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Abstract 25 

Mutations in the KCNV2 gene, which encodes the voltage-gated K+ channel protein Kv8.2, cause a 26 

distinctive form of cone dystrophy with a supernormal rod response (CDSRR). Kv8.2 channel subunits 27 

only form functional channels when combined in a heterotetramer with Kv2.1 subunits encoded by 28 

the KCNB1 gene. The CDSRR disease phenotype indicates that photoreceptor adaptation is 29 

disrupted. The electroretinogram (ERG) response of affected individuals shows depressed rod and 30 

cone activity, but what distinguishes this disease is the supernormal rod response to a bright flash of 31 

light. Here, we have utilised knock-out mutations of both genes in the mouse to study the 32 

pathophysiology of CDSRR. The Kv8.2 KO mice show many similarities to the human disorder, 33 

including a depressed a-wave and an elevated b-wave response with bright light stimulation. OCT 34 

imaging and immunohistochemistry indicate that the changes in 6 months old Kv8.2 KO retinae are 35 

largely limited to the outer nuclear layer, while outer segments appear intact. In addition, there is a 36 

significant increase in TUNEL positive cells throughout the retina. The Kv2.1 KO and double KO mice 37 

also show a severely depressed a-wave, but the elevated b-wave response is absent. Interestingly, in 38 

all three KO genotypes, the c-wave is totally absent. The differential response shown here of these 39 

KO lines, that either possess homomeric or lack channels completely, has provided further insights 40 

into the role of  K+ channels in the generation of the a-, b- and c-wave components of the ERG.  41 

Significance statement 42 

Heterotetrameric Kv voltage-gated K+ channels are formed by two subunits, Kv8.2 and Kv2.1, 43 

encoded respectively by the KCNV2 gene and KCNB1 gene. Kv8.2 subunits act as modifiers of 44 

channel activity but are not capable of forming functional homomeric channels. Mutations in KCNV2 45 

result in a blinding disorder that combines photoreceptor dystrophy with an enhanced rod ERG, a 46 

feature that is generally diagnostic for the disorder. In this study, mouse models with knock-out 47 

mutations of the Kcnv2 and Kcnb1 genes have been used to study of the function of Kv channels in 48 

the response to light stimulation as analysed by ERG recordings in order to further our 49 

understanding of the role of these channels in vision and disease.  50 
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Introduction 51 

We previously demonstrated that mutations in the KCNV2 gene, which encodes the voltage-gated K+ 52 

channel protein Kv8.2, are responsible for a distinctive form of cone dystrophy with a supernormal 53 

rod response (CDSRR, OMIM 610356) (Wu et al., 2006). CDSRR is an inherited autosomal recessive 54 

disorder that causes lifelong visual loss. The dystrophy is characterized by reduced visual acuity, 55 

photoaversion, night-blindness and abnormal colour vision (Gouras et al., 1983; Sandberg et al., 56 

1990; Kato et al., 1993; Rosenberg and Simonsen, 1993; Hood et al., 1996; Michaelides et al., 2005; 57 

Zobor et al., 2012). The electroretinogram (ERG) of affected individuals shows depressed rod and 58 

cone activity, but what distinguishes this disease from all other retinal dystrophies is the 59 

supernormal rod response to a bright flash of light (Tanimoto et al., 2005); the a-wave response 60 

remains reduced and delayed whereas the b-wave becomes supernormal in amplitude. In contrast, 61 

cone ERGs are markedly reduced and delayed over the entire range of light intensities. These 62 

changes in the ERG are diagnostic for CDSRR (Grigg et al., 2013). 63 

More than 37 different KCNV2 mutations have now been identified (Gouras et al., 1983; Sandberg et 64 

al., 1990; Kato et al., 1993; Rosenberg and Simonsen, 1993; Hood et al., 1996; Michaelides et al., 65 

2005; Wu et al., 2006; Thiagalingam et al., 2007; Ben Salah et al., 2008; Wissinger et al., 2008; 66 

Robson et al., 2010; Fujinama et al., 2013), which include missense, nonsense and deletion changes. 67 

In all cases, the disorder arises either from the absence of Kv8.2 subunits or, depending on the 68 

particular amino acid substitution, from mutant subunits that either fail to be transported to the cell 69 

membrane or form non-functional channels (Smith et al., 2012). 70 

Kv8.2 is a member of the Kv2 or Shab subfamily of channel subunits that are able to form functional 71 

channels only when combined with another channel protein; for Kv8.2, the partner subunit is Kv2.1 72 

encoded by the KCNB1 gene (Czirjak et al., 2007; Smith et al., 2012). A recent study (Gayet-Primo et 73 

al., 2018) has shown that both Kv2.1 and Kv8.2 are expressed in the inner segments of 74 

photoreceptors. In heterotetramers with Kv2.1 subunits, the role of Kv8.2 subunits is to modulate 75 
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the activity of the channel. Two disease mechanisms were identified by Smith et al. (2012); pore 76 

mutations that result in the formation of non-conducting heteromeric Kv2.1/Kv8.2 channels, and 77 

mutations localized in the tetramerization domain of Kv8.2 that prevent the formation of 78 

heteromeric channels. With the first mechanism, the heterotetrameric channels would be non-79 

functional, whereas with the second mechanism, only homotetrameric Kv2.1 channels would be 80 

formed. Both classes of mutations are recessive and as only minor clinical differences have been 81 

observed between patients (Zobor et al., 2012), it would appear that both effectively act as nulls.  82 

The disease phenotype indicates that mutations in KCNV2 disrupt photoreceptor adaptation, the 83 

fundamental physiological process by which photoreceptor sensitivity is modulated under different 84 

levels of illumination. A previous study (Beech and Barnes, 1989) indicated that voltage-gated 85 

potassium channels in the retina results in a permanent outward K+ current, IKx. Compared to 86 

homomeric Kv2.1 channels, heteromeric Kv2.1/Kv8.2 channels show a reduced inactivation from 87 

the open state, less inactivation from intermediate closed states, and a faster recovery from 88 

inactivation (Smith et al., 2012). The reduced inactivation from the open state is thought to allow a 89 

prolongation of opening in response to sustained depolarizations (Czirjak et al., 2007; Mohapatra et 90 

al., 2009; Smith et al., 2012). 91 

Since all reported KCNV2 mutations show a fully recessive mode of inheritance and the clinical 92 

features of CDSRR appear to be essentially the same irrespective of the disease-causing mutation, 93 

the generation of a gene knock-out of this channel subunit is likely to produce a useful model of this 94 

disorder. In this paper, we examine the effects of the loss of Kv8.2 and Kv2.1 subunits on retinal 95 

electrophysiology and morphology using knock-out mouse models of Kcnv2 and Kcnb1. 96 
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Materials and Methods 97 

Generation of animal lines: The Kv2.1 KO line was generated by the electroporation into mouse ES 98 

cells of a targeting construct consisting of a 5ʹ fragment comprising 2623 bps of Kv2.1 genomic DNA 99 

that terminated at the first base of codon 346 inserted upstream of an IRES-LacZ- Neo cassette, 100 

followed by 2457 bps of Kv2.1 genomic DNA from the first base of codon 380 codon of the Kcnb1 101 

gene (Jacobson et al., 2007). The targeting cassette removes 102 bases of the Kcnb1 coding 102 

sequence and adds nearly 7kB of extraneous sequence including a premature stop codon. Western 103 

blot analysis of brain tissue confirmed the absence of Kv2.1 protein in homozygous Kv2.1-/- KO mice 104 

(Jacobson et al., 2007). This line is on a C57BL/6N background and has been screened for the Rd8 105 

mutation.  106 

The Kv8.2-/- KO line was generated through the use of a custom allele targeted to exon 1 of Kcnv2 in 107 

embryonic stem (ES) cells at the Wellcome Trust Sanger Institute (Skarnes et al., 2011). These ES 108 

cells were used to produce the Kcnv2tm1 mutant mouse on a standard C57BL/6N background. The 109 

tm1 allele has a custom promoter-driven cassette targeted to the 5’ upstream intron adjacent to 110 

exon 1, with LoxP sites flanking this critical exon (Figure 1). In order to delete the exon in the Kcnv2 111 

mutant mice, they were crossed to a ubiquitously expressing CMV-Cre line with the X-linked 112 

HprtTg(CMV-Cre)Brd allele on the same C57BL/6N background. Once the confirmation of an excision event 113 

was observed by short range PCR, the CMV-Cre was bred out and animals checked for the Rd8 114 

mutation. Heterozygous matings were then set up to produce homozygotes; the absence of exon 1 115 

in these mice was confirmed using primers designed to the exon. In wild type (WT) and 116 

heterozygous mice, PCR generated a fragment of the expected size but this fragment was 117 

completely absent from homozygotes, indicating that the exon has been deleted in these mice. In 118 

addition, a LoxP PCR product generated from heterozygote and homozygote DNA, was reduced in 119 

size following the CMV-Cre cross, indicating excision had taken place.  120 
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To confirm the absence of any Kcnv2 transcripts in mice homozygous for the deleted allele, RT-PCR 121 

was performed using cDNA generated from RNA extracted from brain tissue at 8 weeks of age. RNA 122 

was extracted using Trizol Reagent (Life Technologies, cat.no. 15596-026) following the 123 

manufacturer’s instructions and qRT-PCR was carried out with TaqMan probe for Kcnv2 (Thermo 124 

Fisher Scientific, Mn00807577_m1) using reagents from Applied Biosystems, following the 125 

manufacturer’s instructions. In total, 3 WT, 3 homozygous KO and 1 heterozygous KO mice were 126 

used. The results showed a reduction in the expression of Kcnv2 in the heterozygote and a complete 127 

absence of Kcnv2 mRNA in the homozygotes (Figure 1). A second qRT-PCR was then used to confirm 128 

the absence of kcnv2 transcripts in retinal tissue of Kv8.2 KO mice, using retinal RNA extracted with 129 

an RNeasy kit (Qiagen) according to the manufacturer’s instructions. 500ng of RNA was reverse 130 

transcribed using the QuantiTect Reverse Transcription Kit (Qiagen) and real-time PCR was 131 

performed in triplicate using the TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific, 132 

Waltham, MA) on a Biorad CFX96 Real-Time PCR System (Hercules, CA). Taqman Gene Expression 133 

Assays (Thermo Fisher Scientific, mouse genes) were used to assess the relative transcript levels of 134 

Kcnv2 (Mm00807577_m1) in WT and Kv8.2 KO mice, normalised to Gapdh (Mm99999915_g1). The 135 

results confirmed the complete absence of Kcnv2 transcripts in the retinae of Kv8.2 KO mice.  136 

 Animal housing and ethics: All mice were bred and housed in specific pathogen free conditions at 137 

the University of Western Australia (UWA) Biomedical Research Animal Facility. All animal 138 

experimentation was performed with the approval of the UWA Animal Ethics Committee, 139 

according to the guidelines of the National Health and Medical Research Council of Australia  and 140 

the Australian Code for the Care and Use of Animals for Scientific Purposes. All mice were group-141 

housed in a climate-controlled facility on a 12-hour light/dark cycle with food and water ad libitum. 142 

All experiments were performed in animals of both sexes at 6 months of age unless otherwise 143 

stated. 144 
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Optical coherence tomography: A Bioptigen Spectral Domain Ophthalmoscope was used to image 145 

the retinae of 6 months old WT and KO mice. Anaesthesia was achieved by intrapertioneal 146 

administration of a mixture of ketamine (0.167 mg/100g body weight) and xylazine (0.033mg/100g 147 

body weight). Pupils of anaesthetised mice were dilated by application of 2.5% phenylephrine 148 

hydrochloride and 1% tropicamide drops (Alcon, Australia).  149 

Immunohistochemistry and microscopy: For the TUNEL assay, eyes were collected from WT and KO 150 

mice at 1, 3 and 6 months of age for analysis of cell death by TUNEL assay (ApopTag Red In situ 151 

Apoptosis Detection Kit, Millipore/Merck, Australia). Briefly, eyes were fixed in 4% PFA for 1 hour on 152 

ice. They were then incubated in 20% sucrose overnight at 4oC. The following day eyes were frozen 153 

in optimal cutting temperature compound (Tissue-Tek® O.C.T. Compound, Emgrid, Australia) and 154 

stored at -20oC prior to sectioning. Retinal sections were collected on superforst slides (Hurst, 155 

Australia) and cut using a Leica Cryostat CM3050 at 14μm. TUNEL staining was performed as 156 

protocol and TUNEL positive cells were counted using an Olympus Fluorescent Microscope BX60. 157 

Eyes at 6 months were also collected for gross retinal morphology analysis by hematoxylin and eosin 158 

(H & E) staining. These eyes were processed for paraffin sections as follows: eyes were fixed in 159 

Davidson media for 24h at room temperature. They were then incubated for 24h in 10% formalin 160 

and embedded in paraffin. Sections were cut at 20μM and stained with H & E. Images were taken on 161 

an Olympus Fluorescent Microscope BX60. 162 

The number of cone photoreceptors was counted in retinal wholemounts from 6 months old WT and 163 

Kv8.2 KO mice labelled with cone arrestin antibody (Millipore Cat# AB15282, RRID:AB_1163387). 164 

Dissected retinae were blocked in 1% BSA, 3% Triton-X and 5% NGS for 1hr at RT then incubated for 165 

12-16hrs at 4oC with primary antibody (1:1000). The following day, retinae were washed in 1X PBS 166 

and incubated for 12-16hrs at 4oC in a mix of DAPI solution and Alexa-Fluor 546 conjugated 167 

secondary antibody (1:500). Retinae were then washed in 1X PBS several times and mounted using 168 

fluorescent mounting media (DAKO) and allowed to dry at room temperature prior to imaging. 169 
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Images from each retinal quadrant (dorsal, ventral, nasal and temporal) were obtained using a Nikon 170 

A1S1 confocal microscope. Confocal images were taken as a single image (not z-stack) focused at the 171 

cone cell body level. Settings were kept consistent across the red channel for all images/samples. 172 

Image processing and automated cone counts were then carried out using a script programed and 173 

run by FiJi ImageJ (RRID:SCR_002285). 174 

Electroretinography: The full-field electroretinograms of 13 mice (4 WT, 3 homozygous Kv2.1 KO, 3 175 

homozygous Kv8.2 KO and 3 double homozygous Kv2.1 KO/Kv8.2 KO) were measured using a custom 176 

built apparatus. Mice were dark-adapted overnight and handled subsequently only under dim red 177 

light. Mice were anaesthetised initially with an intraperitoneal injection of ketamine (75 mg/kg) and 178 

medetomidine (1 mg/kg) and, as the entire recording protocol lasted for 1.25 h, a further injection of 179 

half that dose was given after 45 minutes. A Peltier element-driven heating mat and a rectal 180 

thermocouple temperature probe were used to ensure body temperature remained stable (36–181 

38 C). The pupil of the right eye was dilated by applying 1% tropicamide (MYDRIACYL®; Alcon) to 182 

the surface of the cornea, which was kept moist throughout the experiment with lubricating eye 183 

drops (Viscotears®; Alcon).  184 

The mouse was positioned with its head protruding into the centre of a Ganzfeld sphere (28 cm in 185 

diameter). The interior surface of the sphere was coated in multiple layers of titanium-dioxide based 186 

matte white paint (Dulux). High-brightness white-light-emitting diodes provided background 187 

adaptation illumination (Luxeon K; Philips Lumileds) and flash stimuli (Vero 29; Bridgelux). Light 188 

intensity was controlled by adjusting the current supplied to the LEDs (through a voltage-to-current 189 

converter) and through the use of neutral density filters (Lee Filters). 190 

The spectral irradiances of the different stimulus and adapting lights used were measured at the 191 

position of the cornea using a calibrated USB4000 spectroradiometer (Ocean Optics) and converted 192 

into spectral radiances and then photopic luminances using the appropriate CIE V( ) luminous 193 

efficiency function. 194 
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The active electrode was a silver wire loop placed on the cornea and the reference electrode was a 195 

silver wire embedded in a saline-soaked cotton wool ball in the mouth. The mouse was grounded via 196 

a hypodermic needle inserted just beneath the skin on the flank. Corneal potentials were amplified 197 

(×10,000; AC-coupled) differentially using a DAM50 amplifier (World Precision Instruments) with 198 

high and low pass filters set at 1Hz and 1kHz, respectively. Amplified voltages were digitised using a 199 

USB-6353 X-Series multifunction data acquisition device (National Instruments), which was also used 200 

to control light stimulus presentation. 201 

A dark-adapted single-flash intensity series was obtained through presentation of 1 ms flashes with 202 

the following intensities (all in mcd s m-2): 0.1, 0.3, 1, 2, 4, 10, 100, 1,000, 3,000, 5,000, 10,000. The 203 

time interval between consecutive flashes and the number of times the stimulus was repeated (for 204 

subsequent averaging) varied according to stimulus intensity and was 5 s and 20 repeats for 0.1–205 

1 mcd s m-2, 20 s and 10 repeats for 2–100 mcd s m-2, and 60 seconds and 5 repeats for 1,000–206 

10,000 mcd s m-2. 207 

To assess recovery of the retina, a dark-adapted paired-flash protocol was used. An initial 5 ms 208 

probe flash of 25,000 mcd s m-2 was followed by a second test flash of equal intensity and duration a 209 

variable time later (200–6,000 ms; in 200 ms increments from 200–2,000 ms and 400 ms increments 210 

from 2,000–6,000 ms), with a 30 s interval between each probe-test pair. 211 

To assess the temporal response of the retina, the mice were then light-adapted for at least 5 212 

minutes before recording at a background luminance of 50 cd m-2 before presentation with trains of 213 

1 ms flashes of 10,000 mcd s m-2 intensity at either 1Hz (10 cycles, 1 second between repeats, 214 

repeated 10 times) or 20 Hz (60 cycles, 1 second between repeats, repeated 10 times). 215 

Experimental Design and Statistical Analysis: The ERG and OCT analyses were based on 4 WT mice 216 

and 3 of each KO genotype. All analyses were carried out during a single session on the same group 217 

of mice. WT mice were normal littermates to the KO mice, two from the Kv8.2 line and two from the 218 
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Kv2.1 line. No differences between WTs were observed. H & E images were selected from slides 219 

derived from 6 eyes (3 WT and 3 Kv8.2 KO) and TUNEL quantifications were obtained from 3 eyes for 220 

each genotype (WT and Kv8.2 KO). Cone quantification from retinal flat mounts used images from 4 221 

Kv8.2 KO and 5 WT animals. Means and standard errors were calculated using Excel built-in 222 

functions. Paired t tests for comparisons were made using the on-line packages at 223 

www.graphpad.com/quickcalcs/ttest1.cfm (GraphPad, RRID:SCR_000306). 224 

 225 

Results 226 

Our studies have focused largely on mice at 6 months of age; this age was selected in order to 227 

ensure that sufficient time had elapsed for any clinical phenotype to develop.  228 

Retinal morphology 229 

The optic nerve was used for orientation of OCT imaging of the retinae in live mice at 6 months of 230 

age. This revealed that the main layers of the retina are clearly defined in all three KO genotypes 231 

(Figure 2A). Although the overall thickness of the retina was reduced, only the photoreceptor layers, 232 

that include the outer nuclear layer (ONL), showed significant thinning to around 60% of WT (Figure 233 

2C), although outer segments appear intact. This was confirmed by light microscopy of H & E stained 234 

sections of 6 month-old WT and Kv8.2 KO retinae (Figure 2B).  235 

As the human disorder presents as a cone dysfunction, the number of cones was determined at 6 236 

months of age in flat mounts of Kv8.2 KO retinae by immunohistochemistry using a cone-specific 237 

arrestin antibody. As shown in Figure 2D, cone numbers are reduced at 6 months to around 80% of 238 

WT, with no significant differences in cone reduction between different retinal areas. This contrasts 239 

with the overall reduction in the photoreceptor layers of around 60%, which indicates that there is a 240 

greater loss of rods than cones. 241 
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TUNEL labelling was used to quantify cell death in the retina of WT and KO mice. As shown in Figure 242 

2E, the number of TUNEL positive cells in the Kv8.2 KO compared to WT at 1, 3 and 6 months of age 243 

respectively was 7, 11 and 9 fold higher, even though the total number of TUNEL positive cells was 244 

lower in both WT and KO mice at the older ages. 245 

Electroretinography - scotopic responses 246 

Dark-adapted mice were subjected to a regimen of increasing flash intensities at 0.1, 1, 4, 10, 100, 247 

1,000, 3,000, 5,000 and 10,000 mcd s m-2. Figure 3A shows the ERGs traces for six of these 9 flash 248 

intensities used; the amplitudes of the a- and b-wave responses in the WT and KO mice at 10,000 249 

mcd s m-2 are indicated by arrows and dotted lines. An a-wave is clearly present in the ERG 250 

responses of WT mice at 100 mcd s m-2 whereas it is only clearly discernible at 1,000 mcd s m-2 and 251 

above in the KO mice. Note also that at 5,000 and 10,000 mcd s m-2, the a-wave in WT comprises a 252 

double peak but this is absent in KO mice. A b-wave can be clearly seen at 10 mcd s m-2 in WT mice 253 

but is only present in KO mice from 100 mcd s m-2 and above. Finally, a distinct c-wave is present in 254 

WT mice from 1,000 mcd s m-2 and above (Figure 3B) but is completely absent in all KO mice, 255 

irrespective of stimulus intensity.  256 

The shape of the a-wave of the KO mice differs from that of WT; in WT, the a-wave trough at 9.6 ms 257 

after the initial stimulus is followed by a small negative spike at 15 ms but this is completely absent 258 

in the KOs (Figure 3A, top panel). Thereafter, there are four major oscillatory potentials (OPs) 259 

generated in WT and in KO mice (Figure 3A, top panel); in the KO mice, the first spike always has a 260 

larger negative amplitude than the a-wave whereas in WT, this is reversed. The timing of the OPs is 261 

very similar in WT, Kv8.2 and double KO mice (Figure 3A, top panel), but slightly delayed in the Kv2.1 262 

KO. The amplitude of the oscillations however varies considerably across genotypes (Figure 3C), with 263 

OP1 and OP2 being substantially larger in WT than in KO mice, although the amplitude in the Kv8.2 264 

KO is substantially higher than in the Kv2.1 KO and double KO. For OP3 and OP4, the amplitudes are 265 
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more variable across genotypes. The loss of functional channels, as found in the Kv2.1 KO and 266 

double KO mice, would appear therefore to cause a greater reduction in the amplitude of OP1 and 267 

OP2 than in Kv8.2 KO mice where unmodulated but functional channels may be present.  268 

The a-wave amplitude is severely depressed in all three KO genotypes at all stimulus intensities, both 269 

in absolute terms (Figure 4A) and when expressed as a percentage of b-wave amplitude (Figure 4B). 270 

Since Kv channels are totally absent in double KO mice, this implies that the a-wave response in 271 

these mice does not require Kv channels and, since the a-wave amplitudes are very similar across all 272 

the KO genotypes, this also implies that Kv channels are not functional in Kv2.1 KO and Kv8.2 KO 273 

mice. In contrast, the a-wave implicit times (Figure 4C) for the three KOs, although somewhat 274 

disparate at 100 mcd s m-2, are thereafter very similar to WT and follow an identical pattern to WT of 275 

A reduction in time as the flash intensity increases. 276 

A b-wave is first discernible in the ERG response of WT mice at 4 mcd s m-2, increasing in amplitude 277 

thereafter with increasing stimulus intensity (Figure 5A). In the Kv8.2 KO, a b-wave is also present at 278 

4 mcd s m-2, although very delayed, whereas it is barely detectable at this stimulus intensity in Kv2.1 279 

KO and double KO mice. The b-wave amplitudes remain significantly depressed in the Kv2.1 KO and 280 

double KO mice across all stimulus intensities whereas, for the Kv8.2 KO, the amplitude is similar to 281 

WT at flash intensities up to 100 mcd sm-2. Thereafter, as the flash intensities increase, the 282 

amplitudes in Kv8.2 KO become less than in WT but remain significantly above those of the Kv2.1 KO 283 

and double KO. Unlike CDSRR patients therefore, the Kv8.2 KO mouse fails to show an enhanced b-284 

wave. However, if the amplitudes of the responses above the pre-stimulus baseline are considered 285 

alone (Figure 5B), it is evident that these peak values are elevated above WT in the Kv8.2 KO and are 286 

similar to WT in the Kv2.1 KO and double KO. When expressed as a percentage of the b-wave, the a-287 

wave in WT ranges from 58% to 65% depending on stimulus intensity, whereas in the KO mice, it 288 

ranges from a low of 3% in Kv8.2 KO mice at 100 mcd s m-2 to a maximum of only 24% in double KO 289 
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mice at 10,000 mcd s m-2. It is therefore the severely depressed a-wave in KO mice that reduces the 290 

overall amplitude of the b-wave and prevents an enhanced rod b-wave response in Kv8.2 KO mice.  291 

The differences between b-wave peak amplitudes in WT and KO mice were examined in more detail 292 

at four stimulus intensities, 10, 100, 1,000 and 10,000 mcd s m-2. As shown in Figure 5C, the 293 

response is significantly enhanced in the Kv8.2 KO compared to WT and to all but one of the KOs at 294 

the three higher stimulus intensities, the exception being the double KO at 10,000 mcd s m-2. In 295 

contrast, at the lowest intensity of 10 mcd s m-2, the peak value in WT is significantly higher than in 296 

the Kv2.1 KO and double KO, whereas it is similar to WT the Kv8.2 KO, and like WT, this latter 297 

response is significantly higher than for the Kv2.1 KO and double KO. From these results, it would 298 

appear that the response in the Kv2.1 KO and double KO is always below that in the Kv8.2 KO. Since 299 

Kv2.1 subunits are absent in both the Kv2.1 KO and double KO, the responses must be independent 300 

of Kv channels, whereas the response in the Kv8.2 KO must represent the effect of a lack of Kv8.2 301 

modulation on active Kv channels. At lower stimulus levels, the response is depressed but then rises 302 

to elevated levels as intensities increase. Also, the depressed response in the Kv2.1 KO and double 303 

KO indicates that this Kv channel-independent response is less sensitive at lower light levels, but 304 

rises to the WT level as light intensities increase. 305 

For WT and KO mice, the implicit times to peak amplitude of the b-wave show a progressive 306 

reduction with increasing flash intensities (Figure 5D). The responses are however always 307 

significantly delayed in KO mice compared to WT, which implies that Kv2.1 homomeric channels, as 308 

potentially present in Kv8.2 KO mice, do not compensate for the total loss of functional channels as 309 

found in the Kv2.1 KO and double KO. 310 

Dual flash recovery  311 

The time interval required for the recovery of photoreceptor sensitivity is directly linked to the 312 

processes of phototransduction (Fain et al., 2001). A series of dual flash experiments were carried 313 
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out to assess the recovery of a- and b-wave responses and thereby any direct involvement on rod 314 

phototransduction. An initial 5 ms probe flash of 25,000 mcd s m-2 was followed by a second test 315 

flash of equal intensity and duration at intervals of 200 ms up to 2,000 ms, and thereafter at 400 ms 316 

increments to 6,000 ms.  317 

For WT, the a-wave shows a recovery to 70% of initial response after 2,400 ms, and a slower 318 

recovery thereafter (Figure 6A). In the KO mice, recovery is more rapid, especially for the Kv2.1 KO 319 

where 80% recovery is seen after only 200 ms. Since the small a-wave seen in KO mice does not 320 

require Kv channels, this implies that the recovery of this non-Kv channel component is very rapid 321 

and most likely not linked to the recovery of phototransduction. In contrast, the b-wave recoveries 322 

showed a similar time response in WT and KO mice (Figure 6B). 323 

Electroretinography - photopic response 324 

To assess cone sensitivity, mice were light-adapted at 50 cd m-2 with a separate calibrated LED light 325 

source that was on for at least 5 minutes before stimuli were presented and remained on for the 326 

duration of the test. Trains of 1 ms flashes of 10,000 mcd s m-2 intensity were presented at either 327 

1Hz (10 cycles, 1 second between repeats, repeated 10 times) or 20 Hz (60 cycles, 1 second between 328 

repeats, repeated 10 times). As shown in Figure 7, the KO genotypes all show significant reductions 329 

in amplitude at both stimulus frequencies compared to WT. There was however no major delay in 330 

response, although all KO mice were delayed by 2-4 ms compared to WT in the time to first peak of 331 

the flicker waveform. 332 

Discussion 333 

The ERG waveform is composed of three major components: PI, PII and the PIII fast/slow complex 334 

(Granit, 1933; Witkovsky et al., 1975). The corneal-negative a-wave reflects the leading edge of the 335 

negative fast PIII component. Its amplitude is measured from the pre-stimulus baseline to the most 336 

negative trough of the ERG (McCulloch et al., 2015). The positive b-wave corresponds to the PII 337 
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component; b-wave amplitude is calculated as positive deflection from the trough of the a-wave. 338 

The a-wave of the ERG reflects the activity generated by the photoreceptors (Hood and Birch, 1993; 339 

Sieving et al., 1994) whereas the b-wave is derived from the inner retina, predominantly from Müller 340 

and ON-bipolar cells (Miller and Dowling, 1970). The positive c-wave is the summation of the 341 

positive PI and the negative slow PIII components. It is derived from the RPE and reflects the change 342 

in the transepithelial potential due to the hyperpolarization at the apical membrane of the RPE cells 343 

and the hyperpolarization of the distal portion of the Muller cells. Finally, oscillatory potentials (OPs) 344 

represent neural activity that is distinct from that of the a- and b-waves. 345 

A role for voltage-gated K+ channels in the visual process has been known for some time (Barnes, 346 

1994) but the direct demonstration of a role for channels incorporating the Kv8.2 subunit in this 347 

process arose from the identification of mutations in the KCNV2 gene in human CDSRR (Wu et al., 348 

2006). The unique ERG phenotype seen in patients with CDSRR appears to be linked to the loss of 349 

the modulatory role of Kv8.2 subunits in voltage-gated heterotetrameric channels with Kv2.1 350 

subunits (Czirjak et al., 2007; Smith et al., 2012). 351 

Two mouse KO models have been used in this study: a deletion and insertion mutation of Kcnb1 that 352 

renders the resulting transcript non-functional in terms of coding for the Kv2.1 subunit (Jacobson et 353 

al., 2007), and a deletion mutation of the Kcnv2 gene that results in the absence of Kv8.2 subunits 354 

and generates therefore a true null mutation. Kv2.1 KO mice suffer from epileptic-like seizures 355 

(Speca et al., 2014) but this is not seen in the Kv8.2 KO, even though missense mutations in KCNV2 356 

have been shown to cause epilepsy in humans (Jorge et al., 2011).  357 

Similar to the changes reported in CDSRR patients (Zobor et al., 2012), histological analysis of the 358 

retinae of Kv8.2 KO mice revealed a mild reduction in overall thickness which is largely attributable 359 

to a reduction in the outer nuclear layer. Cell death in the retina, as determined by TUNEL analysis, 360 

was substantially higher than WT in the Kv8.2 KO retina, with increases ranging from 7- to 11-fold 361 

depending on age. Overall cone loss at only 20% is however relatively mild, indicating a greater loss 362 
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of rod photoreceptors to account for the thinning of the retina and the higher frequency of cell 363 

death. Similar changes have been reported in CDSRR patients, although in more severe cases, the 364 

inner/outer segment border is less defined (Zobor et al., 2012). Such limited changes in retinal 365 

structure and integrity would not be expected by themselves to result in such severe reductions in 366 

light sensitivity, as revealed by the depressed ERGs at low flash intensities seen in all three KO 367 

genotypes. These latter changes imply therefore that the loss of the K+ channel subunits has a direct 368 

physiological impact on the visual process. 369 

The scotopic a-wave is considered to be a direct reflection of the rod photocurrent (Breton et al., 370 

1994) and, as modelled by Lamb and Pugh (1992), is thought to arise from the activation of the 371 

phototransduction cascade. The severely reduced a-wave seen in all the KO mice models 372 

demonstrates that voltage-gated K+ channels are a major contributor to the a-wave and that 373 

heteromeric Kv channels are required for a normal amplitude. Significantly, the reduction in a-wave 374 

amplitude is similar across all KO mice. Kv2.1 KO and double KO mice lack Kv2.1 subunits and hence 375 

the capacity to produce Kv channels, whereas the Kv8.2 KO, which retains an intact Kcnb1 gene, 376 

possesses the capacity to synthesize Kv2.1 subunits. This result implies that homomeric Kv2.1 377 

channels in the Kv8.2 KO do not contribute to the a-wave response. It also identifies two 378 

components to the a-wave, a small component that is retained in KO mice that does not require 379 

functional Kv channels, and a second larger component seen in WT mice that is Kv channel 380 

dependent; a normal a-wave is therefore the summation of these two components. It is interesting 381 

that the a-wave in KO mice shows a much more rapid recovery in dual flash experiments than in WT, 382 

indicating that the small, non-Kv channel-dependent a-wave in these mice has a more rapid rate of 383 

recovery than the Kv channel-dependent one. 384 

The reduced amplitude of the a-wave in KO mice would be expected to be correlated with a reduced 385 

activation of the phototransduction cascade but the presence of relatively normal b-wave 386 

amplitudes seen at higher flash intensities would suggest that this is not the case. This apparent 387 
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disconnect between the amplitudes of the a- and b-waves in KO mice may be attributable to the loss 388 

of the larger Kv channel-dependent component of the a-wave. Note that the normal rate of recovery 389 

of the b-wave in KO mice indicates that the phototransduction cascade itself is not primarily 390 

affected. A similar conclusion has been reached for patients with CDSRR (Wissinger et al., 2008). In 391 

CDSRR, the amplitude of the a-wave is also reduced or even absent at lower flash intensities but 392 

unlike KO mice, may approach normal amplitudes at higher intensities (Gouras et al., 1983; 393 

Tanimoto et al., 2005; Wissinger et al., 2008; Sergouniotis et al., 2012; Zobor et al., 2012; Fujinami et 394 

al., 2013; Grigg et al., 2013; Vincent et al., 2013). The implicit times for the generation of the much 395 

reduced a-wave in KO mice are similar to WT and, like WT, show a progressive reduction in time as 396 

flash intensities increase. In contrast, in CDSRR, the a-wave implicit time is generally delayed (Zobor 397 

et al., 2012).  398 

The presence of a b-wave in Kv2.1 KO and double KO mice implies that Kv channels are not required 399 

for a b-wave to be generated. As found for the a-wave, the amplitude of the b-wave is severely 400 

depressed at lower flash intensities in all KO mice compared to WT, but at higher flash intensities, 401 

the amplitudes are substantially higher; in Kv2.1 KO and double KO mice, the increase in b-wave 402 

amplitude is progressive from 10 mcd s m-2 but always remains below WT, even at the highest 403 

stimulus used, whereas in Kv8.2 KO mice, the increase from 10 mcd s m-2 is much more rapid, 404 

reaching an amplitude that almost matches the WT response at 100 mcd s m-2. It does not however 405 

exceed the WT amplitude. It should be noted however that a “supernormal rod response” at higher 406 

flash intensities is not always evident in CDSRR patients (Zobor et al., 2012) and it has been 407 

suggested that the disorder should be referred to as “KCNV2 retinopathy” (Sergouniotis et al., 2012). 408 

It is also important to note that it is the severe reduction in the a-wave in KO mice that limits the 409 

amplitude of the b-wave; at the highest flash intensity used, the a-wave component of the ERG 410 

accounts for around 66% of the b-wave in WT mice but only around 20% in the KO mice. This 411 

translates into a positive component above the pre-stimulus baseline of the b-wave that is similar to 412 
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WT in the Kv2.1 KO and double KO mice but substantially higher than WT in the Kv8.2 KO. This latter 413 

component is therefore not dependent on the presence of Kv channels but where functional 414 

channels are present as in WT, the response is capable of modulation. When this modulation is 415 

absent, as in the Kv8.2 KO, the b-wave response becomes enhanced at higher stimulus intensities. In 416 

contrast, the similarity in the peak amplitudes above pre-stimulus baseline of the Kv2.1 KO and 417 

double KO to WT indicates that this level of response does not require active Kv channels, as they 418 

are missing in both KOs; the b-wave in these KO mice, which is severely depressed at lower stimulus 419 

levels but rises at higher intensities, must be independent of the presence of functional Kv channels.  420 

The generation of the b-wave in KO mice shows a similar delay in all three KO genotypes compared 421 

to WT, with the implicit time reducing in parallel with WT as the stimulus intensity increases but 422 

always remaining delayed. In this regard, the Kv8.2 KO is similar to CDSRR patients where the implicit 423 

time for the b-wave is significantly delayed.  424 

The c-wave component of the ERG is known to originate in the pigment epithelium and to be linked 425 

to the light-induced reduction in extracellular K+ concentration that results from photoreceptor 426 

activation (Witkovsky et al., 1975; Oakley and Green, 1976). The absence of a c-wave in all three KO 427 

genotypes indicates that the movement of K+ out of the photoreceptors via these channels is more-428 

or-less eliminated, even in Kv8.2 KO mice with the potential to produce homomeric Kv2.1 channels. 429 

It would appear therefore that homomeric Kv2.1 channels alone do not result in a permanent 430 

outward K+ current. 431 

It has been suggested in a recent study (Gayet-Primo et al., 2018) that Kv2.1 homomeric and 432 

Kv2.1/Kv8.2 heteromeric channels exist as two distinct populations of Kv channels in 433 

photoreceptors, with homomeric channels responsible for a high voltage-activated current and 434 

heteromeric channels for a low voltage-activated current. This latter current has been equated to 435 

the IKX current directly involved in the setting of the dark resting potential and acceleration of the 436 

voltage response to small photocurrents (Beech and Barnes, 1989). Heteromeric channels are absent 437 
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from Kv8.2 KO mice, so the IKX must also be absent and, as discussed above, homomeric Kv2.1 438 

channels appear to be non-functional in the generation of an a-wave, so the high voltage-activated 439 

current is lost in Kv2.1 KO mice. When both Kv2.1 and Kv8.2 subunits are absent, as in the double KO 440 

mouse, both the high and low voltage-activated currents would be lost. 441 

For the photopic response, all KO genotypes show a consistent reduction in flicker amplitude 442 

compared to WT. What is distinctly different is that the significant flicker delay seen in CDSRR 443 

patients (Vincent et al 2013) is not present in the mouse KOs where there is a 2-4 ms delay at most. 444 

The reason for this is not entirely clear but may be related to the absence of Müller cells in the 445 

human fovea (and the buffering effect on extracellular K+ that they provide), which makes cones 446 

more vulnerable (Zobor et al., 2012) or inherent differences in the architecture of the mouse and 447 

human retina. This is supported by the observation that the Kv8.2 KO mouse retains around 80% of 448 

cones by 6 months of age, which if this is also the case for CDSRR patients, suggests that this 449 

disorder may be amenable to relatively late treatment. The delayed responses present in CDSRR 450 

patients may reflect therefore an impact on cones that is associated with the presence of a cone-rich 451 

fovea and lack of Müller cells in this region of the human retina. 452 

Patch-clamp studies have identified up to 5 different ionic currents in the inner segments of rod 453 

photoreceptors which includes a mixture of Ca2+-dependent (ICl(Ca) and IK(Ca)), and voltage-dependent 454 

currents (IKx, Ih and ICa)(MacLeish and Nurse 2007). Dissecting the separate currents, channels and 455 

their individual contribution in the overall electrophysiological response of rod photoreceptors is still 456 

very much a work in progress and will require a multidisciplinary approach outside the scope of the 457 

present study. To elucidate the exact mechanism and contribution of the Kv2.1/Kv8.2 voltage-gated 458 

potassium channels to the formation of the a- and b-waves, future work will be necessary and could 459 

extend to the testing of voltage-gated potassium channel blockers, patch-clamping recordings of 460 

photoreceptors from the Kv KO retinas and side-by-side comparison of the electrophysiological 461 

response of KO models of the different ionic channels. 462 
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In summary, the study of the ERG profiles in Kv2.1 KO and Kv8.2 KO mice presented here has 463 

progressed our understanding of the role of Kv channels in the generation of a- and b-waves. The 464 

scotopic ERG displayed by the Kv8.2 KO mouse shows many similarities to CDSRR in humans. In 465 

particular, the amplitude of the a-wave component of the ERG is severely depressed, as is the 466 

amplitude of the b-wave at dim light levels, but this then shows a rapid rise to approximate WT 467 

levels at higher flash intensities. Nevertheless, it is only the reduced contribution of the a-wave that 468 

prevents the production of a supernormal rod ERG. Furthermore, the Kv2.1 KO also has a retinal 469 

phenotype of a depressed ERG, but lacks any enhanced response. However, no human retinal 470 

disorders arising from mutations in KCNB1 have yet been reported. Comparisons between the a- and 471 

b-waves of WT and KO mice shows that both comprise Kv dependent and independent components. 472 
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Figure legends 574 

Figure 1  A. Targeting and excision of exon 1 of the Kcnv2 gene. B. qRTPCR determination of the 575 

expression of the Kcnv2 gene in WT, Kv8.2 KO heterozygous and homozygous mice. 576 

Note complete absence of Kcnv2 expression in Kv8.2 KO homozygous tissues. 577 

Figure 2  Retinal images and analysis of retinal layers and cell death. A. OCT images at 6 months 578 

of age. B. H & E images of transverse sections of WT and Kv8.2 KO retinae at 6 months 579 

of age. Scale bar = 100μm. C. Thickness of retinal layers at 6 months of age, expressed 580 

as a % of WT. Kv8.2 KO – black, Kv2.1 KO – white, Double KO – hatched. GCL – ganglion 581 

cell layer, IPL – inner plexiform layer, INL – inner nuclear layer, OPL – outer plexiform 582 

layer, ONL – outer nuclear layer, OLM – outer limiting membrane, IS – inner segments, 583 

OS – outer segments, RPE – retinal pigmented epithelium. Kv8.2 KO – black, Kv2.1 KO – 584 

white, Double KO – hatched. D. Cone cell loss in WT and Kv8.2 KO retinae at 6 months 585 

of age. E. TUNEL positive cells in the retinae of WT (grey) and Kv8.2 KO (white) mice at 586 

three ages. Vertical lines indicate SEMs. * and ** denote significance at the 5% and 1% 587 

probability level respectively. 588 

Figure 3  ERG traces for WT and KO mice. A. a- and b-waves arising from 1 ms flashes at 6 589 

stimulus intensities of 1, 10, 100 , 1,000, 5,000 and 10,000 mcd s m-2. Dotted lines and 590 

double-headed arrows indicate the a- and b-wave amplitudes at 10,000 mcd s m-2. Top 591 

panel also shows comparative positions of oscillatory potentials arising from 1 ms 592 

flashes at a stimulus intensity of 10,000 mcd s m-2. The position of the 4 oscillatory 593 

potentials (OPs) are indicated by single arrows. B. c-wave arising from 1 ms flashes at 594 

10,000 mcd s m-2. C. Amplitudes of oscillatory potentials. Vertical lines indicate SEMs. * 595 

and ** denote significance at the 5% and 1% probability level respectively. 596 

 597 
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Figure 4  Amplitudes and implicit times for a-wave. A. a-wave amplitudes. B. Contribution of a-598 

wave to b-wave amplitude. C. Implicit times for a-wave. WT – solid black line, Kv8.2 KO 599 

– solid grey line, Kv2.1 KO – dashed black line, double KO dashed grey line. Vertical bars 600 

represent ± SEM. 601 

Figure 5  Amplitudes and implicit times for b-wave. A. b-wave amplitudes. B. Peak values of the 602 

positive component of b-wave. C. Peak values of b-wave response at four stimulus 603 

intensities showing. D. Implicit times for b-wave. WT – solid black line, Kv8.2 KO – solid 604 

grey line, Kv2.1 KO – dashed black line, double KO - dashed grey line. ** and * denotes 605 

significance at 1% and 5% probability levels respectively. Vertical bars represent ± SEM. 606 

Figure 6  Dual flash recoveries. A. b-wave recovery B. a-wave recovery. An initial 5 ms probe flash 607 

of 25,000 mcd s m-2 was followed by a second test flash of equal intensity and duration 608 

at increasing intervals from 200 to 6000 ms, with a 30 s interval between each probe-609 

test pair. WT – solid black line, Kv8.2 KO – dashed black line, Kv2.1 KO – solid grey line, 610 

double KO – dashed grey line. Vertical bars represent ± SEM. 611 

Figure 7  Photopic response in mice light-adapted at a background luminance of 50 cd m-2 prior to 612 

exposure to trains of 1 ms flashes of 10,000 mcd s m-2 intensity at A. 1Hz (10 cycles, 1 613 

second between repeats, repeated 10 times) and B. 20 Hz (60 cycles, 1 second between 614 

repeats, repeated 10 times). C. Amplitudes at 1 and 10 Hz frequencies. WT - grey, Kv8.2 615 

KO – green, Kv2.1 KO – blue, Double KO – red. ** denotes significance at 1% probability 616 

level. Vertical bars represent ± SEM.  617 
















