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Abstract
The purpose of this study was to determine the contributions of postreceptoral neurons to the light-
adapted ERG of the Nob mouse, a model for complete-type congenital stationary night blindness
(CSNB1) that lacks a b-wave from depolarizing bipolar cells. Ganzfeld ERGs were recorded from
anesthetized adult control mice, control mice injected intravitreally with L-2-amino-4-
phosphonobutyric acid (Control APB mice) to remove On pathway activity, and Nob mice. ERGs
also were recorded after PDA (cis-2, 3-piperidine-dicarboxylic acid, 3–5 mM) was injected to block
transmission to hyperpolarizing (Off) bipolar and horizontal cells, and all 3rd order neurons. Stimuli
were brief (< 4 ms, 0.4 – 2.5 log sc td s) and long (200 ms, 2.5 – 4.6 log sc td) LED flashes (λmax
= 513 nm, on a rod suppressing background (2.6 log sc td). Sinusoidal modulation of the LEDs (mean,
2.6 log sc td; contrast, 100%; 3 to 36 Hz) was used to study flicker ERGs.

Brief-flash ERGs of Nob mice presented as long-lasting negative waves with a positive-going
intrusion that started about 50 ms after the flash and peaked around 120 ms. Control APB mice had
similar responses, and in both cases, PDA removed the positive-going intrusion. For long flashes,
PDA removed a small, slow “d-wave” after light offset. With sinusoidal stimulation, the fundamental
(F1) amplitude of control mice ERG peaked at 8 Hz (~70 μV). For Nob mice the peak was ~20 μV
at 6 Hz before PDA and ~10 μV at 3 Hz or lower after PDA. F1 responses were present up to 21 Hz
in control and Nob eyes and 15 Hz in Nob eyes after PDA. Between 3 and 6 Hz, F1 phase was 170°–
210° more delayed in Nob than control mice; phase was hardly altered by PDA. With vector analysis,
a substantial postreceptoral input to the Nob flicker ERG was revealed. In control mice, the second
harmonic (F2) response showed peaks of ~10 μV at 3 Hz and 13 Hz. Nob mice showed almost no
F2. In summary, in this study it was found that in Nob mice, postreceptoral neurons from the Off
pathway make a positive-going contribution to the light-adapted flash ERG, and contribute
substantially to sinusoidal flicker ERG.
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INTRODUCTION
Absorption of quanta by vertebrate photoreceptors causes them to hyperpolarize which reduces
the amount of glutamate that they release. This change in transmitter release is detected by two
major categories of bipolar cells in the retina, depolarizing (DBCs) and hyperpolarizing bipolar
cells (HBCs). The HBCs are contacted mainly but not exclusively by cone rather than rod
photoreceptors (Tsukamoto et al., 2001), and have ionotropic glutamate receptors on their
dendrites that lead to sign conserving, hyperpolarizing responses to light onset, and
depolarizing responses to light offset. In contrast, the DBCs in both rod and cone pathways
have G-protein-coupled metabotropic glutamate receptors (mGluR6) that lead, via a
biochemical cascade, to sign inverting responses such that onset of a light stimulus causes the
cells to depolarize and offset, to hyperpolarize. These two different cone bipolar cell types are
the initial neurons of parallel On and Off pathways that traverse the retina and are maintained
in central pathways to the primary visual cortex.

Defects in signal transmission between photoreceptors and bipolar cells result in various
functional abnormalities that are detectable in the electroretinogram (ERG). Congenital
stationary night blindness (CSNB) is a family of retinal disorders characterized by night
blindness from birth. Patients with complete, X-linked CSNB (CSNB-1) have an essentially
total loss of the ERG b-wave under light, and dark-adapted conditions, and a profound loss of
rod-mediated vision (e.g. Miyake et al., 1986 e.g. Miyake et al., 1887; Pesch et al., 2000).
Blockade of transmission between photoreceptors and DBCs by a glutamate analogue the binds
to mGlur6 receptors, APB (L-2-amino-4-phosphonobutyric acid), similarly results in no ERG
b-wave under photopic and scotopic conditions in the macaque retina, a retina very similar to
that of humans (Khan et al., 2005; Knapp & Schiller, 1984; Sieving et al., 1994), and in the
retina of normal mice (Kang Derwent et al., 2007; Sharma et al., 2005), In contrast, blockade
of transmission from photoreceptors to HBCs using an iontotropic glutamate receptor
antagonist in macaques and mice results in a reduced photopic ERG a-wave and in macaques,
elimination of the d-wave (Maeda et al., 2003; Sharma et al., 2005; Sieving et al., 1994).

CSNB-1 is due to mutation of the Nyx gene localized to Xp11.4 that encodes a novel protein,
nyctalopin (Bech-Hansen et al., 2000; Bergen et al., 1996; Boycott et al., 1998; Rozzo et al.,
1999). The Nob mouse also has a mutation in nyctalopin (Gregg et al., 2003; Pesch et al.,
2003). As in humans with CSNB-1, the Nob ERG lacks a b-wave [as indicated by the name,
no b-wave (Nob)], although the corneal negative a-wave looks normal (Candille et al., 1999;
Pardue et al., 1998). Expression of Nyx has been found to be strong in mouse retina INL, using
in situ hybridization (Gregg et al., 2003), and transgenic rescue of the mutated nyctalopin can
restore function (Demas et al., 2006; Gregg et al., 2007). The Nob mouse is now sometimes
termed the Nob1 mouse because other no b-wave mice, numbering up to Nob4, to date, with
different mutations have been characterized. For example, Nob4 (Pinto et al., 2007) is a murine
model for patients with mutations in the GRM6 gene encoding mGluR6 (Dryja et al., 2005).

Although Nob mice have a defect in synaptic transmission between photoreceptors and
depolarizing bipolar cells, retinal layer thicknesses are similar in the Nob mice and their
unaffected littermates (Pardue et al., 1998), indicating that postreceptoral neurons are present
in normal numbers in Nob mice. It also has been shown that the absence of nyctalopin in
Nob mice does not disrupt the expression pattern of other proteins required for synaptic
transmission (Ball et al., 2003). Given the relatively normal appearance of the retina, the
postreceptoral components of the ERG originating from hyperpolarizing bipolar cells and
3rd order neurons should still be present in the response, although recent ganglion cell
recordings show abnormalities in inner retinal activity beyond those expected for a defect
localized to On bipolar cells (Demas et al., 2006; Gregg et al., 2007).
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Electroretinograms of normal mice (and rats) do not evidence d-waves (Sharma et al., 2005;
Xu et al., 2001), a typical reflection of the Off pathway contribution to the flash ERG (e.g.
Sieving et al., 1994). Pharmacologic blockade studies using APB also have not revealed d-
waves in rodents (Sharma et al., 2005; Xu et al., 2001). The Nob mouse presents an opportunity
to look more closely at postreceptoral contributions to mouse ERG from the Off pathway. In
this study, we investigated the role of postreceptoral neurons in generating the mouse light-
adapted ERG by application of pharmacological agents in Nob and normal mouse retinas.
Based on our findings, we can now describe a positive-going component from postreceptoral
neurons in the Off pathway that was present in the Nob retina and in retinas of congenic control
mice or normal c57BL/6 mice injected with APB. Postreceptoral components also could be
seen to contribute to the flicker ERG of mice lacking b-waves. This work was summarized in
an abstract (Shirato et al., 2005).

METHODS
Subjects

Subjects were adult C57BL/6NCRSim (hereafter C57BL/6) mice three to six months of age
(9 mice, 14 eyes) or one year of age (2 mice, 4 eyes) (Simonsen Labs, USA); male Nob mice
three to six months of age (3 mice, 6 eyes and 2 congenic littermates) or Nob mice one year of
age (6 mice, 8 eyes) (all from Dr. Machelle Pardue). The Nob mutation was originally identified
on a BALB/cByJ background and was crossed later to C57BL/6J mice (Pardue et al., 1998).
Animals were screened for the Nob mutation as previously described (Kang Derwent et al.,
2007; Pardue et al., 1998). The mice were all housed in a room with a 12 hr on (< 40 lux)/12
hr off light/dark cycle. Experimental procedures were approved by Institutional Animal Care
Committee of the University of Houston, and adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

ERG recording
Animals were initially anesthetized with ketamine (60 mg/kg) and xylazine (6 mg/kg) via an
intraperitneal injection and anesthesia was maintained with ketamine (56 mg/kg) and xylazine
(5.6 mg/kg) roughly every 45-minutes via a subcutaneous needle fixed in the flank as described
previously for this lab (Saszik et al., 2002). The animal’s head was held with a clamp that fit
over the nose, and fixed the two front teeth in a bite bar that also served as the electrical ground.
Pupils were fully dilated to 3 mm in diameter with topical atropine (0.5%), phenylephrine
(2.5%) and tropicamide. Body temperature was maintained between 37–38° C with a
thermostatically controlled electrically heated blanket (CWE, Inc., Ardmore, PA, USA).
Recording sessions lasted 4 to 8 hours. Nearly all of the mice recovered from anesthesia after
each session.

For most experiments ERG responses to LED stimuli were recorded differentially between
DTL fiber electrodes that were moistened with methylcellulose sodium (Celluvisc, Allergan
Inc, USA) and placed on the corneas under contact lenses: a clear contact lens (ACLAR film,
Honeywell, USA) on the tested eye and a black contact lens (PVC) and black foil over the non-
tested eye and the skull. For the paired flash experiment that used a high energy probe flash in
the ColorDome of the Espion stimulator (Diagnosys LLC, USA), recordings were made
differentially between DTL fiber electrodes placed under the clear contact lens on tested eye
and subcutaneously in the cheek below the tested eye.

Visual stimulation
In all experiments, stimuli were presented on a rod suppressing LED background (2.6 log sc
td, λ max = 513 nm) to which animals were adapted for at least 45 minutes before recording.
This long adaptation time ensured full recovery of a-wave amplitude in the presence of the
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background (Kaneko et al., 2006; Ueda et al., 2006). Responses were averaged over many
trials. Signals were amplified 10,000X (0.1 to 300 Hz), filtered to remove 60 Hz and digitized
at 1 KHz.

Flash ERG experiments—The stimuli were ganzfeld flashes of short duration (<4 ms, 0.4
– 2.5 log sc td s) and long duration (200 ms, 2.5 – 4.6 log sc td) provided by LEDs (λ max =
513 nm) in the mini-ganzfeld ColorBurst stimulator of the Espion system. Flash intervals were
1.0 second (short flash) and 1.5 second (long flash). This stimulus presented on a rod-saturating
background would have elicited responses dominated by medium wavelength (M−) cones in
the mouse, although some rod signal may have been present at the long adaptation times that
were used (Kaneko et al., 2006). A photometer, scotopically corrected for human rods,
(International Light model IL1700), was used to measure the luminance (sc cd m−2) from which
luminous energy (sc cd m −2 s−1) was calculated for the brief flashes whose durations (< 4 ms)
were under the integration time for the neurally generated retinal signals that we were
measuring in the ERG. Because the stimulus was a green LED, contributions from UV-driven
responses (with peak sensitivity around 360 nm) were minimal, and the scotopic calibration
was nearly correct for the reported mouse M-cone peak sensitivity of 509–512 nm (Jacobs et
al., 2004). Retinal illuminances (in sc td for backgrounds and long flashes) were calculated for
a pupil diameter of 3 mm with no correction for the Stiles-Crawford effect. For the brief flashes
the energy was reported in sc td s.

Flicker experiments—The stimulus was created by sinusoidal modulation of LEDs (mean
illuminance 2.6 log sc td; λ max = 513 nm; contrast, 100 %; 3 to 36 Hz).

Paired flash experiments—Strimuli were paired flashes (test flash, 1.3–3.7 log sc td s;
probe flash, 3.7 log sc td s) presented in the Espion ColorDome for a range paired flash intervals
(5 ms – 400 ms). The intertrial interval between each paired flash set was 6 seconds.

Intravitreal injection
Under a dissecting microscope (10X) a small hole was punctured in the eye just behind the
limbus with a 27-gauge needle, and a glass pipette needle (tip ~ 20 μm) was inserted through
the hole as described in Kang Derwent et al., 2007 for experiments on the dark-adapted ERG
of Nob mice. Pharmacological agents, L-2-amino-4-phosphonobutyric acid (APB) (1.6 – 2.0
mM) to eliminate on bipolar cell light responses (Slaughter and Miller, 1981), cis-2,3-
piperidinedicarboxylic acid (PDA) (5.2 – 6.2 mM) to block Off bipolar and inner retinal light
responses (Slaughter and Miller, 1983; Massey, 1990 for review), and a mixed solution of APB
+PDA (same concentrations as reported for each) were injected into the eye (1.0 – 1.5 μl) using
a Hamilton microsyringe. (Hamilton Company, Reno, NV). Vitreal concentrations of drugs
were based on a vitreal volume of 20 μl. The ERG was monitored until no further change was
seen in the response before accepting data; this delay was typically no more than an hour.

Drug injection experiments
Generally pre drug injection and post injection recordings were done in the same session, on
the same eye. When two drugs were to be used, i.e. APB and APB + PDA, recordings were
done before and after APB in one recording session, and before and after APB+PDA (mixed
in one injection) in a later session using the fellow eye of the same mouse. Recording sessions
were separated by at least a week to allow complete recovery of the animal from the time under
anesthesia, and the corneas from any effects of having electrodes and contact lenses on them.
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Data analysis
Single flash ERG—Standard a-wave amplitudes were measured at a fixed time (15 ms) after
the brief flash. To measure the positive intrusion in Nob mice, and normal mice injected with
APB, response amplitudes were measured at the negative peak (a-wave) and positive intrusion
peak and plotted vs. stimulus energy. The amplitude of the positive intrusion was obtained by
subtraction to find the difference between the negative peak amplitude and the positive
intrusion peak amplitude.

Flicker ERG—The amplitudes and phases of fundamental (F1) and second (F2) harmonic
Fourier components were measured from the original waveform of the flicker ERG using the
FFT implemented in a MATLAB program. Fourier components of the noise were measured
from a region of each record where the mean level was present but not modulated (i.e. 0 Hz)
which occurred in the last 3000 ms of each 6000 ms epoch. The amplitudes of Nob
postreceptoral components were derived using vector subtraction of Nob PDA results from
Nob results.

Paired flash ERG—In order to derive the photoreceptor component of flash ERG responses,
we analyzed paired flash data following a test and probe flash procedure similar to the one
previously described (Kang Derwent et al., 2007; Pepperberg et al., 1997; Hetling and
Pepperberg, 2001; Friedburg et al., 2004). For clarity, the method will be described in the
Results section.

Statistics—For comparisons between groups, a two-sample t-test assuming assuming
unequal variances was used. For comparison of the same eye’s results before and after
intravitreal injections, a paired comparison t-test was used.

RESULTS
Light-adapted ERG response to brief flashes

Fig. 1 shows light-adapted ERGs of Control and Nob mice in response to brief flashes of
increasing stimulus energy. Typical control ERGs (Fig. 1A), recorded from a C57BL/6 mouse
between three to six months of age, had a prominent b-wave, peaking about 45 ms after the
flash, that grew in amplitude with increased flash energy. A small a-wave was present in
responses to the two strongest stimuli that were used. In contrast, the response of Nob mice,
as originally described by Pardue et al. (1998) and illustrated here in Fig. 1C, did not have a
b-wave. Instead, the Nob response was predominantly negative-going, although a small
positive intrusion could be seen in most records. The onset of the positive intrusion in the
Nob ERG occurred soon after the b-wave in control eyes had peaked (see Fig. 1D, and the
expanded ERG in Fig. 2A), and it rose slowly to a peak about 70 ms later.

Nob mice are known to have a defect in synaptic transmission between photoreceptors and On-
bipolar cells. Because of this, we were interested to know whether the waveform of the ERG
in control eyes would be similar to that of Nob mice after intravitreal injection of the glutamate
analogue, APB, to eliminate transmission between photoreceptors and On-bipolar cells. Fig.
1B shows the responses of a control eye after APB. The ERGs looked similar to those of the
Nob mouse in Fig. 1C: the post APB responses were mainly negative-going, and included a
small positive intrusion. The similarity of the Nob, and Control APB response is better seen in
Fig. 1D which shows superimposed ERGs of the Control, the Control with APB injection
(Control APB) and the Nob mouse in response to the strongest stimulus energy, 2.5 log sc td
s, in Fig. 1A–C. The larger size of the positive intrusion in the Control APB mice when the
higher energy stimuli were used was a consistent finding that will be addressed in more detail
later in the Results.
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In this study C57BL/6 mice were used as controls because their ERGs were similar to those
of the congenic littermates of the Nob mice, which were on a BALB/cByJ C57Bl/6J background
(see methods). Fig. 1E has been included to illustrate the similarity of the responses of the
congenic littermates of Nob mice to those of the C57BL/6 mice both before and after APB
injection. The responses resemble the responses shown in Fig. 1D of Control and Control APB
animals to the same stimulus.

Fig. 2A and B show the first 400 ms of the ERGs plotted using an expanded vertical axis to
better illustrate the positive intrusion seen in Fig. 1. The positive intrusion in the Nob ERG in
this figure (Fig. 2A) was typical. The intrusion started about 50 ms after the stimulus and peaked
about 120 ms after. The presence of the positive intrusion thus defined the trough of the a-wave
around 50 ms after the flash. The Control APB ERG had a larger positive intrusion than the
intrusion in the Nob ERG. As shown in Fig. 2B, the intrusion in the Control APG ERG started
a little earlier, creating an a-wave trough about 40 ms after the stimulus, and peaked a little
sooner, about 100 ms after the flash (Fig. 2B). While Fig. 2A and B illustrate the response to
the highest energy flash for single animals, the onset and peak times for the positive intrusion
for Nob and Control mice respectively were similar for the range of stimulus energies that were
used.

In order to quantify the size of the positive intrusion, responses measured at the onset and peak
of the positive intrusion were plotted versus stimulus energy in the left panels of Fig. 2C for
the Nob and 2D for the Control APB mice. The hatched areas designate the amplitude of the
positive intrusion and show that it was present for all but the weakest flash energies. For each
of the three highest stimulus energies the positive intrusion was larger by at least a factor of
two for the Control APB mice than for the Nob mice, and these differences were significant
(P<0.01, two sample t-test assuming unequal variances). Although the positive intrusion was
larger, the a-wave amplitude measured from time of response onset to the trough was similar
for the two groups, a little more than 80 μV on average for both.

Brief-flash ERGs after Intravitreal injection of PDA
As noted in the Introduction, although the Nob mouse ERG lacks a b-wave, it should contain
postreceptoral components from the Off pathway. In order to investigate the contributions of
postreceptoral neurons to the light-adapted ERG of the Nob mouse, we injected PDA into the
vitreous humor of Nob mouse eyes to block the AMPA/KA receptors on Off-bipolar cells,
horizontal cells, and 3rd order neurons, presumably thereby eliminating much if not all
postreceptoral responses in the Nob retina (Slaughter and Miller, 1983; Massey, 1990 for
review). Fig. 3A and B show the responses of a Nob mouse before and after PDA injection.
After PDA, the initial fast portion of the a-wave was smaller, and the positive intrusion was
no longer present. Fig. 3C and 3D show the Control APB result and Control APB+PDA result
for one animal. The results look similar to those in the Nob mice.

The effects of PDA on the a-wave and the positive intrusion in Control APB and Nob mice are
easier to see in the expanded plots of Fig. 2. Fig. 2A and the amplitude plot in Fig. 2C show
that in Nob mice PDA reduced the response amplitude at the time of the negative a-wave trough
to a value slightly above the peak level of the positive intrusion prior to injection. The wave
then continued to become more negative, rather than more positive, in the time following 50
ms after the flash. The ERG increased in amplitude until about 80 ms after the flash, and then
slowly recovered from the maximum.

In the Control APB eyes (Fig. 2A and D) the amplitude of the ERG at the time of the trough
(40 ms) also was reduced after PDA injection. As in the Nob eye, the wave continued to become
more negative in the absence of the positive intrusion up to about 80 ms after the flash, These
findings indicate that the positive intrusion was generated by postreceptoral neurons in the Off
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pathway in both Nob and Control APB eyes. A small difference between the groups after PDA
injection was that negative-going response measured between 50 and 120 ms, the location of
the positive intrusion for Nobs before PDA was smaller than the response measured between
40 and 100 ms for Control-APB eyes for each of the highest three stimulus energies (P<0.005,
two sample t-test assuming unequal variance).

Effect of PDA on the a-wave
Average ERGs traces from three Control eyes prior to APB (solid line) in response to the
strongest stimulus used in this study are shown in Fig. 4A to illustrate the timing of the a-wave
maximum amplitude (trough) in normal eyes. The a-wave trough occurred between 15 and 20
ms after the flash, reaching almost −40 μV before being truncated by the b-wave. After APB
injection, the leading edge of average a-wave was similar to that in the Control eyes until about
15 ms after the flash, and then in the absence of the b-wave it continued downward reaching
more than −80 μV by 25 ms after the flash. The leading edge of the average Nob a-wave (Fig.
4B) was similar in time course to the Control APB a-wave.

After PDA injection (bold dashed lines in Fig. 4A and B) the a-waves were still similar to those
before PDA for the initial 8 to 10 ms, and then they declined less steeply with time. Fig. 4C
shows amplitudes measured near the time of the a-wave trough in control records (15 ms) and
at the same time after PDA plotted as a function of stimulus energy. The Control, Control-APB
and Nob responses all had almost the same a-wave amplitudes before PDA, reaching about
−35 μV at the highest stimulus energy. The average a-wave amplitudes after PDA were reduced
to less than −15 μV for the strongest stimulus, and were significantly different from responses
before PDA for both groups for the highest two stimulus energies (P<0.01, paired comparison
t-test). These results confirm previous reports that postreceptoral activity from the Off pathway
was greatly affecting the leading edge of the a-wave at the time of the trough of the a-wave in
normal mouse eyes (Maeda et al., 2003; Sharma et al., 2005).

Light-adapted ERG response to long flashes
In order to see whether the positive intrusion occurred at light offset, as expected for a response
generated by the Off pathway, the stimulus duration was lengthened to allow separation of On
and Off responses. Fig. 5A shows typical light-adapted ERGs of Nob mice in response to brief
(< 4 ms) and longer duration (200 ms) stimuli. The typical long flash response of the Nob ERG
was predominantly negative-going, with a small positive intrusion occurring after stimulus
offset.

Fig. 5B shows the long flash response from Fig. 5A on an expanded time scale in order to
assess the timing of the positive intrusion at light offset. The positive intrusion of the long-
flash ERG started about 20 ms after the stimulus offset, and it had a similar time course to the
response to brief flashes, reaching a peak around 70 ms later. These times were similar for all
Nob mice across stimulus energies. A positive-going response in the ERG at light offset is
generally called a d-wave. However, the slow time to peak in the mouse distinguishes it from
d-waves recorded in other species such as humans and monkeys where it rises to a peak rapidly
(e.g. Sieving et al., 1994). This peak was not obvious in Control mice before APB injection
(see inset to Fig. 5B).

The amplitudes of the ERG at the onset of the positive intrusion in the long-flash response (220
ms) and at the peak of the positive intrusion (290 ms) are shown in Fig. 5C, middle panel for
four Nob mice. For comparison measurements from the brief-flash ERG from Fig. 2C are
included in the left hand panel. The positive intrusion of the long flash ERG (shaded area) was
larger on average than that in the brief flash ERG for the strongest stimuli, but this was not
significant, due to high variability. Injection of PDA eliminated the positive intrusion as shown
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by the dashed line in Fig. 5B (left) for one animal, and by the similarity in response amplitude
at 220 ms and 290 ms after PDA for all the animals in Fig. 5C, right hand plot, Similar results
were observed in Control APB long-flash responses before and after PDA injection (data not
shown).

Comparison of young and old Nob mice in response to brief-flash stimuli
A few Nob mice that were about one year of age were present in our colony. We repeated the
experiments that we had done on the younger Nob mice with brief flashes, described above,
to see if the advanced age of these animals would affect their ERGs, as compared to ERGs of
young Nob mice or similarly old Control APB mice. The middle column in Fig. 6A shows
ERGs of old Nob mice in response to brief flashes of increasing stimulus energy. For
comparison, the responses of a typical young Nob mouse from Fig. 1 are shown in the left hand
column. In Fig. 6D, responses from an old and young mouse to the strongest stimulus are
superimposed. The negative going response was smaller in the old Nob ERG than in the young
Nob ERG, but the positive intrusion looked similar for the two mice.

The plots in Fig. 6F of averages from six young and six old Nob mice confirm that the positive
intrusion measured between 50 and 120 ms after the flash was similar in amplitude for all
stimulus energies for the two groups (P>0.05, two sample t-test with unequal variance for all
statistics in this section). However, the response measured at 50 ms after the flash was much
smaller in the old Nob mice than in the young Nob mice for the four strongest stimuli (P<.05);
it was maximally about half the amplitude of the young Nob ERG.

Fig. 6C illustrates the ERG of the old Nob mouse ERG after PDA for the mouse whose
responses are illustrated in part B. As in the young Nob mice, PDA eliminated the positive
intrusion. Fig. 6F, right hand plot shows that the average data support this observation. The
average data also show that maximum negative response for the strongest stimulus, measured
at 50 ms was about half of that before PDA, as had been observed for the young Nob mice
(Fig. 2D).

Fig. 6E shows measurements of a-wave amplitude at the trough time found for control ERGs
(15 ms after the flash) in response to brief flashes of increasing stimulus energy. Interestingly,
when measured at 15 ms, the old Nob and young Nob responses showed almost the same
negative amplitude for all stimulus energies that were tested. The old Nob a-waves after PDA
injection (measured at 15 ms) were greatly reduced compared to those before PDA injection
(P< 0.003, paired comparison t-test, for 1.3 log sc td s, and much less for higher stimulus
energies). The reduction was slightly more than that seen in Fig. 4 for young mice.

ERGs of two Control mice (4 eyes) that also were about a year old were measured after APB
injection.. The amplitude of the negative response was reduced relative to typical young mice,
but in each eye of each animal by about 25%, rather than by 50% seen in Nob mice.
Measurements from the right eyes of the two mice are illustrated in the inset to Fig. 6 F, middle
panel. The amplitudes were measured at 40 ms and 100 ms as in Fig. 2D for young Controls,
and in each case almost 60 of the 80 μV measured in young animals at 40 ms was still present.
The size of the positive intrusion in Control APB old mice was similar to that in young animals,
as was observed for the Nob mice. The number of Control eyes was small, and these findings
are not conclusive, but they suggest more severe aging effects in Nob mice than in control
mice.
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ERG responses to sinusoidal stimulation (Flicker ERG)
Up to this point experiments using flashed stimuli have been described to evaluate
postreceptoral cone pathway function in Nob mice. In this section, we describe flicker ERG
responses of Nob and Control mice, as an alternative way to evaluate cone pathway function.

Fig. 7 shows typical flicker ERG responses of Control and Nob mice. The control responses
(Fig. 7A) had markedly higher amplitudes than the Nob responses (Fig. 7B). (A). Therefore,
we confirm, as reported previously (Krishna et al., 2001) that the On pathway in normal mice
contributes significantly to the mouse flicker ERG. However, a small contribution from the
Off pathway, much of which could be removed by injection of PDA (right hand column), also
was apparent.

In order to compare the temporal phase of the Nob and control responses, in Fig. 7D and E,
flicker ERG responses with amplitudes all scaled to be equal were superimposed. Three periods
are shown for each temporal frequency of stimulation (3, 9 and 15 Hz) to facilitate seeing the
phase differences across the three groups: Control, Nob, and Nob PDA. Phases were similar
for Nob and Nob PDA animals in all records. Phase differences between Control and Nob mice,
(or Control and Nob PDA mice) were more than 180° at 3 Hz, at 9 Hz they were about 180°
and at 15 Hz they were quite small.

A phase difference of 180° would be consistent with the loss of the On pathway contribution
in Nob animals (also see Krishna et al., 2002). The amplitude and phase difference between
Control and Nob animals, and between Nob and Nob PDA animals are explored further in Fig.
8.

Fig. 8 shows plots of flicker ERG amplitudes and phases versus temporal frequency for three
control and three Nob mice. Analysis of 2nd-harmonic responses (F2), as well as responses to
the fundamental frequency (F1) of stimulation, are included in the figure. F2 responses are
thought to be generated mostly by inner retina, i.e. amacrine and ganglion cells, at least in
primate subjects (Viswanathan et al., 2002). The F1 amplitude of control mice was about 70
μV at its peak frequency of 8 Hz, while for Nob mice, it was less than 20 μV at its slightly
lower peak frequency of 5 – 6 Hz. After the PDA injection in Nob mice, when postreceptoral
influences presumably were removed, the largest response amplitude was about 10μV at 3 Hz,
the lowest frequency tested, and it declined steady as frequency increased. The F1 response
could be recorded up to 21 Hz in control and Nob mice and 15 Hz in Nob PDA mice. At 3 Hz,
F1 phase was about 270° more delayed in Nob than in control mice, and the difference declined
to zero by 12 Hz. As noted above, phase was not altered appreciably by PDA.

The F2 frequency response showed two amplitude peaks in control mice, one at 3 Hz (or lower)
and one at 17 Hz. The F2 peak amplitude was much lower than the F1 peaks, being around 10
μV for the high frequency. The amplitude of the Nob F2 responses was very low, less than 3
μV for frequencies up to 12 Hz, with no high frequency peak at 17 Hz. Nob ERGs following
PDA injection showed almost no F2 response. The phase delay of the Control responses
increased at a higher rate with temporal frequency than delay for the F1 responses. Phase
measurements plotted when responses were small to negligible in Nob and Nob PDA reecords
were based on noise, as can be seen by noise levels plotted in the amplitude plots.

Postreceptoral contribution to the sinusoidal flicker ERG in Nob mice
In the light-adapted flash ERG of Nob mice, it was possible to measure the amplitude of the
positive intrusion that was generated from postreceptoral cells directly. However, the extent
to which postreceptoral cells contribute to the Nob flicker ERG is less straight forward because
both amplitude and phase must be taken into account. If we simply calculate the difference
between Nob and Nob PDA fundamental amplitudes, the difference will be much smaller than
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the actual difference, especially for the low temporal frequencies. We therefore attempted to
quantify the postreceptoral contribution to the Nob flicker ERG by using vector analysis as
done previously by Kondo et al.(2001) for macaque flicker ERG..

To quantify the contribution of the postreceptoral cells we derived the vector difference
between the fundamental response of Nob and that of Nob after PDA injection. Examples of
the vector subtraction analysis for temporal frequencies of 3 Hz, 6 Hz, and 9 Hz are shown in
Fig. 9. The phase delays for the Nob and Nob after PDA data, which increased as temporal
frequency was increased, were acquired from the plot in Fig. 8B.

Fig. 10 shows a plot of average fundamental amplitude vs. temporal frequency for the Nob,
the Nob PDA data and the Nob postreceptoral response that was derived from vector analysis.
From this figure it is clear that the postreceptoral component dominates the F1 amplitude in
the Nob flicker ERG, except at low frequencies, and frequencies above 30 Hz. Given the
similarity of the flash ERG results and the difficulty of the Control APB experiments, flicker
experiments were not done for Control APB animals.

Isolation and time course of cone photoreceptor-driven responses
In experiments in which PDA was used to remove residual postreceptoral activity in the ERGs
of mice lacking b-waves, the remaining response should have depended solely upon the
activation of the cone photoreceptors. However, as can be seen in Fig. 2A and 2B for responses
to a brief flash of 2.5 log sc td s for example, the response peak was quite delayed, occurring
about 90 ms after the flash, and the response did not recover to baseline for at least 600 ms
(see Fig. 3). M-cone photoreceptor currents, recorded from mouse outer segments are observed
to peak around 70 ms after a weak flash and to recover to baseline in around 200 ms (Nikonov
et al., 2006). Times to peak for stronger flashes such as we used would be earlier. Because a
rod saturating background was used, it was unlikely that the slowly recovering responses in
the present study were rod-driven, although the time course is more reminiscent of rods than
cones. The slow response suggests the presence of a Müller cell, negative-going slow PIII
response, and (possibly smaller) retinal pigment epithelium positive-going c-wave response of
similar time course (Wu et al., 2004). These slow responses, well-documented in the dark-
adapted ERG, occur in response to changes in the extracellular potassium concentration in the
subretinal spaced mainly as a consequence of interruption of the rod photocurrent (e.g.
Steinberg et al., 1980). Given this possibility, it was important to isolate the photoreceptor
responses from other photoreceptor-dependent signals.

The approach adopted was one originally described by Pepperberg et al. (1997) for isolating
rod photoreceptor responses in humans, and subsequently adapted for use in mice (Hetling and
Pepperberg, 1999; Kang Derwent et al., 2007). Guidance for studying cone responses which
are smaller in amplitude and of shorter time course than rod responses was found in the work
of Friedburg et al. (2004) in humans, and Daniele et al. (2005) in mice. In the presnt study, a
brief test flash was presented on the standard rod-saturating background and was followed at
a range of intervals during the test flash response by a probe flash that was intense enough to
turn off the cone-circulating current. The a-wave produced by probe flash after the test flash
was smaller than that of probe flash alone, because the test flash has already consumed some
of the cone-circulating current. The difference between the response to the test plus probe and
probe alone yielded the cone-circulating current at the tested time points after test flash onset,
which, when subtracted from the response to the probe flash alone, could be used to map out
the time course of the cone photoreceptor response. The amplitudes were measured on the
leading edge of the a-wave at 8 ms after the flash, which was still likely to be a cone
photoreceptor response, according to experiments in Fig. 4 showing effects of PDA on the a-
wave only after about 8 to 10 ms for a stimulus of 2.5 log sc td s. The amplitude of the derived
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response would be smaller than its contribution to the recorded flash ERG, due to being
measured at early times before the maximum amplitude of the response.

Fig. 11 shows average derived cone responses using the paired flash technique for three Nob
recordings (Fig. 11A, two eyes from one mouse), and for three Control mice (Fig 11B) for a
brief-flash stimulus of 2.5 log sc td s. For comparison, Fig 11 C and D shows average flash
ERGs for the same stimulus for Nob mice injected with PDA and for Control APB mice injected
with PDA to remove postreceptoral contributions. The derived (isolated) cone responses in
parts A and B were of much shorter duration than the recorded ERG waveforms in parts C and
D. The derived response to this moderately strong stimulus reached a peak between 23 and 33
ms (time points that were tested) after the flash, and returned to baseline within 200 ms. A
similar time course was found for derived responses to flashes that were four times weaker,
when recorded brief flash ERGs recovered in 400–500 ms (data not shown). These findings
are consistent with the interpretation that the long-lasting negative ERG waves that were
recorded from Nob PDA and Control APB+PDA were formed not only by cone photoreceptor
currents, but also by photoreceptor-dependent signals from other retinal elements, probably
Müller and perhaps RPE cells.

DISCUSSION
The main purpose of the present study was to determine the extent to which postreceptoral
neurons in the Off pathway contribute to the light-adapted ERG of the Nob mouse. The normal
mouse ERG, unlike the human ERG, does not show a positive-going d-wave at light offset,
which has been puzzling because there are functional On and Off circuits in the mouse retina,
as in other mammals that have obvious d-waves. Therefore the Nob mouse, which does not
generate an ERG b-wave provided an opportunity to study ERGs where any postreceptoral
contribution would necessarily originate from the Off pathway. In this study, postreceptoral
neurons from the Off pathway were found to make a significant positive-going contribution,
which we called a “positive intrusion”, to the flash ERG response of Nob mice, as well as to
the ERG of Control mice injected with APB to remove On pathway activity. Postreceptoral
neurons also were found to provide a substantial proportion of the Nob mouse light-adapted
ERG response to sinusoidally modulated stimuli.

The positive intrusion
Regardless of stimulus duration, the ERG of the Nob mouse was predominantly negative-going,
although it had a small, late, positive intrusion in the response to brief flashes, and a positive
intrusion at light offset in response to longer duration flashes.

In order to see whether the response was unique to the Nob mice, or it existed in normal
(Control) eyes with On-pathway activity eliminated, the Nob ERG in this study was compared
to the ERG in normal eyes of C57BL/6 mice injected intravitreally with APB. Positive
intrusions were qualitatively similar in the two different models that lacked On pathway
function, although the positive intrusion for the brief stimuli was larger, started earlier, and
peaked slightly earlier (by ~ 10 ms) in Control APB eyes than in Nob eyes. Positive intrusions
of amplitudes more similar to Control APB than Nob mice have recently been reported in
mGluR6-deficient mice as well (Koyasu et al., 2008). The reason for these difference is unclear,
but may indicate abnormalities in postreceptoral Off pathway activity of Nob mice. In fact, in
extracellular recordings from Off ganglion cells in Nob mice, activity has been observed to be
abnormal (Demas et al., 2006; Gregg et al., 2007). Importantly however, both in Nob mice and
Control mice injected with APB the positive intrusion was completely removed (see Figs. 2,
3, 5 and 6) by PDA which blocked the light-evoked Off pathway activity originating from
second order (Off bipolar, or horizontal cells, and third order neurons (amacrine and ganglion
cells) (Slaughter and Miller, 1993; Massey, 1990 for review). PDA also removed the positive
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wave in mGLur6-deficient mice (Koyasu et al., 2008). Preliminary experiments with
pharmacological agents that primarily interfere with signaling in the inner retina, e.g.
tetrodotoxin to block sodium-dependent spiking activity, and n-methyl D- aspartate (NMDA)
(e.g. Robson and Frishman, 1995) or GABA (Robson et al., 2004) to minimize inner retinal
contributions to the ERG, indicate that the positive intrusion originates at least in part from
neurons proximal to Off bipolar cells (unpublished observations). Additional experiments
would be needed to further specify the third order contributions to the response.

Relation of the positive intrusion to the d-wave—The positive-going wave in the ERG
at light offset is generally called the d-wave. Despite the slower time course of the d-wave in
Nob mice than in animals where it is readily seen (e.g. macaque), the positive intrusion at offset
of a long duration flash is the only positive-going response present and can be viewed as being
the mouse d-wave.

Pharmacologic blockade studies in macaque retina have shown that the d-wave originates
primarily from a combination of the positive-going offset of cone photoreceptor responses,
and depolarization of the Off bipolar cells at light offset (Sieving et al., 1994; Uneo et al.,
2006). In addition, there are small contributions from third order neurons, and an opposing
wave from the negative-going offset of the b-wave (repolarization of On bipolar cells) that
pulls the response down, i.e. the d-wave is larger in normal macaque eyes when APB is injected
intravitreally to eliminate light-driven On cone bipolar activity (Uneo et al., 2006). The
presence of a strong opposing influence in normal mouse eyes from the On pathway may
explain why the “d-wave” is not seen in those eyes. Removal of On pathway influence in
Nob mice or by APB injection was needed to see the small d-wave.

A positive intrusion in the brief-flash ERG can be prominent in macaque eyes injected with
APB (Bush and Sieving, 1994). As in the Nob mice and Control mice injected with APB, the
intrusion can also be eliminated by injection of PDA in macaque eyes. The intrusion in the
brief-flash ERG of the macaque, like the d-wave, is faster in onset and peak time than in the
mouse ERG (Bush and Sieving, 2004). It is likely that it manifests as PDA-sensitive i-wave in
the normal primate ERG (Rangaswamy et al., 2004). Responses in the cone system are
generally faster in primates than in mice, as addressed more thoroughly in a later section on
photoreceptor responses.

Relative timing of the positive intrusion in the brief- vs. long-flash ERG in Nob
mice—The positive intrusion of long-flash ERG in Nob mice started about 20 ms after the
stimulus offset (Fig. 5B), whereas it occurred much later, 50 ms, relative to onset of the brief
flash. We can regard the brief flash (lasting <4 ms) essentially as a combination of an onset-
stimulus and offset-stimulus, meaning that the Off bipolar cell would hyperpolarize for some
minimal response duration, and then depolarize in response to the brief stimulus. In contrast,
in the in the case of the offset of a long flash, Off bipolar cell responses would already be
hyperpolarized, so they would only depolarize in response to stimulus offset. This may explain
why the positive intrusion after the long flash started earlier than that of short flash.

Effect of PDA on the a-wave
As previously described for primates, as well as for mice, Off pathway activity contributes to
the leading edge of the a-wave under light-adapted conditions quite early in the response (Bush
and Sieving, 1994; Robson et al., 2003; Maeda et al., 2003; Ohtoshi et al., 2004; Sharma et al.,
2005). In the present study Fig. 4A shows that PDA began to alter the leading edge of the a-
wave around 8–10 ms after the flash, consistent with other mouse studies from this lab (Maeda
et al., 2003; Ohtoshi et al., 2004). In macaques effects of intravitreal PDA injection can be seen
as early as 5 ms after a brief flash (Robson et al., 2003). In Figs. 2, 4 and 6 in the present study
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it can be seen that the negative potential that PDA eliminated peaked around 50 ms after the
flash in Nob mice (slightly earlier in Control APB mice). The early contributions to the a-wave
are probably dominated by hyperpolarizing (Off) bipolar cells, and later contributions may also
include activity of third order neurons in the Off pathway (Maeda et al., 2003; Sharma et al.,
2005), The role of the horizontal cells, if any, is unresolved.

Effects of PDA on the dark-adapted a-wave of normal and Nob mouse also have been studied.
In a recent study in this lab (Kang Derwent et al., 2007), effects of PDA were found to be
insignificant when the leading edge of the saturated rod-driven a-wave was measured around
6 ms after the flash. However, for less saturated a-waves with slower onset and time to peak,
reductions in a-wave amplitude measured at later times in the response were observed after
PDA injection in Nob mice, and Control mice injected with APB (unpublished observations).

Photoreceptor contributions to the mouse light-adapted ERG
The brief-flash light-adapted ERG responses of Nob mice after PDA injection and Control
mice after APB + PDA injection to remove postreceptoral contributions to the ERG was
composed of a negative wave that peaked 90 ms after the flash, and lasted about 600 ms for a
moderately strong stimulus of 2.5 log sc td s that produced a nearly maximal b-wave. This
duration is very prolonged compared to results from suction electrode recordings from mouse
M-cones. In suction electrode recordings, outer segment currents were reduced only for about
200 ms for weak stimuli, with a peak reduction around 70 ms after a brief flash (Nikonov et
al., 2006). In the present study, in order to isolate the cone photoreceptor contribution to the
ERG, the paired flash approach (Pepperberg et al., 1997) was used to derive the photocurrent.
The derived cone-photoreceptor responses in the Nob and C57BL/6 mice ERGs were found to
peak between 23 and 33 ms after a brief flash, and to recover in about 200 ms in response to
a moderately strong stimulus of 2.5 log sc td s (see Fig. 11). The peak time of the derived
response was probably earlier than that found in the suction electrode recordings for a couple
of reasons: first the flash was stronger in our experiments, and responses to strong flashes peak
sooner. Second, derived photoreceptor responses are generally found to be faster than responses
in suction electrode recordings, probably because of the more physiological recording
conditions. For example, photocurrents recorded from macaque monkey outer segments were
found to peak at 54 ms (Schnapf et al., 1990). However, cone photoreceptor responses to dim
and moderate energy flashes measured in human, derived by the paired flash ERG technique,
peak around 20 ms after a brief flash and last about 100 ms (Friedburg et al., 2004; van Hateren
and Lamb, 2006). Comparing species, cone photocurrents recorded with suction electrodes and
derived cone responses both are slower in mice than in primates, which is consistent with the
poorer temporal resolution observed in the photopic flicker ERGs in mice compared to primates
(e.g. Krishna et al., 2001; Viswanathan et al., 2002, and the present study).

The explanation for the prolonged negative response in the ERG of mice lacking postreceptoral
responses is that in addition to the cone photoreceptor, the response also includes negative-
going slow Plll and perhaps some positive-going c-wave from the RPE. Slow PIII reflects
potassium currents in Müller cells, induced by changes in extracellular potassium when
photoreceptors hyperpolarize, that affect inward rectifying potassium channels on the Müller
cells (Kofuji et al., 2002: 2004; Wu et al., 2004), as well as the pigment epithelium. The initial
effect on the light-adapted ERG was to augment the negative-going response, indicating a
initially larger slow PIII than the c-wave.

It is a little surprising that a slow potassium-dependent response was so prominent in light-
adapted responses. They are more commonly observed under dark-adapted conditions in
mammals (e.g. Steinberg et al., 1980). It may also seem surprising that slow PIII began to affect
the response as early as 30 ms after flash with a peak effect at 90 ms. We have observed a
similar time course for slow PIII under dark-adapted conditions in response to high energy
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flashes (unpublished observations). Under dark-adapted conditions, however, the slow PIII
contribution and the derived rod photoreceptor response have a similar peak time around 90
ms (unpublished observations).

Effects of aging on the light-adapted ERG of mice lacking b-waves
Amplitudes of light-adapted ERGs of Nob mice were affected by aging in this study (Fig. 6).
Effects on Control APB mice were much smaller. In previous studies by other investigators,
the amplitudes of dark-adapted a-waves and b-wave were found to be reduced as mice aged
for both C57BL/6 mice (pigmented mice) and Balb/c mice (albino mice) (Gresh et al.,
2003;Li et al., 2001). Between four and 17 months of age, there was a substantial loss of rod
photoreceptors (more in the albino mice), which contributed to the reduced ERG amplitudes.
But aging effects have been less obvious for cones, whose counts (middle wavelength) were
reduced in aged Balb/c mice, but not in C57BL/6 mice (Gresh et al., 2003;Jacobs and Williams,
2007;Li et al., 2001). Cone-driven flash ERGs were found to be reduced in mice that are a year
old, and light-adapted flicker ERG amplitudes were affected, but only mildly in the pigmented
mice (Jacobs et al., 2007;Li et al., 2001). The findings in the present study for one year old
Nob mice versus three to six month old mice show no change in cone photoreceptor driven a-
waves measured at 6 or 8 ms after a brief flash, and no change in the amplitude of the positive
intrusion. The major effect was on the postreceptoral portion of the a-wave, and the very slow
portion of the response, whose time course is controlled by addition of a negative-going slow
PIII and perhaps some positive going RPE C-wave (see above). This finding raises the
possibility that aging effects on postreceptoral elements, and Müller cell function may be more
pronounced than on some other retinal elements, particularly in Nob mice. An additional
consideration is that the slow negative wave may reflect rod-related signals, and rods are known
to be more affected in aging mouse eyes than cones (Gresh et al., 2005; Li et al., 2001). While
we cannot completely eliminate this possibility, the backgrounds that we used, have been used
in numerous other studies to suppress rod activity.

Postreceptoral contributions to sinusoidal flicker ERG in Nob mice
In this study we confirmed and extended observations of Krishna et al. (2003) on the flicker
ERG in the Nob mouse. As they reported, Nob flicker ERGs are much smaller in amplitude,
and reversed in phase compared to flicker ERGs of normal eyes. Changes in phase are a
characteristic of complete type CSNB in humans as well (Kim et al., 1997). In this study we
discovered that the residual tuning of the response, with a peak around 6 Hz, is due to
postreceptoral contributions that can be eliminated by PDA. After injection of PDA the function
relating response amplitude and temporal frequency became low pass, with the largest response
at the lowest frequency tested. This low pass characteristic reflects the slow time course of the
response, thought to be due to the presence of slow PIII and the C-wave. However, even if
these slower contributions were not present, the response amplitudes would be too low to
produce tuning to some higher frequency. The full extent of the postreceptoral contribution to
the Nob mouse ERG, was demonstrated only when vector analysis was used to display the
component, as was done previously in for macaque ERG for separating On and Off pathway
contributions (Kondo et al., 2001).

The present study also extended previous findings by examining second harmonic responses
in the Nob sinusoidal flicker ERG. Second harmonic responses have been shown in
pharmacological blockade experiments in macaque, to contain considerable contributions from
(spiking) inner retinal neurons (e.g. Viswanathan et al., 2002), and similar observations have
been made in mouse (our unpublished observations). For low temporal frequencies, the
response was reduced by about the same proportion as the F1 response. In contrast, the high
frequency peak around 17 Hz in normal eyes, was completely eliminated. It is possible that
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both On and Off pathway inner retinal activity are necessary to generate second harmonic
responses, or On pathway may be more important than the Off pathway for the response.

Future perspective
This investigation of ERGs lacking b-waves provides further insights about Off pathway
contributions to the mouse ERG. These insights and the approach that was used to acquire them
may be of value as more murine models for human retinal disease emerge.
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Figure 1. Light-adapted full field ERGs in response to brief flashes
Recordings are shown in response to brief LED flashes (λ max = 513 nm) of increasing stimulus
energy on a rod saturating background (2.6 log sc td, λ max = 513 nm) for (A) a Control C57BL/
6 mouse, (B) a Control C57BL/6 mouse after intravitreal injection of APB, and (C) a Nob
mouse. (D) Superimposed ERGs of the Control mouse (dashed line), the Control mouse after
APB injection (grey line) and Nob mouse (solid black line) in response to the highest energy
stimulus in parts A–C. (E) Superimposed ERGs of a congenic wildtype control (Nob WT)
mouse (dashed line) and Nob WT after APB injection (solid black line) in response to the
highest energy stimulus. The mice in these experiments and in all figures prior to Fig. 6 were
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three to six months of age. In this and all subsequent figures the number, MsXXX refers to the
recording session for a given mouse.
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Figure 2. The positive intrusion in the brief-flash ERG of Nob and Control APB mice
(A) ERG of one Nob mouse before (solid line, recorded in an earlier session) and after (dashed
line) injection of PDA, (B) ERG of one Control mouse with APB injected (solid line) in an
earlier recording session, and after injection of APB+PDA (dashed line) in a later session. The
vertical grey lines and filled black circles indicate the fixed times after the brief stimulus flash
used to measure responses at the trough of the a-wave and the peak of the positive intrusion,
(A) 50 ms and 120 ms for Nob mice, (B) 40 ms and 100 ms for Control APB mice. (C) Average
response amplitudes for ERGs of Nob mice measured at 50 ms and 120 ms (left) after the
stimulus flash, and (right) after PDA injection in the same eyes. The shaded areas represent
the amplitude of the positive intrusion. (D) Average response amplitudes for four mice
measured at 40 ms and 100 ms for (left) the Control mouse ERG after APB injection and (right)
after APB+PDA injection. The shaded areas represent the amplitude of positive intrusion. The
error bars = standard error of the mean (SE).
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Figure 3. Effect of intravitreal PDA on the Nob and Control APB mouse ERG
Light-adapted full field ERGs obtained with brief flashes from (A) a Nob mouse (B) a Nob
mouse after PDA injection, (C) a Control mouse after APB injection, (D) a Control mouse
after APB+PDA injection.
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Figure 4. Effect of Intravitreal PDA on the a-wave in Nob and Control APB mice
(A) Plot of the leading edge of the light-adapted a-wave averaged for the Control mice (solid
black line), Control mice after APB injection (short dashed line) and Control after APB+PDA
injection (long dashed line), (B) Plot of the leading edge of the a-wave averaged for the Control
mice after APB injection (short dashed line), Nob mice (sold black line), Nob mice after PDA
injection (long dashed line). (C) Average ERG amplitudes for all experimental groups shown
in parts A and B, measured at 15 ms after the flash, around the time of the a-wave trough in
Control mice. The error bars = standard error of the mean (SE).
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Figure 5. Light-adapted full field ERGs of Nob mice obtained using long duration flashes (200 ms)
(A) Response of one Nob mouse to a brief (dashed line) and a long flash (solid line); the arrows
mark the positive intrusions in the two responses. (B) Responses from part A with the addition
of the response to the long flash after PDA injection (dashed line). The grey vertical lines with
filled circles indicate the fixed times after the brief flash for which response amplitudes were
measured at the onset (50 ms) and peak (120 ms) of the positive intrusion; for the long flash,
responses were measured after at light offset: 220 ms, and 290 ms from the onset of the 200
ms flash. Inset at right: response of a control mouse to the long flash of 4.6 log sc td. (C) Left:
Average ERG response amplitudes measured at the times denoted in part B for four Nob mice
in response to a brief flash. Middle: Average response amplitude of Nob mice to a long flash.
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Right: Average response amplitude of Nob mice to a long flash after PDA injection. Shaded
areas represent the positive intrusion amplitude of responses to: (left) brief flashes and (middle
and right) long flashes. The error bars = standard error of the mean (SE).
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Figure 6. Comparison of the light-adapted ERGs of old and young Nob mice
(A) Light-adapted full field ERGs obtained with brief flashes for a young Nob mouse (three
to six months old as in previous figures (B) ERGs from Old Nob mice, about one year of age,
(C) Old Nob mice ERG after PDA injection. (D) Superimposed ERGs of Young Nob, Old
Nob and Old Nob after PDA injection in response to the strongest stimuli, on expanded axes
to visualize the positive intrusion. The vertical grey lines with black filled circle indicate the
fixed measurement times for the onset and peak of the positive instruction: 50 ms and 120 ms.
(E) Average a-wave amplitudes measured 15 ms after the flash for Young Nob mice (open
circles), Old Nob mice (filled circles) and Old Nob mice after PDA injection (filled triangles).
(F) Average ERG response amplitudes measured at 50 ms and 120 ms after the flash. Left:
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Young Nob mice, Middle: Old Nob. Right: Old Nob after PDA injection. The shaded areas
represent the amplitude of the positive intrusion. The error bars = standard error of the mean
(SE).
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Figure 7. ERG responses of Control and Nob mice to sinusoidal stimulation (Flicker ERG)
Flicker ERGs in response to sinusoidal stimulation (indicated by grey lines) of a (A) Control
mouse, (B) Nob mouse and (C) Nob mouse after PDA injection. Records were selected for
analysis 1000 ms after the onset of the flicker, after the response had stabilized. (D) and (E)
Superimposed ERGs of (D) Control and Nob mice, (E) Control and Nob mice after PDA
injection. Grey vertical lines indicate peaks of cycles, first (left) for the Control mice and then
for Nob mice. The stimuli for this figure and for Fig. 8–10 were sinusoidally modulated LEDs
(mean luminance 2.6 log sc td; λ max = 513 nm; contrast 100 %).
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Figure 8. Temporal frequency response of Control and Nob mouse ERG
Plots of average amplitude (A, C) and phase (B, D) of the fundamental (A, B) and second
harmonic (C, D) component of flicker ERGs. The open and filled black circles represent
amplitudes of flicker ERGs of Control and Nob mice, and the filled triangles represent ERG
responses of Nob mice after PDA injection. The error bars = standard error of the mean (SE).
The filled grey circles in the amplitude plots (A and C) represent the average amplitude of the
noise for each frequency, obtained from unmodulated (zero frequency) portions of the
recordings.
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Figure 9. Vector analysis of the sinusoidal flicker ERG of Nob mice
The constituent amplitude and phase vectors for the fundamental frequency component of the
3 Hz, 6 Hz and 9 Hz flicker ERG of Nob mice. The thin arrows represent responses of Nob
mice and Nob mice after PDA injection. Thick arrows represent PDA sensitive (postreceptoral)
component derived as the difference between the Nob and the Nob+PDA response vectors.
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Figure 10. Postreceptoral component of the Nob mice sinusoidal flicker ERG
Plots of the average fundamental amplitude (F1) of the flicker ERG vs. temporal frequency for
Nob mice (open circles), Nob mice after PDA injection (open triangles and the postreceptoral
component of the Nob mouse ERG (filled circles) derived from vector analysis.
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Figure 11. Derived cone photoreceptor response of the Nob and Control mouse
Average derived cone photoreceptor responses of (A) a Nob mouse and (B) a Control mouse
(n=3 for both groups). Responses were derived for a flash strength of 2.5 log sc td s. (C and
D) Average flash ERGs responses to the same flash strength are shown for three Nob mice
after PDA injection and three Control mice after APB+PDA injection.
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