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Rod-only electroretinograms (ERGs) were recorded from 6-week and 4-month-old normal human
infants. The leading edge of the rod a-wave was fitted with a model of the activation phase of
phototransduction to provide estimates of S (a sensitivity parameter) and Rmp; (the maximum
saturated photoreceptor response) at each of the investigated ages. Both S and Rmp; increased over
the first postnatal months but followed different developmental time courses with S approaching
adult-like values sooner than Rmps;. The changes in S and Rmp; can be interpreted within the
context of a model incorporating the combined effects of increased levels of rhodopsin and the
changing structure of the rod outer segment during development. © 1998 Elsevier Science Ltd. All

rights reserved.

Rods Infants Photoresponses

Electroretinography

INTRODUCTION

Large increases in scotopic sensitivity have been
observed over the first postnatal months using behavioral
measures (Brown, 1986, 1988; Hamer & Schneck, 1984;
Hansen, Fulton, & Harris, 1986; Powers, Schneck, &
Teller, 1981). Powers et al. (1981), for example, used a
forced-choice preferential looking technique to measure
infants’ dark-adapted thresholds. They reported that
thresholds for infants were 50-times greater than adults’
at 1 month and 10-times greater at 3 months of age, a
shift of approximately 0.70logunit over the first
postnatal months. Although localizing the sites of these
developmental changes has been the focus of much
debate (see, for example, Brown, 1990; Hood, 1988;
Fulton & Hansen, 1992; Hood, Birch, & Birch, 1993a), it
is generally accepted that at least part of the improvement
in scotopic sensitivity observed behaviorally occurs
within the retina, largely due to maturation at the
receptoral level (Hood, 1988; Hood ef al., 1993a).

The contribution made by the developing retina to
improved scotopic sensitivity has been studied using the
electroretinogram (ERG). As with behavioral measures,
the ERG undergoes substantial improvement over the
first postnatal months (Birch, Birch, Petrig, & Uauy,
1990; Birch, Birch, & Uauy, 1991; Birch, Birch, Hoff-
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man, & Uauy, 1992; Breton, Quinn, & Schueller, 1995;
Fulton & Hansen, 1982, 1985). However, much of the
work on the development of the ERG has focused on the
trough-to-peak amplitude of the rod b-wave. Trough-to-
peak b-wave amplitude reflects the sum of potentials of
opposite polarity generated by the rod photoreceptors and
by cells of the inner retina, presumably the Muller and
bipolar cells of the inner nuclear layer (INL). Changes in
b-wave amplitude cannot specifically indicate the con-
tributions made by each retinal site; immaturities in either
the photoreceptor or the inner retina could have the same
effects on b-wave amplitude (Hood et al., 1993a).

Photoreceptor function can be studied directly using
the a-wave of the ERG, which is known to be generated
within the photoreceptor layer (Granit, 1935, 1955).
Recent advances in the analysis of the a-wave have
provided a method for the quantitative assessment of
photoreceptor function (Hood & Birch, 1990a,b, 1991;
Breton & Montzka, 1992; Cideciyan & Jacobson, 1993;
Breton, Schueller, Lamb, & Pugh, 1994). Thus, immatu-
rities in infant vision that originate at the level of the
photoreceptor can now be studied relatively indepen-
dently of other layers of the retina by examining the
changes with age in the parameters derived from the
analysis of the a-wave.

Fulton and Hansen (1992) recorded a-waves from 10-
week-old infants and adult controls and analyzed these
waveforms using an early version of a rod model (Hood
& Birch, 1990a). Median dark-adapted sensitivity
(defined as the intensity producing a semi-saturated a-
wave) was 0.36 log unit lower for infants compared with
adults. However, only a single time point was investi-
gated for infants and age-related trends could not be
evaluated. More recently, Breton et al. (1995) applied a
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rod model (Breton et al., 1994) to infant data and reported
that both the amplification constant (gain) of transduction
and the maximum saturated response are immature at
birth, and increase roughly in parallel, reaching mature
values at approx. 5 years of age or older. However, in
their study, only nine infants were less than 4 months of
age and only 16 were less than 1 year of age. In addition,
the youngest infants were patients referred for clinical
evaluation and they were included in the study if, on the
basis of an ophthalmological examination, the retina was
deemed normal. This selection bias does not preclude the
possibility of sub-clinical pathology in these young
patients.

In this study, photoresponses of rods in 6-week and 4-
month-old infants were derived from the a-wave of the
ERG. As a departure from earlier work, a relatively large
number of infants was represented at the selected ages
and all infants had normal visual function. The leading
edge of the rod a-wave for each infant was fitted with a
current model of the activation phase of phototransduc-
tion (Hood & Birch, 1993, 1994) to provide parameters of
rod function.

METHODS

Subjects

Normal healthy infants, born 37-41 weeks postcon-
ception, with no family history of eye disease and a
normal neonatal ophthalmic examination, were recruited
from local pediatric practices. Electroretinograms were
obtained from 14 6-week-old infants (mean age =1
standard deviation =43 £ 7 days) and 15 4-month-old
infants (mean age +1 standard deviation = 124 + 3 days).
Electroretinograms were also obtained from 20 normal
adults (mean age +1 standard deviation = 33 1 14 years)
for comparison. The tenets of the Declaration of Helsinki
were adhered to. Written consent was obtained from the
parents of each infant after the goals of the study were
explained and the potential risks and benefits were
described.

Recording techniques

The methods used for obtaining full-field ERGs were
relatively standard. One eye was dilated (0.2% cyclo-
pentolate hydrochloride and 1% phenylephrine hydro-
chloride) and dark-adapted. Responses were obtained
from the anesthetized cornea using a pediatric-size
Burian-Allen bipolar contact lens (Hansen Ophthalmic,
Iowa City, IA). Responses were amplified (gain = 10 000;
3 dB down at 2 and 300 Hz) and acquired through an A/D
converter (National Instruments, Austin, TX) in a
personal computer. Signals were averaged as described
below.

Apparatus and stimuli

All stimuli were presented in a Ganzfeld dome whose
interior surface was painted with a highly reflective white
matte paint (Eastman Kodak Corporation, #6080). Two
separate domes were constructed. One dome was
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attached to a frame that was designed to permit lowering
of the dome over the head of a supine infant. An identical
dome, designed for adults, was affixed upright on a table
in a standard way. All stimuli (1.3 msec in duration) were
derived from a circular Xenon gas flash tube (Novatron
Inc. of Dallas) driven by a 1600w power supply. The flash
head was affixed to the outside of the dome in a light tight
housing. An opening in the dome below the flash head
and positioned at 90 deg to the viewing porthole allowed
light to penetrate the interior of the dome.

Short-wavelength (“blue”) flashes with ultraviolet light
blocked (Wratten 47B; A, = 449 nm + Wratten HF-3)
were varied in 0.3 log unit steps from approximately 3.2
up to 4.2 log scotopic td-sec. Typically, four intensities
were delivered and no infant was presented with fewer
than three intensities. Thus, the intensity range examined
was varied by a factor of 8-10 depending on the level of
co-operation of the particular infant (see below).

In the dark-adapted state, responses to the blue flashes
are primarily rod-driven (Hood & Birch, 1990a,b, 1994).
Nevertheless, the responses also contain a small cone
component. The cone component was isolated either by
recording a-waves to long-wavelength (W26;
Acut—on =605 nm) “red” flashes that were photopically
matched to the blue intensity series or by recording a-
waves to the same blue intensity series on a rod saturating
background. (The latter method was used primarily for
the infants.) For both methods, a white background with
an intensity of 1.80 log photopic cd/m? (2.17 log scotopic
cd/m?) was used to suppress rod function. Rod-only
ERGs were derived by computer-subtracting the “cone”
component from the responses to dark-adapted blue
flashes. Evidence that the two procedures remove cone
contributions and produce indistinguishable rod-isolated
ERGs has been presented (Hood & Birch, 1993;
Pepperberg, Birch, & Hood, 1997).

Procedure

All infants and adults were dark-adapted for 40 min
prior to testing. Infants were placed supine in a car seat
and swaddled to prevent arm movements. Soft foam
rubber blocks were positioned on either side of the head
to restrict head movements. The contact lens electrode
was inserted under dim red light and the Ganzfeld dome
was lowered over the infant’s head. Eye position was
monitored by an observer who viewed the infant through
a small hole positioned at the equator opposite the
viewing porthole. For the dark-adapted conditions, a dim
red LED (light-emitting diode) positioned on the inside
of the dome provided sufficient light to monitor eye
position. For the light-adapted conditions, the back-
ground light provided illumination. The recording of
responses was triggered only when a pupil was visible
and centered within the contact lens electrode. Adults
were seated in front of the dome and were instructed to
fixate a small red LED positioned on the inside surface
opposite the viewing porthole. A chin- and headrest were
provided to maintain head position. For both infants and
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FIGURE 1. Representative ERG recordings to a range of flash
intensities for 6-week-old (top panel) and 4-month-old infants (middle
panel), and a normal adult (bottom panel). Retinal illuminance was
varied in 0.3 log unit steps from 3.1 to 4.0 log scot td-sec for infant
#4917, from 3.2 to 4.1 log scot td-sec for infant #4878, and from 3.5 to
4.4 log scot td-sec for adult #4763. The irregular wavy curves are the
raw data and the smooth dashed curves are the fit of equation (1)
obtained by estimation of a single set of parameters for each series of
responses (the ensemble fit). In fitting equation (1), #; was held
constant at 3.2 msec, the average value for adults, and each record was
truncated at the point were the b-wave begins to intrude, indicated by
the reversal of direction of the tracing. Parameter estimates (log S
(sec2(td-sec)™!) and log IRmp; (uV)) derived from the fit of equation
(1) are 0.53 and 1.65 for infant #4917, 0.99 and 1.93 for infant #4878,
and 0.92 and 2.36 for adult #4763.

adults, the position of the head with respect to the
viewing porthole was approximately the same.
Dark-adapted responses to the blue flashes were
recorded first. Three to five responses were typically
averaged at each flash intensity with sufficient time
between flash presentations to ensure complete recovery

629

of rod function. An individual infant might, for example,
be presented with as many as 20 flashes in the dark-
adapted state (five presentations of four intensities) with
approximately 30 sec between flashes (a total of approx.
10 min). However, infants were typically unco-operative
during testing and this sometimes precluded recording
multiple responses at the same intensity, resulting in
somewhat noisier signals for infants compared with
adults. Responses that were contaminated by eye-move-
ment and muscle artifacts were repeated.

After the dark-adapted responses had been collected, a
background light inside the dome was turned on and
subjects were allowed to light adapt for at least 5 min.
Light-adapted cone responses to the “red” or “blue”
flashes were recorded using the same procedure as for the
dark-adapted responses. Total testing time for infants was
approximately 20-25 min.

Analysis of rod a-waves

Based on the Lamb and Pugh (1992) model of
phototransduction, Hood and Birch (1993, 1994) define
the leading edge of the a-wave by:

P3(i,1) = {1 — exp[—i-S - (t — 1,)’]} - Rmp3
fort > t4,

(1)

where P3 is the sum of the responses of the individual
rods. The amplitude, P3, is a function of flash energy, i,
and time, ¢, after flash onset. S is a sensitivity parameter
that scales flash energy i and Rmp; is the maximum
saturated photovoltage. The parameter, 4, is a brief delay
before response onset. For brief flashes, prior research
has shown that equation (1) provides good fits to human
rod a-waves (Hood & Birch, 1993, 1994) and to the
photocurrent data of single human rod cells (Kraft,
Schneeweis, & Schnapf, 1993).

The leading edge of the a-wave of the rod-isolated
responses obtained for infants and adults of this study
were fit with equation (1). For the purposes of analysis,
each ERG recording was truncated at the point were the
b-wave clearly intruded, indicated by the reversal of
direction of the ERG tracing (see Fig. 1). In fitting the
leading edge of the a-wave for infants, f; was held
constant at the average value of 3.2 msec obtained for the
20 adults tested. The decision to hold z; constant was
made because better fits were frequently obtained when
only S and Rmp; were allowed to vary. For each subject,
equation (1) was fit simultaneously to the averaged
responses to all intensities using a least-squares mini-
mization procedure (Matlab, Mathworks, Natick, MA).
This procedure provided a single estimate for the
parameters S and Rmps for the ensemble of responses.
Hereafter, all references to the parameters S and Rmp;
will be those determined from the ensemble fit. Prior
research with adults has demonstrated that over the
particular intensity range of this study, S obtained from
the fit of equation (1) to individual responses (intensities),
is approximately constant and not different from the
value of S obtained when several intensities are fitted
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FIGURE 2. Age-related changes in log S (left panel) and log Rmps (right panel) over the first 4 months of life. The sold circles

represent the parameter estimates at each age for a particular infant. The unconnected points in each graph are different infants.

The points connected by solid lines are the data collected on the same infant at 6 weeks and at 4 months of age. The horizontal

lines show the adult mean (solid line) and standard deviations (dashed lines) for each parameter. The solid diagonal line is a

linear regression through the data at each age and is included as a visual aid to compare the rates of change in the parameters
from 6 weeks to 4 months of age.

simultaneously (Hood & Birch, 1994; see also Breton et
al., 1994).

Retinal illuminance and correction for eye size

Retinal illuminance was calculated using a standard
technique (Wyszecki & Stiles, 1982)*. In computing
retinal illuminance, pupil size was measured individually
for all infants and adults. We also included an additional
correction for eye size. Retinal illuminance varies
inversely with the square of the posterior nodal distance.
Although, it was not possible to measure eye size for each
infant, the physical characteristics of the infant eye,
measured using ultrasonography, have been reported
previously (Larson, 1971; Blomdahl, 1979). At 6 weeks
of age, the axial length of the eye is approximately
17.2 mm, and at 4 months of age, it is approx. 19.4 mm.
The axial length of a normal adult eye is approximately
23 mm. Based on these measures of eye size, we assumed
that stimuli presented to the eye of 6-week and 4-month-
old infants were 0.25 and 0.15 log units, respectively,
more effective than the same stimuli calibrated for the
adult eye.

RESULTS

Rod a-waves for a representative 6-week and 4-month-
old infant are shown in the Fig. 1(top and middle panels).
For comparison, rod a-waves for a normal adult are
shown in Fig. 1(bottom panel). The smooth dashed lines

*We measured each flash in units of photopic cd/m2-sec. The
conversion from photopic to scotopic effectiveness was 1.35
(Hood & Birch, 1994). Retinal illuminance is given by the relation
ts = Lg X A, where 1, = retinal illuminance, L = scotopic luminance
(cd/m?-sec), and A = pupil area (mm?) (Wyszecki & Stiles, 1982).

through each set of responses are the fit of equation (1)
obtained by estimating a single set of parameters for all of
the responses (the ensemble fit). Each record was
truncated at the point where the b-wave begins to intrude,
indicated by the reversal of direction of the tracing (solid
lines). For the representative subjects shown in Fig. 1, the
maximal g-wave response, Rmp; (uV), increases with
age. Log Rmp; at 6 week [Fig. 1(top panel)] is 1.65 and at
4 months [Fig. 1(middle panel)] is 1.93 uV. Log Rmp; for
the representative adult is 2.36 uV. The parameter §
(sec™(td-sec)"!) also increases from 6 weeks to 4
months, but appears relatively adult-like at 4 months.
For the subjects shown in Fig. 1, log § is 0.53, 0.99, and
0.92, respectively.

Between-group comparisons

Figure 2 summarizes the age-related changes in S [Fig.
2(left panel)} and Rmps [Fig. 2(right panel)] that occurred
over the first 4 months for the infants of this study. (The
data points that are connected by thin solid lines are
repeated measures on the same subject. Their data will be
described separately below.) Despite some variability at
each age, there is a clear developmental trend—both S
and Rmp3; improve with age. On average, log S at 6 weeks
i5 0.41 (£0.14) and at 4 months is 0.86 (£0.24), a shift of
0.45 log unit (r=6.24, df =23, P < 0.001). Correspond-
ingly, log Rmp; improves by approx. 0.18 log unit from
1.84 (£0.20) at 6 weeks to 2.02 (+0.17) at 4 months
(t=2.64, df =27, P <0.014). Thus, both S and Rmp;
improve with age, but the rate of improvement, as
indexed by the slope of the solid diagonal line through
each dataset (assuming a linear progression, but see Fig.
5), is greater for S than for Rmp;.

The data are shown in a different form in Fig. 3(left and
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FIGURE 3. Departures from adult estimates for log S and log Rmp; at 6 weeks (left panel) and 4 months (right panel) of age.

Changes in log S and log Rmp; are expressed as the differences (Alog S and Alog Rmps) from the log of the mean of adult

controls. A value of 0.0 corresponds to the mean of the adult value (a departure score of 0.0). The filled circles are the infant data

and, for comparison, adult data are shown as open circles. The dashed lines are the lower boundary limits (defined as 1.96

standard deviations below the mean) for adult Alog S (horizontal dashed line) and Alog Rmps (vertical dashed line) of this study.
The dashed lines show the values beyond which 97.5% of the adult difference scores lay for these parameters.

right panels). Here S and Rmp; are expressed as the
differences from the mean of adult controls. A value of
0.0 Alog S and 0.0 Alog Rmp3 corresponds to the mean of
the adult value (a departure score of 0.0). The filled
circles are the infant data and, for comparison, adult data
are shown as open circles. The dashed lines are the lower
boundary limits (defined as 1.96 standard deviations
below the mean) for Alog S (horizontal dashed line) and
Alog Rmp; (vertical dashed line) obtained for the adults
of this study. That is, the dashed lines show the values
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beyond which 97.5% of the adult difference scores lay for
these parameters. Almost without exception, Alog S and
Alog Rmp; at 6 weeks fall below the lower limits for
adults. By 4 months of age, the difference scores are
smaller, and in some instances the parameters are within
adult limits, particularly for S.

The observation that many of the older infants had log
S values within adult limits, even when log Rmp; is
smaller, suggests that the parameter S matures more
rapidly than Rmp;. [The data points would be expected to

4 - months
100 T I T T T

Amplitude (nV)

Time (msec)

FIGURE 4. ERG a-waves recorded from the same infant (#4878) at 6 weeks (left panel) and at 4 months (right panel) of age.

Retinal illuminance at both ages ranged from 3.1 to 3.8 log scot td-sec. The smooth dashed curves are the fit of equation (1) to

the ensemble of responses. The data at 4 months are the same as those shown in Fig. 1(b) except that the highest intensity is not

displayed. The intention was to show the progression of responses for the same intensities on one infant at both ages. Parameter

estimates (log S, log Rmps3) derived from the fit of equation (1) are 0.50 and 1.84, respectively, at 6 weeks and 0.99 and 1.93,
respectively, at 4 months.
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FIGURE 5. Growth curves for the parameters S (filled circles) and
Rmp3 (open circles) as a function of age. Each data point plots the mean
of the parameter estimate for infants. The smooth curves through the
data points are logistic growth curves of the form Y= Y.[Age"/
(Age" + o™)], where Y is the estimate for infants, ¥;,,.x is the estimated
adult value for the parameter, and ¢ is the age at which Y = Y42 /2 or
50% of adult values. The logistic growth curves predict that S and
Rmp; are 50% of adult values at 9.4 and 14.1 weeks, respectively. The
rate of progression appears slower for Rmp; compared with S. The
exponent, n, derived from the logistic fits, is 1.5 for S and 0.6 for Rmps.
The solid triangle indicates the age at which rhodopsin content of the
infant eye is 45% of adult (Fulton et al., 1996).

shift along the diagonal solid line in Fig. 3(left and right
panels) if the two parameters improved at the same rate. ]
However, at 6 weeks, log Rmp; is already closer to adult
values than is log S (Alog Rmp; and Alog S are —0.47 and
—0.59, respectively). This implies that Rmp; has already
matured substantially by the time that we began our
experiments. However, over the time course of this
experiment, S appears to mature more rapidly than Rmp3.
At 4 months, Alog Rmp; and Alog S are —0.29 and —0.14,
respectively.

Within-subjects comparisons

Six infants were tested at both 6 weeks and 4 months of
age, providing repeated measures on the same infant. An
example of responses obtained at 6 weeks and at 4
months for the same intensity range is shown in Fig. 4.
The data at 4 months are from the same infant shown in
Fig. 1(middle panel) except that the highest intensity,
which was not collected at the earlier age, is not
displayed. (Our intention is to show the progression of
responses over the same intensity range at the two ages.
Parameter estimates at 4 months were derived from all
intensities and were not different from those obtained
when the highest intensity was excluded.)

The data for the six infants for which there are repeated
measures are shown as the thin solid lines in Fig. 2(left
and right panels). The intention of this analysis is to show
that the major conclusions drawn from the between-
group comparisons hold within the framework of the
more powerful within-subjects design. For this subgroup
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of infants, S increased 0.52log unit (compared with
0.45 log unit over all infants) from 6 weeks to 4 months
of age (F=45.8, P <0.001). Rmp; increased 0.05 log
unit (compared with 0.18 log unit over all infants) from 6
weeks to 4 months (F = 0.30, ns). At 6 weeks, Alog § and
Alog Rmps are —0.63 and —0.41, respectively, and at 4
months the corresponding departures from adult values
are —0.15 and —0.34.

The within-subject comparisons, therefore, support the
main conclusions drawn from the between-subjects
analysis described above: (1) estimates of both S and
Rmp; are smaller than adult values at 6 weeks and at 4
months of age; (2) both § and Rmp; increase from 6
weeks to 4 months of age; and (3) Rmp3 is more adult-like
at 6 weeks than is §, but S improves more rapidly over the
time course of our experiment, reaching mature values
before Rmps.

DISCUSSION

Electroretinograms to brief and relatively intense
flashes of light were recorded in normal human infants
at 6 weeks and 4 months of age. The leading edge of rod-
isolated a-waves were fitted with a computational model
of the activation phase of phototransduction to provide
estimates of parameters indexing photoreceptor activity
(Hood & Birch, 1993, 1994). The medel provided
estimates for the parameter, S (a sensitivity parameter),
and Rmp; (the maximum saturated photoreceptor re-
sponse) at each of the ages investigated. These para-
meters can be used to describe immaturities in infant
vision that originate at the level of the rod photoreceptor
(see below). The results of this study show that both S and
Rmp; improve with age but follow different develop-
mental time-courses, with S approaching adult-like
values sooner than Rmp; (see Figs 2 and 5).

Changes in S

Estimates for the parameter, S, derived from the fit of
the rod model, are smaller in infants than in adults; S is on
average (.59 log unit less than that of adults at 6 weeks
and 0.14 log unit less at 4 months of age. Within the
context of the Hood & Birch (1993, 1994) rod model, S is
a sensitivity parameter that scales flash energy. Thus, any
factor that decreases quantal catch, or, alternatively, any
factor that reduces the gain at one or more of the steps
involved in phototransduction, will result in a reduction
in the estimate of S.

Among the potential factors that might operate to
decrease quantal catch in the infant eye are rod packing
density, photoreceptor alignment, and pigment content.
Rod packing density could affect quantal catch because a
greater percentage of quanta would be expected to be lost
in the intervening extrareceptoral space if photoreceptors
were hypothesized to be less densely packed in the
developing retina. This factor is unlikely to contribute
substantially, since there is evidence that receptor inner
segments grow to keep the interstitial space approxi-
mately constant (Packer, Hendrickson & Curcio, 1990).
In addition, light reaching the rod outer segment (ROS)
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depends on light-trapping, or funnelling, of light by the
rod inner segments. Altered light-funnelling by inner
segments as a result of receptor misalignment can operate
in the direction of reducing the efficiency of quantum
catch. In general, photoreceptor organization (packing
density, receptor organization and alignment) can have
effects in the direction of decreasing quantal catch,
thereby reducing the estimate of S, but the effects are
presumably small and might not be expected to carry a
significant portion of the changes in sensitivity that we
have observed over the first 4 months.

More significant consequences might be expected if
the concentrations of rhodopsin, or other principle
proteins involved in phorotransduction, were immature
and changing over time. Phototransduction in retinal rods
is initiated by the absorption of a quanta of light by the
rod pigment, rhodopsin. The photoisomerization of a
single rod pigment molecule begins a series of biochem-
ical events that ultimately leads to a decrease in the
intracellular level of cyclic guanosine 3,5-monopho-
sphate (cGMP) and to the closure of some of the cGMP-
gated channels in the plasma membrane of the outer
segment. The closure of the c¢cGMP-gated channels
decreases the circulating “dark-current” and produces
an electrical response—the “generator” for the ERG a-
wave. (For reviews, see Baylor, Nunn & Schnapf, 1984;
Pugh & Cobbs, 1986; Pugh & Lamb, 1993; Stryer, 1986.)

The infant retina is known to contain significantly less
rhodopsin than the retina of an adult eye. Fulton, Dodge,
Hansen, Schremser, and Williams (1991) estimate the
total rhodopsin content of infant eyes to be about 1/4 and
1/2 of adult values between 32 weeks gestational age and
6 months, or approx. 0.6 and 0.3 log unit, respectively,
less than that of adults. In addition, recent evidence
suggests that pigment concentration (rhodopsin content
per unit ROS length) is lower in the immature eye. In the
developing rat retina, growth of the ROS precedes the
maturation of rhodopsin content, resulting in a lower
concentration of rhodopsin per rod (Fox & Rubinstein,
1989; Fulton, Hansen, & Findl, 1995). If human
photoreceptor development is hypothesized to follow a
qualitatively similar pattern, then it is likely that the
concentration of rhodopsin in the human infant eye is also
lower than in the adult eye. Recent evidence has also
suggested that the concentration of mature rhodospin per
disc is increasing with development. Using microspec-
trophotometric techniques to assess rhodopsin absor-
bance in localized regions of the rat ROS, Dodge, Fulton,
Parker, Hansen, and Williams (1996) have reported a
gradient of rhodopsin concentration, with the accumula-
tion of mature rhodopsin first appearing at the base of the
ROS, where new disks are continuously added, and less
mature rthodopsin concentrations at the tip of the ROS.

Low rhodopsin concentration would be expected to
produce a lower overall sensitivity because fewer
photons can be captured by the available rhodopsin
molecules. In the rat retina, Fulton, Hansen, Dorn, and
Hendrickson (1996) have shown that the increase in the
parameter S, obtained from an analysis of the a-wave of
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the ERG, is correlated to the growth curve describing
age-related changes in rhodopsin content. Qur results are
consistent with a similar relationship in human infants.
Fulton et al. (1996) assayed rhodopsin content in human
donor eyes aged 32 weeks gestation to adulthood. A
logistic growth curve (Hoglund, Nilsson, & Schwemer,
1982) fitted to the data predicts rhodopsin content to be
45% of that of adults at 10 weeks of age. We cannot
explicitly define the relationship between the growth
curves for S and rhodopsin content since, in this study,
rod photoresponses were derived at only two ages.
Nevertheless, logistic growth curves of the same form as
Hoglund et al. (1982) can be fitted to the estimates of S.
The data would predict the parameter S to be 50% of
adult values at approximately 9.5 weeks (see Fig. 5).
Additional data at ages distributed over the first 4 months
are necessary to define more completely the relationship
between rhodopsin content and S.

The photochemical evidence would suggest that the
quantity of mature rhodopsin is a major limiting factor in
infant scotopic sensitivity. This does not preclude the
possibility of immaturities in the gain at one or more of
the steps involved in phototransduction, or in other
proteins integral to phototransduction. However, Ratto,
Robinson, Yan, and McNaughton (1991) recorded the
light response of single neonatal rat rods and found that
although sensitivity was lower in the neonate rod, the
gain of the light-sensitive pathway, when expressed in
terms of the absolute response to a single photoisome-
rization, is similar in infants and adults. The low level of
sensitivity was attributed to the low level of functional
rhodopsin.

Changes in Rmp;

The maximum saturated amplitude, Rmps, in infants is
less than that of adults. At 6 weeks of age, Rmp; is, on
average, 0.47 log unit less than that of adults, or about
34% of adult values. By 4 months, log Rmp; is
0.29 log unit less, or about 51% of adult values.

Within the context of the rod model, Rmp; is
proportional to the magnitude of the circulating current
in the ROS membrane at the time of flash presentation
(Hood & Birch, 1990a,b, 1994; Cideciyan & Jacobson,
1993). A number of factors can affect this circulating
current in the developing eye, including the ionic driving
force within the cell (perhaps determined by the number
of mitochondria), the electrical resistance and/or leakage
of the photoreceptor layer, immaturities in membrane
proteins that mediate the permeability of the outer
limiting membrane, and/or the density of light-sensitive
channels distributed along the ROS.

For single ROSs, the amplitude of the saturated
response varies linearly with the length of the outer
segment (Baylor, Lamb, & Yau, 1979). For in vivo
recordings, it is also generally accepted that the
maximum saturated voltage is proportional to the total
outer segment membrane (see, for example, Breton et al.,
1994; Hood & Birch, 1994). Prior studies have
documented the changes in retinal anatomy during
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normal development (Curcio, Sloan, Kalina, & Hen-
drickson, 1990; Hendrickson & Drucker, 1992; Packer et
al., 1989; 1990). ROSs increase in length in the human
(Hendrickson & Drucker, 1992) and primate retina
(Packer et al., 1990). At birth, ROSs in the human mid-
peripheral retina are approximately 30-50% the length of
that of a normal adult but by 13 months of age are
relatively mature—appearing (Hendrickson & Drucker,
1992). In addition, there are regional variations in the
time-course of photoreceptor development (i.e., photo-
receptors in the rod-ring elongate earlier than those of the
more central retina) (Hendrickson & Drucker, 1992; see
also Curcio & Hendrikson, 1991). The shorter ROS in the
developing eye would be expected to produce a smaller
maximum saturated response, assuming that other ocular
and retinal factors are constant.

Clearly, the immature retina is undergoing substantial
anatomical change over the first few months of life and
the smaller value of Rmp; for infants is due, in part, to
this anatomical growth in the number and length of
ROSs. However, for the developing rat retina, the
saturated amplitude of the a-wave lags behind the growth
of the ROS (Fulton et al., 1995). This indicates that it is
not the total membrane area that is of importance in
determining signal strength, but also the availability and
appropriate functioning of the machinery that ultimately
drives the light-sensitive channels of the outer segment
membrane (see above). For example, some reductions in
Rmps can be caused by regional immaturities in
amplification, or gain, sufficient to preclude the abnormal
region from contributing to Rmp3 (Hood, Shady & Birch,
1993).

CONCLUSION

The photochemical evidence, coupled with the anato-
mical changes that are occurring in ROS, indicate that a
relatively large increase in photopigment optical density
is taking place over the developmental period of this
study. We conclude that the developmental changes in a-
wave parameters can, largely, be explained within the
context of a model integrating localized changes in
rhodopsin concentration and the increasing outer segment
membrane.

This analysis has found a change in sensitivity on the
order of 0.45 log unit owing to factors relating to rod
photoreceptors alone. Psychophysically, sensitivity
changes by approx. 0.75-0.80 log units from 6 weeks to
3 months (see, for example, Powers er al., 1981), but
behavioral thresholds are still 1.0-2.0 log units below
adults’ sensitivity depending on the conditions used
(Powers et al., 1981; Dannemiller & Banks, 1983; Hamer
& Schneck, 1984; Brown, 1986, 1988; Hansen et al.,
1986). The differences in the results probably reflect
maturation of cells and/or connections beyond the
photoreceptors themselves.
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