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ABSTRACT

Unlike most rodents_ the guinea pig (Cavia porcellus) is born with its eyes open. It bas

been claimed that most of the functional and structural maturation of the retina takes place in

utero. In fact to our knowledge~ no study bas specifically examined if there was a postnatal

maturation of the retina in guinea pigs. The aim of this study was to detennine whether the

retinal development of the guinea pig continued after birth. The results showed that both

photopic (cone) and scotopic (rod) function continue to develop after b~ the former taking

• more time to reach maturity than the later.
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RÉSUMÉ

Contrairement à la plupart des rongeurs~ le cochon d1nde (Cavia porcellus) naît avec les

yeux ouverts. Des études antérieures ont suggéré que l'ensemble de la maturation structurelle et

fonctionnelle de la rétine s'effectuait in ulero. De fait~ à notre connaissance~ aucune étude n'a

examiné s'il y avait une maturation postnatale de la rétine chez cette espèce animale. Le but de

notre étude était donc de déterminer si le développement de la rétine du cochon d1nde se

poursuit après la naissance. Nos résultats montrent que tant la fonction photopique (cônes) que

• scotopique (bâtonnets) continuent de se développer après la naissance, la première prenant plus

de temps à atteindre la maturité.
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INTRODUCTION

Tbe electroretinogram: defini.ion and biston'

In response to a light stimulus~ the retina generates a bipotential known as the

electroretinogram (ERG) which can he captured at the comeal surface of the cye.

Although tirst identified by Hoigrem in 1865, it was Dewar who demonstrated.. in 1877•

that a light stimulus could produce an electric potential between a corneal and optic nerve

electrode. As a result of these early experiments.. the ERG is considered to be the first

biopotential recorded from humans.

In 1933. Granit distinguished three separate components of the ERG. namely P-f.

P-It and P-III. using the dark adapted. rod-dominated cat retina. The Roman numerals

specified the order in which a progressive increase in ether narcosis suppressed the various

ERG components in the cat. This was the tirst study to demonstrate that the ERG

response retlected the complex activity of more than one retina! generator. Further work

led scientists to rename the P-I, P-II, and P-III processes by which the components of the

ERG are now conventionally named. The initial negative detlection known as P-I was

renamed as the a-wave, the positive wave known as P-II was designated as the b-wave•

and the slow positive P-III potential was termed the c-wave. Subsequently. the P-1I1
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component was found to consist of two separate components: 1) the initial phase whieh

reflects the activity of the photoreceptor eeUs (the leading edge of the a-wave); and 2) the

slow developing phase~ which likely originates in the Müller cel1s (Granit~ 1962; Tomita.

1963; Brindley. 1957).

The use of the ERG for the purpose of analyzing and diagnosing hwnan

pathologies was greatly expanded with the development of non-invasive contact lens

electrodes (Karpe., 1945; Henkes. 1951; Burian and Allen. 1954). In 1945, Karpe was the

tirst researcher to clinically utilize the ERG as a diagnostic too1. He discovered a

correlation hetween an extinguished ERG and the early signs of the human condition:

Retinitis Pigmentosa (RP).

Advaneements in computer teehnology helped to overcome many of the problems

inherently associated with recording electrical signais. For example~ by adding the

responses obtained from repetitive stimuli, computer averaging aUowed the extraction of

the evoked biopotential from electrical noise and later allowed vast amounts of data to he

easily stored and retrieved. Use of the microelectrode also helped ta identify more clearly

the origins of the ERG components within the retina (Tomita andTo~ 1956; Brown

and Wiesel, 1961a.,b). However. the more advanced electronic recording rnethods also

revealed the complexity of the ERG. As a result, the origin of many of the ERG

components still remains unclear.

Retinal organization and histology

As shown in figure 1 and as reviewed by Dowling (1970)~ the vertebrate retinal

architecture consists of several different eeUs; aU ofwhich eontribute to the process of
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Figure 1

The major eeU types and neuronal organization found in the vertebrate retina. A:

amaerine. B: bipolar~ c: cone~ G: ganglion ceU~ H: horizontal eell INL: inner nuclear

layer~ IPL: inner plexiform layer~ IS: inner segment. OS: outer segment~ ONL: outer

nuclear layer~ OPL: outer plexiform layer~ PL: photoreceptor layer.. R: rod (adapted from

Dowling and Boycott~ 1966).
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transferring light information from the photoreceptors inwardly to the retinal ganglion

celis and ultimately the visual cortex.

The photoreceptor layer contains the photoreceptor' s outer segment which houses

the retina~s light sensitive MOlecules, such as the rod's rhodopsin. The outer nuclear layer

is formed from the photoreceptor's cellular bodies. Information encoded as an electrical

potential is transmitted from the photoreceptors to the bipolar eells which align to form

the outer nuclear layer. The s}11apses between the photoreceptors and the bipolar eeUs are

essential for communication. These synapses construct a distinctive layer referred to as the

outer p/exiform layer.

The inner nuclear layer eontains a numher of cellular bodies which particiPate in

either signal transmission or in signal modification. While the signal transmission ceUs are

believed to he ON/OFF bipolar cells and glial ceUs (referred to as Müller ceUs in the

retina), the ceUs involved with signal modification are thought to he horizont~ amacrine,

and interplexiform ceUs. The output of these cellular bodies project to the retinal ganglion

cells that form the ganglion eelllayer. The SYDaptic connections, which separate the inner

nuclear layer from the ganglion celllayer, are referred to as the inner-plexiform layer. The

axons of the ganglion ceUs travel across the retina to a central point named the optic nerve

head where they merge to fonn the optic nerve which exilS the eye, earrying visual

information to the brains' visual centers.
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Components and ongin! of the ERG

The ERG is an evoked potential with a waveform that can he broken down into

distinctive cornponents. Typically~ the ERG morphology is characterized by an initial

negative deflection referred to as the a-wave.. followed by a Iarger positive potential

known as the b-wave (figure 2-A). An interesting feature of the b-wave is the smaller

wavelets which appear to '1ide.... on its ascending lope. These wavelets are usually referred

to as the oscillatory potentials (OPs) and can he isolated by changing the recording

bandwidth frorn 1-1000Hz to a narrower bandwidth of 100-1000 Hz (figure 2-B).

The a-wave

The a-wave is the first distinctive portion of the ERG and is presumed to originate

al the level of the photoreceptors. Photoreceptors absorb üght within their outer segments

causing the photoreceptor pigment to hecome excited. When the photoreceptor pigment

reaches an excited state~ it initiates a sequence of molecular event which eventually leads

to a hyperpolarization. This electrical response has long been associated with the initial

negative deflection or the a-wave of the ERG (Bro~ 1968~ Penn and Hagms.. 1969;

Heynen and Van Norre~ 1985). Recent computational models have advanced the above

theory by demonstrating a quantitative relationship between the leading edge of the a­

wave and electrical activity of the photoreceptors (Hood and Birch. 1990~b; 1993; 1995).

However~ Bush and Seiving (1994) challenged tbis widely accepted view and claimed that.

in sorne conditions. there is a significant contribution of second order hyperpolarizing ceUs

to the genesis ofthe a-wave.
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Figure 2

A typical light adapted (background: 30 cd.m-2
) ERG (tracing A.. 1-1000Hz bandwidth)

and OPs (tracing B.. 100.. 1000 Hz bandwidth) simultaneously recorded from a nonnal

subject to a flash intensity of 0.9 log cd. m-1 sec. Vertical arrows indicate flash onset.

Tracings represent averages of20 flashes presented at interstimulus intervals of 1.028 sec.

Calibration: horizontal: 20 msec; vertical: 25 flV (tracing A)~ 5 J.1V (tracing B).
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The "-wave

The b-wave is the most prominent component of the ERG. Although it has been

studied extensively~ its origin has not been fully detennined. Of the three retinal nuclear

Iayers (photoreceptors~ second-order neurons~ and ganglion ceUs) likely to he at the origin

of the b-wave. the photoreceptors (Brown. 1968) and the ganglion eeUs (Noell 1954)

were eliminated as probable locations. This left second-order neurons as the most probable

location responsible for the b-wave generation. Intra-retinal recordings funher support this

view given tbat the b-wave was shown to reach its highest amplitudes at the inner nuclear

layer (Brown and Wiesel 1961~b).

There are two types of bipolar ceUs which cao he distinguished as being either

depolarized (ON) or hyperPQlarized (OFF) by the light stimulus. The consequence of

activating a depolarizing ON-bipolar ceU results in an increase in extraceUular potassiwn

primarily within the postreceptoral outer plexiform layer. Miller and Dowling (1970)

postulated that the b-wave is produced from Müller ceUs which depoiarizes in response to

an increase of extracellular K- resulting from a light induced depolarization of the second

order neurons. The b-wave would he recorded frOID the radial flow of current moving

through the retina resulting from the Müller celrs depolarization.

Although tbis model of b-wave genesis bas received substantial support from a

number of studies (Dick and Miller~ 1978; NeWInaI4 1980; Newman and Odette. 1984). a

more recent theory suggests that the bipolar ceUs interact in a "'push/pull~' manner to

produce the b-wave (Sieving et al.~ 1994). Sieving theorized that the depolarizing bipolar

eeUs are responsible for the initial 44push" of the ascending part of the b-wave~ while the

hyperpolarizing cells and the Müller eeUs compete to sink the K- expelled by the
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depolarizing ON-bipolar ceUs and limit or "l'ull" the b-wave magnitude back down. 80th

theories gained support from the demonstration that the glutamate anaIog~ 2-amino-4­

phosphonobutyric acid (APB)~ whieh eliminates the response of ON-bipolar eeUs.

abolishes the h-wave from ERG reeordings (Stockton and Slaughter~ 1989; Tian and

Slaughter~ 1994; Hanitzseh et al.~ 1996, Guite et al.~ 1990).

Xu and Karwoski (1994; 1996) funher claimed that the b-wave is generated

direetly by the bipolar ceUs and not from Müller eeUs after they showed that the

pharmacological removal of the butfer currents of Müller eeUs (using Ba) do not

eliminate the b-wave potential. Although these findings clearly support the concept that

bipolar ceUs are the source of b-wave genesis, further investigations are warranted to

substantiate tbis claim.

The i-wave

Nagata (1963) identified the i-wave as a post-b-wave ERG component that reflects

an OFF-response to ERGs evoked to briefflashes oflight. Although very few studies have

investigated the origin of tbis ERG component, a study from our group (Rousseau et al..

1996) suggests that the i-wave is generated at the level of the retinal ganglion ceUs.

The OPs

The most intriguing components of the ERG are the small wavelets seen on the

ascending limb of the h-wave which are referred to as oscillatory potentials (OPs) (Cobb

and Morton., 1954). Although much work bas focussed on the exact origin of the OPs, the

genesis of these components remain unclear. However.. several studies have helped to
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narrow the general area from which the OPs originate. Studies utilizing intraretinal

recording techniques have detennined the inner retinaI layer and/or the inner plexifonn

layer as the most probable sites from which the OPs originate (Brindley 1956: Yo nemura

and Hatt~ 1966: Ogden. 1973; Wachtmeister and Dowling~ 1978: Heynen and van

Norren. 1985; Heynen et al.~ 1985: Yanagida et al.. 1988). Depth profile studies have also

helped to eliminate horizontal ceUs as the cellular structure responsible for OP genesis

(Ogden. 1973). Further investigations have ruled out the photoreceptors. retinal ganglion

ceUs. and Müller ceUs as the primary site for OP generation (Bro~ 1968; Miller and

Dowling~ 1970; Ogden. (973). Specifically. intraretinal recordings from the mudpuppy

excluded Müller ceUs because they did not produce an OP-lïke resPOnse (Miller and

Dowling, (970). FoUowing an occlusion of the central retinal artery~ the OPs and the b­

wave were eliminated while the a-wave (photoreceptors) remained unaffected (Brown.

1968). Finally. OPs remained normal following tetrodotoxin treatment which is known to

block the discharge of the retinaI ganglion cells (Ogden. 1973).

Many investigators have examined the relationship of the b-wave to the presence

or absence of the OPs. Lachapelle et al.. (1983) noted that the ERG amplitude in patients

affiicted with Congenital Stationary Night Blind (CSNB) was decreased proportionally to

the absence oftwo OPs. Furthermore. Gorfinkel et al.~ (1988) examined the development

of the ERG and OPs in the neonatal rabbit and reported that changes in peak time and

amplitude of the photopic b-wave are consistent with the development ofnew comPOnents

corresponding to the OPs. This study supports a theory that postulates that the OPs might

he the building blocks of the b-wave (Lachapelle et al.. 1983; Lachapelle and

Molotchnikoff. 1986a: Gorfinkel and Lachapelle. 1990).
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However, others have proposed an altemate theory indicating separate processes

for the b-wave and the OPs. This stems from observations that OPs can be selectively

abolished as seen in patients with diabetic retinopathy (Yonemura et al., 1962; Brunette

and Desrochers. 1970; Speros and Price.. 1981). This theory is also supported by ERG

developmental studies in the cal (Hamasaki and Maguire. 1985) which demonstrated that

the formation of the a-wave precedes the formation of the b-wave and the b-wave

precedes the fonnation of the OPs. Differentiai maturation of the ERG comPOnents is also

noted in the albino rabbit where the OPs and a-wave appear at dayeight.. whereas the b­

wave appeared at day 10 (Noel.4 1958). If the OPs are the building blocks of the b-wave.

it would he expected that the OPs and the b-wave would develop in unison.

Understanding the role of the OPs remains a fundamental question of retinaI

electrophysiology.

Characteristics of the ERG

The ERG response can he evoked under a variety ofconditions, each of which can

produce a distinctive ERG. The dark adapted rod ERG also known as the scotopic ERG is

the electrical response recorded from the rod system when evoked to a light stimulus after

the retina has been dark adapted for a minimum period of time (usually at least 20

minutes). Similarly, the light adapted cone ERG also known as the photopic ERG is the

electrical response recorded from the cones system foUowing a period in which the retina

was light adapted to a constant background (30 cd. m-2
) for at least 10 minutes. The

evoked resPOnse of the ERG can aIso he distinguished during different stages of retinal

development and/or under ditferent illuminating conditions.
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The photopic hill: afeature ofthe eone ERG

An intensity response function can be constructed from ERGs evoked to a range of

stimulus intensities. The light adapted intensity response function for humans typically

displays an increase in the a-wave and b-wave amplitudes as the stimulus intensity is

increased until a peak amplitude (Vma'!;) is reached (Peachey et aL 1989b; Wali and

Leguire~ 1992). Unlike the a-wave amplitude which continues to increase in amplitude

with an increase in stimulus intensity. further increases to the stimulus intensity beyond

Vmax evokes a b-wave response of smaller amplitude. This phenomenon has been named

the photopic hill (Wali and Leguire~ 1992). Similar to that reported in humans. a lypical

photopic intensity response function obtained from the guinea pig is presented at figure 3

where the peak amplitude of the b-wave is evoked to a flash intensity of 0.9 log cd.m-2sec.

The Vma.'t of the photopic hill is thought to represent the optimum response of the b-wave

generators (Wali and Leguire~ 1992).

Scotopic intensity response fune/ions ofthe ERG

As shown at figure 4 for the Sprague-Dawley rat~ the scotopie intensity response

function for of most anirnals~ including humans~ displays an increase in the b-wave

amplitude as the stimulus intensity is increased from dim intensities until it reaches a

plateau or the fust Vmalt (Peaehey, 1989a). Unlike the light adapted cone ERG intensity

response curve whieh exhibits a decrease in amplitude beyond the Vmalt (figure 3), the dark

adapted rod ERG intensity response curve plateaus and then increases again eonstituting

a second limb (Peachey et al.~ 1989a). This seeond limb does not result from interactions

between rod and cone system signais as was suggested by Schneider et al. (1986)~ but
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Figure 3

Representative light adapted (30 cd.m·:!) ERGs (1-1000 Hz bandwidth) obtained

from a guinea pig (A) were recorded to flashes of white light of increasing flash intensity

spanning over a 1.5-log unit range with a maximum flash intensity of 1.2. log cd.mol sec.

Light adapted intensity-responsefunction for the b-wave amplitude is shown in B. The b­

wave reached a maximum amplitude when evoked to a flash intensity of 0.9 log cd.m·l

sec. Each data point represents the mean ± SEM ofmeasurements obtained from 8 guinea

pigs. Calibration: horizontal: 20 msec CA); vertical 100 J.lV (A).
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Figure 4

Representative dark adapted ERG recordings (A) obtained from a Sprague­

Dawley rat evoked to flashes ofwhite light spanning over a 6 log unit range (-5.1 to 0.9

log cd.m-2sec). Each ERG traeing represents an average between 2 and 5 responses

depending on die stimulus intensity. Vertical arrows identify flash onset. Graphie

representation of the intensity-response function obtained from a dark adapted Sprague­

Dawley rat is shown in B. Calibration: horizontal: 20 msec (A): vertical 300 J..1V (A).
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thought to he determined by an intensity-dependent algebraic summation of the

components that comprise the rod system (Peachey et aL 1989a).

Light adaptation and the ERG

In most mammals. it is well known that upon light onset. following an ample

period of dark adaptatio~ the timing of the cone ERG shortens and/or its amplitude

increases with increasing light exposure time (Burian 1954. 1981; Annington and

Biersdorf. 1958; Lachapelle~ 1987; Miyake et al.. 1987; Gouras and Mac Kay. 1989~

Peachey et al.~ 1989b; Koichiro and Sieving~ 1992). Moreover. in humans this effect

becomes more pronounced with at least a 10 minute period of dark adaptation (Miyake et

al.. 1988: Benoit and Lachapelle~ 1995). This phenomenon is referred to as the light

adaptation effect (LAE). Although the mechanism underlying tbis phenomenom has not

been identified. various explanations have been advanced. Armington and Biersdorf (1958)

suggested the possibility tOOt a change in the standing potential of the eye might he

invo lved. while Gouras and Mackay (1989) more recently suggested that the reason for

this effect was the re-depolarization of the cone photoreceptors during light adaptation.

Dark adaptation and the ERG

Similarly~ the magnitude of scotopic ERGs grow with progressive dark adaptation.

The regeneration of the rhodopsin photopigment~ which is mactive in light adapted

conditions~ is considered responsible for this response (DeMolfelta et aL~ 1968: Brunette.

1969~ Wachtmeister~ 1973; Lachapelle et aL. 1990). Differences found hetween the initial

phase (the first minute ofdark adaptation) and the fully dark adapted phase emphasize the
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contribution of the rod system to the genesis of the scotopic ERG (King-Smith et aL

1986; Lachapelle et al.~ 1990). The prirnary mechanism underlying tbis response bas been

suggested to he the adaptation within the outer segments of the rod photoreceptor to a

dark environment. The rod photoreceptor becomes more sensitive due to the regeneration

of rhodopsin and the scotopic b-wave subsequently increases in amplitude (Bnmette~

1969).

Maturation ofthe ERG

The ERG has been used for assessing the developmental status of the visual system

in animaIs models such as the cat (Hamasaki and Maguire~ 1985; Ikeda and Jacobson~

1982), the dog (Gum et al.~ 1973; Kirk and Boyer~ 1973). the rat (Braekevelt and

Hollenberg. 1970; Kurihara. 1977; el Azazi and Wachtmeister. 1990,1991), and the rabbit

(Sanad~ 1962; Gorfinkel et al.• 1988, Gortinkel and Lachapelle. 1990). Most animal

models possess a visual system that is immature at birth. For example~ Hamaski and

Maguire (1985) concluded that the postnatal development of the kitten's retina occurs in

three distinct stages: 1) the first stage is characterized by the initial appearance 0 f ERG

components concurrent \\'ith the development of the outer segment of the photoreceptor;

2) the second stage is characterized by a rapid amplitude increase of the ERG components

and the appearance of adult-like retinal cell layers; 3) the third and final stage of retinaJ

development is characterized by a slow differentiation phase wbich cao take several

months.

In humans, most neural differentiation and synaptic establishment occurs in utero

(Winkelman and Horste~ 1962; Shipley and Anton. 1964). Whether animais that share
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this precocial characteristic with humans generally undergo the same three stages of retinal

development as animals with an immature retinal system at birth is a scientific question

that remains unanswered.
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Purpose

Most studies which examined the maturation of the ERG have done so using an

animal model bom with an extremely immature retina (Hamasaki and Maguire_ 1985;

Ikeda and Jacobson. 1982~ Gum et al., 1973; Kirk and Boyer~ 1973; Braekevelt and

Hollenberg_ 1970; Kurihar~ 1977; Gorfinkel et aL 1988; Sanada 1962). These animais,

are bom with their eyes c1osed: the opening of the eye (approximately 8-14 days after

birth) usually corresponds to the initial recording of an ERG. Previous investigations have

identified 3 stages to the rnaturational process of the retina as evaluated by the ERG: 1) an

initial phase~ 2) a rapid phase; and, 3) a slow differentiation phase.

Unlike most rodents, the guinea pig is bom with its eyes open and an adult-like

retina (Bornsche~ 1959; Van Hof and Usam4 1967; Legein and Van Hot: 1970; Huang

et aL 1990). Although none of these studies have specifically investigated the postnatal

maturation of the ret~ Huang et al. (1990) identified two stages of retinal maturation

both taking place in utero: 1) the initial development of ERG components occuring

between the 55th and 64lh day of gestation (full term is 68-69 days); and., 2) final

maturation to an adult-like ERG between the 64th day and birth.

The purpose of this study was to determine whether the retinal development of the

guinea pig continues after birth (i.e. a third differentiation stage)., or if retinal development

is aIready complete at birth. If retinal development does continue after birth_ it must he

detennined which components of the ERG retlect development. More specifically, the

development of the photopic and scotopic ERG will he examined, paying close attention

to the a-wave., b-wave, and OP components. Furthermore, it will he investigated if the

process of light adaptation is modified with retinal development.



•

•

•

22

The knowledge gathered from developmental differences in an animal model bom

with an adult-like retina and ERG will help to refine the investigative techniques used and

clarifY the maturation of retinal function in other models bom with a near mature retina..

such as. the human infant (Zetterstrôm.. 1951; Bamet et al.• 1965; Breton et al.• 1995;

Mets et al.. 1995).
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MATERIALS AND METROOS

Phvsiological recordings and data collection

The experimental set-up is schematically shov/O in figure 5. Two Grass P-511 K

analog preamplifiers (Grass Instrurnents~ Quincy, MA. USA), were used to record the

evoked biopotential from the retma. The tirst amplifier was used to record the

conventional ERG. Its bandwidth was set between 1 and 1000 Hz (Tsuchida et al., (973)

and amplified the signal 10 000 times. The second amplifier was set to selectively record

the oscillatory potentials by setting the bandpass between 100 and 1000 Hz (Tsuchida et

al.. 1973) and amplifying the evoked potential 50 000 times. The outputs from the

preamplifiers were averaged and stored using the Biopac MP 100 Acknowledge System

(BIOPAC Sytems Inc., Goleta. CA) and displayed on a computer monitor and

oscilloscope. The acquisition period was set at 250 msec with 5 data pointslmsec and a

delay of 20 msec was set before the flash onset to establish a baseline response. Each

recorded response was stored on diskettes for further analysis and measurements.



Figure 5

Experimental set-up. Biopotenitals were evoked to flashes of white üght

delivered by a photostimulator. The signaIs were amplified 10 000 times (1-1000

Hz conventional ERG) and 50 000 times (100-1000 Hz specifie OP recordings) by

two separate preamplifiers. An oscilloscope permitted the visualization of the

amplified signal. The amplitied analog signal was converted ioto a digital signal and

responses were averaged using a computer. The averaged ERG and OPs were

stored on diskette and printed on paper for further analysis.

24

•

•

•



•

preamplifier

computer for signal
averaging

analog to digital
converter

ifPiE%i%g;-1

::1:~~

oscilloscope

•

•
\

'-~

printer
diskette



•

•

•

26

Animal preparation

A total of29 Hartley Guinea Pigs (Charles River. St-Constant. Québec) were used

in this study according to a protocol approved by the McGill University-Montréal

Children's Hospital Anirnal Care Committee. T0 evaluate the photopic hill. 8 adult guinea

pigs were used. The remaining 21 guinea pigs were used to evaluate the maturation 0 f the

photopic and scotopic ERGslOPs detennined by the recording procedures listed below.

Four of the 21 guïnea pigs died within the tirst 10 days oflife. Guinea pigs were housed in

our animal care facility equipped with an automated~ 12 hoUT lightldark environment.

Depending on the position of the cage relative to the ceiling lights, the illumination inside

the cages was maintained between 20-30 cd.mol
• This intensity was far below the light

intensity shown to produce retinal degeneration in the albino animais (Semple-Rowland

and Dawson, 1987).

Pregnant guinea pigs were closely monitored one week prior to the expected

delivery date. Immediately following delivery (Pd. neonatal guinea pigs were weighed.

their eyes inspected to confirm that they were open. and prepared for experirnentation.

Measurements were obtained every second or third day (depending on the liuer) for 5

\.veeks and then once a week until ages P75.

Prior to ERG measurements, guinea pigs were anaesthetized with an intra­

muscular injection of a ketamine (85 mglk.g) and zylazine (5 mglkg), a mixture known to

have no notable etfect on ERG amplitudes compared to inhalation anesthetics (van Norren

and Padmos. 1975). The pupil was dilated with two drops of 1% cyclopentolate

hydrochloride, after which the guinea pig was placed in a ganzfeld-like chamber of our

design. A DTL (27/7 X-Static lC silver coated conductive nylon yam: Sauquoiot Industries.
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Scranton.. Pa. USA) electrode (Dawson et al.~ 1979; Lachapelle et al.~ 1993; Hébert et al.~

1996) was placed on the comeal surface which was kept mois! with two drops of 1-%

methylcellulose. A reference electrode (Grass E5 dise electrode. Grass Instruments~

Quincy. MA~ USA) was placed in the mouth and a ground electrode (Grass E2 subdermal

electrode. Grass Instruments. Quincy. MA USA) was inserted into the mid-dorsal skin.

Recording procedure

Se%pte ERGs

Dark adapted.. ERG and OP responses were obtained following a 12 hour period

of dark adaptation to maximize the rod response. Scotopic (dark adapted) intensity

response functions were generated with flashes of white light (Grass PS 22

Photostimulator. 20 msec in duration.. Grass Instruments~ Quincy~ MA.. USA), spanning

over a 6 log unit range with a maximal intensity of 0.9 log cd.m-z sec in energy.

Progression of the flash intensity was made in 0.3 log unit increments. For this protocol

each response represents an average of2-5 flashes depending on the stimulus intensity. To

avoid the conditioning flash effect previously reported to affect dark-adapted ERGs. a

minimum inter-stimulus period of 10 seconds was maintained for aU scotopic recordings

(Lachapelle et al.. 1990; Peachey et al.• 1987).

First minute ofdark-adaptation

Scotopic ERGs and OPs were also obtained within the first minute of dark­

adaptation. For this procedure.. al1 guinea pigs were light adapted to a full-field

background illumination of 30 cd.m':! for at least 5 minutes. Following this period of light
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adaptation. the background lights were tumed off and averages of ERGs and OPs were

immediately 0 btained for one stimulus intensity. T0 generate the scotopic intensity

response functioIlS. the sarne stimulus intensities as described above were used. Ail

responses for tbis procedure represent an average of 5 flashes.

Photopic ERGs

Light adapted. cone-mediated. ERGs and OPs were obtained following the

reeording of the scotopic responses described above and following a light adaptation

period of at least 20 minutes to ensure a maximal cone response and to avoid any light

adaptation effect phenomenon (Lachapelle et aL. 1987; Peachey et al... 1990). A diffusing

sereen fitted with miniature halogen lamps was placed between the flash stimulator unit

and the guinea pig to provide a full-field background illumination of 30 cd.m-2
• Light

adapted ERGs were evoked to flashes of white light 0.9 log cd.m-2 sec (Grass PS 22

Photostimulator, 20 Jlsec in duration. Grass Instruments, Quincy. MA..USA) and averages

of 20 responses were obtained (inter-stimulus interval of 1.024 seconds). These photopic

parameters were previously sho",TI to yjeld an isolated cone response from rodents

(Peachey et al. .. 1993).

The light adaptation ejfecl

To evaluate the light adaptation effect (LAE).. photopic ERGs were recorded at

light onset (10). immediately after a 12-hour period of dark adaptation. and al five-minute

intervals for twenty minutes (Le. t5.. t 10. t 15 and ho). The same photopic parameters
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described above were used to generate the photopic responses that represent an average

of 5 flashes at each time interval.

Slow flicker stimulus

Maturation of the photopic function was aIso investigated with a flickering

stimulus as it was previously sho\\<1l that each photopic OP was differentiaUy atfected by

this fonn of stimulus (Lachapelle~ 1991). Photopic ERG/OP responses were also obtained

using a slow tlicker stimulus. As stated above for photopic conditions~ ail guinea pigs were

light adapted to a full-field background illumination of 30 cd.m-! for at least 20 minutes.

As determined with an interval generator unit (Grass SI 0 VSA Stimulator, Grass

Instruments, Quincy~ MA USA), a flash stimulus of 0.9 log cd.m-! sec in energy was used

at the foUowing six rates of presentation to evoke the OP responses: 0.5~ 1Hz, 2Hz..

4Hz, 8Hz, and 16 Hz. Each response represents an average of 50 flashes.

Data analysis

Data analysis consisted of measuring the amplitudes of the ERG components

according to a method previously described (Lachapelle.. 1987). The left tracings of figure

6-A and 6-8 shows photopic and scotopic ERG recordings (1-1000 Hz bandwidth)

obtained from an adult Guinea Pig and identifies the different ERG components. The

amplitude of the a-wave was measured from baseline at flash onset (indicated by the

arrow) to the tirst most negative trough. The b-wave amplitude was measured from the a­

wave tough to the next most positive peak (the b-wave). The a- and b-wave peak times
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were measured from flash onset to the a-wave trough and the peak of the b-wave•

respectively.

The right tracings of figure 6-A and 6-B illustrate the more selective amplification

of the OPs (lOO-1000Hz bandwidth). The first negative trough is usually identified "-oPn'·.

Its amplitude was measured from baseline to trough. The amplitude of the next OP.

referred to as OP., was measured frOID trough to peale Like in human responses. the

guinea pig OP t is an oscillatory potential which is best evidenced following a bright flash

stimulus (Lachapelle and Molotchnikoit 1986a). Although sma1l, the trough immediately

following OP. is used to measure the amplitude of OP2• Similarly. the amplitudes of the

remaining OPs were measured from preceding trough to peak. As shown in the left tracing

offigure 6-A and in the remainder of the text. waves 2 and 3 will refer to the segments of

the ascending limb of the photopic b-wave (1-1000 Hz bandwidth) which correspond to

OP2 and Op) (100-1000 Hz bandwidth) respectively. The OP peak times were aU

measured from flash onset to the individual peaks of the Ops in the 100-1000 Hz

recordings. Analysis was determined only for the days in which 10 or more guinea pigs

were evaluated. Statistical significance was detennined with the use of the Student t-test.

where a p<O.OS was considered significant.
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Figure 6

Light adapted (30 cd.m-2
) ERGs (A.. right tracing; bandwidth: 1-1000 Hz) and OPs

(A~ left tracing; bandwidth: 100-1000 Hz) were recorded simultaneously and represent

averages of 20 flashes presented at interstimulus intervals of 1.028 sec. Dark adapted

ERGs (B. right tracing; 1-1000 Hz) and OPs (B, left tracing: 100-1000 Hz) were recorded

simultaneously and represent averages of 2 flashes presented at an interstimulus interval of

1 minute. Ail tracings were evoked from guinea pigs to a flash intensity of 0.9 log cd.m­

2sec. The vertical arrow indicates flash onset. Calibration: horizontal: 20 msec; vertical 50

JlV (A left tracing), 10 JlV (A, right tracing). 100 JlV (B, left tracing). 20 JlV (B. right

tracing).
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RESULTS

Maturation of the photopic ERG

Amplitude parameters

Ta gain a better understanding of the electrophysiological changes that maturation

brings to the photopic system ofneonatal guinea pig, ERGs and OPs were evoked to a 0.9

log cd.m
o2

.sec stimulus after tbey were light adapted to a rod-desensitizing background of

30 cd.mo2 for 20 minutes. The stimulus intensity of 0.9 log cd.m-2sec was identified as that

which yielded the Vma:< or peak photopic amplitude (photopic hill) as determined with the

guinea pig~s photopic intensity resPOnse function (figure 3).

Representative photopic ERG tracings~ obtained during the development of the

guinea pig~s retina, are exhibited at figure 7. Morphological modifications to the ERG

responses (bandwidth: 1-1000 Hz) affected aU the ERG comPOnents. For example, from

ages PI to P21~ waves 2~ and 3 gradually became more prominent components to the

ascending limb of the b-wave and consequently its "smooth-like" appearance became

··more indented" by P21, suggesting that the OPs becarne a more prominent feature of the

ERG as the retina ages. This is confirmed with the analysis of the OP recordings

(bandwidth: 100-1000 Hz) where the amplitudes of the OPs are larger and their overall

appearance became a more prominent part of the evoked resPOnse with age.
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Figure 7

The effect ofaging on the photopic (background: 30 cd.m':!) ERGs (1eft tracings of

A and B) and OPs (right tracings of A and B) with a bright flash (0.9 log,cd.m'2 sec) for

two guinea pigs illustrated. PI identifies recordings obtained on the day of birth.

Recordings obtained on subsequent days are labeled similarly. The ERG (1-1000 Hz

bandwidth) and corresponding OPs ( 100-1000 Hz bandwidth) were recorded

simultaneously. The vertical arrow indicates the flash stimulus onset. Calibration:

horizontal: 10 msec: vertical 50 ~V (left tracings of A and B) 10 J.1V (right tracings of A

and B).
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Group data of the photopic a- and ~waves and OP resPOnses evoked to a 0.9 log

cd.mol.sec stimulus are plotted against age and summarized at figure 8. As presented in

figure 8-A. the amplitude of the b-wave showed a sharp increase from ages Pt (81.9 JlV ±

5.6 ~V) to a maximum at age Ps (132.2 J.1V ± 6.0 JlV)~ after which there was a rapid

decline from ages P5 to P Io$ (74.5 I-lV ± 3.8 ~V). After P2h the b-wave amplitude continued

ta decrease slightly uotil P75 (66.5 JlV ± 1.8 JlV). A significant decrease (p<O.05: n=11) in

the photopic b-wave amplitude was observed between ages PI and P7S '

The amplitude of the a-wave showed a graduai increase from age PI (23.6 JlV ±

1.1 ~V) to a maximum at age PlO (39.6 JlV ± 2.7 I-lV)~ and then decreased to age Pl4 (30.5

J.1 V ± 1.3 J.1V). However, opposite to that observed for the lrwave, the a-wave amplitude

then increased slightly from ages PI4 (29.7 J.1V ± 1.1 J.1V) to P75 (34.3 IlV ± 1.5 JlV). A

significant increase (p<0.05; n=11) was found between the photopic a-wave amplitude at

age PI and P7;.

Group data obtained from the photopic OPs are presented in figure 8-8 and

showed a greater complexity compared to the a-wave and b-wave responses described

above. lnitially OP2 and OP4 both displayed a sharp increase in amplitudes from ages PI to

Ps• while OP2's amplitude continued to increase to age PlO. The amplitudes of OP3 and

OP" underwent an abrupt decrease in their amplitudes to age PlO and then increased again

to P:H • the amplitudes of both OP3 and OPo$ showed increases. However. at P2h the

similarities observed between OP3 and OPo$ ceased: OP3 decreased slightly from P:!1 (9.8

J.1V ± 0.3 J.1V) to P75 (9.4 J.1V ± 0.3 IlV). whereas OP4 continued to show a graduai

increase to age P75 (12.03 IlV ± 0.5 JlV). As mentioned above. the amplitude ofOP:!
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Figure 8

Summary of light adapted ERG (A) and OP (B) amplitude measurements with age

elicited from a bright flash stimulus (0.9 log cd.moz sec. Each data point represents the

mean ± SEM ofmeasurements obtained from Il guinea pigs.
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increased slightly from ages Ps (8.2 J.1V ± 0.5 J.1V) to PlO (8.7 J.1V ± 0.4 J.1V) and then

showed a minor decrease to age P21 (8.5J.1V ± 0.3JlV). The amplitude of Op! gradually

increased from ages PZI (8.5 J.1V ± 0.3 J.1V) to P7S (10.0 J.1V ± 0.5 J.1V). Not withstanding

the above~ it is worthy to note that all OPs showed a significant (p<0.05; 0=11) increase to

their amplitudes from ages PI to P7S.

Peak-lime parameters

As summarized in figure 9~ the peak times of ail photopic ERG components

became faster with age. This was most pronounced from ages PI to P14. From ages PI~ to

P21 ~ a subtle decrease in the implicit timing was also observed for the b-wave~ the a-wave,

and OPz. After Pz t, there were no further changes to the photopic implicit times which

were significantly [aster (p<O.05; 0=11) than those measured at PI. Furthermore there was

a significant decrease in the inter-peak interval betweeo the a- and b-waves from ages PI

to P7S. whereas no notable decrease was observed between the inter-peak intervals of the

oPs.

b-wave/a-wave parameters

As preseoted in the introductio~ the morphology of the ERG waveform is

typically made ofa b-wave which has a larger amplitude than the a-wave and consequently

the b/a-wave ratio measured in scotopic or photopic conditions is usually above one. As

shown in figure 10. the photopic b/a-wave ratio decreased substantially from PI (3.51 ±

0.26) to PlO (2.11 ± 0.18) but remained positive. After PlO, the b/a-wave ratio showed
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Figure 9

Summary of light adapted ERG (A) and OP (B) peak-time measurements elicited

from a bright flash stimulus (0.9 log cd.m-2sec) with age. Each data point represents the

mean ± SEM ofmeasurements obtained from Il guinea pigs.
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Figure 10

The etTect of aging on the b-wave/a-wave ratio in light adapted conditions a bright

flash stimulus (0.9 log cd.m-2 sec). Each bar represents the mean ± SEM of measurements

obtained from 11 guinea pigs.
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minor fluctuations to its ratio. At P75 the photopic b/a-wave ratio was 1.96 ± 0.07. a value

significantly lower (P<O.05; n=ll) than that observed at Pt. but maintaining a ratio above

one. The decrease in the ratio from Pl to P75 was the result of an overall decrease in the

amplitude of the b-wave combined with an overall increase in the a-wave amplitude.

Light adaptation effect

Following a 12 hour period ofdark-adaptation for the guinea pig. an adapting field

of 30 cd.m-2 was opened and photopic ERGs and OPs were obtained. Representative

tracings of the light adaptation effect (LAE) evoke at age p! are presented at figure Il-A.

The LAE response obtained from the same guinea pig at age P75 are shown at

figure II-B. Neither the neonatal guinea pig nor the adult guinea pig exhibited an

enhancement of the ERG or a progressive decrease in peak times with increasing light

adaptation. Group data recorded at PI and P75 are presented in figure I1-C. where the

mean amplitude of the b-wave (expressed as a percentage change in ERG amplitude) is

plotted against the length of the light adaptation period. At age PI, the b-wave at to was

102.6% ± 1.8% compared with 96.8% ± 1.7% at tiS. These values were not statistically

different (p<O.05: n=ll) from one another. Results obtained al age P7S were essentially the

same: at lD. the b-wave was 103.6% ± 1.9% compared with 97.5% ± 3.0°/c) at t15. Again

the values are not statistically different (p<0.05; n=ll) from one another. Futhennore.

sunilar results obtained at ages PI and P75 (figure 11-0) did not display the LAE.

1rrespective ofage. the guinea pig did not display ~wave or OP4 enhancements previously

shown to occur with other species investigated as mentioned in the introduction.
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Figure Il •

Photopic (background: 30 cd.m02
) ERGs (left tracings of A and B; 1-1000 Hz

bandwidth) and OPs (right tracings of A and B;100-1 000 Hz bandwidth) recorded

simultaneously and evoked to a bright flash (0.9 log cd.m-2sec) delivered immediately

following a 12 hour period of dark adaptation. Responses in A and B show the tirst 20

minutes of light adaptation obtained from a guinea pig at PI (day of birth) and P75,

respectively, where t= time of light adaptation in minutes. The vertical arrow indicates the

flash stimulus onset. The b-wave amplitudes recorded at age PI and at age P75 are

summarized in C (ordinale: percentage of b--wave amplitude after 20 minutes of light

adaptation to the adapting field) and OP4 amplitudes recorded at age PI and at age P75 are

summarized in D (ordinate: percentage of OP4 after 20 minutes of light adaptation to the

adapting field). The results of each guinea pig was nonnalized individually. Each data

point represents the mean ± SEM of measurements obtained from Il guinea pigs.

Calibration: horizontal: 10 msec (A and B); vertical 50 J.1V (left tracings of A and B) 10

J.lV (nght tracings of A and B).
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slowfliclœr parameters

The maturation of the photopic OP reposnes was also investigated with the use of a

flickering stimulus. Illustrated in figure 12-A and 12-B are the photopic OP tracings

evoked from three neonatal guinea pigs (24 to 48 hours after birth) and three older guinea

pigs at P75. Amplitudes and peak time measurements are summarized at figure 13.

Differences between ERG responses were noticed for all OPs evoked between the

two age groups of guinea pigs, but these differences were ofien dependent on the rate of

presentation. For example. the amplitude of OP3 evoked to a 0.5 Hz flicker was

significantly smaller (p<0.05; n=11) for neonatal guinea pigs than for guinea pigs at age

P75. As the rate of presentation increased to 8 ~ abrupt decreases ta the amplitude of

OP3 was observed for both groups. However, as can be seen in figure 12, neonatal guinea

pigs aImost never produced an OP3 resPOnse for frequencies of 8 Hz and above, whereas

guinea pigs at age P75 often displayed a small but noticeable OP3 resPOnse. Of the Il

guinea pigs analyzed at P75. 7 guinea pigs had a noticeable OP3 at 8 Hz. As the rate of

presentation was increased from 8 Hz ta 16 Hz. a complete abolishment was observed in

aU but four guinea pigs aged P75 •

The neonatal guinea pig and the guinea pig al P75 both exhibited an overall peak

time shortening of OP3 as the flicker rate was increased from 0.5 Hz ta 8 Hz. There was

no difference in the timing for these two groups of guinea pigs at a rate of presentation of

0.5 Hz (p=0.85; n=II).

The resPOnse of OP2 to a flickering stimulus was noticeably different than OP3, as

OP2 was more resistant to a flickering stimulus at a higher rate of presentation. For the

neonatal guinea pig, the amplitude ofOP2 increased as the rate of presentation was
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Figure 12

Light adapted (30 cd.m-2) OPs obtained from 3 neonatal guinea pigs (A) and 3

guinea pig at age P's (8) evoked to a bright flash stimuli (0.9 log cd.m-2 sec). Tracings

represent averages of 50 flashes presented at an interstimulus interval of 0.5. 1. 2. 4. 8.

and 16 Hz. The vertical arrow indicates the flash stimulus onset. Calibration: horizontal:

20 msec: vertical 15 ~V.
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Figure 13

The etfect of a flickering stimulus on photopic (background: 30cd.m-:!) OPs

evoked to bright flash stimuli (0.9 log cd.m-: sec.) delivered at 0.5. L 2. 4.. 8. and 16 Hz.

The recordings were obtained from neonatal (represented by a square symbol; n= Il) and

adult (represented by a triangle symbol; n=ll) guinea pigs. The left graphs of~ B. and C

summarize the amplitudes of OP2, OP3, and OP" respectively. The right graphs of A. B,

and C summarize the implicit-times of OP2. OP3• and OP4 respectively. The abscissa

represents the presentation rate ofthe stimulus given in Hz.
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increased from 0.5 Hz to 2 Hz (figure 13-A). [n response to a further increase to 16 Hz.

1 of the Il guinea pigs showed no OP2 response. while reduced amplitudes were observed

in the other neonatal guinea pigs. The amplitude hehavior of OP2 recorded at age P7S was

different from that of the neonate as it showed a decline (with a minor amplitude increase

fram 2 Hz to 4 Hz) as the rate of flicker presentation increased from 0.5 to 16 Hz. A

notable. but small OP2 response was observed in all guinea pigs at age P7S when evoked to

a flicker presentation of 16 Hz. A marked increase (p<0.05; n=ll) in amplitude and a

decrease (p<0.05; 0=11) in timing ofOP2 \Vas observe for guinea pigs with age.

The response of OP4 evoked to a 16 Hz flicker presentation was found to he the

most resistant of all the OPs. Both age groups displayed an overall decrease in amplitude

as the rate of presentation was increased from 0.5 Hz to 8Hz. The amplitude of OP", at

age P75 continued to decrease to a tlicker rate of 16~ whereas the amplitude of OP", in

the neonate abruptly increased to the same presentation. The amplitude of OP.; evoked to

a 16 Hz flicker was markedly larger (p<0.05; n=11) for the neonate then at age P7S.

The timing of OP.; for both the neonatal guinea pig and the guinea pigs at P75 was

similar. In generaL as the rate of presentation was increased from 0.5 Hz to 16 Hz. the

peak time for both age groups decreased. No ditference (p<O.05: n= Il) was found in the

timing for OP" between these two groups of guinea pigs for a presentation rate of 0.5 Hz

(p= 0.36. n= Il) or 16 Hz (p= 0.35. n= Il).
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Maturation of the seotopic ERG

Amplitude pa,amelers

Scotopic intensity response functions obtained from 2 different guinea pigs at PI,

Ps• PlO, and P7S are shown at figure 14. The b-wave was fust observed at a flash intcnsity

about -3.9 log.cd.m-2 sec. Further increases in intensity, in 0.3 log unit steps, resulted in a

graduaI increase in the b-wave amplitude and a concurrent shortening in the b-wave

implicit time. ERGs evoked with brighter flashes continued to exhibit tbis behavior until

the stimulus was approximately -2.4 log cd.m·2 sec.

Between -2.4 and -1.2 log cd.m-2 sec, the b-wave amplitude failed to grow as the

flash stimulus was increased. [n fact, brighter stimuli resulted in smaller b-wave amplitudes

until the flash stimulus reached -1.2 log cd.m-2 sec. As the stimulus is increased from -1.2

log cd.mol sec to 0.9 log cd.m·z sec the amplitude of the b-wave exhibited yet another

behavior. Once again, increments to the flash intensity greater than -1.2 log cd.m-2 resulted

in a graduaI increase in the b-wave amplitude. Furthermore. and similar to what was noted

for the photopic responses, the amplitude of the b-wave goes through a maximum

amplitude before showing a decrease with age, irrespective of the intensity used (figure

15).

T0 sununarize, with an increasing flash stimulus, the b-wave amplitude increased at

dim stimuli. decreased at mid-range flash intensities, and finally increased again with the

brightest flashes used in this study. The overall result was an intensity-response curve with

a bimodal growth as shown at figure 16A.
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Figure 14

The etfect of aging on the scotopic intensity response function for the ERG (l­

1000 Hz bandwidth) and OPs ( 100-1000 Hz bandwidth) for two guinea pigs illustrated. In

A and B. ERGs (left tracings) and OPs (right tracings) were evoked to flashes of white

light of increasing flash intensities spanning over a 6 log unit range with the maximum

flash being 0.9 log.cd.m-2.sec in energy. PI identifies recordings obtained on the first day

of birth. Recordings obtained on subsequent days are Iabeled similarly. The vertical arrow

indicates the flash stimulus anset. CalIbration: horizontal: 20 msec; vertical: 75 JlV (1eft

tracings of A and B), 15 JlV (right tracings ofA and B).
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Figure 15

The etfect of aging on the scotopic ERG (1-1000 Hz bandwidth) and OPs

( 100-1 000 Hz bandwidth) for two guinea pigs illustrated. In A and B. ERGs (left

tracings) and OPs (right tracings) were evoked to flashes of white light 0.6

log.cd.m-2.sec (upper tracings). -0.9 log.cd.m-2 .sec (middle tracings). and -2.4

log.cd.m-2.sec (1ower tracings). Pt identifies recordings obtained on the tirst day of

birth. Recordings obtained on subsequent days are labeled similarly. The vertical

arrow indicates the flash stimulus ooset. Calibration: horizontal: 20 msec; vertical:

75 f.1V (1efi tracings ofA and B), 15 J.1V (right tracings ofA and B).
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Figure 16

Summary of intensity-response curves of the dark-adapted guinea pig for ditIerent

ages. Scotopic b-wave amplitude measurements at the corresponding flash intensity are

presented in A. Scotopic a-wave amplitude measurements at the corresponding flash

intensityare presented in B. Symbols in A and B identifying the day on which the results

were obtained. An adult scotopic intensity-response curve is shown in C. Each data point

represents the mean ± SEM of measurements obtained from Il guinea pigs.
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At figure 14. representative intensity response function tracings show that a flash stimulus

of approximately -2.1 log cd.mol sec or higher is needed to evoke a scotopic a-wave

response in the guinea pig. An increase to the flash stimulus beyond the a-wave threshold

evoked an a-wave of larger amplitude. regardless ofage (figure 14). Group data in figure

16-B and 16-C shows that the a-wave amplitude increased linearly. where the largest a­

wave amplitude observed is produced at the brightest stimulus intensity.

The results shown at figure 14 include OP responses. Regardless of age. OP3 was

usually the tirst OP to he evidenced at a flash stimulus between -2.4 and -1.5 log cd.m-l

sec. Like the a-wave mentioned above. an increment to the flash stimulus evoked an Op}

response with larger amplitudes. regardless of age (figure 14). Moreover. of all the OPs.

OP3 was observed to have the greatest amplitude at any stimulus intensity.

To illustrate further the effect of maturation on the scotopic fonction. a-wave. b­

wave. and OP amplitudes. evoked to a stimulus of 0.9 log cd.m-l sec. were ploned against

age. As shown in figure 17-A. ail ERG components changed between ages PI and P21.

There was a sharp increase to the amplitude of the a-wave from ages PI (114.0 JlV ± 7.5

JlV) to a maximum at PI4 (154.8 J.1V ± 12.4 JlV). From ages PI4 to Pli the amplitude of

the a-wave gradually decreased. In comparison. the amplitude of the b-wave increased to a

maximum of 123.0 J.1V ± 13.4 J-lV at Ps and then showed an overall decrease to Pli (104.5

J.1 V ± 4.1 J.1V). Both the a-wave and b-wave amplitudes stabilized and remained relatively

constant after Pli. OveralL the a-wave demonstrated a significant increase (p<O.05; n=11)

between ages PI and P7S • In contrast. there was a smaU but not significant (p=O.IOI; n=ll)

reduction in b-wave amplitudes between ages Pl and P7S •
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Figure 17

Surnmary ofdark-adapted ERG (A) and OP (B) amplitude measurements with age

elicited from a bright flash stimulus (0.9 log cd.m-2.sec). Each data point represents the

mean ± SEM ofmeasurements obtained from Il guinea pigs.
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The OPs were a150 markedly modified between ages Pt and P28 (Figure 17-8).

The most pronounced of these changes affected OP). The amplitude of OP3 increased

from age Pl (27.5 JlV ± 1.1 JlV) to a maximum at age PlO (43.9 JlV ± 2.0 IlV). The

amplitude ofOP3 then gradually decreased between ages PlO and P28, (37.0 JlV ± 1.0 JlV)

after which it remained relatively stable. Overall. a significant increase (p<O.OS; n= 11) in

amplitude was observed for Op) between the ages PI and P7S . The amplitude of OP:!

displayed an increase from age Pl (8.8 IlV ± 0.2 IlV) to a maximum at age Ps (12.5 JlV ±

0.3 IlV). However, the amplitude ofOP2 gradually decreased from ages Ps to Pl"' (9.7 JlV

± 0.7 JlV) after which its amplitude stabilized. There was no difference (p=O.44~ n= Il) in

the amplitude of OP2 between ages PI and P7S. The amplitude of OP.. gradually increased

from ages PI (11.5 JlV ± 0.6 f-lV) to a maximum at age PI" (17.0 J.1V ± 1.7 JlV). The

amplitude of OP.. displayed a slight decrease until it stabilized at P28 (15.0 JlV ± 0.5 JlV).

There was a significant increase (p<O.05~ n=ll) in the amplitude of OP.. from ages PI to

Peak-lime parameters

A surnmary of the implicit times for the ERG and OP components elicited with the

brightest stimulus (0.9 log cd.mol.sec) and delivered in scotopic conditions are shown in

figure 18-A and 18-B. A similar behavior in timing was observed between the b-wave and

OP",. The implicit time for both these components lengthened to age Ps and then shortened

to age PI",o Furthermore, both the b-wave and OP.. continued to similarly display slight

decreases in their timing until P3S where their implicit limes stabilized. The peak times of

the a-wave. OP2, and OP) collectively exhibited the same behavior. These components
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Figure 18

Summary ofdark-adapted ERG (A) and OP (B) peak-time measurements with age elicited

from a bright flash stimulus (0.9 log cd.m-2.sec). Each data point represents the mean ±

SEM ofmeasurements obtained from Il guinea pigs.
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showed a progressive shortening in their timing from Pl to Pl"" The timing for aIl three

components remained stable after PI". There was a significant overall decrease

(p<0.OS;n=11) in the implicit time between ages Pl and P75 for ail scotopic ERG and OP

components evoked to a 0.9 log cd.m-l.sec stimulus.

b-wave/a-wave parameters

To examine the b/a-wave ratio in the scotopic intensity response function of the

guinea pig. three different stimulus intensities were considered: 0.3 log cd.m-2.sec, -1.2 log

cd.m-1.sec, and -1.5 log cd.mo2 sec.

The b/a-wave ratio elicited by the three different stimuli and delivered in scotopic

conditions are shown in figure 19. A bright stimulus (0.3 log cd.m-l sec) yielded a ratio of

approxirnately 1.00 ± 0.05 at age PI (figure 19-A). A similar ratio was observed at age Ps

(1.03 ± 0.11). after which it decreased to age PI4 (0.65 ± 0.03). The b/a-wave ratio

appeared to stabilize after age PI"', although there was sorne variation observed in the ratio

with age. A significant decrease (p<0.05; n=ll) was found between the scotopic b/a-wave

ratio evoked to a 0.3 log cd.rn-2.sec stimulus at ages Pl and P7S •

The b/a-wave ratio evoked to a dimmer stimulus intensity of -1.2 log cd.m-l.sec is

shown at figure 19-8. The b/a-wave ratio was shown to increase from 1.20 ± 0.15 at age

Pl, to 1.61 ± 0.16 at age Ps. There were only small variations observed in the ratio from

ages Ps to P1.l. However, there was a decrease in the b/a-wave ratio from ages Pl4 (1.65 ±

0.13) to P21 (0.98 ± 0.19), after which the ratio stabilized. There was no significant

difference (p= 0.24; n= Il) between the b/a-wave ratio al ages PI and P7S '
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Figure 19

The effect of aging on the b-wave/a·wave ratio in dark-adapted conditions for

three stimuli intensities. The data bars in A (flash intensity = 0.3 log cd. m-2
sec)~ B (flash

intensity =-1.2 log cd. m-2 sec), and C (flash intensity = -1.5 log cd. m-2 sec) represent the

mean ± SEM for Il measurements obtained from Il guinea pigs.
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A stimulus only 3 log units dirnmer in intensity (-1.5 log cd.m-2
•sec) yjelded a much larger

b/a-wave ratio (figure 19-C) than the previous example. The b/a-wave more than doubled

from age PI (2.03 ± 0.16) to age P5 (4.42 ± 0.50). A further increase in the b/a-wave ratio

occurred from ages PlO (4.38 ± 0.78) to PI4 (6.60 ± 1.10). The b/a-wave ratio decreased

from PI4 to age P28 (4.60 ± 1.25). After age P28~ the b/a-wave ratio remained relatively

stable with age. OveralL the b/a-wave ratio evoked to a -1.5 log cd.m-2 .sec stimulus

showed a significant increase (p<0.05; n=ll) in the amplitudes between the ages PI to P,s.

Dark adaptation parllmeters

One of the key features of the guinea pig~s dark adapted response was the negitive

morphology which is MOst prominent with bright flashes. We investigated whether tbis

unusual morphology was also present at the onset ofdark adaptation. Scotopic ERGs and

OPs were recorded within the tirst minute of dark adaptation from guinea pigs at ages Pso

to P,s that were previously light adapted (background: 30 cd.m-2
). As shown in figure (20­

A), the ERG and OP wavefonn morphology during the tirst minute remains relatively

unchanged when compared with the ERG morphology of age matched guinea pigs dark

adapted for 12 hours (figure 14-A and 14-8). Most notably, there was a negative ERG

morphology at a bright flash stimulus. However, as swnmarized in an intensity-response

curve. (figure 20-8) the thresholds and overall amplitudes of the a-wave and b-wave were

different than those measured in guinea pigs dark adapted for 12 houcs (figure 16-C).

The a-wave threshold measured after 1 minute of dark adaptation was

approximately 0.6-log units lower than that measured after 12 houcs of dark adaptatio~

while the amplitude of the a-wave evoked to the brightest flash during the fust minute of
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Figure 20

Following a period oflight adaptation (al least 5 minutes~ background: 30 cd. m-2
),

ERGs (A: left tracing) and OPs (A: right tracings) were simultaneously recorded during

the fust minute of clark-adaptation for each flash intensity. Flashes spanned over a 6 log­

unit range with a maximum flash of 0.9 log.cd.m-2 sec. Scotopic intensity-response curves

(B) were constructed from the a-wave and b-wave amplitudes recorded at each flash

intensity. Ail data points represent the mean ± SEM for 8 adult guinea pigs. Calibration:

horizontal: 10 msec (A and B); vertical 50 fJ.V (left tracings of A) 10 fJ.V (right tracings of

B).
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dark adaptation (85.3 J.lV ± 7.6 J.lV) was approxirnately halfthe value ofthat seen after 12

hours ofdark adaptation (152.3 ~V ± 3.9 J.1V).

In comparison to that described above. the intensity of stimulation required for the

b-wave threshold was about 1.2 log units higher when compared ""ith that measured after

12 hours. The amplitude of the b-wave evoked to the brightest flash during the first

minute of dark adaptation (77.2 f.lV ± 4.5 f.lV) also displayed a moderate decrease when

compared to resPOnses obtained after 12 hours (100.3 f.lV ± 4.0 J,LV). Furthennore. the

stimulus required to evoke the b-wave threshold during the tirst minute of dark adaptation

was between -3.9 and -2.7 log cd.m-2sec. This stimulus was of notably higher intensities

than that required to evoke the b-wave threshold (between -5.1 and -3.9 log cd.m-2sec.)

for a guinea pig at age P75 dark adapted for 12 hours.

A night b/ind guinetl pig: tin unexpeetedjinding

[n the course of our experiment. an accidentai mating of a brother and sister

occurred. Of the four guinea pigs born from tbis unio~ one yjelded ·~abnonnar recordings

when compared to other guinea pigs. As shown in figure 21-A, a recordable b-wave did

not appear until the flash stimulus reached -1.2 log cd.m-2 sec. This stimulus was about 2.7

log-units brighter than that required to evoke a threshold b-wave threshold in aU the other

guinea pigs tested. As the flash stimulus progressively increased to 0.9 log cd.m-2 sec, the

b-wave amplitude and the implicit time gradually increased. Unlike the resPOnses normally

seen in the guinea pig under scotopic conditions, the amplitude of the b-wave displayed no

transient reduction in amplitude. The threshold for the a-wave was 0.6 log units higher

than the flash energy required to evoke the b-wave threshold. whereas in nonnals. the a-
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Figure 21

The scotopic intensity·response function (A) for the ERG (1·1000 Hz bandwidth)

of a guinea pig with unusual dark-adapted recordings. Following a 12 hour period of dark

adaptation, tbis guinea pig was evoked to flashes of white light of increasing flash

intensities spanning ûver a 2.4 log unit range with the maximum flash being 0.9 log.cd.m.2

sec. The photopic (background: 30cd.m-z) ERG (8) was evoked to a flash stimulus of 0.9

log.cd.m-1 sec. The scotopic intensity-response curve (C) illustrates changes to the a·wave

and the b-wave amplitudes "ith an increasing stimulus intensity. Calibration: horizontal:

20 msec (tracings A and B)~ vertical 100 JlV (tracings A and B).
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wave can not he recorded until the flash intensity bas reached a value approximately 1.5

log units above the b-wave threshold. However. while the a-wave amplitude gradually

increased with brighter flashes, its amplitude did not reach the same magnitude as that

observed in other nonnal guinea pigs. As a result. there was no evidence of the negative

waveform normally observed in this abnormal guinea pig.

Figure 21-8 shows a photopic ERG recorded in response to a bright flash of 0.9

log cd.m-2 sec. When compared with the scotopic ERG produced at the same stimulus

intensity, the appearance of the photopic a-wave and b-wave amplitudes are about the

same. However. the photopic b-wave morphology is distinct as there is one less OP on the

ascending limb of the b-wave compared to the b-wave of the scotopic response. Results

from the abnonnal guinea pig's scotopic ERG are summarized in an intensity-response

curve (figure 21-C). As the flash stimulus increase~ the scotopic a-wave and b-wave

responses of the abnormal guinea pig were profoundly different when compared to the

other guinea pigs tested (figure 6-C).
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Discussion

Although guinea pigs are bom with eyes open and a relatively mature ret~ there

were significant changes that effected both the photopic and scotopic ERGslOPs with

rnaturuation.

Photopic ,esponses

The light adapted ERGs and OPs evoked from the neonatal guinea pig not ooly

continue to develop after birt~ but the impact of maturation on their development allowed

us to distinguish them apart further. More specifically~ the b-wave reached ils maximum

amplitude earlier than the a-wave (Ps vs PIO~ respectively: figure Il-A). Strangely. after

the b-wave reached its maximum amplitude it rapidly decreased. Abrupt decreases in the

ampltiude of the b-wave are not usually seen with the development of the retina. For

example. the rabbbit~s photopic b-wave was reported to grow linearly during its tirst 5

weeks of development (Gortinkel and Lachapelle. 1990). Similarly~ the photopic b-wave in

humans was reported to progressively increase during its tirst 8 weeks (Horstein and

Winke~ 1965, Bamet et al.~ 1965; Breton et al.~ 1995; Mets et al.• 1995).

The overall development of the OPs amplitudes was separate from one another, as

weil as from the a-and b-waves. lnitially~ OP:! and OP.. reached their maximum amplitude
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at Ps (figure 11-8). whereas OP) reached its maximum amplitude at PlO' Unlike the

amplitude of the a- and b-waves that were stabile at P21~ the OPs continued to mature,

usually in a complex manner.. until P75. El Azazi and Wachtmeister (1991) reported that in

rats. the photopic OPs reached maturity at age P30, which is considerably faster

development compared to the guinea pig. However. all OPs displayed an overall increase

in their amplitudes from ages PI to PiS. which was similar to other rodents such as the rat

(el Azazi and Wachtmeister.1991) and rabbit (Gorfinkel and Lachapelle, 1990).

Gorfinkel and Lachaplle (1990) reported simultaneous development of the b-wave

and the OPs for the rabbit and concIuded that the developing OPs are important

contributors to the developing photopic b-wave. The pattern of photopic maturation was

clearly different for the rabbit ERG is compared with that of the guinea pig. The guinea

pig's b-wave was stable by P21 whereas the amplitudes of the OPs continued to mature

until P75. Thus. unlike the rabbit. the Ops of the guinea pig appear to mature distinctly

from the b-wave.

Pholopic jlicke, responses

In addition to the developmentaI differences for each OP mentioned above, the

photopic OP responses evoked a flicker stimulus emphasized the individual development

of the OPs between and neonataI guinea pigs and guinea pigs at age P7S. As the

presentation rate of the retina! stimulus is increased.. various types of retinal receptors

become incapable of responding (Fishrnan and Sokol., 1990). When Op) was evoked to a

faster rate of presentation (i.e. 8-16 Hz). the neonatal guinea pigs were unable of produce

an OP3 response. However, as the guinea aged. in more than half of the guinea pigs
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analyzed.. an obvious OP3 response could be observed. Obviously.. OP3 matured

substantially over this time period. The responses of OP2 were found to be more resistant

to a flicker presentation at 16 Hz than OP3. Op! also showed sorne maturation as this

response became increasingly more resistant to the tlicker stimulus with age. Strangely,

opposite responses were observed in OP~: there was a significant decrease observed in the

amplitude of OP~ with age when the guinea pig was presented to a flicker presentation of

16 Hz. Findings from the development of the rat retina using very short inter-stimulus

intervals concluded that the generators of the earlier photopic OPs were different

compared to the later ones (el Azazi and Wachtmeister; 1991). Similarly in the guinea pig.

rnaturational differences emphasized that the generators ofOP3 and OP2 were less resistant

to a flicker presentation, while OP4 was more resistant. Changes observed between the

amplitude and timing of OP3 and OP4 when presented to faster flicker stimulus not only

indicates that the mechanism underlying OPJ and OP4 are different.. but they mature at

different rates.

The individual photopic OPs were differentially affected by a tlickering stimulus

regardless of age. The amplitudes of all the OPs decreased at different rates as the rate of

presentation was increased: the amplitude of OP3 being most affected at a high rate of

stimulus presentation and OP4 being the least affected. Interestingly, the timing ofOP! was

lengthened at a low rate of stimulus presentation, but then shortened as the rate of

stimulus presentation was increased. Lachapelle (1991) reported that a tlicker presentation

evoked to humans' showed that each OP represents an independent electrophysiological

entity. The data presented in tbis study for the developing retina of the guinea pig would

support trus claim 2 ways: 1) the developmental differences between each OP was unique;
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and., 2) the changes to the amplitude and peak time of each OP. regardless of age., was

independent from one another.

It is a1so interesting to note that the photopic flicker responses of the guinea pig

are similar to that of humans evoked to the same stimuli (Nagata. 1963; Kojima and

Zrenner, 1978; Lachapelle, 1991). In humans., a flicker presentation of 10 Hz reduced the

amplitudes of OP:! and OP3 with increasing flicker rate., whereas the amplitude of OP4 was

reduced. Furthermore., the peak time of OP:! was increased~ whereas the peak time of OP4

was reduced. In guinea pigs, a flicker presentation of 8 Hz or 16 Hz produced similar

results as those mentioned above with the exception that the amplitude of OP4 is reduced

as the flicker rate increases. With tbis exception to OP4. both guinea pigs and humans

show similar physiological ditferences between the photopic OPs when evoked to a slow

flicker stimulus and therefore, the guinea pig might represent an excellent model to

investigate the mechanisms that underlie these responses. Determining the mechanisms of

how the retina reacts to a flicker presentation might help us to understand the pathology

of an acquired cone dystrophy.

1nterpreting the light adaptation ~ect

The light adaptation effect recorded from gllinea pigs at ages PI and P75 (figure 16)

was interesting for two reasons. First~ there was no difIerence found between these two

age groups for light adaptation effects, although aIl photopic ERG components displayed

significant rnaturational changes. Benoit et al. (1994) reported that the LAE was not

usually observed in the infant rat., although this response was notably apparent in adult

rats. The failure of the LAE ta appear in the guinea pig demonstrates that tbis retinal
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element did not mature in the rat. Second~ ail guinea pigs failed to display the LAE as was

also reported for the rat. Normally~ in humans (Lachapelle. 1987; Gouras and Mackay,

1989: Peachey et al... 1989) and rodents (Peachey et al. 1993.. Benoit et al... 1994). the

LAE identifies the phenomenon whereby the amplitude of the cone b-wave increases for

approximately 10 minutes, following a period ofdark adaptation. Since the majority of the

LAE is observed in the b-wave and OP4. it has been suggested that tbis etfect is generated

postreceptorally (Lachapelle.. 1987; Gouras and Mackay. 1989; Peachey et al.. 1989b:

Koichiro and Sieving, 1992). While the exact origin of the LAE is still unkno~ it bas

been reported to he highly dependent upon the intensity of the flash stimulus (Armington

and Biersdorf: 1958; Gouras and Mackay, 1989; Peachey et al., 1989b). Why does the

retina of the guinea pig not require time to adapt from a scotopic enviromnent to a

photopic one? Koichiro and Sieving (1992) considered the b-wave growth of the LAE

might result from a change in the balance of the depolarizing ON-bipolar cells and the

hyperpolarizing OFF-bipolar cells. If the "push/pull" model generates the b-wave as

suggested by Sieving et al. (1994). then hyperpolarizing OFF-bipolar cells may restrict the

growth of the b-wave. The guinea pig bas been reported to have 8-17% (Peichl and

Gonzalez-Suriano. 1994) cones whereas humans have 5% (Curcio et al... 1990). and rats

have 1% (Szel and Rohlich, 1992) canes. One wonders whether a larger percentage of

cones in the guinea pig could modify the relative balance of the of the depolarizing

pathway vs the hyperpolarizing pathway and account for these unusual results. If the

hyperpolarizing OFF-bipolar cells do govem the LAE, then increasing the input to the

depolarizing ON-bipolar cells might overcome tbis restriction, and result in a loss of the

LAE.
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Scolopic responses

The scotopic ERG obtained from the developing retina of the guinea pig are

clearly different from that observed in other species~ including rodents. The complexity of

this maturation is best depicted at figure 14. As reported for most species~ a shortened

peak-time and increased amplitude marks the maturation of the scotopic a-wave and b­

wave. This was observed for the maturing a-wave of the guinea pig from ages PI to PI.J. [n

contrast~ a different picture emerged for the dark-adapted b-wave evoked to bright flashes.

The b-wave amplitude reached a maximum at age Ps and then decreased with age.

However, there was still a shortening of the implicit time observed with the b-wave. The

changes observed with the development of the scotopic b-wave are inconsistent with that

reported in other species (e.g. the cat: Zetterstro~ 1955; the rabbit: NoeLL 1958;

Gorfinkel, 1988; the dog: Gum et al., 1973; the rat: Braekevelt and Hollenberg, 1970; el

Azazi and Wachtmesiter, 1990). Furthennore. the a-wave, Irwave. and OPs all reached

their maximal amplitudes at a different postnatal age (figure 17). Given that the postnatal

pattern ofdeve10pment ofthe scotopic oscillatory peaks difIered form that of the a- and b­

waves, and there was also an individual development of the OPs. our results are in

accordance with other studies which suggested that these components come from

independent origins (Wachtmeister 1972, 1980; Wachtmeister and Dowling, 1978; Heynen

et al.~ 1985).

ln the present study, the photopic and scotopic a- and b-waves developed

concurrently. The peak time and amplitudes of both components were stabile at age P21 •

This is in concert with Huang et al. (1990) who reported that during the initial stages of
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retinal development in utero. the scotopic and photopic comPOnents of the guinea pig~s

ERG developed at the same rate. However, in the present study, it was also interesting to

observe that the amplitude of the scotopic OPs stabilized at P2S• whereas the photopic OPs

continued to develop at least until age P7S • Thus, the scotopic OPs mechanism underlying

the OPs seemed to develop faster than the photopic system involved in the generation of

the OPs. Previous studies have also rePOrted in the developmental difference in the

photopic and scotopic systems. El Azazi and Wachtmeister (1990) rePOrted that in rats.

the scotopic mechanisms underlying the OPs seemed to mature faster than the photopic

system. However, the scotopic system does not always develop faster. For example.

Hortstein and Winkelman (1965) showed that in human infants, the photopic components

reaches maturity at 2 months after birt~ whereas dark adapted ERGs gradually reached

adult levels at approximately one year. The reason for one system to develop faster than

the other remains unknown.

At the heginning of tbis study, we hypothesized tbat there might he a connection

between the percentage ofcones in the retina and wbich visual system develops faster. For

example. the retina of the rat, which is is a nocturnal animal. consists of about 1% cones

and their scotopic system develops more quickly than the photopic system. Conversely. in

humans with approximately 5% cones and a more diurnal behavior, the photopic system

develops more quickly than the scotopic one. However, as rePQrted above, the guinea pig

has 8-1 7% cones and a diurnal behavior, POssesses a scotopic system tbatdevelops faster

than its photopic system. As demonstrated in tbis study, the percentage of cones in the

retina did not appear to detennine whether the scotopic or photopic rate was tirst to

mature. The factor(s) that govern which visual system develops tirst remains unresolved.
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As shown above~ both photopic and scotopic systems demonstrate postnatal

maturation. However, do all ERG componets, and consequently the retinal structured at

their origin. show a similar maturation? Shortly after birth the scotopic and photopic b­

waves reached maximum amplitudes before respective a-waves. AIso after birth, the b­

wave/a-wave ratio was at higher values compared to the ratios at age P7S • These results

can only be explained if elements of the b-wave mechanism (inner retina) are more mature

than those of the a-wave (outer retina). This daim is supported by early histological

results (Huang et al., 1990) in guinea pigs that the inner retinal structures develop before

the outer segments of the photoreceptors. Furthermore, our results show that b-wave/a­

wave ratio decreases with age as one would expect if the inner retina matures before the

outer retina. However, as mentioned in the introductio~ the mechanisms responsible for

the generation of the OPs are thought to be at the level of the inner retina. The OPs

development appears to mature after the a-wave, especially in photopic conditions. Thus..

specifie sections 0 f the inner retina may mature faster (i.e. mechanism underlying the b­

wave) than the outer retina (i.e. mechanisms underlying the a-wave). but continue to

mature (i.e. the mechanisms underlying the ÜPs) after the outer retina bas matured.

Another point of interest is that when compared with other rodents, such as the rat

(figure 4), the scotopic intensity response function obtained from the guinea pig is

strikingly different. Progressively brighter flashes evoked to the rat lead to ERG

components with greater amplitudes. Similar changes were noticed in the scotopic

intensity response function of the guinea pigs, but ooly when evoked to dimmer stimuli.

Ho\vever. with brighter flashes, the scotopic ERG of the guinea pig became negative as
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was recently shown (Bui et al.~ 1998: Bui et aL in press). The negative morphology

a bserved in the guinea pig al bright flashes is not seen in other rodents or any other animal

ta our knowledge.

What could cause the negative waveform morphology displayed in the scotopic b­

wave? A possible answer began to reveal itself with the discovery of an abnonnal guinea

pig that was labeled "-mght blind" because it appeared to have no rod functio~ but a

nonnal cone function. This night blind guinea pig did not produce a negative scotopic

ERG at bright flash intensities but rather produced a waveform almost identical to that

seen in photopic conditions. Thus, the negative morphology normally produced at a bright

flash intensity could be the result of a scotopic system and photopic system interaction.

As previously mentioned, the guinea pig bas been reported to have 8-17% cones (Peichl

and Gonzalez-Suriano, 1994), a percentage much larger than humans or rats.

Furthennore. in hurnans~ normally the b-wave implicit time for the photopic system (26-34

msec) is much faster than the scotopic system (40-56 msec)(Fishman and Sokol, 1990).

However. the guinea pig·s photopic b-wave implicit time (38-43 msec) is only slightly

faster than the scotopic b-wave implicit time (40-45 msec). Since the implicit timing of the

b-wave for these two systems are quite similar. the hyperpolarizing OFF-bipolar ceU

activity of the photopic b-wave (descending limb) might overlap with the depolarizing

ON-bipolar ceUs of the scotopic b-wave (ascending limb) at bright flashes. Thus. the

negative wavefonn morphology could he the result of a postreceptoral cone inhibition of

rod mediated activity, which would be significantly more powerful in guinea pigs because

of an increased percentage of cones and/or an overlapping of the descending limb of the

photopic b-wave with the ascending limb of the scotopic b-wave.
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The results obtained from the tirst minute of dark adaptation are not in complete

agreement with the above argument. As mentioned in the introductio~ there are

significant adaptive changes observed in the ERG upon the onset of dark adaptation

following a period of light adaptation. The guinea pig did show an increased threshold for

the b-wave and an overall decrease in the maximum amplitude obtained for the ERG

components compared with guinea pigs dark adapted for 12 hours (figure 14 and figure

16). However~ the negative morphology reported to occur after 12 hours of dark

adaptation was equally apparent during the tirst minute of dark adaptation. If the negative

morphology was caused by a rod-cone interaction.. one might suspect that the negative

morphology would become more prominent as the regeneration of rhodopsin was

achieved. Changes normally expected during the tirst minute of dark adaptation to the

rod-cone contribution to the ERG evoked do not appear to influence the negative

morphology unique to the guinea pige Whether the mechanism goveming the negative

morphology is the result of a rod-cone interaction remains undetermined. A subject for a

future investigation might use APB to selectively block the activity of the ON-bipolar cells

(Slaughter and Miller, 1981; Neil et al., 1981; Arldn and Miller, 1987) and POA to

selectively block the activity of the OFF-bipolar cell (Slaughter and Miller, 1983~b:

Dvorak~ 1984), in order to resoive the mechanism(s) which might he invoived.

Histological evidence also showed that the normal guinea pig bas unusually large

horizontal cells \vhen compared \\-;th other rodents (Oassa et al., 1998). Horizontal cells

mediate laterai interactions, although their detailed retinal processing in unknown (Wassle

and Boycotte, 1991). When stimulated, these horizontal cells may modify the evoked

potentiai that stimulates the bipolar cells and results in negative ERGs. Normally however,
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dysfunction ofcells within the inner nuelear layer can selectively decrease the ERG b-wave

amplitude without diminishing the ERG a-wave. Sînce the scotopie a-wave is reamkedly

reduced. it is most likely that the retinal disorder affecting the night blind guinea pig

occurs at the level of the rod photoreceptor. Whether the absence of a nounal scotopic

response results from an abnormality of the rod photoreceptor and/or an absence of

horizontal ceUs remains to he detennined through histological examination. Further

investigations involving tbis "special·· night blind guinea pig requires additional otf-spring

with sirnilar retinal function. Only after additional night blind guinea pigs are born cao the

evaluation of the retinal histology he performed. The breeding of tbis night blind guinea

pig is presently underway.
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CONCLUSIONS

- This study clearLy demonstrates that retinal deveLopment of the guinea pig

continues after birth.

- The amplitude of the OPs were the last ERG eomponents to mature: the scotopic

OPs matured faster than the photopic OPs. Consequently, it was determined that the

scotopic system matures faster than the photopic system. This result was similar to the

studies investigating the development of the rat retina and contrasts with studies

investigating the retinal deveLopment ofhumans

- Results from both the photopic and scotopie system showed that the b-wave was

the fust ERG component to reach its maximum amplitude, followed by the a-wave. The

photopic and scotopie b-wave/a-wave ratio also decreased in the guinea pig with age.

Histological evidenee from a previous study and the above results suggest that specifie

elements of the inner retina (the mechanisms underlying the b-wave response) mature

before the outer retina (the meehanisms underLying the a-wave response).

-The light adaptation effect, which is nonnally observed in most animaIs, was not

observed in the guinea pig and therefore no maturation ofthis element eould he observed.

ft was hypothesized that an large percentage ofcones eompared with other animais might

account lor the 10ss ofthis effect.
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-lt was shown using a slow tlickering stimulus of 16 Hz lhat OP4 was the most

resistant while OP3 was the least resistant. Furthermore, OP3 and OP2 matured to

become more resistant to a 16 Hz tlicker presentation with age. while that of OP4 was

appear to he relatively mature and resistant at birth.

-The individual development of each OP in this animal study supports previous

human studies concluding that each OP represents an independent electrophysiologicaJ

entity.

- The scotopic ERG was unique in that at bright flashes produced a negative

morphology not observed in any other normal animal to our knowledge. It was

hypothesized that the mechanism underlying tbis response could he the result of a

photopic-scotopic interaction based on the "'push/pull" model of the b-wave. A night blind

guinea pig was discovered, evaluated, and the results are in accord with tbis hypothesis.
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