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Abstract . .

The ontogenesis of.the electroretinogram (ERG) in éhe'
rabbit has been stated to proceed first with the a-

wa;é, then the b-wave énd the oscillatory potentials

(OPs) . last, The significance of the OPs in the

formation of the electroretinographic poten?ial is a

controversial issue. The aim of our study® was to

éxamine the role of thé OP contribution to the ERé.

Albino rabbits from the same litter-were gtudieq at

wéekly intervals for five weeks from the fifst jee of

life. A Gﬁass photostimulator was used in ligh nd

dark adaptation and 50 amplifi;d respdhsesﬂayere

averaged. Bbth 1-1000 Hz (ERG) and 10021000 Hz (OP)

bandwidths vere recorded'simuifaneously. The a-wave
was the first wave to appear at one to two weeks of
age. The oscillatory potgptials appeared sequentially
as the rabbits aged. The change in waveform of the b-

wave was consistent with the growth of each OP. The b-
wave and oscillatory potentfﬁls evolved at the same
rate, with a;\th;ease in amplitude and decrease in
peak time. A rapid‘development was noted at two to

three weeks, followed by a slower change. The

simultaneous maturation of the b-wave and oscillatory

s

~

potentials is contrary to previous reports and
supports the contention that the OPs should be

considered as major contributors to the b-wave.
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.Résumé “ - 5
Des .. études antérieures ont démontré gue 1'ontogénése

de ll'électrorétinogramme' (ERG) chez le lapin débute

d'abord par 1l'onde-a puié l'onde-b pour se terminer

. par 1l'apparition des potentiels oscillatoires (PO).

~

Le but de notre étude fut d'examiner le rbéle des

~fpotentie{§ oscillatoires dans la génése de

1'é1ectr6rétinogramme, ce sujet étant toujours fort

controversé. Des lapereaux albinos, issus de la méme

portée, furent étudiés a intervales réguliers pendant

cing semaines a compter de la premiére semaine de vie.
Un. stimulateur photique Grass a été utilisé en
adaptation a 1la lumiére ainsi qu'en adaptation &

1l'obscurité et cingquante réponses amplifiées furent

N ’ . '
moyennées. Deux bandes passantes furent utilisées

simultanément: . 1-1000 Hz (ERG) et 100-1000 Hz (PO).

18
"Les résultats démontrent que l'onde-a est la premiére-

a apparaitre et ce pendant la deuxiéme semaine de vie,

-

alors que les potentiels oscillatoires apparaissent de

‘ fabon séquentielle au fur et A mesure que le lapin

.viellit entainant de ce fait des modifications a 1ia

morphologie de 1l'onde-b. L'on&e—b et les potentiels
oscillato;res maturent donc au méme rythme ou une
augmentation dans les amélitudes s'accompagne d'un
racourcissement dans les temps de culmination. Ces

modifications sont- particuliérement accentuées entre

la deuxiéme et troisiéme semaine de vie. Ces

t

résultats suggérent que les potentiels oscillatoires

i




doivéht étre considérés c
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Preface \ < !

The contribution to original knowlédge in this
paper reiates to the oscillatory p;tentiais (OPs),
which are show? to be major Eontributors to the b-wave

P

of the elgg}roretinogram (ERG) . This is in.gogfras§
tq. the vieé\that the OPs are small appendages of the
latter, and suggests that the OPs are important in
analysis of. the b-wav;. Correlation betweén‘ the
development' o?athe b-wave and oscillatory_ potentials
is demonstrated in the growing rabbit. Many hitherto
unexplairféd. abnormalities of.. fﬁé ERG in retinal
disease (specificallykvghe b-wave) may be explained by
oscillatory potential® changes. The oscillatory

potentials are the key to future, more meaningful, ERG

studies of retinal disease. ~y

o
Id

I
g
»



Introduction

H;sto;x
The electroretinagram (ERG) waé‘a mystery when
i

Holmgren, in 1865, showed that an electrical potential

o

(voltage) occurred\between a corneal and optic nerve
e%ectrode in the frog eyeball, in response to a flash
of }ight. Granit (1947) identifiea three components of
the s‘cat ERG éhat disappeared successively during

deepening ether anaesthesia. He considered the. ERG to

be a summation-of these proéesses, named P-I (c-

'wave), P-II (b-wave)‘'and P-III (a-wave). The ERG came

to be regarded as a massed response of the retina, the
a-wave (initial negative wave) originating from the
photoreceptors, followed by thegl—wave (major positive

wave) originating from the inner nuclear layer

(Granit, 1962; Tomita, 1963; Brindley, 1957). The ERG

became a valuable c¢linical tool for diagﬂ?sis .of
retinal disease when an extinguished ERG was féund by
Karpe (1945) to . be an early sign of retinitis
pigmentosa. Noninvasive exp@riments on éhe human eye
became possible with the development of contact lens
electrodes (Karpe, 1945; Henkes, 1951; Buriaﬁ\ and
Allen, 1954). This expanded the use of the ERG in
studying human disease conditions. The complexity of
;Le ERG was becoming apparent with the advance of
electronic recording methods. Solutions to unwanted

electric%} noise in the signal* involved  the

cumulation of analog output of the ERG amplifiers in

<
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synchrony }wiQh a repetitive stimulus. Digital coding
in the 1960's made possible comﬁuter averaging to do-

the same, by adding the response to repetitive stimuli

-
(4]

and thereby cancelling out random noise. ,

Microelectrode studies of the retina further revealed

&

.\

the intraretinal origins of the ERG (Tomita and
- <P - f

Torihama, 1956; Brown and Wiesel, 1961).

Retinal glistologx .

v Vertebratfe retinal architecture ha§ been reviewed

EN

by Dowling (1970). The photorecepto;gbin the outer’
retina (outer' nuclear 1a§éf) receive \1%ght + and
transmit _thewsignal to the bipolar cells of the inner'
nuclear layer, which in turn provides input éo the
ganglion cells situated in the innermost retinal cell
layer. C;nnections between the outer and inner nuclear
layers are present in the outer plexiform layer, while
the inner plexiform layer separates the inner nuclear
and ganglion cell layers. The latter cells transmit
the signal to thé lateral geniculate bodies and then
to the cortex. The Muller cellé, with nuclei in the
inner nuclear layer of the reting, are structural
supporting cells of the retina. Almost all vertebrate

retinas contain both rod and cone photoreceptors

(Cohen, 1972), the former for low light vision éﬁ& the

latter for brighter colour vision. The rabbit retina
contains rods, Blue sensitive cones and green

sensitive cones (Nuboer, van Nuys and Wortel, 1983)

but is dominated by rogé (Davis, 1929; Hughes, 1971).
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¥ Bowmaker and Mollon, 1983) - "

The human retina cantains roéds, and cones sensitive td

1964;

’

blue, green and regd .(Brown and Wald, Dartnall,

]

*

' Gum et al. (1984) correlated the development of

the ' ERG w?tﬁ the histological development pf the

retifda in dogs. The appearance of the a-wave

corresponded to the matgration of the photoreceptor
l;yer féom the outer neurobléstié layer‘at one veek.
The inner and outer plexiform léyers were forned at
the time of b-wave dgveloﬁment during the third week,

while further maturati;n of the inner nuclear layer
correlated with an increase'in amplitude and-decrease
in peak time of the b—waée. This would place the
origin of the b-wave at the level of the inner nuclear

layerx
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resbonse (<1 yvolt)_ to light stimuli. / &

]

ERG components 0 . ° "

The ERG signal 'is broken down into successive |,

waves, as shown in figure- 1.These are correlated with

. ® N
the architecture of the retina, as described below.

2

Early réceptor potential: -~ : ~

A .
First “n the ERG signal is the- early receptor

. ~ -

potential (ERP),  a diphasic wave representing the

photochemical changes and subsequent thermal reactions

of molecules within the outer segments of cone
s
receptors and, to a lesser extent, those of the rods

(Brown and Murakami, , 1964). It is ‘the charge

I

displacement Wn visual pigment units during

- ¢onformational \chéﬁges‘ following 1light 3psorption

that results in the ERP (Rodieck, 1973). The ERP is

not generally seen in standard ERG,recordiT7s, because
J

.

.0f a ‘very short latency (<5 msec) énq low ° voltage
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Figure 1: ERG components

A schematic ERG is shown. The individual waves that
(.4 ¢

>

comprise the ERG are shown, as. follows: the early
receptor potential (ERP), the nggative wave (a-wave),
‘the most positive wave (b-wave), the oscillatory
potentials (OPs) , and the slow positive signal

following the b-wave (c-wave). Vertical arrow

"

indicates flash onset. Calibration: horizontal bar in

. -

milliseconds.
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A~wave:

The a-wave is a corneal negative , wave
representing vertebrate photoreceptor hyperpolariza-
tion in~response to a light (Tomita, 1970); that from

cones appearing earlier than that from rods. A

diminution of the dark current flowing from the
photoreceptor inner segments to outer segments bys a

1

light stimulus causes this hyperpolarization (Penﬁ and

Hagins, 1972; Hagins et ;l., 1970).
B-wave:

fhe b-wave is the major positive wave of the ERG,
originating from themygller cells of the retlna rather
than from the bipolar cells, as thought earlier
(Faber, 1969; Miller and Dowling, 1970). Components
other than the Miller cells may contribute to, the b-
wave (Tomite,» 1576). The bipolar cells take part in
the processing of signals from the photoreceptors to
the ganglion cells, while the Miller cells merely
respond to the liberatioﬁ‘of K+ ions by the. Sipolar
cells (Miller“and Dewling, 1970; Miller, 19?3). Two
different responses oéeur, depend}ng on thefsta@e of
light ~adaptation and stimulusﬂintensity. A scotopic
response is primarily rod mediated, elicited in dark
adaptation in reeponse to a dim light. It is of larger
amplitude, longer duration and greater sensitivity

to shorter wavelengths of 1light, compared to the

‘ - photopic (light adapted, primarily cone) response.
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C-wave:

‘ The c-wave, a slow positive-going signal which
follows the b-wave, is produced in lar;e part by the
hypérpolarization of the retinal pigment epithelium
(Steinberg et al., 1970; yilsson et al., 1977; Noell,

1954) . Jt is seldom measured in clinical practise due
to the\ contaminating muscle artefacts (Johnson and

Massof, 1982).

Oscillatory potentials: -

The oscillatory potentials (OPé) are r%pples that
appear on the ERG, forme;ly_thouéht to be random
variations. These have been considered as wavelets
riding on the rising slope of the b-wave (Cobb and
Morton, 1954). The maximum gmplituée of iptraretinal
OP reéordings has been noted in the' inner nucléar
layer of the frog rétina, suggesting the latter to be

the site of OP generation (Brindley, 1956). Ogden

(1973) found the maximum intraretinal amplitude of the

first three OPs to be at the level of the inner
plexiform layer of the pigeon, chicken and monkey
'(Ogden, 1973; Ogdénvand Wylie, Y971). Th;;e layers
have also been noted as the origin of the OPs by depth
profile studies in the monkey (Heynen and van Norren,
1985). Both scotopic and Photopic retinal systems
proiuéé) oscillations independently . of one another

'h(Stodmeister, 1973; Fatecﬁand, 1978) .

Lachapelle et al.n (1983, 1986a) have suggested

that the OPs are building blocks of the .b-wave. 1In
= ) : .

[
I

°
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this view, the OP generated potentials could be
.integrated at the level of the Miiller cells. - They
found that the ERG amplitude in congenital stationéry
night blindness (CSNB), in humans, was decreased in

proportion to the absence of two OPs (Lachapelle et

" al, 1983). Others, howeve{, have noted that the OPs

are éelectively abolished, as in diabetic retinopathy,
suggesting separate processes for the b—wave(and OPs
'(&onemura et al., 1962; Brunette and Desrochers, 1970;
Speros -and Price, 1981).

Developmenfal analysis’of the cat ERG by Hamasaki
and Maguire (1985), where the.formatiq? of the a-wave
preceded tha? of the b-wavg and the appearance of the
latter precéded that of the OPs, suggests a different
origin for the b-wave and the OPs. In contrast, Sanada
(1964a, 1964b)~ shéwed that the formation of:. OPs in

-suckling rabbits appeared as early as that of the a-

wave wave. Noell (1958) studied ERG development in

-albino rabbits and noted that the a-wave developed

first, at eight days- of ‘age, followed by the

appearance of the b-wave at 10 days. The latter then‘

developed- rapidly to about 20 days. Similar results

were also obtained from pigmented rabbits (Bonaventure

~et al., 1967). If the OPs are building blocks of the

b-wave, one would @expect them - to develop

simultaneously. , \ .

(%
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" Study o’

The ERG fé the only objective test available to

assess retinal function. At present, only the peak

A

time and amplitude of the b-wave are used in clinical
diagnosis of retinal disease, yet £heré are numerous
waveforns (including OPs) present in the ERG. In order
to gain a beFter understanding of the generaths Aof
the ERG, I chose to study fhe deVelopmént of thg OPs

éhd‘ b-wave in the aging rabbit to determine if they

mature at the same rate, and to - analygé the .

%

contribution of the OPs to changes in b-wave
ﬁorphoiogy. We examined Fhe ERG in light as well as
dark adapiation. Wye animal model chosen reflects the
clear illustration of the ERG by others in the frog,

dog, cat, monkey, rabbit, and man (Brown, 1968). A

better understanding of the generators of the ERG will

permit more detailed clinical analysis of the ERG than
is cur;ently done, and should increase its diagnostic

usefulness in disease.

ey
o e
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Method )
Animal preparation ) :

ERGs were recorded from six rabbits of the s§?e

litter. The mother and her litter were kept in the

same cage on a 12 hour 1light:12 hour dark schedule in

an ordinary animal room. .The rabbits were
anaesthetized w%thé an intramuscular injection of
ketamine (35 hg/kg) and xylazine (5 mg/kg). fhe
earliest recordings were obtained at age seven days,

on the day the eyes opened, and continued for five

" weeks. The rabbits were placed in a Faraday (shielded)

L]

chamber for recording, in order to remove electrical

interference from the signal. The pupils were dilated |

with . a drop of 0.5% tropicamide and 2.5%
neosynephrine, and the cornea anaesthetized with a

drop of 0.5% proparacaine.’ The ERGs were recorded

with a speculum (Ag=-AgCl) electrode which made contact

with the upper and lower eyelids. Ag-AgCl was chosen

fof its low drift .and low noise characteristics

(Cooper, 1963; Strong, 1973; Jerris, 1974; Geddes,

1972) . The speculum electrode also served to keep the

eye open. A drop of 0.9% saline solution was placed in

the cul-de-sac of the eye to promote electrical

contact between the speculum and the eye. The left

o
o

eye was used consistently.
The experimental setup is illustrated in figure 2
(p. 21). The refergnce and ground inputs were

connected and a common electrode was placed in the

-
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mouth of the rabbit. The rabbits were placed in a
AN

" diffusinyg container, with a background illumination of

520 lux forlstudies in light adaptation, and were
dark-adapted for 15 minutes for studies iﬁ dark
adaptation. ERGs were evoked to flashes of whipe light
with a Grass PSTZZ photostimulator (Grass Instrument
Company, ‘Quﬁncy, Massachusetts). The flash wéé set
at an intensity of 10.0 cd/mz/sec, delivered at a rate
oflone flash/gec, for light adaptedistudies, and at
0.3 and 3;2 cd/mz/seé, delivered at é raté‘cof one
flash/s sec, for dark adapted studies.

ERGs were recorded simultaneously with two Grass

‘ Vo .
P-511 AC preamplifiers. One amplifier had a bandwidth

.of 1-1000 Hz and an amplification factor of 2000 X to

record the usual a-b wave ERGs. The other amplifier
had a bandwidth of 100-1000 Hz (and an amplification
of 20,000 X), suggested fo; selective recording of the
bBé&of tke ERG (Dawson agd Stéﬁart, 1968; Kozak, 1971;

Tsuchida et al., 1973; Wachtmeister and Dowling,

°1978). An amplifier with a recording bandwidth of 30-

>
-

1000 Hz (and an amplification of 10,000 times) was
added at weeks 4 and 5. An average of 50 flashes was
determined with the Nicolet MED-80 signal averager.
This permitted the removal of electrical 'noise by
spreading out the random positive and negative waves
over time. The response of the eye to light, however,
was selectively gmplified, as the stimulus, recording

onset and response were synchronized. Interstimulus
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I4

intervals of 1024 msec,in light édaptation, and 4096
msec, in dark adaptation, wé}e generated by a Grass
model S10VS interval generator.p These time intervals
were chosen so as not to be a multiple of 60, in order
to further minimize the contribution of 60 Hz. noise.
The recordings were stored in digital form on floppy
disks by the Nic-299 diskette storaée unit. A hard
copy "of the _response was obtained with a Hewlett

Packard 7010B x~-y plotter (Hewlett Packard Company, °
\

Palo Alto, California).

Data collection

In order to maximize the data collection and at
the same time avoid repeated gnaesthesia of the same
rabbit, each rabbit was testéd only once a week and
always on the same day. Thus, for any given rabbit

there' was always a one week interval between

" consecutive measurenents (longitudinal study) .

Furthermore, each rabbit served as a means to monitor
the rate of maturation of the ERG 6bcurring within one
week (transverse study). A tattoo, on‘an ear or foot
of éach rabbit, permitted identificayion of each

rabbit for data acquisition.

A\

/ . -

Data analysis -

. The nomenclature for naming ERG waves and OPs is
shown in figure 3. The a-wave amplitude and peak time
were measured from the baseline, at flash onset, to,

the trough of the a-wave. The ERG signal was dissected




!{f‘

20

©

into subcomponents, as follows: the amplitudes of the

individual positive waves of the ERG (1-1000 Hz)

recordings, numbered 2 to 5 (see note in figure 3),°

were measured from the trough of the a-wave to the
peak of each wave (where the most positive peak is
defined as thelb-wéve), while the peak times were
measured from flash onset to eachvwave peék. The OP
amplitudes on -the OP (100-1000 Hz) recordings ;ere
measured from each trough to peak, and peak times were
measured from flash onset to thé individualipeaks‘ of

e

the OPS. - & )
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Figure 2: Experimental setup. ,

A-Light from the photostimulator reached the rabbit
-through the diffus%gg barrier.

B-The rabbit was placed in the Faraday chamger and th;
recording electrode was placed under the lids of the
left eye, -wﬁiie the ground .and reference' elect;odes
were placed in the mouth.\ ‘

C~The . égmputer recording and 1light source were
synchronized with a timiﬁg device (flash onseé 20 msec:
\after computer‘sweép).

D-The signal was relayed to amplifiers with filtering '
bandwidths as in the text.

E-The computer performed an average of 50 responses to

light, from the output of the amplifiers.

" F-The output from the amplifiers was also channelled

to the oscilloscope for monitoring.
G-Hard copies of the data were printed with a plotter.

H-The data were stored on floppf dis#s.

/
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Fiqure Bi—Recording procedures and wave analysis.

(1-1000Hz bandwidth :A) and the OPs (100~

The ERG

recorded simultaneously with

b

1000Hz:B) were

amplificat}on factors of 2000X for the ERG and 20,000X

for the OPs. The ERG positive waves are numbered
( ~according to the

\

negative wave which is labelled a-wave

op nom?nclature, except for the

in the ERG

~

~recordings and n-wave OP 1 is

in the OP recordings.

d not always seen on the OP recordings, and is

not visibMe on the ERG‘}ecordings; thus the numbering

+

of positive waves from '2 onwards. The wave

correspondi to the péak of the b-wave (most positive

portion of the ERG) is identified with a dot.. .

The vertical arrog indicates flagh onsetf Calibration:
horizontal bar in milliseconds, vertical bar in

microvolts.

e
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Dark Adaptation

“* .The results for a flash intensity of 3.2
cd/mz/sec (Efight flash) are shown in figure 4 and
summarized in figure 5. The b-wave and corresponding
OPs increase in amplitude and decrease in peak time
with ad éncing age. A rapid progression in both the b-
wavg and OP recordings is seen between week 2 and week
3. From week 3, however, the OPs and b-waves increase
in amplitude and decrease in peak time at a regular
rate. The ratio of summed OP amplitude to b-wave
.amplitude” (SOP/b-wéve: figure 5) femains constant at
22% as the rabbit ages, suggesting that both increase
at the same rate. The time  interval Dbetween
consecutive OPs (OP-OP: figure°5) decreases with. age,
indicating that the frequency domain of the OPs
increases sfanificantly (t=4.98;df=8;p=.005) from Q;i
10Hz at week 3 to 122 # 12 Hz at week 5.

The b-wave and OPs can be seen to develop betweer
day 7 and day 14 in the transverse study illustrated
in figure 6. At day 7 the b-wave peaks at 42.3 msec,
at day 8: 25.4 msec, gat day 9: 75.4 msec, and at.day
14: 53.8 msec. This variability is due to changing

°

peak times and number of OPs, as the ré%bits mature,
fhatwéontribute to the b-wave (moré OPs are pfesentaaf
day 9 vs. day 7). Some OPs (marked by arrows in figure
6) at days 7 and 8 are small and ill-defined, but can

be bettér visualized if compared with those at days 9

-
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Fi e 4: The effect i on_t ark-adapted ER

and OPs flash n si 3.2 cd m2 sec veek

measurements ': two rabbits illustrated. g

ERG recordings of two rabbits are shown in A and C,
with ceoerresponding OP .recordings in B and D,
respectively. The vertical arrow indicates flash
onset. Calibratiorn: horizontal bar in miiliseconds,‘

s
vertical bar in microvolts.

<



1 oy
., Rt . it B AR

R R G C ss,;w R R WWWW%%W&W’ R
[ i »

vhoa TR
¢

[} X . . ST
s .
. : N
,
-
>
. t
- .
~ - p
.
» .-
\ '
» Lo
H
s
,

- A

o

«

.
.
)
a




28 1

re 5: Summa of ERG and OP measurements with a

2

las ntensity 3.2 cd/m“/sec) weekly data.

a-amp (a-wave amplitude), a-pt (a-wave peak time), b-

amp (b-wave amplitude) » - b-pt (b-wave peak time), soP
(summed a;mplitudes OP2,3,4), OP-pt (OP peak tin;e) ,
OP/b % (ratio of SOP to b-wave amplitude'in percent),
OP-OP' (inter. OP time interval). Data points represent
mean * 1 standard deviation. Amplitudes are measured

in microvolts, time in milliseconds.
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Flgure 6: The effect of ggigg”bn the dark-adapted ERG
) 2

and OPs (flash intensity 3.2 cd/m“/sec) daily measure-
ments: transverse studyj o

ERG recordings are shown in A, with corresponding OP

recordings .in B, The small arrows indicate poorly -«
visible OPs that arézbetter appreciated by comparison
with larger OPs of similar peak time at later days.
The vertical arrow indicates flash onset. Calibration:
horizontal bar in milliseconds, vertical bar 1in

microvolts.

.
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and 14. At days 7 and 8, OP2 forms the b-wave while at

day 9, the OP recording shows well delimited OP2, OP3,

OP4 and OP5. The latter is now responsible for the
peak of the b-wave. The rapid increasg in the
amplitude of the a-wave added to the low voltage of
the Oés, seen at day 9, fails to proﬁuce a b-wave of
mature morphology. ﬁather, the ascenging limb of the
"b-wave™ looks more like a slow drift towards a
baseline value. The typical b-wave is‘achievéd between
day 9 and day 14, when tﬁe OPs have reached an
amplitude lafge enéugh to counterac£ + the

electronegativity produced by the a-wave. At day 9,

all OPs (OP2,3,4,5) have similar amplitudes and can be

" seen to contribute equally to the rising phase of the

b-wave. At day 14, however, 0P2,3,4\are significantly
larger than OP5 and thus become the major b-wave
contributors. -

The recordings done with a flash intensity of 0.3

cd/mz/sec (dim flash) are shown in figure 7. With

advancing age; the amplitude of the b-wave increases
and the peak time decreases. The OPs (figures 7B, 7D)
are not visible until the fifth week. Recordings in
figure 8B, done at four weeks ofﬂage, show minimal OPs
with the 100-1000 Hz bandwidth (see arrbws), but show
the presence of OP-like waves that are clearly Qisible
with a 30-1000 Hz bandwidth recording. A similar

effect is noted in figure 8A at five weeks of age. The

. frequency domain of the OPs is 90 Hz at week 5, a

‘\‘
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frequency not affected by a 30-1000 Hz bandwidth, but

one attenuated to noise levels by: a 100L1000 Hz

bandwidth. These results suggest that the OP

.recordings in figure 7 could be flat because of

attenuation by a bandwidth, where the low - frequency
cut-off is too high for the fequency domain of .the OPs

being recorded. ) -

<

et
[P A




!

H e effec f 0 e dark-a ted G

(flash intensity 0.3 cd/m%/sec).
ERG (A,C), and OPs (B,D) simultaneously recorded - from.

two rabbits. The tilted arrows mark discontinuities on
the slope of the b-wa;e, which represent OPs. The
vertical arrow indicates flash . onset. Calibration:
horizontal bar in ﬁilliseconds, veftical bar " in

microvolts.,
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‘ F re 8: Modification of the ERG signa roduce

different bandwidths. , 7‘

_I}g;k—adapted (intensiﬁy: 0.3 cd/mz/sec : tracings
i A,B) recorded from two different rabbits. All three
record}.ng Bandwidths 1-1000Hz, 30-~1000Hz and 100- ‘
1000Hz, as shown on the 1left hand side of each

!

tracing, were récorﬁed simultaneougly. The 30-1000Hz
recording was amplified lb,OOOX. The third tracing is' ' N
almost flat, while the 30-1000Hz recording
demonstrates)"OP like" waves (figure B). Tilted arrows

J pbint to discontinuities in the first tracing and

.small /C({Ps in the third tracing that cql:respond in time - S

" to the OP-like waves.s‘een in the 30-1000 Hz recording.

% The vertical_ arrow indicates flash onsgt. Calibration:

horizontal bar ip milliseconds, vertical bar in N

microvolts. “

»
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Light Adaptation

The b-wave amplitude&increases at a regular rate
with age, while the peak time decreases (figure 9).
Likewise, the summed amplitude of the OPs increases

and the peak time of the individual OPs decreases, as

®

the rabbits mature. The interpeak interval of the OPs

can be seen to decrease from 10.1° % 1.7 msec at week 3
4 » . .

to 8.4 % 0.7 msec at week 5, which represents an

increase in frequency domain of the OPs from 99 + 16

Hz to 119 * 10 Hz. A set of recordings, typical of the

1

majority of rabbits, is shown in figure 10A, where the

b-wave (which always corresponds to the péak of = wave
" 3) increases in ampiitude and decreases in peak timg
with age. The other individual positive waves (waves 2
and 4) change similarly, with an{iﬂcrease in amplitude

+

.and decrease in peak tinme. Fowever, in‘the rebordings
in figure ioc, a different picture emérges, where the
b—waQéA peak time corresponds to wave 3 at both the
third and fourth weeks, but shifts to wave 4 at the
fifth week (éhe b-wave by éefinition being the most
positive wave). This results in an increase in peak
time of ,the b-wave at the fifth week. The development
of the ERG is similar in figures 10A and 10C, the
Idifferencé being the wave peak number correspo;;ing to
the peak of the b-wave in the fifth week. The OPs on
the OP (100-1000 Hz) recordingé (figure 10D) can/ be
- seen to develop sequentially aﬁd each corresponds, in

peak time, to the individual positive waves on the ERG




-

Y

(1-1000-Hz) recordings. . .
' The importance of the OPs ‘in deternining tlhe
amplituae - and peak time of the b-v;ave ig. furthex_'
illustrated in figure 11; the recording at . week 4
shows han ambiguous situation where two ec;uaily"
positive peaks 'are present, both measuring 62.7
microvolts fromg the trough of the a-wax?ei .If one
considers wave 4 as the b-wave, wave 3 would be an OP.
However, should wave 3 be considered the b;wave by
virtue of .ontogenesis (since wave 3 is the highest

peak at .an earlier week), wave 4 would have to be

considered ? an OP occurring after the peak of the b--

[]
- ‘

wave.




:’ 4 i ‘. r
40 ‘ : -
‘
)

@ e 9: Su of and O eas ents h
} (background intensity 520 lux, flash intensity 10.0
2

cd/m”/sec) weekly data

b=-amp (b-wave amplitude), b-pt (b-wave Peak time), SOP

(summed amplitudes 0P2,3,43, OP-pt (OP peak time), OP-

OP (inter OP time interval). Data points represent
mean * 1 standard deviation. Amplitudes are measured

in microvolts, time in milliseconds.
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Figure 1l0: Maturation of the light-adapted ERG:

weekl measurements background: 52 Tux; flash

ensity: 10 cd/m2/sec o

There was more variability of measurements dealin;
with the b-wave in light ;ersus dark adaptation. Wwave
4 takes over wave 3 in amplitude at week 5 (figure C)
causing a sudden shift in b-wave peak time. _The
presence and . amplitude of the individual OPs
correspond to the ’F;ndiviéual waves; similarly
numbered, on the ERG. pyHowever, the highest peak is
always the same 2wave 3) in figure A. The highest peak
is ‘also always the same (wave 4) in dark adaptation,
from week 3 onwards (figure 4), resulting in a regqular
change of b-wave parameters with age. The vertical

arrow indicates flash onset. Calibration: horizontal

bar in milliseconds, vertical bar in microvolts.
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F e 11: Maturation of the light-adapted ERG: weekl

measurements (background: 520 lux; flash intensity: 10

d 2 sec

The recording at week 4 presents a difficulty in
.determining fhe site of the b-wave, based Sn the
definition of the latter as ‘the most positive wave
(see text). The vertical ;rrow indicates flash onset.
Calibration: horizontal bar ih_milliseconds, vertical

bar in microvolts.
"
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Discussion
Dark Adaptation

| As shown in figure 5, the b-wave and OP peak
times change simultaneously and. the SOP/b-wave
amplitude ratio is constant, as the rabbits age. This
is in contrast to the results of Hamasaki and Maguire
(1985) in the case of the kitten, ' where OPs developed

at a slower rate than the b-wave. Sanada (1964b),

however, noted the appearance of OPs 'in rabbits as

early as that of the negdtive wave (a-wave), in
cofcert with our results. The b-wave in the rabhit
develops with increasing amplitude and decreasing
peak time to age 40 days, as noted by Reuter (197§).
We also note a progressive increase in amplitude and
decrease in peak time of the b-wa#e and OPs with the
bright flash. !

The b-wave parameters change similarly when the
dim flash is uéed. The OPs, however, are not visibie
until the fifth week (figure 7). This . apparent
inconsistency results %rom the effect of the recording
filter, as shown in figure 8, where OPs are not
demonstrated on the 100-1000 ﬁz recording but -are seen
on the 30-1000 Hz ﬁracing. This is caused by
attenuation of frequencies below 100Hz in the former
case; the'lower the frequency from 100 Hz, the greater
the attenuation. The standard choice of a 100-1000 Hz

bandwidth: has been recommended for normal human OP

recordings, where the OPs were shown to be in the 125

AT
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to 150 Hz range (Gur and Zeevi, 1980; McCullocﬁ et
al., 1972; Tsuchida et'al., 1973). In the dark adapted
rabbit, however, OPs evoked with a dim flgsh at week 5
are of a frequency domain closer to 90 Hz, resulting
in a greater attenuation by the 100-1000 Hz bandwidth
filter. The freqguency domain of the OPs is not only
dependent on the level of matuFation reached by the
retina, as shown in figure 5 (OP-OP interval), but on
the intensity of the stimulus as well (dim versus

bright light). The 100-1000 Hz filter is inappropriate

_ in our setting, when the dim stimulus is used, "and may

be inappropriate for abnormal human recordings where
OPs have been shown to be selectively abolgshed, as in
diabetic retinopathy (Brunette and Desrochers, 1970;
Speros and Price, 1981). Similarly, the results of’

Hamasaki and Maguire (1985) that cat OPs develop later

than the b-wave, may have been caused by their choice °

of recording filter bandwidth (100-1000 Hz) to record N

the OPs. Sanada (1964) chose a 15 Hz low frequency

cut-off to record data, with a different result for

reasons as explained above.
Reuter (1976) described two b-wave processes in

the growing rabbit, in dark adaptation: the "slow b~

1 4
- wave" of low threshold, 1long peak latency and no OPs,

seen with low stimulus intensity; and the "fast b-
wave" - of higher threshold,  shorter latency and

presence of OPs, seen with high stimulus intensity.

. t
We find, however, that OPs are seen with the dim flash
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%
when recorded with a 30-1000 Hz bandwidth. The OPs

intggrate to forh a b-wave with a smooth appearance,

but on closer inspection form irregularities on the

rising slope of this wave (figure 8). These

irregularities are also sSeen in Reuter's (1976)
recordings. A change in frequency domain of the OPs
with changing 1light intensity would explain’ his
apparent two h-wave processes. The b-wave peak times
appear to change irregularly within t%e sgcond week
(figure 6). However, the integration of OPs to*fpfm
the ERG would explain this findirg, as new OPs appear
and contibute to the most positive portion of the ERG
waveform. As seen in figure 6, OP2 is noted first,
followed by the development of OP3 and OP4. A similar
sequential forﬁation of OPs in dark adaptation was
also noted by dthers in rabbits (Sanada, 1964a, 1964b)
and kittens (Hamasaki and Maguire, 1985). After week
2, however, all OPs are present with unchanging
relative’ coptributions, resulting in a fegular and
predictab%g’épange of b-wave pa;ameters (amplitude and

peak time) with age.
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The phe;pplc b-wave and OP amplitudes 1ncrease,
and peak tlmesidecreaseh with age. The measurement of
some recordings, however, yields b-wave peak times
that change irregularly with age, as in figure 10C,
where the b-wave peak t}me decreases from the second
to the fourth week but increases at the fifth— week.
Tﬁe peak time of any individual wave in the recording
decreases at a regular rate, from the time that it is
clearly visible at week 3. However, ‘the b-wave ' peak
time changes depending on which individual wave has
"the highest amplitude. The b-wave peak time (figure
10C) can be seen to corresgsnd to wave 3 at the fourth
week, but to wave 4 at the fifth week. It is this
shift that results in a sudden inckease in b-wave peak'
time, a result which points to the/ arbitrary nature of
the definition of the b-wave.

The recording at the fourth week in figure 11,
where waves 3 and 4 are of equal height, presents a
"problem in identification of the peak of the b-wave.
The view as establiéhed by Cobb and Morton (1954)
wo&ld be of an OP (wave 3) superimposed on the b-wave
(which corresponds to6 wave 4). The amplitude of wave 3
is ‘at first higher than that of wave 4 éf:lt the third
week, beconming equel in height at‘the fourth week. The
view' that wave 3 is an OP superimposed on the b-wave

(wave 4), at the fourth week, requires that this also

hold for the third week; this OP (wave 3) would be <
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OPs, with increasing light stimulus, "complicated" the
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larger than the b-wave (wave 4) at this stage, a vieWw
inconsistent with that of an ERG containing OPs that
rid; on the rising slope of the b-wave. The results
are therefore more compatible with the view that waves
3 and 4 are building blocks of the ERG, - corresponding
to OP3 and OP4, respectively. The individual numbered
waves of the ERG correspond to those on the 100~1000
Hz recording. The OPs are more visible on the 100-1000
Hz rec&rdings, as they are higher frequency components

which are selectively recorded by this bandwidth (Gur

and Zeevi, 1980; McCulloch et al., 1972; Tsuchida et

al., 1973).

" The b-wave' takes form with ége, as the OPs
develop in amplitude, decrease in peak time and
increase in freguency dqmain from 99 + 16 Hz at week
3, to 119 % 10 Hz at week 5. ’Th;' contribution of
changing OP amplitudes and peak times,” to b-wave

genesis, has bé?n described\elsewhere (Lachapelle,

. 1985a, 1985b; Lachapelle et al, 1983, 1986a, 1986b) »

The b-wave peak time reflects the peak time of the OP.

that happens to contribute to the most positivé
portion of the b-wave at a specific age. Simiilarly,
Berson et al. (1969) found that the addition of new

(<]

measurement of the human photopic b-wave peak time
because of their overriding the basic waveform. The
peak time of the b-wave increased with an increase in,

flash intensity. \ .
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Conclusions

1. The a-wave is the first ERG wave to appear in a
consig%ent way. It is recorded as soon as the eyes are
open (day'7). ’

+2. The b-wave and 6P amplitudes and peék timgs change
at the s‘ame rate‘ (Figures 4,5,6,9,10). This 1is
compatible with the view that OPs are major building
blocks of the ERG.

3. The b-wave peak times change irregularly within the
second week in d?fF adaptation (Figure 6) and, in some

- . ey s
[Sases, in light/~adaptation (figures 10,11). The

integration of OPs +to form the ERG signal wouldy

explain this findfhg, as the ERG waveformAcorrelates
with the number of OPs, their rélative amplitudes and
frequency domains. ' ‘
4. The maturation §equence is as follows : a-
wave...OP2...0P3 & OP4.
5.. The‘fgequency domain of the OPs needs to be taken
into consideration in choosing a recording bandwidth
(figures 7,8). ' o
'The origin of the OPs appéars to be strétified
within the retina (Wachtmeister and.Dowling, 1978) and
éxere is evidence tl}at they may originate from
different retinal structures. (Gutierrez and. spiguél,
1973; Heynen and van Norren, 1985; ' Wachtmeister and

Dowliﬁg, 1978; Pacheco.and Muzquiz, 1982). Our results

show that the addition of these OPs directly predicts

\ | \ |
* ‘

a
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o
the change in b-wave morphology with age. This
suggests, contrary to previously published- material,

that the OPs are important contributors to b-wave

"genesis, since they are responsible for its peak time

and amplitude. /

The ERG is the only clinical test now available
to permit an objective evaluation of the functional
integrity of the retina. At present, clinical
interpretation is restricted to the measurement of the
amﬁiitude and peak time of the b-wave. &hié study
shows - that the OPs are of major importance in forming
the b-wave and should be regarded as primar§ visual
events when examining ERG changeé-in disease. It is
hoped that this will increase the diagnostic

*

usefulness of the ERG.

1 -
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The peak time (PT) is measured in milliseconds from

flash onset. The amplitude (AMP) is measured in

microvolts. The a-wave is a negative wave. The .

positive wave peaks are numbered; the highest one is

the b-wave, by definition, and is underlined. OP

parameters are measured on the 100-1000 Hz recordings,
which includes those ocurﬁi?g, in time, up to the

corresponding b-wave on the 1-1000 Hz recordings.
Parameters that could not be measured, are marked with
’ -

a dash.
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(1-1000 Hz recording)
a-wave wave 1 wave 2 wave 3 wave 4
PT  AMP PT AMP PT AMP PT AMP PT AMP

Week 2 22.0 5.9
18.1 3.6 27.0 3.6 53.0 5.9
20.0 3.2 32.0 3.8 !

26.1 12.6 = 4.2
22.0 10.5 0
Week 3 22.4 25.2 33.1 18.5 42.0 29.4 55.2 45.9
20.9 25.0 53.1 20.8 41.0 28{8 53.6 38.4 60.1 41.1
20.4 39.7 29.6 24.6 37.8 40.5 48.4 65.9
22.8 18.9 33.7 19.5 46.4 42.2

20.0 32.6 28.4 22.1 35.8 35.5 46.2 59.6
18.2 27.1 25.9 16.8 33.8 35.9 44.2 65.1

Week 4 17.2 38.9 25.0 31.5 31.9 62.0 41.0 99.6 62?0 55.2
17.2 21.0 25.1 18.9 31.2 27.9 41.8 50.8 58:8 24.2
14.8 16.2 24.1 10.9 30.8 18.5 42.3 37.4
17.4 14.3 34.0 35.1 46.1 58.8
18.0 19.9 27.0 19.9 32.f6 35.5 41.2 56.5
16.2 B1l.7 24.3 25.0 30.0 52.9 40.0 91.6 48.1 57.5

Week 5 16.1 38.6 24.8'34.4 31.0 69.7 38.9 109 60.0 53.3
( ’ 16.2 33.6 24.8 24.2 30.0 42.0 38.8 71.9
15.4 32.3 23.2 19.3 29.4 38.0 38.6 58.0
w . l6.8 24.8 24.5 25.8 31.8 42.0 41.0 60.5

15.8 21.8 25.1 22.9 30.0 43.4 36.2 66.0
15.4 10.1 23.8 14.3 29.7 23.5 37.9 43.9
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Week 2

Week 3

Week 4

~ Week 5

(100-1000 Hz recording) .
oP2  OP 3 OP 4 OP 5

° /
PT AMP PT AMF PT AMP PT AMP

22.4 0.4
25.0 0.5 . o
34.0 1.2
23.9 1.2 36.1 0.6 48.0 0.6 70.0 0.7
26.4 3.3 39.2 2.0 50.0 2.3
, 24.0 1.5 38.1 0.6 47.2 1.0 57.5 0.3
26.1 5.0 35.6 3.1 45.2 6.3
gz.l 4.5 33.8 3.4 -42.0 7.1
2.5 4.2 31.0 4.7 40.4 8.6
20.5 7.3 29.2 3.6 38.8 6.8
20.0 3.8 30.1 2.2 38.8 5.6 {
20.4 4.0 29.2 2.5 40.2 5.5 )
21.8 4.1 30.8 1.9 37.8 4.6
20.0 6.2 27.9 5.0 36.4 10.0
17.0 7.3 25.9 4.0
21.2 5.8 28.1 2.2 37.2 7.4
/ 18.3 6.0 25.8 2.9 35.2 5.4
| 20.8 4.8 29.6 4.3 39,1 6.7
19.5 4.6 27.8 2.7 34.2 6.3
19.2 2.7 27.8 2.1 34.6 5.9

Interpeak interval average: week 3 10.3 t 1.2 msec -
week 5 8.2 * 0.8 msec
(i.e.. frequdg;§ domain increases with age from 97 Hz

to 122 Hz)
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Table 1B: Dark adapted data (flash intensity 0.32
2 i o )
C sec - ) /\1
In addition to 1-1000 Hz (ERG) recordings, 30~1000 Hz -
¥ N R
recordings were done at weeks 4 and 5 for which data
" are shown. The 100-1000 Hz recordings yielded poorly
visible OPs which were not measuréble.
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a-wave

PT AMP

l6.8

86.1
85.6

21.0
22.4
., 25.6
26.4

.20.8

21.6

Week 4 17.6
17.6
20.8
21.6
19.2
18.4

Week 5. 17.6
19.2
% 19.2

18.4-

19.2
12.0

onvvVOWM

NU ANOO

. 78,0 _12.2

50.4 12.6
42.4 15.7

66

Hz recording)

wave 2

PT AMP PT AMP

57.0 2.5

66.4 21.7 81.6 22.5
64.8 29.8 77.6 31.3

72.0 31.2

L4

58.4 32.5

%

57.1 27.3

»

57.6 30.2
51.2 50.6

“ e

56.8 46.2

56.8 26.5

wave 3

q

1

»

wave 4

PT AMP
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(30-1000 Hz recording) \\
( " oP 2 oP 3 OoP 4 OP 5
\ S §
PT AMP . PT AMP PT BAMP * PT AMP
WGER 4 "2900 4-8 42-4 3-4
I
Week 5 26.0 9.2 38.6 1.8 '
26,1 7.0 30.8 0.8 38.0 2.’*~Q4.8 1.2
26.0 7.4 . .
. 29.4 6.0 37.9 1.6
25.8 5.2 40.0 2.0 1 ,
30.1)4.4 41.5 3.4 58.0 2.0

Interpeak intervals aberage to 11.1 £ 3.5 msec at week

"

oy

ad

5 (i.e. 90 Hz frequency domain)
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The peak time (PT) is measured in mi%liseconds from
‘flash .onset., The amplitude (AMP) is measured in

icrovolts. The a-wave is a negative wave.q The
positive wave peaks are numbered; the highest one is
the b-wave, by Qefinition, and is underlined. OP
parametgrs are measured on the 100-1000 Hz recordings,
which includes those ocurring, in time, up to the
corresponding b-wave on the 1-1000 Hz recordings.

Parameters that could not be measured, are marked with

a dash. . ) -
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69
(1-1000 Hz recording)
a-wave, wave 1 wave 2. wave 3 wave 4

PT AMP PT AMP PT AMP ©PT AMP ©PT AMP

Week 2 22.0 2.7 38.0 4.

Week 4 9.6  11.6 20.8 35.7 30.4 62.9 36.0 44.7
10.4 6.2 21.6 24.9 29.6 39.7 38.4 24.8 48.8 13.9
11.2 9.2 21.6 21.4 28.8 38.2 36.8 21.5
11.2 7.4 21.6 21.1 30.4 36.3 37.6 20.0 48.0 8.1
11.2 10.7 20.8 28.8 28.0 53.1 35.2 40.1 44.1 19.4
9.6 10.1 20.0 31.3 27.2 62.7 36.8 62.7 51.9 13.0

13.6 4.0 '
18.4 2.1 37.6 4.7
: 27.2 8.7 93.2 14.7
3 11.6 7.1 41.6 15.0 ,
¢ Week 3.12.0 9.1 25,6 30.0 33.6 32.8 43.2 25.7
: : 10.4 8.8 2478 29.3 31.2 33.0 54.4 13.0 _
| 12.0 11.6 25.6 33.4 32.8 36.4 39.2 32.4 55.2 12.1
; 13.6 7.9 28.8 29.1 38.4 33.6
; 11.2 9.6 23.2 41.2
E 10.4 9.1 23.2 28.3 32.0 42.3 44.0 25.7 55.2 12.2
;
¥

B e ilals

Week 5 8.8 10.0 19.2 43.1 26.2 _82.6 34.4 53.4 47.2 15.7

‘i 11.2 5.4 19.2 21.3 27.2 40.7 33.6 19.0 41.6 7.7
11.2 7.6 20.8 30.8 28.8 53.4 36.0 26.7

10.4 8.4 20.8 28.8 28.8 50.0 36.0 29.4 47.2 11.4

- . 12.0 13.4 20.0 29.9 27.2 56.6 34.4 82.7 48.1 20.2

: 9.6 8.0 19.2 29,7 26.4 64.7 40.8 14.8
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(100-1000 Hz recording)

OP2  OP3 OP 4 _OP 5
- PT AMP. PT AMP. PT ‘AMP PT AMP

Week 2 - -

19.5 1.2

20.0 7.0

16.9 1.8

14.2 1.5
Week 3 20.6 3.6 31.6 1.7 41.2 1.6

20.0 3.9 29.0 1.1

20.5 4.0 31.4 2.2 37.1 1.2

18.0 4.3 30.6 4.5

18.4 3.7 29.6 5.8 41.0 4.5 e
Week 4 16.4 6.5 25.8 9.8 35.4 3.6

16.9 3.5 27.1 6.1 36.6 3.8

18.2 3.4 28.1 6.5 37.2 4.8

17.2 3.4 27.0 5.9 35.9 2.6

18.1 6.2 26.2 9.4 33.6 7.3

17.5 5.6 25.0 12.0 34.1 12.8
Week 5 15.5 7.8 23.5 15.9 31.7 9.4

15.6 4.5 24.5 6.6

16.2 5.8 25.4 9.7 - 34.2 4.5

16.4 4.8 25.2 9.9 33.0 4.1

19.0 7.6 26.4 8.6 33.8 9.5

16.2 4.6 24.4 11.6

Interpeak interval average: week 3 10.1 ¢ 1.7 msec
week 5 8.4 * 0.7 msec

v

(i.e. frequency domain increases with age from 99 Hz

to 119 Hz)



