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Abstract

Purpose—Mouse mutants for proteins expressed in the dystrophind®glycoprotein complex at the
photoreceptor terminal have electroretinogram (ERG) b-waves with a delayed onset and time
course. The b-wave is defined by the sum of P1I generated by depolarizing bipolar cells and slow
P11 generated by Mdller glial cells. In this study, we evaluated the hypothesis that the
abnormalities observed in one of these mutants, Large"”, are caused by abnormal response
properties of slow PIII.

Methods—To isolate slow PI11, we crossed the Large mutant to a mouse line (Gpr1797°%%) that
lacks the ERG b-wave but maintains normal photoreceptor function and in which retinal
degeneration does not occur. ERGs were recorded to strobe flash stimuli after overnight dark
adaptation.

Results—In comparison with control responses, the a-wave and slow P11l had comparable
waveforms but were reduced in amplitude in Large's mice. The magnitude of this reduction was
comparable for these components, and across stimulus luminance. There was no stimulus
condition where the amplitude of slow PI11 was larger than control.

Conclusions—The data obtained are inconsistent with the idea that the b-wave abnormalities

noted in Large’s mutant mice are caused by abnormal response properties of slow PIII.
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Introduction

The electroretinogram (ERG) reflects the algebraic summation of several underlying
generators. In response to a strobe flash presented in darkness, the ERG is comprised of two
main components, the a-wave and the b-wave. The a-wave reflects the light-induced closure
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Methods

Mice

of sodium ion channels along the rod outer segment [1]. The positive polarity b-wave
reflects the summation of a positive polarity component (Pl [2]) generated by rod
depolarizing bipolar cells (DBCs [3]) and a negative polarity component (slow PIII) that
reflects Kir4.1 channel activity in Muller glial cells induced as a secondary response to light-
evoked photoreceptor activity [3-7]. These underlying generators interact to define the b-
wave recorded by electrodes contacting the corneal surface. An altered b-wave could,
therefore, reflect changes in P11l and/or slow PIII.

An unusual ERG waveform has been reported in mutant mouse models for proteins
expressed in the dystrophin-glycoprotein complex at the photoreceptor terminal, including
dystrophin [8], LARGE [9, 10], pikachurin [11], and protein O-mannose N-
acetylglucosaminyltransferase 1 (POMGNT1 [12]). The hallmark of these responses is a
marked delay in the timing of the b-wave component, as well as amplitude reductions. These
abnormalities are exemplified by the ERG waveforms shown in Fig. 1, which were evoked
by a series of flashes presented to dark-adapted Large*/V’s and Large"sV’s littermates. While
responses of Larget!Vs heterozygotes are comparable to those of control mice, the responses
of LargeV'"'s homozygotes have reduced a-waves and b-waves that have reduced amplitude
and delayed implicit time. The basis for these response abnormalities has not been
established, although they are apparent across a broad range of stimulus luminance. Pattnaik
et al. [13] examined a dystrophin mutant, 7ax““3, and suggested that the abnormal b-waves
noted in this model could reflect abnormal response properties of slow PI11, which together
with PII defines the b-wave waveform. This suggestion was supported by in vitro studies
[13] in which recordings were made from max"? retinas before and after the addition of
barium, an ion that blocks Kir channels and eliminates slow PI11 [3]. Subtraction of these
responses provides a measure of slow PIII, which was larger in max¢"3 mutant mice than in
control animals. Based on these in vitro results, Pattnaik et al. [13] suggested that the
abnormal waveform noted in max“"Z mice may reflect abnormal response properties of slow
PIII.

In the present study, we used a genetic approach to evaluate the hypothesis that changes in
the response properties of slow PI1I underlie the b-wave abnormalities observed in ERGs
obtained from Large"Vs mice [10]. To do this, we crossed the LargeV’ allele onto the
Gpr179™5 line [14]. Because Gprl7970b5/10b5 mice lack the ERG b-wave, the response
properties of slow PIII can be evaluated in vivo [7, 15].

We obtained Zarge*/V/s mice from The Jackson Laboratory (Bar Harbor, ME) and
Gpr179™%5 mice from a local colony. A two-generation cross was used to generate
LargesVIs and control (Large*!V’s or Large*!*) littermates that were Gprl797005/10b5
homozygotes.
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Genotyping

ERG

DNA was extracted from tail snips. Mice were genotyped for wild-type and mutant alleles of
Largeand Gpri79using PCR protocols. TheLargeV’s mutation arose on a Castaneous
background and has been crossed to C57BL/6 J for more than 10 generations [10]. By
selecting for the Large'” allele, the only region that remains Castaneous is near that locus.
We used two pairs of primers (D8MIT74, D8MIT179) for single-nucleotide polymorphisms
that flank the Large locus to distinguish mice that carried Castaneous (Large™) or C57BL/6
J (Large*) alleles. We confirmed PCR genotyping by two phenotypic features that
characterize homozygotes: small stature and an epiretinal vasculature that persists into
adulthood [10].

The following primers were used to screen mice for Gpri79alleles:

For the Gpr179" allele: sense (5"- TGTGCCTG GGTATCTGTTGA-3")
antisense (5'- GCTTACACACTTACACACAGA- TAGATG-3")

For the Gpr179™%% allele: sense (5'- GCATGTGC- CAAGGGTATCTT-3")

antisense (5'- GCTTACACACTTACACACAGA- TAGATG-3")

After overnight dark adaptation, mice were anesthetized with ketamine (80 mg/kg) and
xylazine (16 mg/kg). The cornea was anesthetized (1 % proparacaine HCI) and the pupil was
dilated (2.5 % phenylephrine HCI, 1 % tropicamide, and 1 % cyclopentolate HCI). Mice
were placed on a temperature-regulated heating pad throughout the recording session. All
procedures involving animals were approved by the Cleveland Clinic Institutional Animal
Care and Use Committee. Because the photoreceptor degeneration of LargeV’sV’s mice is
progressive, all studies were conducted on 1-month-old mice.

Strobe flash ERGs were recorded using a stainless steel electrode in contact with the corneal
surface via 1 % methylcellulose. Needle electrodes were placed in the cheek and the tail for
reference and ground leads, respectively. Dark-adapted ERGs were evoked by full-field
flashes (LKC Technologies, Gaithersburg, MD), with time-integrated flash luminances
ranging from —3.6 to 2.1 log cd s/m2. Stimuli were presented in order of increasing
luminance and the number of successive responses averaged together decreased from 20 for
low-luminance flashes to 2 for the highest luminance stimuli. The duration of the
interstimulus interval increased from 4 s for low-luminance flashes to 90 s for the highest
luminance stimuli. Responses were differentially amplified (0.3-1,500 Hz), averaged, and
stored using a UTAS E-3000 signal averaging system (LKC Technologies, Gaithersburg,
MD).

The amplitude of the a-wave was measured at 8 ms after flash presentation from the pre-
stimulus baseline. The amplitude of slow PIl1 was measured from the pre-stimulus baseline
to the value of the trough at 150 ms after flash presentation.
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Results

Figure 2 illustrates the expected results if changes in the response properties of slow PIlII
cause the b-wave abnormalities observed in ERGs obtained from Large"’sV/s mice. Response
(1) re-plots the Large™V’s response to a 0.0 log cd s/m? stimulus from Fig. 1. Response (2) is
the response of a Gpr 797005/10b5 mouse to the same stimulus. The absence of the b-wave in
the Gpr1797065/0b5 mouse response allows slow P11 to be measured. Responses (1) and (2)
have been normalized at 24 ms. Response (3) is the result of subtracting response (2) from
response (1). This difference waveform reflects all of the ERG components that are missing
in the responses of Gpr179"005/19b5 mice and resembles the P11 component extracted by
others using curve-fitting or pharmacological approaches [16, 17]. Response (4) re-plots
from Fig. 1 the Large"’sVs mutant response to a 0.0 log cd s/m? stimulus. Response (4) was
normalized in the same manner as responses (1) and (2). Working from the presumption that
the Large’!s mutant PIl component generated by DBCs has a normal waveform, we
subtracted response (3) from response (4) to derive the predicted Large"’sV/s mutant P111
component. This is shown as response (5) and is seen to be substantially larger in amplitude
than the corresponding component obtained from control Gpra 797005/10b5 mice [response
(2)]. If abnormal slow PIII response properties underlie the abnormal Large"’s b-wave, we
expect to see a similar slow PIII phenotype in Large"’s'V5| Gpri797065/0b5 double mutant
mice.

Figure 3 presents a series of dark-adapted ERGs obtained from Large*'* (left) and
LargesVs mutant (right) littermates. Because both mice are Gpr797005/10b5 homozygotes,
the b-wave is eliminated and slow PII1 is revealed. At low stimulus luminances, the response
is comprised of a small negative polarity deflection. At high stimulus luminances, the a-
wave becomes apparent ahead of slow P111. The response of the Large"sVs mutant has a
waveform that resembles that of the control, but is reduced in amplitude.

Figure 4 presents luminance-response functions for the a-wave (A) and for slow PIII (B). In
comparison with control, both response components are reduced in Large"’sVs mutants. To
determine whether the magnitude of reductions in a-wave and slow Pl amplitude are
comparable, at each flash luminance the average mutant response was divided by the
corresponding control average. Across the stimulus range used here, the LargeV’s'v’s
responses are 55 + 1.5 (a-wave) and 55.7 £ 2.9 % (slow PIII) of control. These values are not
significantly different from one another (< 1), indicating that the a-wave and slow PIII are
reduced by equivalent amount in Large"’¥V/s mice.

The LargeV'sV1s| Gpr17970b5/10b5 responses do not resemble the waveforms predicted
(response (5), Fig. 2) if the P11 component of Large’#V’s ERGs had a normal waveform and
the abnormal response was due to changes in the response properties of slow PIII. There was
no stimulus condition in which the amplitude of slow P11l was larger in Large"sV/s than
control mice.

To define the LargeV’sVs Pl waveform, we subtracted Gpr1797005/10b5 ERG from
Gpr179t"* responses, obtained to 1.4 log cd s/m? stimulus flashes. In Fig. 5, response (1)
plots a Large*!V’s Gpr179* ERG and response (2) is the ERG of a Large*/V¥
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Gprl17979b5/m0b5 mouse. These waveforms were normalized at 8 ms. Response (3) is the
result of subtracting response (2) from response (1) and reflects the normal PIl component
obtained under this stimulus condition. Response (4) plots aLargeV’s's| Gpr179"* ERG and
response (5) is the ERG of a Large"!s'V5 Gpr1 797065/10b5 mouse; these waveforms were also
normalized at 8 ms. Response (6) is the result of subtracting response (5) from response (4)
and represents the Large"’sVs PII component with response (3) re-plotted as the dashed line.
The superimposition of the difference waveforms shows that in comparison with the control,
the Large""V/s P11 component is delayed and has a reduced amplitude.

Discussion

In the present study, we have examined the in vivo response properties of slow PIII to
evaluate the possibility that abnormal response properties of this ERG component underlie
the b-wave abnormalities observed in Large"’sV/s mutant mice. We isolated slow Pl
genetically, by crossing the Large"’sV/s mutant to a mouse line that does not generate a b-
wave due to a Gprl79null mutation [14]. While the Gpr1797005/70b5 mutant does not
generate a b-wave, the retina appears normal by light and electron microscopy [14]. The
main abnormality noted in double mutant LargeV"V/s| Gpr17979b5/10b5 mice is an overall
reduction in slow PI1I amplitude that is proportional to the amplitude reduction noted for the
a-wave. Samuels et al. [15] reported a similar analysis of Prpf*%*/ Nyx mice and noted
that the amplitude of slow P11l was somewhat larger than predicted by the a-wave reduction.
Periphe-rin/rds is an outer segment protein [15,18], and PrpAR92* mice do not display the b-
wave abnormalities noted in Large"’V’s mice [19]. If we take these results as a benchmark,
the amplitude reductions noted in slow PIII of the Large"’sV/s mutant are somewhat greater
than expected based on the a-wave loss and inconsistent with the idea that an abnormally
large amplitude slow PIII underlies the b-wave abnormalities noted in this mutant.

These findings do not rule out the possibility that an increase in slow P11 could contribute to
the b-wave abnormalities noted in other mutants, including the max<? mouse. We chose to
examine the Large"® mutant based on our prior experience [10]. It would be interesting to
address this possibility in vivo by crossing the 7ax¢"3 mutant to the Gpr179"°% mutant or
any of the other no b-wave mutants that have been described for Ayx[20, 21], Grmé6
[22-24], and Trpm1[25-28].

While the present results indicate that slow P11 abnormalities do not underlie the delayed
onset and slow kinetics of the Large"’s b-wave (Fig. 1), they do not provide an explanation
for these abnormalities. A recent study of the Pikachurirr'- mouse, which has ERG
abnormalities comparable to those of Large""V/s, indicates that DBC invaginations into
photoreceptor terminals are abnormal, resulting in a larger gap between the pre-synaptic
active zone and the post-synaptic membrane [29]. A larger synaptic gap could delay
clearance of glutamate and thus result in a delayed b-wave. It remains to be determined
whether the synaptic abnormalities present in Large"’s'V/s mice [10] include this feature.
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Fig. 1.
Comparison of dark-adapted ERGs obtained from Large*'/V/s and Large"V/s> mice. Values
to the left of each row of waveforms indicate flash luminance in log cd s/m?
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Fig. 2.
Predicted result if changes in response properties of slow P11 underlie abnormal Large"’

ERG waveform. Responses (1) and (2) were evoked by 0.0 log cd s/m? stimulus flashes
from control (1) and Gpr1 7970651065 (2) mice. Response (3) represents the result of
subtracting response (2) from response (1). Response (4) was evoked by 0.0 log cd s/m?2
stimuli from a Large"’"Vs mouse. Response (5) indicates the result of subtracting response
(3) from response (4) and represents the waveform expected if Large"’V/s ERGs include a
normal waveform P2 component. All responses are normalized to a-wave at 24 ms,
corresponding to the trough of response (1)
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Fig. 3.
Comparison of dark-adapted ERGs obtained from LargeV’s'V!s/Gpr17970b5/10b5 and [ arge*!*|

Gprl 79"005/10b5 mijce. Values to the left of each row of waveforms indicate flash luminance
in log cd s/m?
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Fig. 4.
Response functions for the ERG a-wave (A) and slow PIII (B) measures of Large"/s'V5

Gprl 797905/10b5 and control/ Gprl 7970651065 mice. Data points indicate the average (+ s.d.)
of 7 LargeV'V1s| Gpr17970b5/10b5 and 18 control/ Gpr1 7970651065 mice
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Fig. 5.
Isolation of Pl from Larget/Vs and LargeV’'V’s ERGs. ERGs evoked by 1.4 log cd s/m?2

stimulus flashes from Large/Vs (1, 2) and Large"’s'Vls (4, 5) mice. All responses were
normalized at 8 ms. Response (3) was obtained by subtracting response (2) from response
(1); response (6) was obtained by subtracting response (5) from response (4). The dashed
line superimposed on response (6) is response (3)
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