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Key points summary 14 

The principles underlying evolutionary selection of ion channels for expression in 15 

sensory neurons are unclear.  16 

Photoreceptor depolarization in the diurnal Drosophila melanogaster is predominantly 17 

provided by light-activated TRP channels, while repolarization is mediated by 18 

sustained voltage-gated K+ channels of the Shab family. 19 

Here we show that phototransduction in the nocturnal cockroach Periplaneta 20 

americana is predominantly mediated by TRPL channels, while membrane 21 

repolarization is based on EAG channels.  22 
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While bright light stimulates Shab channels in Drosophila, further restricting 23 

depolarization and improving membrane bandwidth, it strongly suppresses EAG 24 

conductance in Periplaneta. This light-dependent inhibition (LDI) is caused by 25 

calcium and is abolished by chelating intracellular calcium or suppressing eag gene 26 

expression. 27 

LDI increases membrane resistance, augments gain and reduces signalling 28 

bandwidth. This makes EAG unsuitable for light response conditioning during the day 29 

and might have caused evolutionary replacement of EAG by other delayed rectifiers 30 

in diurnal insects. 31 

Abstract 32 

The principles underlying evolutionary selection of ion channels for expression in sensory 33 

neurons are unclear. Among species possessing microvillar photoreceptors the major ionic 34 

conductances have only been identified in Drosophila melanogaster. In Drosophila 35 

depolarization is provided by light-activated TRP channels with a minor contribution from 36 

TRPL channels, while repolarization is mediated by sustained voltage-gated K+ (Kv) 37 

channels of the Shab family. Bright light stimulates Shab channels, further restricting 38 

depolarization and improving membrane bandwidth. Here, data obtained using a 39 

combination of electrophysiological, pharmacological, and molecular knockdown techniques, 40 

strongly suggest that in photoreceptors of the nocturnal cockroach Periplaneta americana, 41 

the major excitatory channel is TRPL, while the predominant delayed rectifier is EAG, a 42 

ubiquitous but enigmatic Kv channel. In contrast to the diurnal Drosophila, bright light 43 

strongly suppresses EAG conductance in Periplaneta. This light-dependent inhibition (LDI) is 44 

caused by calcium entering the cytosol, is amplified following inhibition of calcium extrusion, 45 

and can be abolished by chelating intracellular calcium or suppressing eag gene expression 46 

by RNA interference. LDI increases membrane resistance, augments gain and reduces 47 

signalling bandwidth, impairing information transfer. LDI is also observed in the nocturnal 48 
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cricket Gryllus integer, whereas in the diurnal water strider Gerris lacustris the delayed 49 

rectifier is up-regulated by light. Although LDI is not expected to reduce delayed rectifier 50 

current in the normal illumination environment of nocturnal cockroaches and crickets, it 51 

makes EAG unsuitable for light response conditioning during the day, and might have 52 

caused evolutionary replacement of EAG by other delayed rectifiers in diurnal insects. 53 

Keywords: TRP channel; TRPL channel; EAG channel; photoreceptor, Periplaneta 54 

americana 55 

Abbreviations: Kv channel, voltage-activated K+ channel; LDI, light-dependent inhibition; 56 

LIC, light-induced current; AIP, autocamtide-2-related peptide. 57 

 58 

 59 

Introduction 60 

In microvillar photoreceptors, membrane depolarization is enabled by light-induced current 61 

(LIC). Calcium- and sodium-permeable non-selective cation channels of the transient 62 

receptor potential (TRP) superfamily provide the molecular basis of LIC. In the fruit fly, 63 

Drosophila melanogaster, two vertebrate TRPC channel homologues, TRP and TRPL (TRP-64 

like), are the main LIC channels (Montell & Rubin, 1989; Hardie & Minke, 1992; Phillips et 65 

al., 1992; Niemeyer et al., 1996). TRP contributes ca. 90% of LIC conductance under normal 66 

illumination conditions, with the rest provided by TRPL. However, in chronically light-67 

deprived flies the importance of TRPL increases markedly (Bähner et al., 2002). 68 

Depolarization by LIC is countered by voltage-activated K+ (Kv) channels. Pore-69 

forming α-subunits of Kv channels are classified into eight superfamilies, with the founding 70 

members of all but KCNQ (Kv7) first discovered in Drosophila (Frolov et al., 2012). Shaker 71 

(Kv1) channels are responsible for the transient Kv current, while Shab (Kv2) channels 72 
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underlie delayed rectifier current in the majority of Drosophila photoreceptors (Hardie, 1991; 73 

Vähäsöyrinki et al., 2006). Shab channels provide a repolarizing and membrane bandwidth-74 

expanding conductance, which is augmented substantially by bright light via 75 

phosphoinositide depletion (Krause et al., 2008). Upregulation of Shab is consistent with the 76 

need to prevent saturation and excessive low-pass filtering of light responses by the 77 

membrane in day-active flies.  78 

The molecular identities of channels responsible for both LIC and sustained Kv 79 

conductances in insect photoreceptors, other than Drosophila, remain obscure. Recent 80 

electrophysiological and pharmacological experiments in the nocturnal cockroach 81 

Periplaneta americana (order: Blattodea) indicated that TRPL could be the main light-82 

activated channel, while EAG (ether á go-go, Kv10) channel was suggested as a candidate 83 

for the delayed rectifier (Salmela et al., 2012; Immonen et al., 2014). Since the biophysical 84 

properties of Drosophila Shab and EAG channels are quite similar, use of Shab instead of 85 

EAG in the more evolutionarily recent fruit fly would imply substantial natural selection 86 

pressures, possibly related to differences in visual ecology and behavior. 87 

Structurally, EAG is related to both voltage-gated Kv and cyclic nucleotide-gated cation 88 

channels, with its long N- and C-termini harbouring two defining aspects of EAG, the Per-89 

Arnt-Sim and the cyclic nucleotide binding domains (Warmke et al., 1991; Warmke & 90 

Ganetzky, 1994). The channel is ubiquitously expressed in nervous systems of vertebrates 91 

and invertebrates, and is implicated in modulation of permeation and kinetics of other Kv 92 

channels, notably Shaker (Ganetzky & Wu, 1983; Zhong & Wu, 1993; Warmke & Ganetzky, 93 

1994; Chen et al., 2000; Saganich et al., 2001). However, EAG has been described as an 94 

independent channel in only a few instances, mainly in tumour cells (Pardo & Stuhmer, 95 

2008). In heterologous expression systems, EAG channels produce sustained Kv currents 96 

(Bruggemann et al., 1993) characterized by several distinct electrophysiological features, 97 

such as a pronounced slowing of activation kinetics after pre-exposure to hyperpolarizing 98 
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voltages (Ludwig et al., 1994; Robertson et al., 1996), and sensitivity to external divalent 99 

cations and protons (Terlau et al., 1996; Kazmierczak et al., 2013). EAG is strongly 100 

modulated by intracellular regulators such as Ca2+-calmodulin (Ca-CaM) (Ziechner et al., 101 

2006), cyclic nucleotides (Bruggemann et al., 1993), and Ca2+/calmodulin-dependent protein 102 

kinase II (CaMKII) (Wang et al., 2002). 103 

Here, using electrophysiological, pharmacological, and molecular methods, we provide 104 

strong evidence that in the nocturnal Periplaneta, TRPL gives the major LIC and EAG is the 105 

main delayed rectifier. We also show that the suppression of EAG function by LIC makes 106 

EAG unsuitable for providing a repolarizing function under bright daylight conditions. 107 

Materials and Methods 108 

Ethical Approval 109 

The work was carried out in accordance with the Code of Ethics of the World Medical 110 

Association (Declaration of Helsinki). 111 

Electrophysiology 112 

Adult male cockroaches (Periplaneta americana) were purchased from Blades Biological Ltd 113 

(Edenbridge, Kent, UK). Cockroaches were maintained at 25°C with 12 h light/12 h dark 114 

cycle and used for experiments during the dark period. Crickets Gryllus integer were 115 

provided by Dr. Petri Niemelä. Water striders Gerris lacustris were caught locally. Ommatidia 116 

were dissociated as described previously (Immonen et al., 2014). Chemicals were 117 

purchased from Sigma Aldrich (Schnelldorf, Germany), except for myristoylated 118 

autocamtide-2-related inhibitory peptide (Enzo Life Sciences, Lausen, Switzerland). Whole-119 

cell patch-clamp recordings were performed from photoreceptors in isolated ommatidia using 120 

an Axopatch 1-D amplifier (Molecular Devices, USA), pCLAMP software (Molecular Devices, 121 

USA), and a Sensapex micromanipulator (Sensapex, Oulu, Finland). Electrodes were pulled 122 

from borosilicate glass (Harvard Apparatus Ltd, UK) using a P-87 filament puller (Sutter 123 
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Instruments, Ca, USA) and had resistances between 5 and 11 MΩ. Bath solution contained 124 

(in mM): 120 NaCl, 5 KCl, 4 MgCl2, 1.5 CaCl2, 10 N-[tris(hydroxymethyl)methyl]-2-125 

aminoethanesulfonic acid (TES), 25 L-proline and 5 β-alanine, pH 7.15 (NaOH). In 126 

experiments involving substitution of NaCl with LiCl, pH was adjusted with LiOH. Control 127 

electrode solution contained (in mM): 140 KCl, 10 TES, 2 MgCl2, 4 Mg-ATP, 0.4 Na-GTP 128 

and 1 nicotinamide-adenine dinucleotide, pH was adjusted to 7.15 (KOH). In later 129 

experiments, to eliminate chloride currents, pipette solution contained 120 mM K-Gluconate 130 

and 20 mM KCl instead of 140 mM KCl. 100 pF of the cell capacitance and 80% of the 131 

series resistance were routinely compensated when necessary. The liquid junction potential 132 

was -4 mV in experiments with 140 mM KCl in the pipette and -12 mV with K-gluconate in 133 

electrode solution. All voltage values presented in the text were corrected for liquid junction 134 

potential. Low resting potential (< -45 mV in control) and appearance of quantum bumps 135 

upon stimulation of dark-adapted photoreceptors were used as cell quality criteria. All 136 

recordings were performed at room temperature (20-22°C). For light stimulation, a green 137 

light emitting diode (525 nm) was used. Light intensity was controlled with a series of neutral 138 

density filters providing attenuation from 1 to 6 decades.  139 

RNA interference 140 

Adult male Periplaneta americana from a laboratory colony were used in these experiments 141 

and procedures followed protocols approved by the Dalhousie University Committee on 142 

Laboratory Animals. Transcriptome analysis of EAG and KCNQ was performed as described 143 

previously (French, 2012). GenBank accession numbers for Periplaneta sequences are: 144 

KC329816 (TRP), KC292630 (TRPL), KF010813 (EAG) and KX714078 (KCNQ). dsRNA 145 

was synthesized as described previously (French et al., 2015). Reverse transcription (RT) 146 

was performed using total RNA extracted from the retinas and oligo d(T)23VN primers with 147 

ProtoScript II reverse transcriptase (New England BioLabs, Whitby, Ontario). RT product 148 

was used in PCRs to amplify the template DNAs using Q5 High-Fidelity DNA Polymerase 149 
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(New England BioLabs). Primers used for the target DNA regions were tailed with the T7 150 

promoter sequence TAATACGACTCACTATAGGG at their 5’ end (Table 1). PCR products 151 

were purified with a GenElute Gel Extraction Kit (Sigma, Oakville, Ontario) and used to 152 

synthesize dsRNA with the MEGAscript RNAi Kit (Ambion, Thermo Fisher Scientific, 153 

Burlington, Ontario) (Table 2). The quality of dsRNA was confirmed by running an agarose 154 

gel and the concentration was determined by spectrophotometry. dsRNA was injected into 155 

the head tissues of anesthetized cockroaches. A typical volume for injection was 1.2 μL, with 156 

the amount of dsRNA injected varying for different channels from 4 to 6 µg. The hole was 157 

made slightly below (toward the mouthparts) the imaginary line connecting the antennas. For 158 

injection, a sterile disposable patch microelectrode was used. The microelectrode tip was 159 

broken enough to allow easy discharge of its contents when positive pressure was applied 160 

by mouth through a silicone line. After the injection, animals were placed into separate cages 161 

and provided with food and water ad lib. Control animals were injected with 1 μL cockroach 162 

buffer solution. 163 

Quantification of mRNA expression by real-time qPCR 164 

Total RNA was extracted from retinas of dsRNA and sham injected animals after 21 days 165 

using a RNeasy Plus mini kit (Qiagen). After treatment with RNase-free DNase I (Ambion), 166 

the quality and quantity of RNA was analysed using an Experion RNA Analysis Kit (Bio-Rad, 167 

Mississauga, Ontario). 50 ng of total RNA was used for first-strand cDNA synthesis using 168 

ProtoScript II reverse transcriptase (New England BioLabs). qPCR was performed using 169 

GoTaq® qPCR Master (Promega, Madison WI) on a CFX96™ real-time PCR detection 170 

system (Bio-Rad), as described previously (French et al., 2015). Gene expression levels and 171 

PCR efficiency, along with its standard error, were calculated using the Bio-Rad CFX 172 

Manager (Bio-Rad). Primer sequences for the specific and reference genes are listed in 173 

Table 3. Amplification efficiencies of primers were determined using serially diluted cDNA 174 
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samples. All PCR runs were performed in triplicate and the data analyzed by CFX Manager 175 

software (Bio-Rad). 176 

Data analysis 177 

Data analysis was performed using Clampfit (Molecular Devices, USA), MatLab (Mathworks, 178 

USA) and OriginPro (Originlab, USA). For most samples with <10 values, parametric 179 

statistical methods were considered inappropriate and medians and interquartile ranges 180 

were used for descriptive statistics. The interquartile ranges are presented after medians in 181 

brackets as (25% quartile:75% quartile). For paired samples two-tailed Wilcoxon signed rank 182 

test was used. Unpaired samples were tested with the Mann-Whitney U test (MWUT). 183 

However, data in samples that passed the Shapiro-Wilk normality test were described using 184 

parametric statistical methods as indicated. Such data are presented as mean ± s.d. and 185 

compared using two-tailed paired or unpaired t-test with unequal variances as indicated in 186 

the text. Spearman Rank Order Correlation Coefficient (SROCC) ρ was used to evaluate 187 

correlations. Throughout the text, n refers to the number of cells. 188 

Results 189 

TRPL is the major light-activated channel in Periplaneta  190 

Biophysical and pharmacological properties of light-activated channels in Periplaneta were 191 

previously shown to be inconsistent with those of Drosophila TRP channels but instead to 192 

match the properties of TRPL channels (Immonen et al., 2014). Knockdown of TRPL by 193 

RNA interference (RNAi) reduced the ERG responses significantly more than knockdown of 194 

TRP giving further evidence that TRPL is the main phototransduction channel in the 195 

nocturnal cockroach (French et al., 2015). 196 

Here we combined RNAi with patch-clamp recordings from dissociated 197 

photoreceptors. Long dsRNA complementary to Periplaneta trp or trpl (Online Methods, 198 

Table 3) was injected into the heads of cockroaches and whole-cell patch-clamp recordings 199 
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were performed between days 21 and 35 post-injection. Similar injections were previously 200 

shown to specifically and significantly reduce mRNA levels of the target proteins (French et 201 

al., 2015). We found that the absolute sensitivity, macroscopic LIC, and light-induced 202 

depolarization were much lower in photoreceptors after knockdown of trp and trpl genes than 203 

in controls or in photoreceptors after silencing the eag gene. Whole-cell capacitance, a proxy 204 

for cell size previously shown to correlate strongly with both absolute sensitivity and LIC 205 

amplitude (Immonen et al., 2014; Frolov, 2016), was reduced dramatically after RNAi: 416 ± 206 

137 pF in control photoreceptors (n = 85) vs. 236 ± 32 pF in TRPL (n = 10, p < 10-12, 207 

unpaired t-test) and 252 ± 47 pF in TRP knockdown photoreceptors (n = 10, p < 10-7, 208 

unpaired t-test). Although in-depth analysis of all these changes is beyond the scope of this 209 

study, they were consistent with a hypothesis that the number of microvilli in photoreceptors 210 

with reduced number of TRP and TRPL channels is much smaller than in control. To avoid 211 

misinterpretation, we focused here on the properties of elementary responses (quantum 212 

bumps), which should not be affected by macroscopic compensatory changes. 213 

If TRPL is the main light-activated channel in Periplaneta, then TRPL knockdown is 214 

expected to result in drastically reduced quantum bump amplitudes, while TRP knockdown is 215 

expected to have a smaller effect. A quantum bump is a current or voltage response of the 216 

photoreceptor emerging from activation of phototransduction in a single microvillus following 217 

absorption of one or several photons of light by rhodopsin molecule(s). In D. melanogaster, a 218 

typical quantum bump is produced by opening of ca. 15 TRP channels (Henderson et al., 219 

2000).   220 

In control photoreceptors, quantum bumps recorded in continuous dim light had an 221 

average amplitude of -41.1 ± 14.8 pA (n = 26), while the TRPL and TRP knockdowns had 222 

average amplitudes of -7.1 ± 1.4 pA (n = 5, p < 10-11, unpaired t-test) and -35.8 ± 17.6 pA (n 223 

= 10), respectively (Fig. 1). In most TRPL knockdown photoreceptors, quantum bumps were 224 

so small that they were within the background noise, suggesting that we may have 225 
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overestimated their amplitudes. In contrast, EAG knockdowns had quantum bump 226 

amplitudes that were indistinguishable from control, -42.6 ± 15.5 pA (n = 8). These data 227 

confirm that TRPL is likely the major phototransduction channel. 228 

EAG is the main delayed rectifier in Periplaneta 229 

Cockroach photoreceptors express at least two types of Kv currents, which resemble Kv 230 

currents in Drosophila photoreceptors: a fast transient (IA) and a slowly activating sustained 231 

(IDR) current (Hardie, 1991; Vähäsöyrinki et al., 2006). Cockroach IA can be separated 232 

pharmacologically from IDR by 4-aminopyridine (4-AP), a selective blocker of the Drosophila 233 

Shaker channel, or electrophysiologically, using short (0.5-1 s) low depolarizing voltage pre-234 

pulses, which effectively inactivate IA but do not affect IDR (Salmela et al., 2012). Previous 235 

pharmacological analysis implied that cockroach IDR is unlikely mediated by the same 236 

channel as in Drosophila (Shab), since cockroach IDR is rather insensitive to TEA (Salmela 237 

et al., 2012). Therefore, we first tested if selective blockers of other ion channels can affect 238 

IDR. In most photoreceptors the current was potently inhibited by the selective EAG 239 

blockers, clofilium and astemizole (Gessner & Heinemann, 2003; Garcia-Ferreiro et al., 240 

2004), at sub- and low micromolar concentrations. The inhibition manifested in a dramatic 241 

acceleration of inactivation, and was voltage- and use-dependent, with the strongest effects 242 

observed at more depolarized voltages, indicating an open-channel block mechanism. 243 

Figure 2 shows the effects of 10 µM astemizole on IDR, LIC and voltage responses. 244 

Depolarization during light response increased due to higher membrane gain, resulting from 245 

the reduced IDR, but membrane bandwidth predictably decreased (Fig. 2F). Neither 246 

clofilium, nor astemizole had any appreciable effect on IA. In addition, linopirdine and 247 

XE991, selective blockers of KCNQ channels (Lerche et al., 2000; Passmore et al., 2003), 248 

suppressed a fraction of IDR current in the middle micromolar range (data not shown). 249 

A characteristic property of EAG is the strong dependence of its activation kinetics on 250 

the holding potential prior to activation (Bauer & Schwarz, 2001). To test if IDR kinetics 251 
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depend on the holding potential in a similar fashion, a protocol consisting of alternate pre-252 

pulses to -114 or -69 mV followed by a test pulse to -18 or 10 mV was used. After 253 

superimposing IDR traces by subtracting the delay in IDR activation (the Cole-Moore shift), it 254 

was found that at both activation voltages IDR activates relatively slower after a pre-pulse to 255 

-114 mV than to -69 mV (Fig. 3A). This effect was also reproduced by documenting a 256 

slowing of activation by gradually increasing the duration of the hyperpolarizing pre-pulse to -257 

114 mV after a prolonged exposure to -69 mV (Fig. 3B). This slowing of activation, which 258 

might reflect rearrangement of closed state distributions, occurred with a time constant of 259 

42.4 (30.7:64.7) ms (n = 11) and was statistically significant (p = 0.01; n = 11, paired 260 

Wilcoxon test) when the shortest (5 ms) and longest (195 ms) pre-pulses were compared. 261 

To determine if cockroach photoreceptors express EAG-like channels, we searched 262 

the Periplaneta retinal transcriptome as described previously (French, 2012) and found a 263 

protein with high sequence similarity to Drosophila EAG (dEAG). The complete sequence of 264 

cockroach EAG (pEAG) consists of 1172 amino acids (GenBank KF010813). pEAG is well 265 

aligned and has high sequence homology with dEAG in regions comprising the characteristic 266 

structural features of EAG channels, such as the PAS and CNB domains. Specifically, in 267 

dEAG, the region that includes N-terminal with PAS domain (Morais Cabral et al., 1998), 268 

membrane-spanning helices, the pore domain, the CNB binding domain (Warmke & 269 

Ganetzky, 1994) and three putative Ca-CaM binding domains (Ziechner et al., 2006), were 270 

89% identical to the cockroach counterpart. The only notable difference was a 27-amino acid 271 

insert found in the pEAG PAS domain (residues 105-131). Altogether, complete sequence 272 

alignment gave 60% identity and 67% similarity between the Drosophila and cockroach EAG 273 

protein sequences. In contrast, Shab mRNA was not detected in the Periplaneta 274 

transcriptome. 275 

Although these results strongly suggested that most of the IDR is mediated by EAG-276 

like current, while its minor fraction could be based on some other channel, possibly KCNQ, 277 
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the above experiments alone could not provide conclusive evidence. Therefore, RNA 278 

interference was performed to inhibit eag and kcnq gene expression. Patch-clamp 279 

recordings from the photoreceptors were conducted between days 20-32 after dsRNA 280 

injection (Table 2). In contrast to TRP and TRPL knockdowns, photoreceptor capacitance in 281 

EAG knockdowns was reduced only marginally, 352 ± 71 pF (n = 12) vs. 416 ± 137 pF in 282 

control (p = 0.12, unpaired t-test). Typical IDR recordings from control, EAG and KCNQ 283 

knockdowns are shown in Figure 4A-C. In all EAG knockdown photoreceptors IDR was 284 

dramatically reduced, while KCNQ knockdown only slightly reduced the IDR. Specifically, at 285 

-22 mV (the upper boundary of physiological voltage range), IDR in EAG knockdown was 286 

310 ± 96 pA (n = 12), while in control photoreceptors it was 980 ± 434 pA (n = 18; p < 0.001, 287 

t-test) (Fig. 4D). Importantly, the activation kinetics of the residual sustained Kv current were 288 

clearly faster than in control, indicating predominant involvement of a different Kv channel. 289 

Quantitative PCR analysis of mRNA expression revealed that three weeks post injection, 290 

residual mRNA was 22-24% of control in both EAG and KCNQ dsRNA-treated retinas, with 291 

no effect on TRP or TRPL mRNA expression (Fig. 4E). These results imply that the residual 292 

IDR in EAG knockdown photoreceptors still contains a fraction of EAG Kv current. 293 

A decrease in the repolarizing conductance without a concomitant proportional 294 

decrease in the depolarizing conductance should elicit more depolarized light responses. 295 

Indeed, voltage responses to 10 s pulses of steady light of incrementing intensity in EAG 296 

knockdown photoreceptors had much higher gain than in control, both for peak and 297 

sustained responses. For instance, at the “-1” intensity level (Fig. 4G), median plateau 298 

depolarization at 5 s after the onset of light was 18.2 (13:22) mV in EAG knockdowns (n = 5) 299 

vs. 10.0 (7.7:12.6) mV in control (n = 10, p = 0.012, MWUT). Consistently with the relatively 300 

small effect on IDR, light responses in KCNQ knockdown photoreceptors had only slightly 301 

higher gain than in control. Since the membrane gain is solely determined by membrane 302 

resistance, these results imply that EAG is the main component of total photoreceptor soma 303 

conductance. Furthermore, the resting potential in EAG knockdown photoreceptors was 304 
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significantly higher than in control: medians were -46.5 (-50.8:-44.8) mV (n = 6) in EAG 305 

knockdown vs. -53.5 (-59.0:-52.5) mV in control (n = 9, p = 0.014, MWUT). None of the other 306 

RNAi experiments caused changes in photoreceptor resting potentials. These results are 307 

consistent with the pharmacological results with clofilium and astemizole. In the combined 308 

clofilium/astemizole sample (n = 6), median resting potential was -44.0 (-46.3:-41.1) mV, 309 

much lower than in control (-61.5 (-62.2:-58.9) mV; p = 0.031 < 0.05; paired Wilcoxon test). 310 

Light-dependent inhibition of IDR  311 

In Drosophila, activation of phototransduction results in amplification of Shab currents via 312 

light-induced hydrolysis of phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) 313 

(Krause et al., 2008). We tested if similar modulation takes place in Periplaneta, but instead 314 

of IDR amplification, strong inhibition was observed during and immediately after light 315 

stimulation (Fig. 5). This light-dependent inhibition (LDI) recovered within seconds after LIC 316 

ended.  317 

We used two electrophysiological protocols, with 200 ms or 10 s light pulses. Short 318 

flashes were used to study recovery from LDI (Fig. 5A). Exponential fitting of the recovery 319 

time course gave a median inhibition of 33.5 (28.9-56.7) % in the brightest light, with the 320 

recovery time constant of 1.1 (1.0-2.0) s (n = 7). Long pulses were used to study LDI in a 321 

more physiological situation (Fig. 5B). Figure 5C shows correlation between LIC and LDI 322 

values obtained between 1.5 and 2 s after the onset of light for three light intensity levels, 323 

while Figure 5D shows correlation between peak LIC and LDI (between 1.5 and 2 s). The 324 

corresponding Spearman’s ρ values were 0.70 (n = 62, p < 10-6) and 0.64 (n = 60, p < 10-7), 325 

suggesting that LDI correlates more strongly with the momentary rather than historic peak 326 

LIC. When results from only the brightest level in Figure 5C were used in the correlation 327 

(blue circles), the ρ value was also 0.70 (n = 32, p < 10-6). This analysis strongly suggests 328 

that LDI is a function of LIC amplitude. On average, the brightest light decreased IDR by 29 329 

± 11% (Fig. 5C).  330 
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EAG currents can be suppressed by intracellular calcium (Stansfeld et al., 1996), and 331 

LIC in cockroach photoreceptors is partly carried by calcium (Immonen et al., 2014). 332 

Therefore, one possible cause of LDI could be the elevated intracellular Ca2+. We used 10 333 

mM unloaded EGTA in the pipette to chelate free cytosolic Ca2+. Recordings were conducted 334 

in such a way that the first run of LDI-measuring protocol was performed immediately after 335 

establishing whole-cell configuration, and this was used as a control recording and the 336 

recording was repeated after a waiting period of 3 to 10 min. Figures 6A and B show that 337 

EGTA strongly reduced LDI in the absence of any noticeable effect on peak LIC. LDI 338 

measured for the third Kv activation pulse was 53 ± 13% in control and 15 ± 4% after 339 

prolonged exposure to EGTA (n = 6, p < 0.001, paired t-test). These results indicate that 340 

although EGTA in the electrode does not crucially interfere with phototransduction, it 341 

effectively reduces LDI of IDR.  342 

Ca2+-dependent inhibition is not expected for delayed rectifier Kv currents, except for 343 

the Ca-CaM-mediated inhibition of EAG (Schönherr, 2000; Ziechner et al., 2006). In fact, in 344 

Drosophila photoreceptors Ca-CaM is involved in up-regulation of Kv channels. (Peretz et 345 

al., 1998). EAG currents are also known to be regulated by CaMKII (Wang et al., 2002; Sun 346 

et al., 2004). Therefore, we next tested if CaMKII might also be involved in IDR modulation 347 

by light. For this a myristoylated version of autocamtide-2-related peptide (AIP), a specific 348 

inhibitor of CaMKII, was used. To maximize exposure and cell durability, recordings were 349 

performed after a prolonged (5 minutes and more) exposure to external 10 µM AIP. In 350 

comparison to a separately recorded set of controls, AIP significantly amplified LDI when 351 

200 ms flashes of light were used: LDI was 56 (53-77) % in AIP vs. 20 (17-42) % in control 352 

(n = 5 for both samples, p = 0.016, MWUT). On this basis, intact CaMKII appears to counter 353 

Ca2+-dependent inhibition of IDR.  354 

If elevation of cytosolic Ca2+ causes LDI, then interfering with Ca2+ extrusion should 355 

magnify it. Assuming that Na+/Ca2+-exchange is the principal mechanism of Ca2+ removal 356 
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from cockroach photoreceptors, we replaced extracellular NaCl with LiCl to accumulate 357 

intracellular Ca2+. This greatly impaired LDI recovery but did not significantly affect LDI 358 

magnitude (Fig. 6C, D). The median recovery time constant was 1.4 (1.1:1.4) s in control 359 

and 3.8 (2.7:8.9) s (n = 6, p < 0.01, paired Wilcoxon test) after LiCl wash-in. Importantly, in 360 

the presence of LiCl, LIC usually deteriorated dramatically in response to prolonged 361 

stimulation but LDI did not decrease (Fig. 6С, 7) indicating that the strong positive correlation 362 

between LDI and LIC is not causative and that calcium release from intracellular stores 363 

during light response might be responsible for LDI.  364 

To discover the source of the calcium that causes LDI, experiments with calcium-free 365 

external solution were carried out. Figures 6E and F show a representative experiment 366 

involving replacement of a normal bath solution with a calcium-free solution. Removal of 367 

extracellular calcium did not diminish LDI but altered the recovery from LDI. This suggests 368 

that LDI is mainly mediated by calcium released from intracellular stores. However, these 369 

results should be interpreted with caution since LIC is dramatically changed under such 370 

conditions as described previously (Immonen et al., 2014) (notice a LIC duration increase in 371 

Ca2+ solution in Figure 6E).    372 

If the fraction of IDR suppressed by light is indeed the EAG-based current, then EAG 373 

knockdown should reduce LDI. Figure 7 shows (green diamonds) that despite having normal 374 

LIC, with median values of 574 (255:700) pA in control (n = 32) and 560 (390:600) pA in 375 

EAG knockdown photoreceptors (n = 7), the LDI in EAG knockdowns was only 4.8 (4.0:8.5) 376 

% compared to 29% in controls. Mathematical analysis of these data, using IDR amplitudes 377 

before and during light stimuli in control and EAG knockdown photoreceptors, with an 378 

assumption that the EAG-unrelated Kv current is not modulated by light, indicated that the 379 

EAG fraction of IDR is suppressed 50% by light and that there is 10% of EAG current in the 380 

residual IDR in EAG knockdowns. Interestingly, when LDI was examined in TRP and TRPL 381 
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knockdowns, it appeared to be consistent with the general trend found in controls, albeit with 382 

a smaller LIC (Fig. 7).  383 

Light-dependent modulation in other insect species 384 

A crucial visual ecological question that emerges from the above results is whether the light-385 

suppressible EAG channel that we found in cockroach photoreceptors is also expressed in 386 

other species. It is also of great interest if diurnal species other than dipterans express 387 

delayed rectifiers that can be up-regulated by light. Although an extensive comparative 388 

electrophysiological study would be required to properly address this question, we briefly 389 

examined light-dependent modulation of IDR in two other species, the nocturnal field cricket 390 

Gryllus integer (order: Orthoptera) and the diurnal water strider Gerris lacustris (order: 391 

Hemiptera). 392 

Despite dramatically different visual ecologies and behaviours, Gryllus and Gerris have 393 

Kv currents with similar kinetics and amplitude (Frolov & Weckström, 2014; Frolov et al., 394 

2014; Frolov, 2016). However, in the nocturnal cricket, light stimulation caused a strong, two-395 

fold decrease in IDR but not in IA, whereas in the diurnal water strider, light transiently 396 

increased IDR by 25% on average during the first 2 s after the onset of light (Fig. 8). 397 

Discussion 398 

This study presents several important results, including 1) confirmation of a prominent role 399 

for TRPL channels in Periplaneta phototransduction, 2) identification of the main delayed 400 

rectifier as EAG, 3) a finding of light-dependent inhibition of EAG, and 4) discovery, based 401 

on previous and current data, of an evolutionary visual ecological tendency of diurnal 402 

invertebrate species to express light-augmentable IDR and nocturnal species to express 403 

light-suppressible IDR. These results are briefly discussed below. 404 

Studies of TRP and TRPL mutant photoreceptor phenotypes in Drosophila revealed 405 

severely deteriorated responses of trp null mutant flies but only slightly  abnormal responses 406 
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of trpl mutants, implying a clearly secondary role for TRPL channels (Henderson et al., 2000; 407 

Leung et al., 2000; Bähner et al., 2002). Here we found the opposite situation in cockroach 408 

photoreceptors, where quantum bump amplitudes are drastically reduced in TRPL 409 

knockdowns, but reduced to a much smaller extent in TRP knockdowns. These and previous 410 

experiments in Drosophila and Periplaneta, including experiments with light-deprived flies 411 

(Leung et al., 2000; Heimonen et al., 2006; Immonen et al., 2014; Frolov, 2016), suggest 412 

that TRPL channels may be better suited for nocturnal vision than TRP channels. How could 413 

TRPL channels benefit dark-active insects? It was recently shown that, judging by whole-cell 414 

capacitance values, nocturnal insects tend to have larger photoreceptors than diurnal 415 

insects, presumably in order to increase absolute sensitivity (Frolov, 2016). Capacitance, 416 

together with membrane resistance, determines the 3-dB membrane cut-off frequency (f3dB = 417 

1/2πRC) and is the sole factor limiting the gain-bandwidth product (1/2πC). In cockroach 418 

photoreceptors, due to high capacitance (f3dB is ca. 1-2 Hz at resting potential) and strong 419 

low-pass filtering, a quantum bump of average amplitude for Drosophila would produce a 420 

very small depolarization. However, the detrimental effects of high capacitance in 421 

Periplaneta are partly negated by having proportionally larger quantum bumps, which yield 422 

depolarizations up to 3 mV (Heimonen et al., 2006; Heimonen et al., 2012). If the unitary 423 

conductance of TRPL channels in Periplaneta is several fold higher than that of TRP 424 

channels, as was reported for Drosophila (Reuss et al., 1997), then TRPL channels might be 425 

more suitable for mediating large quantum bumps than TRP channels. To test this 426 

hypothesis, similar analyses involving diverse diurnal and nocturnal species need to be 427 

performed. 428 

The discovery that EAG mediates most of the IDR in Periplaneta is unexpected since 429 

native EAG channels were previously found only in tumour cells (Pardo & Stuhmer, 2008). 430 

This contrasts with the widespread expression of eag gene and its role as an important 431 

modifier of other Kv channels, particularly Shaker (Ganetzky & Wu, 1983; Zhong & Wu, 432 

1993; Warmke & Ganetzky, 1994; Chen et al., 2000; Saganich et al., 2001; Srinivasan et al., 433 
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2012), although there is no compelling evidence for heteromultimeric assembly of pore-434 

forming channel subunits across members of  Kv channel subfamily in general (Lin et al., 435 

2014). The evidence presented here, including data from the cockroach retinal 436 

transcriptome, RNAi, pharmacological (high sensitivity to selective EAG blockers) and 437 

electrophysiological (LDI) assays, is robust, especially considering that both structure and 438 

functional properties of EAG channels are highly evolutionarily conserved among metazoans 439 

(Li et al., 2015). We also found some evidence that KCNQ channels might contribute to IDR 440 

(Fig. 4C, D) but the large variability between Periplaneta photoreceptors and the relatively 441 

small suppression of IDR in KCNQ knockdowns prevents this question from being resolved 442 

here.  443 

Bright light caused strong suppression of EAG current. While the mechanism of LDI is 444 

not yet understood, it is likely to be mediated by calcium release from internal stores as 445 

follows from experiments with LiCl that reduced LIC dramatically while leaving LDI intact, 446 

and from experiments with calcium-free bath solution (Fig. 6). How can the observation of 447 

strong positive correlation between LIC and LDI amplitudes be reconciled with the 448 

observation that removal of external calcium does not abolish LDI? It is possible that the 449 

correlation simply reflects a common causative mechanism such as the hydrolysis of PIP2, 450 

with one product (DAG) activating light-activated channels and another (IP3) triggering 451 

calcium release from internal stores. Due to the common precursor, the cell-to-cell variability 452 

in the strength of LIC response would be intrinsically coupled to that in calcium release from 453 

the endoplasmic reticulum. Moreover, it has recently been shown that human EAG channels 454 

are inhibited also by binding to PIP2 (Han et al. 2016). If Periplaneta EAG also interacts with 455 

PIP2, its hydrolysis during light response and consequent disinhibition of IDR would 456 

counteract LDI, suggesting that the provided estimate of average maximal LDI (50 %) could 457 

in fact be an underestimate. 458 
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Potent inhibition of a Kv current by light via elevated intracellular calcium is an unusual 459 

phenomenon, since, to our knowledge, no other repolarizing K+ channel can be directly or 460 

indirectly rapidly inhibited by calcium influx or release, whereas opposite examples are 461 

numerous (Alexander et al., 2015). Indeed, such inhibition violates the concept of a 462 

repolarizing K+ channel, which is supposed to counter Na+ and Ca2+-induced depolarization 463 

in excitable cells. The functional consequences of LDI would be similar to the effects of 464 

pharmacological inhibition of IDR (Fig. 2), which involve increased gain and decreased 465 

bandwidth of photoreceptor responses, and result in the loss of higher frequency 466 

components of the signal. In addition, at the level of the first visual synapse, increased 467 

depolarization will probably lead to accelerated depletion of the rather limited pool of 468 

synaptic vesicles and further loss of information. However, since strong LDI can occur only 469 

in brightly lit environments, cockroaches probably do not experience it in their normal habitat. 470 

It is possible that EAG may perform the same function in photoreceptors of other dark-471 

active and phylogenetically ancient arthropods, such as crickets and the horseshoe crab 472 

Limulus, since in both animals IDR can be suppressed by light  (Leonard & Lisman, 1981). 473 

On the other hand, at least in two diurnal species, D. melanogaster and G. lacustris, IDR is 474 

enhanced by light (Krause et al., 2008) (Fig. 7B). Although the molecular basis of IDR in G. 475 

lacustris is not known, our observations of its electrophysiological properties are not 476 

consistent with EAG. The fact that EAG is clearly unsuitable for conditioning of light 477 

responses elicited by large LIC in bright light could explain why EAG is replaced by Kv 478 

currents that are not prone to suppression by calcium in diurnal insects.  An extensive 479 

comparative study is needed to resolve this important question. However, what could be the 480 

advantages of expressing EAG channels instead of other delayed rectifiers expressed in 481 

photoreceptors of nocturnal insects? One possibility is that two unique domains of EAG 482 

channels, the cyclic nucleotide binding and PAS domains (Warmke et al., 1991; Warmke & 483 

Ganetzky, 1994), provide a larger suite of regulatory mechanisms than there are in other, 484 

strictly voltage-activated K+ channels. 485 
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Figure legends 624 

Figure 1. Effects of RNAi induced knockdowns of TRP, TRPL and EAG on quantum bumps. 625 

Typical average quantum bumps recorded from dark-adapted photoreceptors from control 626 
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(black), EAG (red), TRPL (blue), and TRP (green) knockdown cockroaches (EAGkd, 627 

TRPLkd, and TRPkd, respectively). Average bumps in each photoreceptor were elicited by 628 

continuous light of such an intensity as to evoke bumps at the rate of < 5 s-1 from a holding 629 

potential (HP) of -82 mV. 630 

 631 

Figure 2. Effects of astemizole on light responses. A, IDR in control photoreceptors; the 632 

current was elicited by pulses between −74 and +36 mV in 10 mV increments from a holding 633 

potential of −74 mV (voltage protocol is shown in panel B); each test pulse was preceded by 634 

a 1 s pre-pulse to −104 mV in order to ensure full recovery of IA; first 3 ms of the current 635 

traces containing residual capacitive transients were removed. B, IDR in the presence of 10 636 

µM astemizole was recorded from the same photoreceptor as in panel A. C, D, LIC (C) and 637 

voltage (D) responses of the same photoreceptor to a 60 s naturalistic light stimulus (grey 638 

trace) of a moderate intensity in control and after application of astemizole. E, F, The 639 

corresponding power spectra for LIC (E) and voltage (F) responses. 640 
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 641 

Figure 3. Activation of IDR depends on holding potential. A, Normalized IDR traces 642 

activated by +10 or -18 mV voltage steps after 500 ms pre-pulses to either -114 or -69 mV. 643 

The pre-pulse to -114 mV resulted in slower activation of IDR than the pre-pulse to -69 mV. 644 

B, Dependence of the activation time constant on the duration of the hyperpolarizing pre-645 

pulse to -114 mV; duration of the pre-pulse was increased in 5 ms increments; IDR was 646 

evoked by a pulse to -15 mV; the time constant was obtained by fitting a single exponential 647 

function to the resulting curve and equalled 42.4 (30.7:64.7) ms. Recordings were conducted 648 

in the presence of 1 mM 4-AP to block IA. 649 

 650 
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Figure 4. Effects of RNAi induced knockdown of EAG and KCNQ on outward currents, light 651 

responses and mRNA concentration. A-C, Examples of typical Kv currents recorded from a 652 

control (A), EAG knockdown (B), and KCNQ knockdown  (C) photoreceptors; currents were 653 

elicited by 400 ms pulses between −82 and +28 mV in 10 mV increments from a holding 654 

potential of −82 mV (voltage protocol is shown in panel B); each test pulse was preceded by 655 

a 1 s pre-pulse to −102 mV in order to ensure full recovery of IA; the first 3 ms of the current 656 

traces containing residual capacitive transients were removed. D, Current-voltage relations 657 

for the average IDR currents in control, EAG and KCNQ knockdown photoreceptors; the 658 

current values were obtained at the end of 400 ms traces; n is the number of cells; error bars 659 

indicate s.d. E, Reduction in eag and kcnq mRNA concentration by RNAi; data were 660 

obtained by qPCR, using mean of actin plus GADPH mRNA abundances as reference, 661 

compared to sham injected controls (see Methods). The data were normalized with respect 662 

to control values; values are means ± s.e.m, n = 3. F, G, Examples of voltage responses to a 663 

10 s steady light stimuli of increasing intensity (in ten-fold increments) recorded from control 664 

(F) or EAG knockdown (G) photoreceptors. H, Typical dependencies of the transient (circles) 665 

and steady-state (triangles) depolarization on light intensity in a control (green), and EAG 666 

(dark grey) and KCNQ (red) knockdown photoreceptors; steady-state depolarization was 667 

determined as the difference between resting potential and the plateau potential at 5 s after 668 

the light onset.  669 
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 670 

Figure 5. Light-dependent inhibition of IDR. A, Example recording showing LDI of IDR; A 671 

photoreceptor was simultaneously stimulated with a voltage pulse train and a 200 ms bright 672 

light flash (green horizontal bar). The pulse train (protocol shown above) consisted of 100 673 

ms activation pulses from a holding potential of -74 mV to +36 mV repeated every 500 ms. 674 

Between activation pulses, 100 ms test pulses to -84 mV were applied to measure leak 675 

current. B, LDI during 10 s stimulation; red circles are used to better visualize time course of 676 
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inhibition and recovery. C, D, Correlations between the amplitude of plateau LIC (C) or peak 677 

LIC (D) and LDI; plateau LIC and LDI values were obtained between 1.5-2.0 s after the 678 

onset of a 10 s light pulse. Blue circles represent LDI at the brightest light level, red circles at 679 

the 10-fold lower intensity, and green circles at the 100-fold lower light level.  680 
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 681 

Figure 6. LDI depends on calcium. A, An example of a typical LDI experiment with 10 mM 682 

EGTA in the electrode solution. The first run (black trace) of the protocol was performed 683 

immediately after establishing the whole-cell configuration and used as a control. The 684 
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second run (red trace) was conducted several minutes after the first one; to prevent run-685 

down a 200 ms light stimulus was used. B, Full time course of LDI for the photoreceptor in 686 

panel A. C, LDI was augmented by intracellular accumulation of calcium as a result of 687 

blockade of the sodium-calcium exchanger; data from the same cell are shown before (black 688 

trace) and after (green trace) replacement of sodium in the bath solution with lithium. D, The 689 

full time course of LDI for the cell in panel C. E, F, Removal of external calcium altered the 690 

time course of LDI; note that LIC duration in response to 200 ms stimulus increased several-691 

fold in calcium-free solution as indicated by the pink and black horizontal bars.    692 
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 693 

Figure 7. Effects of LiCl and knockdowns of EAG, TRP and TRPL on LDI during 10 s 694 

stimulation. Values of sustained LIC and LDI were obtained as in Figure 5C.  695 
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 696 

Figure 8. Light-dependent modulation in the nocturnal cricket Gryllus integer and diurnal 697 

water strider Gerris lacustris. A, LDI of IDR in G. integer in response to a 10 s light stimulus. 698 

Red and blue dots show the time course of changes in IA and IDR amplitudes, respectively; 699 

see inset for disambiguation. B, Light-dependent stimulation of sustained conductance in G. 700 

lacustris; upper trace – original response, lower trace – de-trended and magnified response. 701 
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 702 

Tables 703 

Table 1. Primers used to synthesize dsRNA templates for RNAi (T7 promoter in upper 704 

case). 705 

Gene & direction Sequence dsRNA Size 

ptrp Forward TAATACGACTCACTATAGGGcacagccgagactaggaagaga 692 bp 

ptrp Reverse TAATACGACTCACTATAGGGgaattgaaatgtccgaggtttc  

ptrpl Forward TAATACGACTCACTATAGGGaaagagcgtgattaccgctac 708 bp 

ptrpl Reverse TAATACGACTCACTATAGGGacgagatgcttggttgctct  

peag Forward  TAATACGACTCACTATAGGGgaaccagatccacgaccagt 794 bp 

peag Reverse TAATACGACTCACTATAGGGataggcttccgatcccatct  
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pkcnq Forward TAATACGACTCACTATAGGGgctgctgccatgcttataca 792 bp 

pkcnq reverse TAATACGACTCACTATAGGGatcttccactgaacggatgg  

 706 

Table 2. dsRNA sequences for EAG and KCNQ RNAi experiments. 707 

EAG 
 

GAACCAGATCCACGACCAGTTCGAGATCCTGCTGTACAAGAAGAACAGTGACGAACCCATGTCGGAAAAC
CCCACCCACCAGAATCAGGAAAGCCAAATCCCAGTCGAGGAGCCGGGGGAGGATGAAGAGACGCCACTAT
GGCTGCTGCTGCAGATAGCTCCCATCAAGAACGAGAGGGACCTCGTGGTGTTGTTCCTGCTCACCTTCCGG
GACATCACCGCACTCAAGCAACCCATCGAGTCCGACGACAGCAAAGGAGGTTTGAGCAAATTTGCGAAACT
GGCCCGTTCGGTGACCCGGAGTCGATCGGTGCTCGTCTCGCAGTTCTCGTCCCATCTGCCCAACCTCAAGGA
CACCACGAAGCAATCTCACCTCGCACATATGATGAGCCTGAATGCCGATGTGATGCCCCAGTACCGCCAAG
AGGCACCGAAAACTCCGCCCCATATTCTACTGCATTACTGTGCATTTAAGGCTATCTGGGACTGGATCATTC
TCTGCCTTACGTTCTACACCGCAATCATGGTGCCCTACAACGTCGCCTTCAAGAACAAGACTTCTGAGGATG
TGTCGTTACTCGTGGTGGACTCAATAGTAGACGTCATCTTTTTTATCGATATCGTGTTGAATTTTCACACAAC
ATTCGTGGGACCTGGAGGGGAGGTGGTGTCGGACCCTAAAGTGATACGAATGAACTATCTCAAGTCGTGG
TTCATAATCGATCTGCTTTCGTGTCTGCCTTATGATGTGTTCAACGCTTTTGATCACGATGAAGATGGGATCG
GAAGCCTAT 

KCNQ  GCTGCTGCCATGCTTATACAGTGCCTATGGCGGTGCTACGCGGCTGACAAGTCGTTCAACAGCATCGCCAC
GTGGAAGATATACATCAAGGACGTGAATCAGCAGAACCAGAGCACATCGACGCCCTTGGGCAAATCTCTCA
TTATCCAGGTGGCAAAGAAGGCGAGTGTTTTGAAAAGGCGGAAATCAAAGAATCGCATGGAAGTGCCTAG
CAATGTTCTGGAAGGTGGCGGCAATTCGAATCGGCGCGAGAGTGAGGGGGATGTGGTGTTCTACATCGAG
GAGCCTAAAGCAGGGACCCCGAACCGAGTGCGAAGAGAAGGTCGTGGGTCACTGTTCACAAGCCAGACG
AGTAGTGTCACTGAAGCAGCTTCCGACGAGATCGATATCGACATTGACGAACCCCAGAGGGTAACGTCGCT
GACAGAAGCACACCGCAATGCAATCCGGGCAATACGCAAGATTAAGTACTTTGTTGCCCGTCGAAAGTTCC
AGCAAGCACGCAAACCTTACGATGTGCGTGATGTTATTGAACAGTACAGCCAAGGACATCTTAATATGATG
GTTAGAATAAAGGAGCTGCAGCGACGGCTGGACCAGACACTGGGCAAGCCTGGCAGCTATCTTGCAGGCA
TCGACCGTTCTGGCAACGTGAAGCCCATGACCATTGGAGCCCGTCTGTATCGAGTGGAGCAGCAGTTGTCA
ATCATGGACAAGAAGTTGGACCAGCTAGTGCACGTGCTGAACGCTGTTGCTCAGAAGCAACAGATCCCCAT
CCGTTCAGTGGAAGAT 

 708 

Table 3. Primers used for qPCR analysis. 709 

Gene & direction Sequence Amplicon Efficiency 

    

ptrp Forward CGCATAAGAAGGCTATGGACAG 124 bp 90.07% 

ptrp Reverse CGAATCTCCATCACGTCGTC   

ptrpl Forward GCAGTGCTCAATTCCTCTTCAC 164 bp 93.19% 

ptrpl Reverse GGAGTCGGACTGCGGTTAAC   

peag Forward  AGATCCACGACCAGTTCGAG 150 bp 91.50% 

peag Reverse TCTGCAGCAGCAGCCATAG   

pkcnq Forward GGACGTGAATCAGCAGAACC 120 bp 89.60% 
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pkcnq reverse GGCACTTCCATGCGATTC   

actin Forward GTACGTTGCTATCCAGGCTGTG 158 bp 85.60% 

actin Reverse AATCGCGACCAGCCAGATC   

gapdh Forward GTGTTCCTGTTCCCAATGTTTC 134 bp 89.51% 

gadph Reverse TTCAGTGTAGTCCAAGATGCC   

 710 


