviorof normalretinaswith of retinasin which specific
elementshavebeenremoved,surgically(ONC)or isolatedpharmacologically,
or in which specificelements
of rod circuitshavebeendisruptedthroughgeneticmanipulation:Cx36(-/-) mousewith effectsbothin inner
andouterretina,GABAc (-/-) mouseandtheNob mouse, lacking transmission from photoreceptors
to rod
bipolar

cells, to evaluate

the photoreceptor

(PIII) adaptation

4.1 Studies of the effects of increasing background
illumination
in normal eyes up to seeing cone-driven
PII (backgrounds
up to 2.5 log sc td.)
4.2 We will record ERGs from ONC eyes to study effects of adaptation
on residual amacrine cell
responses
in these animals (most of the dark-adapted
nSTR remains intact). We also will be able to
investigate
bipolar cell driven PII more easily because of the absence of the pSTR/pSR
in these animals.
4.3 Cx36 (-/-) eyes. Negative STR is absent in these animals (preliminary
results), but appears to
reemerge
at higher backgrounds.
We will test whether it is rod or cone driven at that point, and determine
the
range over which rod-driven
bipolar cell responses
(rod PII) follow Weber's
Law up to the emergence
of cone
PII. Results of Guldenagel
et al. (2001) suggested
a rapid transition from rod to cone driven PII in Cx36(-/-)
animals, but their ERGs were small even under dark-adapted
conditions where we find a normal PII Vmax. In
these studies we should be able to learn about the saturation
of rod bipolar cells, if Cx36 truly is the connexin
that allows rod signals to pass into cones. As the field of study of retinal connexins
is young, though, our
results must be interpreted
with caution, and we must be very watchful for new results about Cx36 and other
identified,
or as yet unidentified,
connexins,
and for evidence of compensatory
developmental
changes in
retina (though Cx36(-/-) retinas are otherwise structurally
normal; David Paul, personal communication).
Although
dopamine
is thought to play a significant
role in retinal adaptation,
even at the ganglion cell
level(Vaquero
et al., 2001) we have chosen in the currently proposed experiments,
to focus on other
mechanisms.
Dopamine
receptors are so widely located in the retina that we are not confident that ERG
experiment
would yield interpretable
new information
at this point, although we will consider studying
Dopamine
receptor KO animals in the future as we progress, e.g the D4 KO animal that shows abnormal
adaptation
(Nir et al., 2002).
4.4 GABAc (-/-) eyes. In preliminary
results, we found that the pSTR/pSR
was not desensitized
in these
animals by background
illumination
strong enough to eliminate these components
from the ERG in the normal
eye. Although
it is a little perplexing
that the nSTR still does show desensitization
in these animals, we
speculate that it may be the response of AII amacrine cells, at least for weak stimuli and in the presence of
weak backgrounds,
and if so, should have been affected by the removal of GABAc receptors.
It is not clear
whether GABAa receptors could have taken over this role (McCall et al., 2002). A role for GABAc receptors
in the gain control of ganglion cell responses has been hypothesized.
The sensitive positive components
are
likely to be Off ganglion cell responses.
Perhaps
the change is due to loss of GABAc-mediated
gain control
at the terminal of putative recoverin-sensitive
Off bipolar cells (Shields et al., 2000).
Experiment
4.5 Photoreceptor
desensitization:
It will be necessary to measure the extent of
desensitization
of the rod photoreceptors
for each background
condition in both normal and KO mice. One
approach to this measurement
is to use the paired flash paradigm
of Pepperberg
and colleagues
(1997) to
derive the amplitude of the photocurrent
at fixed times (see experiment
5.1 below for a description
of the
technique).
For mice, the probe flash measurement
should be made at 6 ms (Kang Derwent et al., 2002).
The paired flash approach has been used to study effects of light adaptation
on photoreceptor
responses
with some success (Friedburg
et al. 2001, Silva et al, 2001). However,
for reconstructing
the ERG waveform,
in addition to rod receptor responses,
it also will be important that the glial contributions
to slow PIII and the
C-wave are added in. Another approach is to measure ERGs after blocking
all postreceptoral
responses
with
glutamate
agonists and antagonists.
Although we have learned how to do intravitreal
injections in mice with
much success, a study of energy-amplitude
relations before and after injections
over a wide range of
background
illuminations
is probably too time consuming
to be very feasible particularly
in KO animals
where we may only have a few to study.
A very useful approach for a general description
of the photoreceptor
behavior
is to make direct
measurements
of the nob mouse ERG, which lacks a b-wave and hence depolarizing
bipolar cell activity,
permitting
easy access to photoreceptor
response.
In collaboration
with D. Pepperberg
we are determining
the
utility of this model, and preliminary
results are that nob records are an excellent
representation
of isolated
photoreceptor
and photoreceptor
dependent
responses,
ff this is confirmed
we will examine the lightadaptation
of the rods in these animals for use in modeling of ERG components.
Specific aim 5 is to develop models that describes
the time course, sensitivity
and saturation of the various
retinal components
of the ERG, with emphasis on the photoreceptor
and rod bipolar cell contributions
to the
primate and the mouse ERG. Stimulus response relations of individual components
isolated in previous
48

Principal Investigator:

Frishman,

Laura J.

specific aims, additional
experiments
(described below) to better determine photoreceptor
and bipolar-cell
time course, and published data on individual cell types, will guide us in modeling the complete responses.
5.1 Modeling the rod and cone photoreceptor
response.
In these experiments
the goal is to provide a
model that predicts the leading edge of the a-wave and the entire time course of the photoreceptor
response.
We propose first to work on a model for dark-adapted
rod-driven
responses.
In previous work, we modified
existing kinetic models of the leading edge of the a-wave by incorporating
time constants
from paired (probe)
flash estimates of rod photoreceptor
time (Robson et al., 2002). We now will extend the model to fit both the
a-wave and paired-flash
derived-rod
response for the same eye, measured in the same experiments.
As in
previous work, and described in aim 1, we will isolate the cone portions of responses by measuring
responses
300 ms after a rod suppressing
flash (see experiment
1.1B), and in this case we will subtract it to isolate the
rod-driven
response. We also will extend models to adapted a-waves, and cone responses.
Method for the measuring
the derived rod photoresponse:
The later time course and the saturation
characteristic
of the rod photoresponse
will be assessed using the paired (probe) flash technique of Pepperberg
et al. (1997). Briefly, ERG responses
will be obtained when a high-intensity,
rod-saturating
xenon probe flash
(104 sc. Td s) presented
at a range of fixed delay times after the test flash. The amplitude
of the response to
the probe flash will be measured
at 8 ms (ie. at the time of its peak for monkeys)
from records obtained by
subtracting
the response to the test flash alone from the response to the combined
test and probe flashes.
The
difference
between this amplitude
and the amplitude of the response to the probe flash alone will be taken to
be the amplitude
of the derived rod response to the test flash at the instant that the amplitude
of the probe flash
is measured (Robson & Frishman,
1999; Robson et al., 2002).
In our previous work, as illustrated
in Fig. 1B, we observed a deviation from our a-wave model at early
times in the probe responses.
Interestingly
this deviation was not observed in similar experiments
on cat
which could implicate
some disturbance
by cone-driven
contributions
in the monkey, as they would be larger
than those in cat. In these experiments
we will try to identify the source of the deviation.
We will carefully
isolate cone-driven
contributions
to the response and will also test for postreceptoral
rod or cone contributions
using PDA, and APB, although the deviations
are probably too early for responses from the ON pathway that
result from transmission
via metabotropic
glutamate
receptors.
5.2 Modeling
the time course of the rod bipolar cell component
of the ERG. Data for this exercise will
come from isolated PII studies as described
for specific aim 3 as well as from recordings
of isolated PII in
response to pulses of longer duration and various energies and to specially chosen pulse pairs whose energies
and time separation
will both be varied. In modeling the behavior of this ERG component
it will be necessary
to take careful account of the quantal nature of the light that results in any weak stimulus producing
internal
signals whose amplitudes
inevitably
span a substantial range. If the system is operating truly linearly this may
be of little consequence,
however, once either threshold
or saturation nonlinearities
are involved these must be
explicitly included in any model that is to be usefully general and exact.
Responses
will be collected over a range of energies in which both PIII and PII are of significant
amplitude in the presence of PDA to eliminate
responses from the OFF bipolar cells, Hz cells, and neurons
proximal to bipolar cells. Cone contributions
will be isolated and subtracted from the records but it will be
necessary to estimate rod photoreceptor
components
using the model recently described
by Robson et al.
(2002) so that these can be subtracted
from the combination
of PII and PIII to give isolated PII.
5.3 A-wave model. Robson et al (2002) showed that after blocking ionotropic
glutamatergic
responses of
OFF bipolar cells and inner retinal neurons in macaques
it was possible within the linear range of operation to
model the complete remaining
a-wave (i.e. up to the first zero-crossing)
by assuming that PII rose as the third
integral of the rod photoresponse,
and combining
this with the modeled photoreceptor
response.
We will now
see whether this model can be extended
into the range of saturation
of both the rod response and PII by
including the saturation characteristics
of both rods and rod bipolar cells. We will need to be careful when
stimuli are strong enough for the rod signal to travel via cones and cone bipolar cells and we will look for
indications
of a change in stimulus response relations - although this has never been seen.
General method for modeling
of leading edge and time course of a- and b-waves.
For modeling of leading edges of responses,
and eventually,
the whole time course of responses,
several
methods are used to determine
the model parameters,
though in all cases the available
data are treated as an
ensemble.
This means that when, for example, we have recordings
for a number of different stimulus energies
(as for paired flash results of Fig. 1B), it is assumed that the model parameters
are the same for each
recording,
and that all the differences
between the records are related to the difference
in stimulus energy.
In
some cases we use formal error-minimisation
methods to determine
the values of model parameters
giving the
best fit. For the simpler cases (e.g. estimating
the responsivity
constant at various times after a stimulus, (e.g.
Fig. 4B of Robson et al., 2002) we use the Levenberg-Marquardt
method as implemented
in SigmaPlot (SPSS
Inc, USA). In more complex cases (e.g. fitting a complete model of the rod receptor response to the leading
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edge of the ERG over a wide range of stimulus energies, we use the downhill simplex method of Nelder and
Mead by incorporating
the routines of Press et al. (1992) into C programs.
In some cases, however, we simply
adjust the model parameters
until the plotted model curves appear by visual inspection
to provide the best fit
to the data. This seems to be the best way to assess models expected to describe the envelope of a limited data
set or where it is not clear how to determine which data to exclude and how included data should be weighted.
In this context it is worth noting that our primary motivation
for producing
model responses
is to provide an
acceptable
description
of the behavior of the system being studied.
Thus far, the direct contribution
of both rod and cone photoreceptors
to the ERG has been modeled as the
response of a linear dynamical
system followed by an instantaneous
non-linearity
followed by a simple linear
filter. The linear system comprises
a delay stage and the transduction
cascade.
The saturating non-linearity
is
modeled as being intermediate
between an exponential
and a hyperbolic
function. The output filter takes
account of the "membrane
capacitance"
and the low-pass characteristic
of the recording
system.
The delay stage prrovides a total delay of _d and is equivalent
to n cascaded low-pass elements each
with a time-constant
of "d. The impulse response is
n
t n

hdelay (t)

1

exp(-n

=

(Td/n)n

t/_d)

(1)

(n-1)I

[with this form n can only be an integer but if the factorial is replaced by a gamma function then n can
have any value - we tried up to14]
The main transduction
cascade is modeled as three successive
low-pass elements with time constants
of
"q, "c2 and %. The impulse response is obtained by successive
convolutions
of the impulse response of each
element
htransduction

1
(t) = 1 exp (-t / x 1) *-- exp (-t / "_2)
171

The
integrators
saturating
The
is obtained
cascade•

1

exp (-t /

* --

"1;2

(2)

"_3 )

'173

impulse response of this model of rod transduction
is compared in diagram B with that of three
(as envisaged by the Lamb and Pugh approximation).
The time constants
were estimated
from
probe-flash
measurements
of the complete time course of the rod photocurrent.
output from the transduction
cascade in response to any arbitrary light input with timecourse
q_ (t)
by convolving
this function with the impulse response functions
of the delay and the transduction
Vtransducer(t)=kf_(t)*haelay(t)*htransduction(t
)
(3)

where k is a responsivity
constant.
Note that the output has been implicitly
responsivity
constant will have units of volt.seconds
per unit light energy.
The output
Vou t

where

of the transduction

cascade

is subject

to a saturating

converted

The final recorded

output

Vrecord(t)=Vout(t)

*

abruptness

is calculated
1

so that the

non-linearity

=VmaxIF{1--exp(-Vtransducer/Vmax)}+(1--F)VtransducerVmax/(Vtransdueer+_;rnax)l
F (1 > F > 0) determines

to a voltage

(4)

of the saturation.

as a convolution

exp (_ t/1;membrane
)*

1

'r membrane

exp

(_

t/,_amplifier

)

(5)

qYamplifier

Tmembrane
is the time constant of a simple low-pass filter that may be associated
with the charging of a
membrane
capacitance • and _, Plifter is the time constant of a single-pole
recording filter (in our experiments
0.53 ms, corresponding
to a comer frequency
of 300Hz).
The receptoral
component
of the cone-driven
response
is described by the same model as the rods
(equations
1 - 5) with appropriate
modification
of the parameters.
where
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are:
Rods

Cones

Delay

(ms)

3.3

1.9

Delay

order n

12

5

30, 50, 150

(7.5, 12.5, 37.5)

z-l, z-z, v 3 (ms)
Time

to peak

(ms)

F
"_'membmne
(ms)

140

(34)

0.8

(0.8)

0 (<0.2)

1.0

Time table: (many projects run simultaneously
and complement
one another.
Some modeling
occurs
concurrently
with data collection,
and sometime data collection
is resumed after modeling efforts raise
questions,
and the need for better data.
Aim I

Aim 2

Aim 3

Aim 4

Aim 5

Year 1:

Data

Data

Data

Data

Data

Year 2:

Data

Data

Data

Data

Data

Year 3:

Data

Data

Modeling

Modeling

Modeling

Year 4:

Data

Modeling

"

PIII model

Year 5:

Data

"

PII model
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F. VERTEBRATE

ANIMALS

1. A maximum
of 13 rhesus macaque monkeys ((macaca mulatto, 2.5- 8 kg, 3-10 years of age) of either sex
---- -- ----d per year as subjects.
Four to five of the monkeys are from studies of our collaborator,
Dr.
------------ on monocular
experimental
glaucoma,
and we will only record ERGs in recovery "chronic"
sessions,
the other six to eight will be dedicated
to our studies only. In addition, a maximum
of 300 mice (2-8 mo. of age)
of either sex will be used per year. For normal
animals we will study about 200 adult C57/BL6 mice between 2
and -6-8 months of age (Simonsen
Lab, Gilroy, CA or Charles River Labs, USA. In addition about 100 knock
out animals, and their controls and heterozygous
litter mates from other investigators
will be studied.
The
overall goals of the proposed research are to identify and characterize
components
of the primate and mouse
ERG, to clarify their cellular origins and to construct quantitative
models that make it possible to predict the
contribution
of each component
to the electroretinogram
(ERG) response in healthy as well as diseased retinas.
The proposed experiments
will be carried out in a primate model (macaca mulatta) whose retina is very similar
in morphology
and function to that of humans, and in mouse models where genetically
manipulated
retinas are
available.
Since the rhesus macaque monkey retina is so similar to that of human, our studies using monkeys
should advance the utility of the ERG in assessing normal and pathological
function of human retina and
especially for study, treatment and prevention
of blinding diseases. Studies in mice will yield insights about
retinal circuitry and improve tools for noninvasive
analysis of murine disease models, and effects of treatments
on the models. The identification
and quantitative
characterization
of ERG components
in the mouse will make
it possible to functionally
evaluate retinal processing
in normal and genetically
altered eyes. Isolation of
components
using invasive techniques
such as pharmacological
blockade,
selective lesions, targeted mutations
and specific stimulus paradigms
in conjunction
with information
from other investigators
about individual
neurons, will guide quantitative
modeling of the ERG in both species.

2. Rhesus
investigate

macaque monkeys
(macaca mulatta)
components
of the ERG, with another

This number of animals is the minimum
ensures repeatable
and therefore
reliable

will be used at a maximum
rate of 13 a year:
4-5 shared with another project (experimental

6-8 to
glaucoma).

required to study the various components
of the ERG in a way that
data. This macaque' s retina is very similar to that of humans in

morphology
and function.
New findings about origins and characteristics
of the ERG found in the necessarily
invasive investigations
in monkeys will greatly benefit application
of ERG analysis to human patients.
Mice will be used at a maximum
rate of 300 per year including control animals (about 200), and 100 of
various knock-out
animals, and their controls and heterozygous
litter mates from other investigators.
It is
important to document
normal processes,
effects pharmacological
manipulations,
and effects of genetic
manipulations
in sufficient animals to have reliable data, and statistical significance
where appropriate.
Studies
in mice will yield insights about retinal circuitry and improve tools for noninvasive
analysis of murine disease
models, and effects of treatments
on the models.

3. The animals

will be housed

in the AAALAC

approved

animal care facilities

at the University

of Houston.

These facilities are operated by a full-time Veterinarian
(--- --------- ------- ---------- ------animal care staff. The operation
of the facility is overseen by the University's
Institutional

and the trained
Animal Care and

Use Committee.
All of the animal care and experimental
for Care and Use of Laboratory
Animals.

with the NIH Guide

procedures

will be in compliance

4. Monkeys:
In chronic survival experiments
monkeys
will be anesthetised
with ketamine
(20-25 mg kg -_, IM)
and xylazine (0.8-0.9 mg kg l) and injected with atropine sulfate (0.04 mg kg -1, SC). Anesthesia
will be
maintained
at a level sufficient to prevent the animal from moving or blinking, or reacting to intravitreal
injections,
with the same or smaller doses given hourly.
The chin will rest on a small pliable pillow, with no
head restraint.
Heart rate (normally
80-140 BPM with this drug regimen) and blood O2 (SpO2 > 80 mm Hg)
will be monitored
continuously
with a pulse oximeter (model 44021; Heska Corp., USA). If heart rate
l
decreases
below 80 BPM, anesthesia
will be discontinued
and yohimbine
(0.5 mg kg, IV) administered.
If
SpO2 falls to <80 mm Hg, 02 will be administered.
When the recording
session is over (generally
3-5, but up to
10 hr) is over, anesthesia
will be discontinued,
and animals returned to their cages after they wake up.
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Monkeys
used in acute, terminal experiments
will initially be anesthetized
as above, after which deep
anesthesia
sufficient to keep vital signs steady during surgery, recording, and intraocular
injections
will be
maintained
with urethane (100 mg kg -1 loading dose, followed by intravenous
infusion of 20 mg kg -I hrl).
Animals will be held in a head holder, with lidocaine (1%) injected at pressure points.
The temporal bone will
be removed to expose the side of the eye, and the eye fixed on a ring. Indomethacin
(2 mg) will be applied to
the eye to suppress inflammatory
reactions.
Eye movements
will be inhibited by infusion of pancuronium
bromide (2 mg kg _ hr l) which is sufficient to paralyze the animal.
Animals will be artificially
ventilated to
maintain expired CO2 at 4% (+/- 0.3%) by adjusting stroke volume and respiration
rate. Heart rate (100-150
BPM with this drug regimen), and mean blood pressure (> 80 mm Hg) will be continuously
monitored.
Lactated Ringer's solution (2.5%) will be infused (2-4 ml kg _ hr -_) to maintain hydration
and ion balance.
If
blood pressure falls, the feet will be elevated.
If vital signs all fall below normal, the experiment
will be
terminated.
Rectal temperature
will be maintained
at 36.5 -38 ° C with a thermostatically-controlled
electricallyheated blanket (CWE, Inc., Ardmore, PA). Both pupils will be fully dilated to about 8.5 - 9 mm diameter with
topical tropicamide
(1%) or atropine sulfate (0.5%), and phenylephrine
HC1 (2.5%).
At termination
of the
experiment
which can be expected to last 11-36 hours, animals will be killed with an overdose of sodium
pentobarbital
( 100 mg kg -1).

Mice:

Only

"chronic"

recordings

will be done.

ERGs,

animals

will be dark-adapted

overnight

and prepared

for recording under red illumination
(LED, _ > 620 nm). They will be anesthetized
initially with ketamine (70
mg kg -1 IP, Vedco, Inc., USA) and xylazine (7 mg kgl; Vedco, Inc., USA), and anesthesia
will be maintained
with ketamine

72 mg kg -1 and xylazine

5 mg kg -I - every

45 min. via a SC needle

fixed in the flank.

Rectal

temperature
will be maintained
between 37-38 °C with a thermostatically-controlled
electrically-heated
blanket
(CWE, Inc., Ardmore, PA). The animal's head will be stabilized
using a metal head holder that secures the
upper teeth and clamps around the nose, and also serves as the ground.
Recording
sessions will last from 4 to 8
hours, and animals generally
will be allowed to recover from the anesthesia
after the session.
5. Monkeys
will be euthanized
after acute or terminal
of sodium pentobarbital
(10 cc of 65 mg/kg or at least

chronic recording
experiments
with a lethal IV injection
100 mg/kg). A bilateral thorocotomy
will be performed.

Mice will be euthanized
with a lethal IP injection of sodium pentobarbital
(10 cc of 65 mg/kg or at least
mg/kg).
This method is consistent
with the Panel on Euthanasia
of the American
Veterinary
Medical
Association.
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Dr. Laura J. Frishman
College of Optometry
University of Houston
Houston, Texas 77204-2020

Dear Laura,
I am writing to confirm my commitment to provide monkeys with visual field defects for
your electrophysiological
investigations of the retinal mechanisms altered by experimental
glaucoma.
Our studies of experimental glaucoma involve behavioral perimetry in monkeys with
laser-induced ocular hypertension.
As we obtain measurements
by standard clinical perimetry
during the timecourse for the development of visual field defects, the monkeys will be available
for your objective measurements
of the correlated neural changes.
We should continue to have 4 - 5 monkeys per year for the period of your grant. I look
forward to continuing our collaboration in the investigation of experimental glaucoma.
Good luck with your research

grant application.

Sincerely,

--------- ------- ----------------------------

------------- ------- ----------------- ---------- ------------- ------------------

-- --------------

60
UNIVERSITY

EYE

INSTITUTE

N

------------------------------------- ----------------------------- -------------- ---------------

Laura

---------- -- ------ ----- -------------------------- -- ------------------------- ---- --------------- ----------------------- ------------------

J. Frishman,

College

-- -----------------

Ph.D.

of Optometry

University of Houston
---- - ------- -----------Houston,

TX 77204-2020
July 28, 2002

Dear Laura,
This letter confirms my enthusiastic
interest in our collaboration
to characterize
the alterations
in visual function in the GABAc null mice. As we have discussed, I see this as an exceptional
opportunity
to combine our individual areas of expertise toward a common
role of GABAc receptor-mediated
inhibition in retinal function. In addition,
the very important work that your laboratory
various components
of the electroretinogram
populations

of retinal

cell classes.

goal: to define the
this goal complements

is achieving in defining the relationship
between
(ERG) and responses generated
from individual

In this regard,

I believe

this collaboration

enable my laboratory

in its goal to design the most relevant experiments
in order to answer the question: How does
GABAc mediated inhibition shape the receptive field and response properties
of retinal ganglion
cells in the retina?
colony

To this end, I will continue

at the University

I look forward

to provide

you with GABAc

of Louisville.

to a productive

collaboration.
Sincerely,

------------ ---------- -------------------- --------------
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Laura J. Frishman, Ph.D.
College of Optometry
University of Houston
505 J Davis Armistead
Houston,

TX 77204-2020
June 28, 2002

Dear Laura,
This letter confirms my interest in our collaboration to study the mechanisms of light adaptation of
rod-derived signals in the mouse retina. As we have discussed, you are planning to study the stages at
which light adaptation of rod-derived signals occurs by examining the effects of steady backgrounds on
the rod-driven components of the scotopic electroretinogram
(ERG) of the anesthetized mouse. These
experiments will focus on various stages of retinal processing: 1) the cornea-positive
and negative
scotopic threshold responses that are generated by amacrine and ganglion cells, 2) PII, the cornea-positive
signal that reflects the activity of depolarizing bipolar cells and 3) the rod photocurrent. The light
adaptation characteristics
will be studied in normal mice and in mice lacking potentially crucial elements
of adaptive mechanisms such as GABA(C).
In these studies it will be important to determine if a specific retinal cell population is adapting versus
network effects from desensitization
of the signal at an earlier stage. To this end it will be necessary to
measure the extent of desensitization
of the rod photoreceptors
for each backgroundcondition.
As you
are aware, I have a naturally-occurring
mouse model, nob, in which transmission from the photoreceptors
to the depolarizing bipolar cells is blocked while retaining normal retinal morphology and photoreceptor
function. This results in an ERG response in which the a-wave is normal in amplitude and latency while
the b-wave and oscillatory potentials are missing. As shown in our on-going work with ------------- and
colleagues, the nob a-wave at times up to the point of c-wave intrusion is an isolated photoreceptor
response as determined by the paired flash paradigm. Therefore, a very useful and direct approach for a
general description of the photoreceptor behavior is to make direct measurements
of the nob mouse ERG,
which lacks a b-wave and hence depolarizing bipolar cell activity, permitting easy access to photoreceptor
response. I would be pleased to provide you with nob mice from my colony at the -------- ---- ---------------- for these experiments.
I look forward to a productive

collaboration.

------------
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June 28, 2002
I,aura J. Frishman, Ph.D.
College of Optometry
University of Houston
---- - ------- ------------ -----Houston, TX 77204-2020
Dear Laura,
This letter will confinn our collaboration and my intention to provide the mlimals for
your ERG studies of the Cx36 knockout. As yo_.t know, Cx36 is a neuron-specific
gap junction
protein, Our data indicates that it is the major if not sole component of gap junctions between
All ama_rine _ells and between All m_d bipolar cells, which arc critical elements of the sensitive
rod circuit in the 1PL. In addition, it is very likely that Cx36 constitutes rod to cone gap
junctions in the OPL.
The ERG studies fl_at you are proposing will investigate the role of this connexin in
transferring rod signals in the retina of the intact eye under relatively normal physiological
conditions. Ttlese quantitative ERG studies of the absolute dark-adapted sensitivity and the
desensitizing effects of background illumination at various stages of retinal processing will
provide useful comparisons for studies of single cells that are being carried out in eye cup
preparations,
! understand that the studies also will be very useful for your ongoing project to
separate into identifiable components the contributions of the various retinal cell types to the
ERG.
These are exciting and forward-looking
contribute to them in any way possible.

._tudies and I am delighted

to be able to

------------ -- ----------------
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University
of Houston
505 J. Davis Armistead
Houston,

TX 77204-2020

Dear Laura:
I am writing

to express

ERG of the nob mouse

my interest

and wildtype

model for studying various aspects
R01 application
you are proposing

for continuing

(WT)

controls.

our collaborative

The b-wave

deficient

study

comparing

the

nob is an excellent

of retinal function, including photoreceptor
adaptation.
In your
to study and develop quantitative
models of the desensitizing

effects of adapting backgrounds
on different stages of retinal processing,
as reflected
various components
of the scotopic ERG from inner and outer retina. As background

in the
illumination

is increased and more proximally
generated
components
are desensitized,
the underlying
photoreceptor
response (PIII) makes an increasingly
more significant
contribution
to the retinal
sensitivity,
retinal

and to the ERG waveform

rod signaling

pathways

itself.

are disrupted

This will be especially
due to absence

true in animals

of crucial

gap junctions,

in the connexin 36 (-/-) animals that you will study. For your experiments,
good model for assessing photoreceptor
responses will be very important,
other approaches
that you and your lab colleagues
illumination
on the photoreceptor
response.
My specific

role in this collaboration

are using

to assess

will be to compare,

rod response

in nob vs. WT mice, to determine

of the nob as a model

for studying

photoreceptor

responses

the effect

type that my lab colleagues
and I have described
(Hetling & Pepperberg,
Kang Derwent et al., 2002), I will compare nob and WT ERGs obtained
intravitreal
injections of pharmacological
phosphonobutyrate)
to block photoreceptor
and hence to block the b-wave,
2,3-dicarboxylic
acid) to block

bipolar, horizontal
and inner-retinal
for studying isolated photoreceptor
In addition
your proposed

to the collaboration

experiments

cells. Preliminary
responses.
on nob mice,

with John Robson

properties

Using

of the

and limitations
analyses

of the

1999; Silva et al., 2001;
after you have made

agents, including APB (L-2-amino-4signal transmission
to depolarizing

and after other glutamate
ionotropic
glutamatergic

of background

the feasibility

in this context.

inner

such as occurs

validating
the nob as a
and will complement

quantitatively,

ERG and the derived

in which

(ON) bipolar

cells

analogs such as PDA (cis-piperidinetransmission
to hyperpolarizing
(OFF)
results

indicate

I will be pleased

using the paired-flash

------Phone (312) 996-4262 • Fax (312) 996-7773

that the nob is good model

to provide
ERG

method

consultation
in macaque

on

retina to derive the rod photoresponse,
and to model the whole time course of that response. I
understand
that in your hands the macaque data include an unexplained
deviation
at early times to
about _ way to the peak, and you are currently
investigating
the causes of this deviation.
I have
substantial
experience
in collecting
and analyzing rod photoresponse
data, and will be glad to
discuss

with you the design

and data interpretation

of your experiments.

Sincerely,

-------
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