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Abstract
Purpose To check differences in visual function between
Wistar (albino) and Long-Evans (pigmented) rats.
Methods The animals were born in our facilities and reared
under identical light conditions avoiding bright light. Visual
electrophysiology was performed at the ages of 1.5, 4, 7
and 10 months (electroretinography, ERG) and at 1.5 and
7 months (visual evoked potentials, VEP).
Results ERG measurements showed that: 1) The amplitudes
of both scotopic and photopic b-waves were markedly larger
in Long-Evans rats than inWistar rats, and also the amplitudes
of scotopic oscillatory potentials and photopic 30 Hz Flicker
amplitudes, 2) scotopic a-wave amplitudes were larger in
Wistar rats at low light intensities, whereas they were smaller
in bright light, 3) both a-wave and b-wave latencies were
shorter in Wistar rats, 4) the maximum response RmP3 was
larger in Long-Evans rats, 5) the sensitivity parameter S was
larger in Wistar rats, and 6) the post-receptoral response of
cones was smaller in Wistar rats. In the VEP measurements,
amplitudes of both photopic and scotopic visual evoked
potentials of Long-Evans rats were only slightly larger than
those of Wistar rats.
Conclusions ERG b-wave amplitudes are markedly de-
creased in Wistar rats, which requires further investigation.

As the b/a and OP/a ratios were also decreased in Wistar
rats, it can be suggested that post-receptoral processing, in
particular, is impaired in albino animals.
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Introduction

Inherited albino defects result in two major visual pathway
abnormalities, namely foveal hypoplasia in primates and
misrouted optic nerve fibres. Whereas a lot of work has been
done on studying the misrouting of the optic nerve fibres by
measuring visual evoked potentials and, more recently,
through functional magnetic resonance imaging (fMRI) [50],
little is known about the influence of pigmentation on retinal
function itself. The electroretinographic studies so far
performed to compare pigmented with albino animals have
not yet given an unequivocal picture. It seems that melanin-
related changes in visual physiology vary from species to
species and even from strain to strain. Moreover, the
experimental conditions often differ between the several
studies, which makes comparison of the results difficult.

Taking into account reports about a decreased number of
rod photoreceptors in albino animals (see, e.g., [11]), it was
of interest to know if such a decrease would be visible in a
reduced a-wave amplitude. As a consequence of the
reduced number of rods, an impaired post-receptoral
response would also be expected. On the other hand, there
are several reports that ERG amplitudes are larger in albino
humans [44, 51–53]. Therefore, the purpose of this study
was to compare the single aspects of retinal function of two
closely related strains of pigmented and albino rats by
comparing several ERG parameters.
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In our study, we used Wistar and Long-Evans rats. These
two strains are suitable for comparing albino and pigmented
animals, as they have a common origin. Compared to the
Long-Evans rat, the Wistar rat has a nucleotide exchange in
exon 2 in the Tyr (tyrosinase) gene, causing an amino acid
alteration Arg299His [8]. This mutation has already been
described in humans affected by type 1 oculocutaneous
albinism without any tyrosinase activity and, consequently,
complete lack of pigmentation [19].

We performed the ERG measurements on the animals at
various ages to check whether possible differences in the
parameters did increase or decrease due to ageing.
Moreover, visual flash-evoked potentials were measured
after Ganzfeld stimulation, in order to check whether a
possible alteration of retinal response would have an effect
on the VEP, or if cortical response to light stimuli would
differ in the case of a similar retinal function.

Materials and methods

Animals

Wistar and Long-Evans rats were used in this study as
models for albino and pigmented animals respectively.
Pregnant females of both strains were purchased from the
Charles River Laboratories, Germany. The animals used in
the experiments were born and reared in our facilities under
identical light conditions (12 h/12 h cycles of dim light/
darkness) and fed ad libitum.

Visual electrophysiology

General procedure

Animals were dark adapted over a period of at least 24 hours.
The cornea of the eyes of the anaesthetised animals was de-
sensitised with a drop of Novesine (Novartis Ophthalmics).
The upper eyelids were retracted slightly by a surgical silk
thread. The animals were placed onto a heated platform (37°C)
during the measurements to keep their body temperature
constant. A gold wire ring electrode was placed into the mouth
to serve as a reference electrode. A stainless steel needle
electrode was inserted into the tail of the animals for
grounding. The pupils were dilatedwith a drop of Tropicamide
(Novartis Ophthalmics). All these manipulations were per-
formed under dim red light, without bringing the animal into
ambient light after dark adaptation. The red light was switched
off after finishing all the stages of animal preparation. After an
additional 5 minutes to allow the pupils to dilate, measurement
was started using the commercial RetiPort32 device from
Roland Consult Systems (Brandenburg, Germany).

Electroretinography

For the ERG measurements, animals were used from two
different litters of both Long-Evans and Wistar rats. The
series of measurements was started at the age of 1.5 months
with five animals of each strain, and the same animals were
used repeatedly for the following measurements at the ages
of 4, 7 and 10 months. In total, three animals died as a
consequence of anaesthesia accidents during this time.
Therefore, five, four and three Long-Evans rats and five,
four and four Wistar rats were used at the ages of 4, 7 and
10 months respectively for the ERG measurements.

Animals were anaesthetised by an intraperitoneal injec-
tion of a mixture of ketamine and xylazine (120 mg/kg
ketamine, 10 mg/kg xylazine). Gold wire ring electrodes
placed on the corneas of both eyes served as working
electrodes. Standard electroretinographic measurements
were performed simultaneously on both eyes, with scotopic
flash ERG at five different light intensities (in stages of
10 dB from 0.0003 to 3 cd s/m2), an additional run for
scotopic oscillatory potentials, photopic 30 Hz Flicker after
10 minutes of light adaptation, photopic flash ERG, and
photopic oscillatory potentials. The light intensity used for
the flashes in the photopic ERG measurements was 3 cd s/
m2. The time of measurement was 200 ms for scotopic
ERG and 160 ms for the other techniques, always 512 data
points per measured waveform. The analogue filters of the
ERG device were set to the frequency ranges of 0.5 to
200 Hz for both scotopic and photopic flash ERG, 50 to
500 Hz for oscillatory potentials and 10 to 50 Hz for 30 Hz
Flicker. In addition, the waveforms of the oscillatory
potentials were digitally filtered offline using a DSP filter
included in the software of the ERG device (−15 dB for f<
10 Hz). At the age of 10 months, before the animals were
sacrificed for histology, additional flash light intensities of
up to 100 cd s/m2 were applied in scotopic ERG measure-
ments which, to minimise light damage to the photo-
receptors, had not been used beforehand. Amplitudes of
a-waves were measured from the baseline to the bottom of
the a-wave trough, whereas b-wave amplitudes were
measured from the bottom of the a-wave trough to the
peak of the b-wave. As a second option, b-wave amplitudes
were measured from the baseline to the b-wave peak. Data
obtained from both eyes were used and averaged with the
data obtained from the other animals of the corresponding
group. Parameters of photoreceptor response were comput-
ed by using the well-known relationship by Hood & Birch
[27], based on the theory by Lamb & Pugh [35]:

P3 i;tð Þ ¼ RmP3 � 1� e�i�S t�tdð Þ2
� �

for t � td ð1Þ

with i — stimulus intensity, t — time after flash onset, P3 —
sum of individual photoreceptor responses, RmP3 — saturated
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response, td — delay that allows for biochemical and other
recording latencies, S — sensitivity parameter.

Values of a- and b-wave amplitudes were approximated
using the equation

R ¼ Rmax
in

in þ in50
ð2Þ

introduced (without n) by Naka & Rushton [40], with R —
response amplitude, Rmax — maximal response amplitude,
i — light intensity, i50 — half-saturating light intensity, n —
an exponent describing the slope of the function.

The parameters for the equations (1) and (2) were
computed from the data obtained from 10-month-old rats
using self-written non-linear least-square routines in Bor-
land Pascal. In order to avoid local minima in the course
of the calculations, the fitting procedure was performed
with several sets of starting values for the parameters.
However, we never obtained different final parameter
values as results of the fitting procedure. We performed
individual fitting by using the data of each single eye, and
averaged the values of the parameters obtained this way.
The range of the ERG waveform from the beginning of the
a-wave leading edge to the first intrusion of the b-wave
was used for the calculation, yielding between 10 and 30
data points. The RmP3 value obtained for each animal at
the highest light intensity was used for the calculation of
the sensitivity parameters at the lower light intensities [see
9, 27]. The parameter td was left free to obtain the best fit.
It did not vary all that much, and was always in the range
between 2.7 and 5 seconds. All three parameters of the
Naka-Rushton equation (2) were left free during the
calculation. Eight data points were used for the fit,
according to the eight different light intensities used for
stimulation.

Dark adaptation

As a first step, a single-flash (i.e., no averaging) scotopic
electroretinogram was recorded in dark-adapted animals at
1 cd s/m2 to obtain base-line values for the parameters. The
animals were then exposed to bright light (300 cd/m2) for
10 min including bright flashes of 100 cd s/m2 each
30 seconds in order to bleach the photoreceptors complete-
ly. The light was then switched off, and scotopic electro-
retinograms were recorded during the subsequent dark
period, each for 10 min. In order to avoid repeated
bleaching of the photoreceptors by the light flashes applied
for the measurement, only one flash was used per time
point, and the light intensity of all flashes was reset to 1 cd
s/m2. The measurements started with seven animals of each
strain and were continued until the animals woke up from
anaesthesia, in most cases over a period of 70 min (see
Results).

Visual evoked potentials

For the VEP measurements, animals were used from two
different litters of both Long-Evans and Wistar rats. The
first measurements were performed at the age of 1.5 months
with five animals of each strain, and the same animals were
used at the age of 7 months for the second measurement.

Animals were anaesthetised with an intraperitoneal injec-
tion of a solution of chloral hydrate in physiologic saline
(0.42 mg chloral hydrate/kg). A stainless-steel screw with a
shaft diameter of 1.17 mm (Fine Science Tools, Heidelberg,
Germany) served as a measuring electrode and was inserted
more than 1 week before the first measurement through the
skull into the left visual cortex (2.5 mm laterally to the
midline, 2 mm anterior to the lambda), penetrating the cortex
to approximately 0.5 mm. For the actual measurement, the
skin was opened; the screw was cleaned of connecting tissue
and blood, and connected to the amplifier. Both eyes were
stimulated for the measurement. Visual evoked potentials
were recorded, with scotopic flash VEP at five different light
intensities and photopic flash VEP after 10 minutes of light
adaptation. The maximum light intensity used for the flashes
was 3 cd s/m2. The time of measurement was 160 ms, sample
rate 3.2 kHz, and frequency range of 0.5 to 200 Hz. After
finishing the measurements, the wound was stitched and
antibiotic ointment applied.

The averaged signals of each group were compared with
respect to both latency and amplitude.

Statistics

Evaluation of the data was performed by comparing
separately the means of each parameter obtained in Long-
Evans rats and Wistar rats, using the Student’s t-test.

Results

Electroretinography

Normal electroretinograms could be recorded from both
strains at each age investigated within this study. The
typical appearance of the waveforms obtained in both
Long-Evans and Wistar rats is shown in Fig. 1.

It is clearly visible that the amplitudes of both scotopic
and photopic b-waves, as well as scotopic and photopic
oscillatory potentials and photopic 30 Hz Flicker ERG are
considerably larger in Long-Evans rats. In contrast, the
amplitudes of scotopic a-waves appear to be similar in both
long-Evans and Wistar rats, and no great differences in
latencies can be seen. In photopic ERG, the so-called
“photopic negative response” appears to be missing in
Wistar rats.
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The parameters of electroretinographic responses were
analysed in further detail. A comparison of the amplitudes
of scotopic a-wave and b-wave amplitudes at different ages
is shown in Fig. 2. The first impression from Fig. 1, that the
a-wave amplitudes are quite similar, cannot be confirmed
(Fig. 2a). The a-wave amplitudes of Wistar rats are larger at
low light intensities, which is even significant at 0.03 cd s/
m2. At a light intensity of 0.3 cd s/m2, where cones start to
contribute to the ERG response, the a-wave amplitudes of
both strains do not show any appreciable difference. The a-
wave amplitudes of Long-Evans become significantly
larger than those of Wistar rats at light intensities of 3 cd
s/m2 or higher.

The scotopic b-wave amplitudes are significantly larger
in Long-Evans rats than in Wistar rats over the whole range
of light intensities (Fig. 2b). In both strains, there is a
certain “dent” in the amplitude-light intensity curve in the
range of the transition from pure rod response to mixed
cone-rod response. The shapes of the dependency of
b-wave amplitudes on light intensity change if b-wave
amplitudes are calculated from the base line instead of the
trough of the a-wave (Fig. 2c). Whereas the calculated
b-wave amplitudes of Long-Evans rats increased with
increasing light intensity, the b-wave amplitudes of Wistar
rats showed no noticeable increase at light intensities above
0.03 cd s/m2.

As expected, the latencies of both a-waves and b-waves
decrease with increasing light intensity (Fig. 3). Whereas a-
wave latencies decrease continuously with increasing light
intensity, b-wave latencies decrease until approximately
0.03 cd s/m2, and remain more or less constant at higher
light intensities. Latencies measured in Wistar rats are
shorter than those obtained in Long-Evans rats at almost all
light intensities and at all ages of the animals.

The scotopic oscillatory index of amplitudes was calculat-
ed by summing up the amplitude values of the first four
oscillations. As can be seen in Fig. 1, the a-wave is still
present in the waveforms of the oscillatory potentials.
However, we did not use more intense filtering of the data,
in order to protect the oscillations from being affected by the
filtering. Instead, we used the point where the first oscillation
became visible to obtain its amplitude. The Wistar rats
showed significantly lower amplitudes of oscillatory poten-
tials than the Long-Evans rats (Fig. 4). The larger amplitudes
obtained in Long-Evans rats are particularly obvious if both
photopic b-wave amplitudes and photopic 30 Hz Flicker
amplitudes are compared (Fig. 4).

Moreover, amplitudes of photopic oscillatory potentials
in Long-Evans rats were approximately twice as large as in
Wistar rats (not shown).

As a general observation, all amplitudes shown in Figs. 2
and 4 decrease slightly with increasing age of the animals.

Fig. 1 Averages of ERG waveforms obtained in four Long-Evans rats (solid lines) and four Wistar rats (dotted lines) at the age of seven months.
Note the different scales for the potential
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The ratio of b-wave and a-wave amplitudes (shortly
known as the b/a ratio) is an indication of the relation of
the response of post-receptoral systems to the photoreceptor
response by which it is elicited. The b/a ratios are shown in
Fig. 5 for both strains used in this study. Moreover, the ratio
of oscillatory potential amplitudes to a-wave amplitudes,
denoted as OP/a, is shown in Fig. 5. The b/a ratio of Long-
Evans rats increases with the age of the animals, whereas
the b/a ratio of Wistar rats remains relatively stable. At all
ages, the b/a ratios are significantly larger in Long-Evans
rats than in Wistar rats. The OP/a ratios in Long-Evans rats
also show an age-dependent increase, and they are again
larger than in Wistar rats.

The parameters of a-waves were calculated according to
equation (1), and the resulting curves are shown in Fig. 6.
The values of maximum response RmP3 were −681±86 µV
for Long-Evans rats and −493±24 µV for Wistar rats,
which is a significant difference (p=0.04). As can be seen
in Fig. 6, the non-linear fit approximated the waveforms
well (R2 was better than 0.99 in most cases).

Calculation of the sensitivity parameter S gave different
values depending on the light intensity. For light intensities
from 100 to 0.03 cd s/m2, S ranged from 0.0017 to
0.0064 cd−1s−1 in Long-Evans rats and from 0.0027 to
0.0170 cd−1s−1 in Wistar rats. Figure 7 shows a double-
logarithmic plot of S vs the light intensity of stimulation. It

Fig. 2 Comparison of scotopic a-wave amplitudes (a) and scotopic
b-wave amplitudes (b, c) between Long-Evans and Wistar rats at
different ages of the animals. The shaded areas mark the range of light
intensities where cones also contribute to the electroretinographic
response. The curves serve as guide to the eye and do not represent a

model. In this and all following diagrams, the significance of the
differences between the amplitudes obtained in Long-Evans and
Wistar rats is given by asterisks as follows: * p≤0.05, ** p≤0.01,
and *** p≤0.001
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can be seen that log S decreases proportionally with
increasing light intensity to the logarithm of the latter
(linear fit yields R2=0.9028 in Long-Evans rats and
R2=0.8189 in Wistar rats). In contrast to RmP3 values,
sensitivity parameters were smaller in Long-Evans rats than
in Wistar rats, with high significance at all light intensities
at which the calculations was performed. Moreover, the
decrease of S at higher light intensity was more pronounced
in Wistar rats. Whereas the difference between two
neighbouring data points of S was significant in only two
out of five cases in Long-Evans rats, significance was
present in four out of five cases in Wistar rats.

Application of the Naka-Rushton equation (2) on a-wave
and b-wave amplitudes at different light intensities resulted in
values for the maximal amplitudes Rmax, i50 and n given in
Fig. 8. It is obvious that Rmax is significantly larger for Long-
Evans rats for both a-waves and b-waves. Whereas there is
no significant difference in the i50 values for b-waves, i50 for
a-waves is significantly smaller in Wistar rats. The calculated
intensity–response functions for both rat strains are shown in
Fig. 8.

Using the calculated values for maximum a-wave and
b-wave responses Rmax of Long-Evans and Wistar rats,
saturation plots were created for both the photoreceptor and
post-receptoral response (Fig. 9). The Wistar rats reach their
maximum photoreceptor response at lower light intensities

than the Long-Evans rats, with a light intensity difference
of almost 1 log unit, which is in line with the significant
difference observed in i50 values for a-waves. In contrast,
the saturation behaviour of the b-wave amplitudes appears
to be similar in both strains.

Dark adaptation

ERG responses were examined during a short dark
adaptation time after exposure to bright light (Fig. 10). As
a first step, an ERG was recorded in completely dark-
adapted animals at a light stimulus intensity of 1 cd s/m2 to
obtain the base-line response. The animals were then
exposed to bright light to bleach the photoreceptors
completely. Virtually no response could be detected
immediately after switching off the bright light (Fig. 10a,
waveforms at 0 min). With an increasing time of darkness,
retinal function recovered gradually.

One Long-Evans rat woke up after 30 min, and the
measurements could be completed with the other six
animals after 70 min. Out of the Wistar rats, one woke up
after 50 min and another one after 60 min, allowing the
measurements to be completed for five animals after
70 min.

Numerical evaluation showed that there was a trend of
quicker recovery of a-wave amplitudes in Wistar rats, with

Fig. 3 Comparison of scotopic a-wave latencies (upper row) and
scotopic b-wave latencies (lower row) between Long-Evans and
Wistar rats at different ages of the animals. The shaded areas mark
the range of light intensities where cones also contribute to the

electroretinographic response. Asterisks denote statistical significance
as described in Fig. 2. The curves serve as a guide to the eye and do
not represent a model
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statistical significance at several time points (Fig. 10B). The
advantage of the Wistar rats was more visible in b-wave
amplitudes, with a significant difference at 20 min and with
a longer duration of dark adaptation.

Visual evoked potentials

Visual evoked potentials were recorded from the animals at
the age of 1.5 and 7 months. The resulting averaged
waveforms of the scotopic VEPs at different light intensi-
ties, and of the photopic VEPs are shown in Fig. 11. At the
age of 1.5 months, the waveform looks quite simple, with
just one negative deflection. At 7 months, the rising part of

the signal is more disturbed by additional waves, in
particular in the Long-Evans rat.

The amplitudes obtained in the Wistar rats seem to be
slightly smaller than those measured in Long-Evans rats.
Numerical evaluation of the parameters confirmed this trend,
as shown in Fig. 12. Whereas there is no real difference
between the scotopic VEP amplitudes measured in both
strains at low light intensities, there is a clear trend towards
larger amplitudes at higher light intensities in Long-Evans
rats, although the difference does not reach statistical
significance (p is in the range from 0.05 to 0.08 in several
cases). Photopic VEP amplitudes measured in Long-Evans
rats also show a tendency to be larger than in Wistar rats,
again without statistical significance.

The N1 latencies were slightly shorter in Wistar rats than
in Long-Evans rats at the age of 1.5 months, although not
significantly (not shown). At the age of 7 months, the N1
latencies were practically identical in Wistar and Long-
Evans rats.

Discussion

We compared electroretinographic and cortical responses
towards flash light stimuli of pigmented Long-Evans rats
and albino Wistar rats. This is not the first study where
properties of pigmented and albino animals have been
compared. However, in contrast to many other studies, we
used two rat strains that are genetically closely related to
each other, except for the one mutation in the tyrosinase
gene mentioned in the introduction. In addition, the animals
were not purchased directly from a vendor, where the light
conditions during breeding and transportation cannot be
controlled. Instead, we purchased pregnant females, and the
new-born pups were raised in our facilities under identical
controlled light conditions. Lastly, the animals were kept
under attenuated light in order to avoid light-associated
damage to the photoreceptors of albino Wistar rats as far as
possible, and, consequently, to extract differences in visual
function as independently of the photoreceptor number as
possible.

Electroretinography

The most prominent finding in our study was that the
amplitudes originating from the activity of post-receptoral
systems were remarkably lower in the Wistar rats. This is
already obvious from a simple visual comparison of the
waveforms measured, as shown in Fig. 1, where the
b-waves, oscillatory potentials and 30 Hz Flicker ERGs of
Long-Evans rats show larger amplitudes. The following
data analysis confirmed that the scotopic b-wave ampli-
tudes (Fig. 2b,c) as well as the photopic b-wave amplitudes,

Fig. 4 Comparison of values of the scotopic oscillatory index (top),
the photopic b-wave amplitudes (middle) and the photopic 30 Hz
Flicker amplitudes (bottom) between Long-Evans and Wistar rats.
Asterisks denote statistical significance as described in Fig. 2
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oscillatory potential amplitudes and 30 Hz Flicker ampli-
tudes (Fig. 4) of the Wistar rat were smaller than in the
Long-Evans rat, in most of the cases with a clear
significance.

Moreover, we checked the so-called b/a ratio, which is
calculated as a quotient of b-wave amplitude and a-wave
amplitude. The b/a ratios were significantly smaller in
Wistar rats, not only at all four ages investigated in this
study (Fig. 5), but also at all light intensities (not shown).
Additionally, we introduced another ratio here, the quotient
of oscillatory potential amplitudes and a-wave amplitudes
(OP/a ratio). The OP/a ratios were again smaller in Wistar
rats (Fig. 5), although not so drastically as seen in the b/a
ratio. These findings also clearly indicate that, in relation to
photoreceptor activity, the post-receptoral systems in Wistar
rat retinas produce a smaller response.

This clarity cannot be found in the scotopic a-wave
amplitudes. A-waves were hardly visible at low intensities
of the light stimulus. The a-waves became clearly visible
only at light intensities of 0.03 cd s/m2, and their
amplitudes were larger in Wistar rats than in Long-Evans

rats. Therefore, the finding that amplitudes of b-waves and
oscillatory potentials are smaller in Wistar rats cannot be
exclusively attributed to a weaker activity of photoreceptors
or to a smaller input from the photoreceptors into the post-
receptoral circuitries, if at all.

At higher light intensities, however, the a-wave ampli-
tudes measured in Long-Evans rats exceeded those of the
Wistar rats. This could indicate that photoreceptors in
Wistar rats can generally be exhausted more quickly at high
light intensities, and/or that cones in particular show a
weaker response in Wistar rats.

We then computed the parameters RmP3 and S for the
photoreceptor responses measured in both Long-Evans and
Wistar rats. For such calculations, saturated responses are
needed in order to obtain reliable values for RmP3. Therefore
we only used the ERG data obtained in 10-month-old rats,
because we applied flashes of high intensity here. As
could be expected from the lower a-wave amplitudes in
Wistar rats at high light intensities, the magnitude of
RmP3 is smaller in Wistar rats (−493 µV vs −681 µV in
Long-Evans rats).

Fig. 5 Comparison of values of
the ratio of b-wave and a-wave
amplitudes between Long-Evans
and Wistar rats. On the right, the
values of the amplitude ratio of
oscillatory potentials and a-
waves are shown. Data were
obtained at a light intensity of
100 cd s/m2. Asterisks denote
statistical significance as de-
scribed in Fig. 2

Fig. 6 Measured ERG data
points of scotopic a-waves
obtained in Long-Evans rats
(left) and Wistar rats (right) at
light intensities of 100, 30, 10,
3, 1 and 0.3 cd s/m2, and
calculated curves using
equation (1)
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In contrast to the decrease seen in b-wave and oscillatory
potential amplitudes as well as RmP3, the sensitivity
parameter S of photoreceptor response was found to be
larger in Wistar rats (Fig. 7). The higher sensitivity is also
visible in the measured waveforms as a steeper decline of
the a-waves, and in the larger n value found in Wistar rats
(Fig. 8), the latter being a measure for the slope of the
sigmoid Naka-Rushton function. Putting these findings in
perspective, the shorter latencies in Wistar rats observed in
this study can be interpreted.

Hood & Birch [27] reported that sensitivity parameter S
did not depend on light intensity in humans. However, they
changed the light intensity over just 1.5 orders of
magnitude. Breton et al. [9] reported on changes of S when
the light intensity was changed over a wide range (6 orders
of magnitude). We compared the values of S at light
intensities changing over 3.5 orders of magnitude (Fig. 7),
which makes changes of S likely, irrespective of species
differences between humans and rats. Moreover, changes in

S were particularly pronounced in Wistar rats, whereas the
humans examined in [27] most probably were not albinos
in the majority of cases.

ERG measurements in guinea pigs showed a different
picture. In contrast to our results, scotopic a-wave ampli-
tudes were found to be larger in albino animals over the
whole range of stimulus intensities, resulting in higher
RmP3 values for albinos [10], and post-receptoral responses
were also higher in albino guinea pigs [49]. There are
obviously large species differences in the influence of
pigmentation on the function and structure of the retinas of
rats and guinea pigs. On the other hand, the sensitivity
parameter S is larger in albino guinea pigs [10] as well as in
albino rats (our study), and latencies are also shorter than in
the corresponding pigmented animals.

When normalising a-wave amplitudes to Ra-max, there is
a clear shift of the curve obtained in Wistar rats to lower
light intensities, which is a sign of a certain hypersensitivity
of the photoreceptors in albino rats, as suggested by the

Fig. 7 Double-logarithmic plot
of the sensitivity parameters S of
Long-Evans and Wistar rats vs
the light intensity of stimulation.
Asterisks denote statistical sig-
nificance as described in Fig. 2

Fig. 8 Diagrams showing aver-
aged a-wave and b-wave ampli-
tudes of Long-Evans and Wistar
rats and calculated intensity-
response functions according to
equation (2). Below, the calcu-
lated values of the Naka-
Rushton parameters are shown
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increased sensitivity parameter S (Fig. 9). On the other
hand, there is no significant difference in the normalisation
of b-wave amplitudes to Rb-max (Fig. 9), presumably due to
the similarity in I50 of both strains.

In zebra fish with a tyrosinase mutation, it was also
mainly b-waves and hence post-receptoral neuronal circuits
that were affected [42]. However, a sensitivity shift was
found in the normalisation of the b-wave, instead of in the
a-wave normalisation as shown in our study. Again,
interspecies differences could be the reason for this
discrepancy.

The same relationship as in RmP3 values was seen when
Rmax was calculated using the Naka-Rushton equation

(447 µV vs 599 µV). This decrease down to 72.4%
(RmP3) or 74.6% (Rmax) compared to Long-Evans rats
raises the question as to whether there are considerably less
photoreceptors in the retina of Wistar rats, particularly rods,
or if, at the least, the total rod outer segment membrane area
is smaller in Wistar rats. The assumption of a reduced
number of rods is supported by Donatien & Jeffery [11],
who found a decrease of rod number in albino mice down
to 75% compared to the black C57Bl mice at an age of
4 months. At first sight, this number is an intriguing match
with the above-mentioned difference of the RmP3 or Rmax

values. Moreover, Jeffery et al. [32] found a smaller
number of rod photoreceptors in albino ferrets, and the

Fig. 9 Saturation plots of a-
wave and b-wave amplitudes
using calculated parameters for
maximum responses Ra-max and
Rb-max for a-wave and b-wave
amplitudes. Asterisks denote
statistical significance as de-
scribed in Fig. 2. The curves
serve as a guide to the eye and
do not represent a model

Fig. 10 Recovery of scotopic
ERG after complete bleaching
of photoreceptors. a Waveforms
obtained in the animals before
bleaching and during recovery
in darkness at the time points as
indicated. b Time course of
recovery of a-wave and b-wave
amplitudes in pigmented and
albino animals, expressed as a
percentage of the base line val-
ues obtained in dark-adapted
animals before bleaching
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same group reported that rhodopsin levels were lower in the
retina of albino rodents [21]. Gresh et al. [23] checked rods
and cones in C57BL/6 and Balb/c mice at different ages,
and found similar numbers in juvenile animals. Age-related
changes were found in photoreceptor systems of both
strains; however, rods appeared to be more susceptible to
age and lack of pigmentation. Analogous observations were
reported by Weisse et al. [54], who found a similar age-
related decrease in the numbers of photoreceptors and
retinal neurones in one albino and two pigmented rat strains
in general, and a higher death rate of rods compared to
cones in albino rats.

We found a decrease of scotopic a-wave and b-wave
amplitudes with increasing age in both Wistar and Long-
Evans rats at both 0.03 cd s/m2 (rod-driven response) and
3 cd s/m2 (mixed rod and cone response). The degree of
this decrease was almost the same in both Wistar and Long-
Evans rats and at both stimulus intensities mentioned above
(not shown). As the animals were kept under attenuated
light, this similarity indicates the absence of other mecha-
nisms of photoreceptor degeneration in Wistar rats, other
than light-induced.

We are currently examining histological retina samples
from Wistar and Long-Evans rats. Until now, we could
not detect any obvious reduction of the photoreceptor
nuclei number in the Wistar rat retina compared to the
Long-Evans rat retina (in preparation), which is in
contrast to the work cited above. Consequently, other
explanations for the reduction of a-wave amplitudes at
high light intensities have to be found. Reduced b-wave
amplitudes in Wistar rats also require an explanation. In
the following, we will discuss several factors that could
possibly cause the differences in the retinal responses
we observed in this study. Our discussion will also
include species other than rats, because albinism is a
general phenomenon in the animal kingdom, including
humans.

As a first point, the passive electrical properties of the
eye could differ between pigmented and albino eyes.
Smaller b-wave amplitudes were found in patients with
higher fundus pigmentation, which led to the hypothesis
that this decrease could be related to a higher ocular
resistance caused by melanin [52, 53]. Russell-Eggitt et al.
[44] recorded ERGs in ocular and oculocutaneous albino

Fig. 11 Averages of scotopic
and photopic VEP waveforms
obtained in four Long-Evans
rats (solid lines) and four Wistar
rats (dotted lines) at the ages of
1.5 and 7 months. Note the
different potential scales
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children, and found larger a-wave and b-wave amplitudes
and shorter latencies than in normally pigmented controls.
The authors explained the increase of amplitudes by more
light entering the albino eye via the translucent iris, a
greater fundal reflectance and light scatter because of lack
of light absorption by the RPE. Larger ERG amplitudes in
human albinos were also reported by Wack et al. [51],
namely at highest flash luminance, and they explained their
findings by a higher transscleral illumination of the retina.
However, in our pigmented Long-Evans rats, only a-wave
amplitudes at low light intensities are smaller, and all other
amplitudes were found to be larger in Long-Evans rats than
in Wistar rats. Therefore, we doubt that the electrical or
optical properties of melanin could influence the results we
obtained in our rats in a relevant way.

Secondly, the composition of the extracellular environ-
ment could be a different one, in particular with respect to
Ca2+ ion concentration during phototransduction, thus
leading to different photoreceptor responses. Dräger [13]
reported on considerably enhanced binding of Ca2+ ions in
pigmented eyes compared to albino eyes. Ca2+ binding
occurs in tissues containing melanin, and melanin is known
to bind a variety of bivalent and trivalent metal ions.
Therefore, the questions arise whether i) melanisation
influences the steady-state concentration of Ca2+ ions in
the extracellular space within the retina, and ii) Ca2+

binding to melanin influences the Ca2+ flow in photo-

receptors and hence the response of photoreceptors towards
light stimuli.

To answer these questions, detailed knowledge of Ca2+

concentration in the different compartments of the back of
the eye is needed, preferably in both albino and pigmented
animals. Unfortunately, there is only a little information in
the literature on this subject. Kaila et al. [33] measured Ca2+

concentration in ex vivo carp and frog eye preparations
using calcium-sensitive microelectrodes, and found no
differences in the Ca2+ concentration of the extracellular
fluid within the retina and in the vitreous. In contrast,
Lavallee et al. [37] found clear changes in Ca2+ concentra-
tion depending on the depth of the electrode in the retina,
measured in vivo in both albino and black mice. Moreover,
they found significantly higher Ca2+ levels in the retina of
albino animals.

A light-evoked decrease of Ca2+ concentration was
found in several studies [17, 37, 39]. One possible
explanation could be a light-induced expansion of the
extracellular space [28] that would lead to a dilution of
Ca2+. More importantly, RPE cells were found to take up
Ca2+ [45]. Moreover, Ca2+ uptake was found to be
dependent on the degree of pigmentation of the RPE [46],
and further studies showed Ca2+ uptake and release by
melanosomes (see, e.g., [47]).

Unfortunately, there are still not sufficient data available
to judge conclusively about the influence of Ca2+ ions and

Fig. 12 Comparison of amplitudes of scotopic and photopic VEPs obtained in Long-Evans and Wistar rats at the ages of 1.5 and 7 months. The
curves serve as a guide to the eye and do not represent a model

1570 Graefes Arch Clin Exp Ophthalmol (2008) 246:1559–1573



their relationship to melanin on the ERG. Considering the
time of 3–10 seconds of Ca2+ concentration increase during
illumination [39] before it decreases, and the relatively slow
up-take of Ca2+ by melanosomes (Vmax=62.5 nmoles/mg
protein/min [47]), it is unlikely that melanisation of the eye
has a direct effect on photoreceptor response by influencing
Ca2+ concentration changes, because photoreceptors re-
spond within the first 5–15 ms after the flash.

At least elevated Ca2+ in the retina of albino animals as
postulated in [37] could be an explanation for the decrease
of b-wave and oscillatory potential amplitudes we found in
Wistar rats. Ca2+ influx into retinal neurones could lead to a
partially excited state with permanently decreased mem-
brane potential and availability of neurotransmitters, result-
ing in a decreased post-receptoral activity observed in this
study.

The major difference between these two strains on the
biochemical level is the diminished activity of tyrosinase
and hence the lack of tyrosinase metabolites ranging from l-
DOPA to melanin in Wistar rats. This leads to a possible
third reason for smaller retinal response in Wistar rats,
namely a deficit in neurotransmitter levels and impaired
retinal development.

Blaszczyk et al. [6] found slightly reduced levels of the
inhibitory neurotransmitter γ-aminobutyric acid (GABA) in
the retina of the Wistar rat compared to the Long-Evans rat,
and an enhanced glutamate/GABA ratio in the Wistar rat
retina, i.e., a higher portion of the excitatory neurotrans-
mitter glutamate. Thomas et al. [48] speculated that the
longer rod-driven latencies in pigmented rats could be a
manifestation of the inhibitory GABA system because
GABA is presumably involved in rod-driven visual signals
[34, 38]. Furthermore, enhanced GABA in Long-Evans rat
retinas could also contribute to the higher post-receptoral
response found in our study.

There have been several reports in the literature that the
attenuated activity of tyrosinase in the Wistar rat leads to
some disturbances of retinal development, such as a
reduced number and activity of rods, a changed projection
of ganglion cell axons into the brain, and even physiologic
deficiencies in the visual cortex [3, 14, 30, 31]. Conse-
quently, functional deficits have been described in albinos,
both in humans and in animals, such as cats and ferrets [1,
16, 18]. Of particular interest here is that pigmented rats
have a better visual acuity, spatial contrast sensitivity and
spatial learning than albino rats [5, 24, 43]. In addition,
motion perception deficits were found in Wistar rats
compared to Long-Evans rats [29, 36]. Although motion-
sensitive neurones were found in the primary and secondary
area of the visual cortex of the rat [20], lesions of the
occipital cerebral cortex, including all or the great majority
of the visual areas, had no statistically significant effect on
opto-kinetic responses of pigmented rats [25].

Instead, retinal deficits could be responsible for the
impaired motion perception described. Except for a slightly
reduced number of ganglion cells, no obvious anatomical
differences with respect to horizontal, amacrine or ganglion
cells were found between albino and pigmented rats.
Nevertheless, there are less GABA-rich ON-starburst
amacrine cells in Wistar rats than in Long-Evans rats,
which could be indicate differences in the retinal neuronal
circuitry [7]. ON-amacrine cells contribute to the generation
of direction selectivity of ganglion cell response innervating
the opto-kinetic system. Although the authors discuss that
the difference found in GABA-rich ON-starburst amacrine
cells may be too subtle to explain the drastic physiological
alterations seen in albino rats, at least some of these
alterations could be caused by the smaller number of
amacrine cells [7]. Donatien et al. [12] reported on a
reduced ganglion cell density in albino rabbits. If slight
deficits in the numbers of ganglion and amacrine cells were
also present in our albino rats, this could help to explain the
decreased oscillatory potential amplitudes found in our
study, as well as the missing photopic negative response in
the albino animals.

Dark adaptation

We also compared the rate of dark adaptation after a
complete bleach of the retina in both rat strains. Behn et al.
[4] found that albino animals have a slower dark adaptation
than pigmented ones. Albino rats had considerably smaller
ERG responses after 30 min than after 3 or 12 hours. ERG
responses measured in pigmented rats were considerably
higher after 30 min than in albino rats, and decreased
slightly after 3 or 12 hours of dark-adaptation. In the end,
ERG amplitudes were larger in albino animals than in
pigmented animals after 12 hours of dark adaptation [4].

Although we followed a different experimental protocol
(e.g., we used a higher intensity of bleaching light), it can
be stated that these results are in sharp contrast to our
findings (Fig. 10). We did not observe that the Long-Evans
rats had any advantage over Wistar rats; on the contrary, the
Wistar rats even showed a faster recovery of retinal
function than Long-Evan rats. After 70 min of dark
adaptation, a-wave amplitudes were partly restored to a
good 25% of base line values in both strains, and b-wave
amplitudes to above 30% in Wistar rats and above 20% in
Long-Evans rats. Incidentally, such a slow functional
recovery would make the long dark-adaptation period
required in the rodent’s ERG protocols understandable.

The reasons for the discrepancies between the observa-
tions of Behn et al. [4] and our results are not known. We
used Wistar rats instead of Sprague-Dawley rats, which,
however, does not explain the different behaviour of the
Long-Evans rats that were used in both studies.
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Visual evoked potentials

Our measurements of flash-evoked VEP did reveal differ-
ences between Long-Evans and Wistar rats. However, these
differences did not reach significance, which is surprising
in the light of the large differences in post-receptoral
processing between both strains.

Dyer & Swartzwelder [15] also compared VEP in albino
and hooded rats. They found larger amplitudes and longer
latencies in albino rats than in hooded rats, in direct contrast
to our findings. Moreover, they reported that changes in the
stimulus light intensity produced greater alterations in
latencies and N1-P2 amplitudes in hooded rats than in
albino rats. Indeed, the amplitudes were enhanced more by
increasing light intensity in Long-Evans rats in our study,
whereas we did not find any significant changes or
differences in latencies.

Green et al. [22] did not find differences in the VEP of
albino and black mice. However, they found higher VEP
thresholds in albino mice. Balkema & Dräger [2], who, in
addition, found similar effects in rabbits, reported the same.
No differences were found in the visual threshold in albino
and pigmented rats by visual-evoked recordings from
cortex and superior colliculus [26]. Moreover, the authors
reported that some units in the superior colliculus of the
albino rats would respond to very weak light stimuli. This
is in accordance with our study, where VEP amplitudes at
the lowest light intensity used were slightly higher in
Wistar rats.

Thomas et al. [48] performed a different kind of
investigation by recording multi-unit visual responses from
the surface of the superior colliculus of albino and
pigmented rats. In contrast to most of the other work in
this field, they found a lower dark-adapted visual threshold
in albino rats. The authors stated that several reasons could
have contributed to the discrepancies in the outcome of the
various studies, such as dark adapting procedures, the kind
and length of anaesthesia, variations in surgical procedures,
ambient light conditions and form of signal recording. In
our opinion, the origin and strain of the animals also have
to be taken into account, as it is not possible to control light
conditions during breeding by a commercial supplier, and
there may be substantial differences inside the various
albino and pigmented strains, as seen, for example, in [41].

Moreover, Thomas et al. [48] found shorter latencies in
albino rats, in particular at lower light intensities, which is
in accordance with our study. They may be a direct
consequence of shorter a-wave and b-wave latencies
observed in the ERGs.

The waveforms obtained in Long-Evans rats at an age
of 7 months show more oscillations after the initial
deflection than in Wistar rats. This could indicate a
higher complexity of cortical processing in Long-Evans

rats. More detailed investigations will be needed to clarify
this point further.

To summarise, we found a higher sensitivity and faster
response, but a decreased maximum response amplitude of
the photoreceptors in Wistar rats. The response of the post-
receptoral systems was found to be considerably smaller in
Wistar rats than in Long-Evans rats. Although we discussed
several possible circumstances that influence retinal func-
tion, it is still too early to make final statements about the
reasons for the observed differences between Long-Evans
and Wistar rats.
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