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”May I spend more time with his eyes, Gillian?” 

- Dr. Falkender in Revelation Space (Reynolds, A., 2000) 
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Abstract 

In dim light, reliable coding of visual information becomes compromised, unless 

the sensitivity of the visual system to light is improved by structural and 

functional adaptations. Thus far, many adaptations for night vision in the 

compound eyes of nocturnal insects have been described, but little is known about 

the mechanisms underlying the electrochemical signalling in their photoreceptors. 

In this thesis, whole-cell patch-clamp and mathematical modelling are 

utilised to study basic electrical properties and ionic currents in photoreceptors of 

two nocturnal insects, the American cockroach Periplaneta americana and the 

field cricket Gryllus bimaculatus. 

Photoreceptors in both species showed large input resistance, membrane 

capacitance and phototransduction gain (large single photon responses) compared 

with most studied diurnal insects, providing improved sensitivity to light. The 

photoreceptors also expressed two voltage-sensitive outward currents: a transient 

current and a sustained current. The cricket photoreceptor expressed a dominating 

transient current, which is a typical characteristic for insects adapted for slow 

vision in dim light. By contrast, in the majority of cockroach photoreceptors the 

sustained current dominated, which is more common among fast diurnal species. 

Model simulations indicated that the sustained current is necessary for improved 

photoreceptor dynamics. Examination of light-induced currents suggested that the 

functional variability in cockroach photoreceptors is in part derived from 

variations in the total area of the photosensitive membrane. Recordings of light-

induced currents also revealed that the cockroach light-gated channels are only 

moderately Ca
2+

-selective and that the polarisation-sensitive photoreceptors of the 

cricket may utilise phototransduction machinery in some details different from 

that in regular photoreceptors. Furthermore, the dynamics and information 

transfer rates of polarisation-sensitive photoreceptors in the cricket were clearly 

inferior to their regular counterparts, suggesting that they are not necessary for 

image formation. 

Keywords: photoreceptor, phototransduction, ion channel, patch-clamp 
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4-AP: 4-aminopyridine 

A: quantum bump peak amplitude 

ATP: adenosine triphosphate 
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CaM: calmodulin 

CaMK: Ca
2+

/CaM-dependent kinase 

Cm: membrane capacitance 

DAG: diacylglycerol 

DRA: dorsal rim area 

EGTA: ethylene glycol tetraacetic acid 

Ei: equilibrium potential of ion i 

Ej: reversal potential of ionic current j 

Erev: reversal potential 

F: Faraday constant (96,484 C/mol) 

fc: -3 dB cut-off frequency 

FR: frequency response 

GDP: guanosine diphosphate 

gj: conductance of ion channel j 

g̅j: maximal conductance of ion channel j 

Gq: the  subunit of the Gq protein 

GTP: guanosine triphosphate 

H-H: Hodgkin-Huxley 

HP: holding potential 

IA: an A-type current in photoreceptors of Gryllus bimaculatus 

IC50: half maximal inhibitory concentration 

IDR: a delayed-rectifier current in photoreceptors of Gryllus bimaculatus 

Ij: ionic current j 

INAD: inactivation-no-afterpotential D 

IP3: inositol 1,4,5-triphosphate 

IR: information rate 

KA: an A-type current in photoreceptors of Periplaneta americana 

KDR: a delayed-rectifier current in photoreceptors of Periplaneta americana 

LED: light emitting diode 

LIC: light-induced current 

LJP: liquid junction potential 
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lvf: long visual fibre 

MRh: metarhodopsin 

Pi: permeability of ion i 

PIP2: phosphatidylinositol 4,5-bisphosphate 

PKC: protein kinase C 

PLC: phospholipase C 

PSN: photon shot noise 

PUFA: polyunsaturated fatty acid 

Q: time integral of a quantum bump (charge) 

R: molar gas constant (8.315 J / mol K) 

Ra: access resistance 

Rh: rhodopsin 

Rin: input resistance 

Rm: membrane resistance 

Rs: seal resistance 

SNR(f): signal-to-noise ratio in frequency domain 

svf: short visual fibre 

: time constant 

T: temperature (K) 

t½: half-width of lognormal distribution 

T1, T2, T3 rise and decay time parameters for quantum bumps 

T(f): transfer function 

TEA: tetraethylammonium 

Tlat quantum bump latency 

tpk: time-to-peak 

trp: transient receptor potential gene 

TRP: ion channel encoded by trp 

trpl: transient receptor potential -like gene 

TRPL: ion channel encoded by trpl 

UV: ultraviolet 

Vm: membrane potential 

Vrest: resting membrane potential 

WT: wild-type 

z: ionic valence 

Z(f): impedance 
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1 Introduction 

One can easily appreciate the importance of light as a source of information about 

the surroundings. It offers not only fast but also accurate means to detect changes 

in the environment that are, one way or the other, relevant to a given animal. Due 

to its apparent benefits in competition for survival, it is not surprising that even 

before the Cambrian explosion over 500 millions of years ago animals have 

evolved the ability to sense light. Today, the survival pressure has driven animals 

to inhabit almost every imaginable niche and corner the world has to offer. But no 

matter how demanding the environment is and how dim it gets, vision usually still 

perseveres (Land & Nilsson 2002a, Warrant 2006). 

To cope with the challenges of vision in dim light nocturnal animals have 

developed physical, biochemical and biophysical adaptations in their eyes that 

allow more efficient capture of light. The physical adaptations mostly relate to 

eye optics but often also include anatomical adaptations in the light-sensitive 

parts of sensory neurons known as photoreceptors. The biochemical adaptations, 

on the other hand, relate to the photoreceptors’ ability to convert light energy into 

a neural signal reliably. This ability concerns both the changes in the lipid 

(Kashiwagi et al. 1997, 2000, Meyer-Rochow 2000) and opsin compositions 

(Katti et al. 2010) in the visual-membrane, and the phototransduction cascade 

(e.g., see Hardie & Postma 2008), which creates the neural signal from the 

captured light. Further adaptations arise from the biophysical properties of the 

non-transductive cell membrane (e.g., the passive electrical properties and 

voltage-dependent conductances), which participate in shaping this signal. 

Insects provide an amenable and encompassing subject to study the optical 

and physiological adaptations designed for highly diverse visual tasks. Although 

several species with very different visual ecology have been studied in terms of 

photoreceptor electrophysiology, knowledge on insect phototransduction and the 

molecular identity of components underlying the non-transductive membrane 

properties have heavily relied upon only one model organism, the fruit-fly 

Drosophila melanogaster (Hardie & Postma 2008). Although many key aspects in 

the mechanisms that form the photoresponses in Drosophila might be very 

general, it is highly improbable that Drosophila could be the representative of all 

insect species. By doing more comparative work the field could be broadened and 

more clues gained about what mechanisms different insects species adjust in their 

phototransduction to make it better-suited for their respective visual ecologies. 
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This thesis studies the basic electrical properties, ionic currents and 

phototransduction in photoreceptors of isolated ommatidia of two nocturnal and 

mainly ground-dwelling insects, the cockroach Periplaneta americana and the 

field cricket Gryllus bimaculatus. Despite its partially descriptive nature this 

thesis adds to the knowledge on the electrophysiological mechanisms responsible 

for shaping of responses in nocturnal photoreceptors. All experiments in this 

study were conducted by using whole-cell patch-clamp, which has been rarely 

used in species other than Drosophila, so the results and experimentation may 

also possess some methodological value for future comparative work on insect 

photoreceptor electrophysiology. 
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2 Review of literature 

2.1 The apposition type compound eye 

The surface of the compound eye of insects consists of an array of lenslets, or 

facets. Each facet overlies the structural unit of the compound eye, an 

ommatidium, which is composed of a dioptric apparatus and a group of 

photoreceptors, which are like specialised neurons. Compound eyes are typically 

classified into two types by their optical design: apposition and superposition eyes 

(Exner 1891). In superposition eyes the ommatidia are optically connected 

through a clear zone lying in between the optics and the retina (Horridge 1975, 

Land & Nilsson 2002e, Nilsson 1989). This allows the photoreceptors of a single 

ommatidium to collect light from several facets and, thus, to increase photon 

catch. Consequently, it is not surprising that superposition eyes are more often 

found in nocturnal insects, such as moths.  

In contrast, the ommatidia of apposition eyes collect light only through their 

own facets (Fig. 1A), which is a design commonly found in diurnal insects. The 

optical isolation of ommatidia is achieved by a sheet of dark pigment around each 

ommatidium that effectively absorbs stray light coming in through neighbouring 

facets. This pigment sheet is provided by primary and secondary pigment cells 

that usually cover the whole length of an ommatidium (Fig. 1B).  

Light coming in through an intended path gets inside an ommatidium via a 

corneal lens and a crystalline cone (the dioptric apparatus). These optical 

elements focus the incoming light onto the distal tip of the light sensitive rod-like 

portion of the ommatidium, the rhabdom, which is composed of the highly folded 

membrane segments (rhabdomeres) of usually 8-9 retinula cells, or 

photoreceptors. Because the rhabdom has a higher refractive index than the 

surrounding photoreceptor somas, it acts as a waveguide in which light waves 

propagate and interfere with each other, creating light patterns called waveguide 

modes (Land & Nilsson 2002c). The amount of waveguide modes (i.e., the 

amount of light) can change with adaptation and the rhabdom’s diameter. In dark-

adapted eyes, rhabdoms often display increased widths and may be surrounded by 

palisades that have a relatively low refractive index, which improves the 

waveguide properties and widens the angular sensitivity (the visual field) of 

photoreceptors (Horridge & Barnard 1965, Snyder & Horridge 1972). In light-

adapted eyes, the palisades are replaced by highly light absorbing screening 
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pigments (see Fig. 1B), which increases the refractive index in the soma near the 

rhabdom, and reduces both the amount of propagated waveguide modes, i.e., 

sensitivity, and the size of the visual field, i.e., angular sensitivity (Snyder & 

Horridge 1972). 

Eventually, some of the light travelling through the rhabdom waveguide is 

absorbed by the visual pigments residing in the microvilli (tubular evaginations of 

the plasma membrane) that constitute the rhabdomere. The visual pigments, or 

rhodopsins, consist of a light-sensitive chromophore covalently bound to a protein 

called opsin, and they are the receptor molecules responsible for the conversion of 

photic energy into chemical energy, which leads to the production of a 

photoreceptor signal (see chapter 2.4.2). The rhabdom extends close to the 

proximal end of the photoreceptor soma, which, in turn, extends close to the 

basement membrane before transforming into an axon that eventually terminates 

either in the lamina or the medulla, the first two optic ganglia processing visual 

information provided by the photoreceptors. Usually most of the photoreceptors 

in an ommatidium (six out of eight or nine) synapse with the first order 

interneurons of the lamina (short visual fibres, svf; photoreceptors R1-6 in flies) 

while the rest of the axons pass through the lamina and synapse with the higher 

order cells located in the medulla (long visual fibres, lvf; photoreceptors R7-8 in 

flies). More information on the neural wiring in the fly visual system can be 

found from, e.g., Laughlin (1981), Rivera-Alba et al. (2011), Sanes & Zipursky 

(2010), and Takemura et al. (2013). 

In a typical apposition eye, where the rhabdomeres are bundled together 

(fused rhabdom) as in Fig. 1, photoreceptors share the same visual field defined 

by the acceptance angle of the ommatidium (Land & Nilsson 2002d). However, 

the outputs of the photoreceptors can still be very different. Firstly, the spectral 

sensitivity (i.e. colour preference) of a visual pigment in a photoreceptor can be 

anything between the wavelengths of the ultraviolet (UV) and the far red. 

Secondly, photoreceptors may differ in sensitivity to light, despite having a same 

state of adaptation (Butler & Horridge 1973). Thirdly, depending upon the 

alignment and spatial orientation of microvilli and the light-absorbing 

chromophores, photoreceptors can be differently sensitive to polarised light (Land 

& Nilsson 2002b, Wehner & Labhart 2006).  

In the course of evolution, Dipteran and Hemipteran species have utilised a 

variant of apposition eye where the seven rhabdomeres (two central rhabdomeres 

are counted as one) of an ommatidium are separated from each other (Fig. 1C-D). 
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This eye type is known as the neural superposition compound eye, which was first 

identified by Kuno Kirschfeld in 1967 (Kirschfeld 1967). In the open rhabdom 

architecture of Diptera (see how fused rhabdom can be turned into an open one:  

Zelhof et al. 2006), the rhabdomeres are arranged in the same fashion among 

ommatidia, allowing altogether seven photoreceptors from seven adjacent 

ommatidia to look at a same point in space. These photoreceptors make contacts 

with the same interneurons residing in a laminar cartridge below one of the seven 

ommatidia (Fig. 1C; Braitenberg 1967). Consequently, the photon catch from a 

point in visual space is increased seven-fold without sacrificing spatial resolution. 

At first it may seem logical that apposition and superposition eyes have 

evolved to serve vision in bright daylight and in the darkness of the night, 

respectively. However, de facto compound eyes do not always follow such a 

simple pattern as there are, for example, nocturnal insects that are equipped with 

apposition type eyes (e.g., see Meyer-Rochow & Waldvogel 1979) and diurnally 

active moths with superposition (clear-zone) eyes (e.g., see Horridge et al. 1977). 
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2.2 Nocturnal insects with apposition eyes 

Although the apposition eye design seems to be better-suited for daylight vision, 

it is still utilised by many nocturnal species, e.g., glowworms (Meyer-Rochow & 

Waldvogel 1979), nocturnal wasps (Greiner 2006, Warrant 2008) and bees 

(Somanathan et al. 2009, Warrant 2007, 2008; see also reviews Meyer-Rochow 

1999 & Meyer-Rochow & Nilsson 1999) and nocturnal cockroaches and field 

crickets (which are the subject of this thesis). All these species also show visually 

guided behaviour. What kind of strategies do these animals employ to overcome 

the challenges of seeing in dim light then? One approach is to improve the photon 

capture by increasing the optical sensitivity of the eye by increasing facet size, 

making rhabdoms wider, and/or shortening focal lengths (Kirschfeld 1974, Land 

1981, Warrant & Nilsson 1998, Frederiksen & Warrant 2008). A good example of 

a nocturnal insect equipped with apposition eyes is the tropical sweat-bee 

Megalopta genalis. These highly visual animals use vision for e.g., distinguishing 

landmarks under illumination conditions equivalent to starlight (Warrant et al. 

2004).  

In comparison to its diurnal relative, the honey bee Apis mellifera, Megalopta 

has two and four times wider facets and rhabdoms, respectively, resulting in 

considerably higher optical sensitivity (2.7 µm
2
sr in Megalopta vs. 0.1 µm

2
sr in 

Apis; Greiner et al. 2004a). However, the optical sensitivity of the Megalopta eye 

is still insufficient, and, by itself, not enough to account for reliable seeing in dim 

illumination conditions. To compensate the optical limitations of the apposition 

eye design, Megalopta has utilised an additional strategy: neural (spatial) 

summation (see also neural superposition described above). Evidence of spatial 

summation has been discovered from the anatomical studies of Megalopta lamina 

where the first order interneurons branch extensively and therefore have the 

potential to laterally connect with a relatively large number of visual channels 

(laminar cartridges and respective ommatidia; Greiner et al. 2004b & 2005). 

Consequently, a given first order interneuron can receive visual information from 

a wide angle of view. 

Although vision in nocturnal insects with apposition has been widely studied 

over the years, very little is known about biophysics/phototransduction in their 

photoreceptors. One of the aims of this thesis is precisely to bring some light to 

this matter. Accordingly, in the following chapters, a short review on basic 

membrane biophysics and photoreceptor signalling mechanisms will be provided. 
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2.3 Signalling in microvillar photoreceptors 

2.3.1 Noise and information processing in photoreceptors 

Visual information processing in photoreceptors is based on graded signalling, 

where changes in light contrast are transformed or encoded into amplitude and 

frequency modulation of a photoreceptor voltage signal. One major constraint in 

how well this contrast coding is realised is noise, which can be either internal or 

external to the photoreceptor.  

Although many internal noise sources exist, such as dark noise (thermal 

activations of rhodopsin or G-protein) and channel noise, the major source 

concerning microvillar photoreceptors stems from the stochastic nature of 

biochemical reactions involved in the phototransduction, the process responsible 

for the generation of the graded voltage signal (Lillywhite & Laughlin 1979). 

This intrinsic noise, which is often referred as transducer noise, results in 

variations in response delay and waveform. In dark adapted photoreceptors, the 

contribution of transducer noise to all photoreceptor noise has been estimated to 

be ~50 % in the dark and ~90 % in bright light (Laughlin & Lillywhite 1982).  

The major source of external noise comes from the physical nature of the 

light itself (the wave-particle duality). More specifically, light consists of particles 

that carry energy, which defines the wavelength, and, thus, the colour of the light. 

These light particles are known as photons. The emission and absorption of 

photons is randomly distributed in time, following Poisson statistics. This means 

that there is an uncertainty about whether a photoreceptor can detect a photon 

within a given time interval or not (Land 1981). This uncertainty, known as 

photon shot noise (PSN), follows the famous “square-root-law” (De Vries 1943, 

Rose 1942): 

 NPSN N
N

   , (1) 

where N is the average number of absorbed photons within a given time period. 

From equation (1) it follows that in dim light the reliability of discriminating 

objects improves with increased amount of absorbed photons. Therefore, in dim 

light, a photoreceptor would have to improve its photon capturing capabilities 

somehow. As described earlier, this can be done through optical improvements 

and by pooling together the outputs of neighbouring photoreceptors (spatial 
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summation). Another strategy is to adjust photoreceptor temporal dynamics 

(Warrant 1999, Warrant & Dacke 2011).  

A commonly used method to study the temporal dynamics of a photoreceptor 

is to record the flash-induced impulse response and use its waveform as a 

measure of response speed. Due to its simplicity the impulse response can be very 

useful especially in comparative studies (Howard et al. 1984). Through Fourier 

transformation the impulse response also gives an estimate of the photoreceptor 

frequency response function (FR). FR is the frequency domain representation of 

the stimulus-response relation of a photoreceptor, and provides information about 

the frequency dependence of voltage signal amplification (gain) and delay 

between stimulus and response (phase). A more useful approach to measure the 

photoreceptor FR is to use a band-limited Gaussian white noise (BGWN) contrast 

sequence as a stimulus, which reveals the bandwidth of the photoreceptor for 

small but distinguishable changes in contrast at different background intensities 

while maintaining linear relation between the stimulus and response (Juusola et 

al. 1994). Accordingly, the gain part of the FR produced by a BGWN stimulus is 

often known as contrast gain. BGWN can also be used to estimate the frequency-

dependent signal-to-noise ratio, or SNR(f), of a photoreceptor (Kouvalainen et al. 

1994). If a photoreceptor is approximated as a linear Gaussian communications 

channel, SNR(f) also defines how much information in terms of bits a 

photoreceptor can transfer per second, i.e. the information rate of a photoreceptor 

(IR) is given by (Shannon 1948 & 1949): 

  2log 1
B

IR SNR f df    ,  (2) 

where B is the bandwidth and f is the frequency. 

A remarkable but still a very general property of many photoreceptors is their 

ability to respond to single photon absorptions with quantum bumps, transient 

voltage responses reminiscent of impulse responses (Yeandle 1958). By using a 

dim continuous light it is possible to evoke a train of randomly occurring bumps 

(due to transducer noise and photon shot noise). With increasing light intensity 

the bumps start to fuse together, eventually forming a graded macroscopic 

response. By assuming that the number of bumps increases linearly with average 

light intensity, bump trains are often used for biological intensity calibrations 

during electrophysiological photoreceptor recordings (Heimonen et al. 2006, 

Juusola et al. 1994). In addition, as with impulse responses, the shape of voltage 

bumps can be used to assess the signalling properties of a photoreceptor during 
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dark adaptation, which can be another useful tool in comparative studies of 

insects having different visual lifestyles. For example, it has been found earlier 

that in nocturnal/crepuscular insects, bumps tend to be larger and slower than in 

their diurnal counterparts (Frederiksen et al. 2008, Laughlin & Weckström 1993).  

There are two mechanisms that dictate the signalling and information coding 

performance of a photoreceptor: the phototransduction, which generates the 

signal, and the electrical properties of the non-transductive photoreceptor 

membrane, which shapes the signal. The properties of these two are adjusted 

according to the visual ecological needs of the animal to optimise the costs and 

benefits of visual information coding (Laughlin et al. 1998, Niven et al. 2007). 

Particularly important players in this task of matched filtering are the voltage-

dependent conductances (Laughlin & Weckström 1993, Weckström & Laughlin 

1995). In the following chapters, the phototransduction and voltage-dependent K
+
 

conductances in photoreceptors will be described. However, before getting that 

far, the basic biophysics of the cell membrane will be introduced.  

2.3.2 Biophysics of the cell membrane 

The plasma membrane of a neuron consists of a bilayer of phospholipids that 

separates the cytosol from the extracellular space. Both the cytosol and the 

extracellular fluid contain water and a different blend of charged ions (e.g., K
+
 

and Na
+
). The concentrations of different ions are usually different inside and 

outside a neuron, creating concentration gradients. Consequently, ions would be 

driven to balance out the concentration differences by diffusion, but are not 

allowed to do so because of the obstruction by the lipid bilayer. The only way for 

them to get across the membrane by passive diffusion is through transmembrane 

ion channel proteins. Once open, the ion channels allow ions to flow down their 

concentration gradient, causing negative and positive charges to assemble as thin 

layers over the internal and external surface of the cell membrane. As a result an 

electrical potential difference across the cell membrane is created, known as the 

membrane potential (Vm): 

 

 
m in outV    , (3) 

 

where in is the potential on the inner surface of the cell and out is the potential 

on the outer surface of the cell. 
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The influx or efflux of a given ion species is not only driven by its chemical 

concentration gradient but also by the electrical gradient created by Vm 

(collectively known as electrochemical gradient). The ion fluxes can eventually 

reach a situation where these two gradients balance each other out, a voltage 

known as the equilibrium potential. The equilibrium potential for an ion i (Ei) can 

be described by the Nernst equation: 

 

 
 

 
ln
 

   
 
 

in

i

out

iRT
E

zF i
,  (4) 

 

where R is the gas constant (8.315 J/mol K), T is the temperature, z is the ionic 

valence, F is the Faraday constant (96,485 C/mol), and [i]in and [i]out are the 

concentrations of ion i inside and outside the cell (Koester & Siegelbaum 2000). 

The cell membrane of a neuron typically houses several types of ion channels 

differing in their selectivity over different types of ions. The ion channels can be 

either spontaneously open (leak channels) or gated (by Vm or a ligand). When a 

neuron is at rest, most gated channels are closed and the ionic permeability of the 

membrane is mostly defined by a set of leak channels. This will typically result in 

a passive efflux of K
+
, and to some extent, the influx of Na

+
. Ultimately, the net 

flux of ions becomes zero, and the Vm reaches a steady-state. This zero-flux 

potential is known as the resting membrane potential (Vrest). At the same time, 

electrogenic Na
+
/K

+
 pumps use the free-energy provided by hydrolysis of 

adenosine triphosphate (ATP) to transport three Na
+
 out and two K

+
 in

 
to maintain 

the concentration gradients. Consequently, even at rest, cells consume energy. For 

example, maintaining Vrest in neurons and glial cells of the rodent brain comprises 

~13 % of all energy consumption (Attwell & Laughlin 2001). It should also be 

noted that the formation of Vrest may not always be this simple but also include 

other ion fluxes, such as that of Cl
-
. 

A zero-flux potential (like Ei and Vrest) is often termed as reversal potential 

(Erev) because it is also the turning point for the direction of a given ion flux. 

Because Erev is dependent on the concentrations of permeable ions it can be used 

as a tool to estimate the ion selectivity of a given channel type under certain 

assumptions. When only a single ion species is permeable, and it is present on 

both sides of the membrane, the Erev will simply follow equation (4). When a 

channel is more or less permeable to multiple ions, and only one permeant 

monovalent ion A is present on the outside and one monovalent ion B on the 
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inside of a cell, the Erev will approximately follow the so called bi-ionic equation 

(Hille 2001c): 

 

 
 

 
ln

A out

rev

B in

P ART
E

zF P B
,  (5) 

 

where PA and PB are the permeabilities and [A]out and [B]in concentrations of ions 

A and B, respectively. When the valence between A and B is different, for 

example, A is Ca
2+

 and B is Cs
+
, the equation becomes (Fatt & Ginsborg 1958, 

Hille 2001c): 
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.  (6) 

 

Due to the charge separation the cell membrane acts as a capacitor. In a 

typical cell, the specific membrane capacitance is ~1 µF/cm
2
, meaning that the 

size of the overall membrane capacitance (Cm) is directly proportional to the 

membrane surface area. The ion channels, in turn, conduct charged ions, which 

makes them analogous to electric conductors (or resistors). Since the ion flux, or 

current, is driven by the electrochemical gradient, the conductance of an ion 

channel j (gj) can be described as follows: 

 

 


j

j

m j

I
g

V E
,  (7) 

 

where Ij is the ionic current j and Ej is the reversal potential of the current j. The 

term m jV E  is known as the electrochemical driving force. This is of course 

valid only if the ion concentrations remain constant and if gj can be explicitly 

defined by a linear relationship between the current and the voltage.  

The above described electrical analogies can be used to create an equivalent 

electric circuit model of the cell membrane where Cm is described as a capacitor 

connected in parallel with ion channels, each represented by a conductor (gj) and 

a battery (Ej) connected in series. From the Kirchhoff’s circuit laws it follows that 

the total membrane current (Im) flowing across the equivalent circuit will be the 
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sum of the current through Cm (IC) and the ionic currents Ij (Johnston & Wu 

1995a):  

     m

m C j m jj j

dV
I I I C I

dt
,  (8) 

where t is time. When at rest, terms Im and IC equal to zero, leaving only the sum 

of different ionic currents. Therefore, with the help of equation (6) Vrest can be 

estimated from equation (7): 

 



j jj

rest

jj

g E
V

g
.  (9) 

In neurons, Vm is rarely in steady-state, and instead will continuously change 

over time. The rate and the amount of change in Vm depend on the passive and 

active electrical properties of the membrane. When a current pulse is injected 

through a neuron, the cell membrane can either hyperpolarise (going below Vrest) 

or depolarise (going above Vrest), depending on the direction and sign (the valence 

of the given ion) of the current. If the membrane is passive, and only leak ion 

channels are open, the amount of change in Vm   mV  will be defined by the 

Ohm’s law: 

 
m m inV I R  ,  (10) 

where Rin is the cell input resistance, which mostly consists of the membrane 

resistance (Rm; reciprocal of membrane conductance, gm) in ideal conditions. 

Once Im flows through the membrane 
mV  will not happen instantly but at a rate 

defined by the membrane time constant  m : 

 
m m inC R .  (11) 

Together Cm and Rin (or Rm) make up a frequency-dependent resistance, 

impedance (Z(f)), which provides the cell membrane with signal filtering 

properties. Again, when the membrane is passive, the bandwidth of the filter is 

simply defined by the m: 

 1 2c m
f   ,  (12) 
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where fc is the cut-off frequency (or the -3 dB frequency). Thus, while Cm usually 

stays more or less constant, the membrane filtering properties will depend on the 

Rm, namely, the amount open ion channels. 

When voltage-gated ion channels are opened, and the neuron reaches its 

active state, the dynamics of the neuronal membrane can no longer be described 

by linear passive filter properties. For example, when a spiking neuron is 

depolarised above a certain threshold voltage-gated Na
+
 channels are opened, 

resulting in Na
+
 influx and the opening of more Na

+
 channels. This positive 

feedback (chain reaction) results in an accelerating depolarisation that eventually 

inactivates the Na
+
 channels, while, at the same time, opening a number of 

voltage-gated K
+
 channels, causing a K

+
 efflux and membrane repolarisation 

towards Vrest. The outcome of these sequential events is a voltage transient known 

as the action potential, or spike. 

Undeniably the most useful and most widely used model of a neuronal cell 

membrane is that introduced by Hodgkin and Huxley for describing the 

generation of a spike in the squid giant axon (Hodgkin & Huxley 1952). The 

development of the Hodgkin-Huxley model (H-H model) required the utilisation 

of the voltage-clamp method, which allowed the observation of changes in ionic 

conductances at desired levels of Vm. By combining the voltage-clamp 

experiments with an equivalent circuit model of the squid axonal membrane, 

Hodgkin and Huxley created a set of differential equations that could simulate the 

generation of spikes very accurately. 

The equivalent circuit of the legendary squid axon is shown in Fig. 2. It 

consists of four current components, a capacitive current and three ionic currents. 

The three ionic currents include a leak current (IL) and two voltage-gated currents, 

Na
+
 (INa) and K

+
 (IK). According to equations (6) and (7) the total current across 

the membrane will be as follows: 

            m

m m Na m Na K m K L m L

dV
I C g V E g V E g V E

dt
.  (13) 

As it can be seen in Fig. 2, the voltage-gated conductances in the H-H model 

are modelled as active conductors. The logic behind modelling these components 

is to assume that an ion channel’s state is controlled by a number of independent 

gating particles that make voltage-dependent transitions between two states, 

permissive (open) and non-permissive (closed). These transitions follow first-

order reaction kinetics: 
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  1p p

dp
p p

dt
    ,  (14) 

where p is the gating variable (from 0 to 1), and p and p are Vm-dependent rate 

constants. During a voltage-step in voltage-clamp experiments, p will eventually 

reach a steady-state value, p
: 

 
p

p p

p 




 
.  (15) 

Reaching this steady-state requires a finite amount of time, defined by the time 

constant p: 

 
1

p

p p





 

.  (16) 

If every gating particle of each and every channel is in its permissive state all 

channels are open and the maximal conductance, 
xg , is reached. Accordingly, if 

only a fraction of the channels is open, the voltage-gated gx will be proportional to 

the product of probabilities pk: 

 
x kx

k

g g p  . (17) 
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2.3.3 Phototransduction 

The phototransduction in microvillar photoreceptors begins with the absorption of 

photons by rhodopsins and ends in the opening of cationic ion channels, which 

generate the depolarising light-induced current (LIC). The absorption of a single 

photon triggers the generation of the smallest possible LIC, a quantum bump (Wu 

& Pak 1975, Henderson et al. 2000). With increasing light levels the amount of 

quantum bumps will be increased and eventually forms what is called a 

macroscopic LIC (Hardie & Postma 2008). Thus far, mostly due to its amenable 

nature for genetic engineering and electrophysiological recordings, the fruit-fly 

Drosophila melanogaster has undeniably been the most important model system 

for studying microvillar phototransduction. For this reason, this chapter will give 

a summary only on what is known about the main processes of phototransduction 

in Drosophila photoreceptors, although much has been discovered about the 

physiology of visual pigments (for example, see reviews by Hamdorf (1979) and 

Schwemer (1989)) and phototransduction also in other species (for example, in 

the ventral photoreceptors of the horseshoe crab, Limulus Polyphemus reviewed 

by Dorlöchter & Stieve (1997)). To keep the present review somewhat compact, 

certain features of the transduction processes are either presented roughly or 

omitted completely. For a more encompassing summary the reader is encouraged 

to see reviews by Hardie & Raghu (2001), Hardie & Postma (2008), and Montell 

(2012). 

After the rhodopsin chromophore 11-cis 3-hydroxy retinal (Vogt & 

Kirschfeld 1984) is isomerised into all-trans form by the absorption of a photon, 

the visual pigment rhodopsin (Rh) is transformed into the active metarhodopsin 

(MRh). Unlike in ciliary photoreceptors, Drosophila MRh is bistable and remains 

uncleaved (the chromophore is not detached from the protein moiety) and active 

unless reconverted back to Rh by long wavelength light or inactivated by binding 

with arrestin (Dolph et al. 1993). When active, MRh acts as a catalyst in the 

exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) 

activating and releasing the  subunit of the heterotrimeric Gq protein (Gq). The 

active GTP-Gqcomplex diffuses until it finds an effector enzyme phospholipase 

C (PLC), which becomes active until the GTP bound to Gq is hydrolysed by 

GTPase. In its active state PLC both stimulates the activity of GTPase (Cook et 

al. 2000), thus controlling its own deactivation, and hydrolyses a minor 

membrane lipid component, phosphatidylinositol 4,5-bisphosphate (PIP2), into 
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inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Subsequently, light-

gated cation channels are opened, resulting in inward LIC, predominantly carried 

by Ca
2+

 (Hardie 1991b, Reuss et al. 1997). Although the evidence gathered so far 

suggests that the light-gated channels are opened by events related to DAG 

production the exact mechanism responsible for excitation is still unclear. Some 

studies report that DAG, but not its metabolites, PUFAs (polyunsaturated fatty 

acids), acts as a direct agonist (Delgado et al. 2014), while others suggest the 

opposite (Chyb et al. 1999, Leung et al. 2008, Lev et al. 2012). Further potential 

activator mechanisms are microvillar acidification (Huang et al. 2010) and a 

change in mechanical tension in the microvillar membrane (Hardie & Franze 

2012), both direct results of PIP2 hydrolysis. Earlier studies have also suggested 

that intracellular Ca
2+

 release via the activation of IP3/ryanodine receptors would 

be involved in excitation (Hardie & Minke 1993b, Hardie & Minke 1995, Arnon 

et al. 1997a-b). However, today the evidence strongly indicates that this is not the 

case (Acharya et al. 1997, Hardie 1995a, Hardie & Raghu 1998, Raghu et al. 

2000a, Sullivan et al. 2000).  

The Drosophila light-gated channels are encoded by the transient receptor 

potential (trp) and the trp-like (trpl) genes (Hardie & Minke 1992, Montell & 

Rubin 1989, Niemeyer et al. 1996, Phillips et al. 1992a). Null mutant analysis has 

shown that the majority of the Drosophila LIC is mediated by the trp-encoded 

channels (TRP), which are characterised by Ca
2+

-selectivity (PCa:PNa = 50:1, Liu 

et al. 2007) and low conductance (8 pS, Henderson et al. 2000). In trp mutant 

flies, where only the less selective (PCa:PNa = 4:1, Reuss et al. 1997), high 

conductance (35 pS, Reuss et al. 1997) trpl-encoded channels (TRPL) are present, 

photoreceptors still respond to light but with reduced sensitivity and only 

transiently to prolonged light stimulus (Minke 1982, Hardie & Minke 1992). 

Although trpl mutant responses to short flashes are almost indistinguishable from 

those in wild-type (WT) flies (Reuss et al. 1997), TRPL channels have been 

suggested to play a role in adaptation to dim light (Leung et al. 2000, Bähner et 

al. 2002) and sustaining photoreceptor response during a prolonged light stimulus 

via interaction with the TRP channels (Leung et al. 2000). However, the 

interaction would have to be indirect because TRP and TRPL subunits do not 

seem to coassemble in vivo but form homomultimeric channels (Katz et al. 2013). 

In Drosophila, quantum bumps represent the opening of ~15 TRP/TRPL 

channels within in a single microvillus after a variable latency of 20-100 ms 

(Henderson et al. 2000). Bump latency is one of the limiting factors of 

photoreceptor dynamics and its variability probably forms a significant part of the 
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transducer noise. The reason for the variability may, at least in part, stem from the 

stochastic diffusion of a finite number of Gq (Hardie & Postma 2008). The gain 

and kinetics of Drosophila quantum bumps are in some ways superior to those 

recorded in ciliary photoreceptors (Baylor et al. 1979), reaching amplitudes of 

~10 pA (in voltage-clamp) and duration of some tens of milliseconds (Henderson 

et al. 2000).  

One factor affecting the amplification of a quantum bump is the concerted 

activation of several Gqand PLC molecules after their number has reached a 

certain threshold (Hardie et al. 2002, Chu et al. 2013a). Another mechanism is the 

tight compartmentalisation of the transduction machinery into single microvilli, 

facilitated by the assembly of major phototransduction components into a 

supramolecular complex via the scaffolding protein INAD (inactivation-no-

afterpotential D, reviewed in Huber (2001), Wang & Montell (2007), and Hardie 

& Postma (2008)). Due to the small volume of microvillar lumen the Ca
2+

 influx 

through TRP channels can rapidly increase the microvillar Ca
2+

 concentration, 

possibly up to millimolar values during a quantum bump (Postma et al. 1999). 

When measured from whole soma (as opposed to single microvilli), light-induced 

changes in Ca
2+

 concentration are more moderate, rising from the resting value of 

~160 nM in dark-adapted photoreceptors to ~45 µM during light stimulation 

(Hardie 1996). For comparison, when stimulated with bright light the initial Ca
2+

 

transients in dark-adapted rhabdomeres of the blowfly Calliphora vicina peak at 

values >200 µM before falling down to a steady-state level of ~10 µM. During 

light-adaptation the Ca
2+

 transients are reduced in size down to a scale of tens of 

µM and the transition from peak-to-plateau takes place more rapidly than during 

dark adaptation (Oberwinkler & Stavenga 2000).   

Ca
2+

 is not only the major mediator of LIC but also acts as a second 

messenger in processes involved in both amplification and inactivation of LIC. 

An illustrative demonstration of these phenomena has been presented in (Hardie 

1995a). The Ca
2+

-dependent amplification can also be visualised in Drosophila by 

using lowered extracellular Ca
2+

 concentrations, with which full-sized quantum 

bumps are still being produced, but showing a slow initial rise followed by a rapid 

jump to peak amplitude (Henderson et al. 2000). Below such concentrations the 

rapid amplification phase disappears and bump waveforms start to deteriorate 

until becoming almost undetectable in Ca
2+

-free conditions. It therefore appears 

that the Ca
2+

 influx through the first opened TRP channels provides a positive 

feedback that accelerates the rising phase of the LIC by facilitating the opening of 



 

 33 

further TRP channels. The underlying mechanism is not yet clear, but logical 

perpetrators could be the Ca
2+

-dependent regulation of PLC activity (Running 

Deer et al. 1995) and direct action of Ca
2+

 at the light-gated channels (Hardie 

1995a, Chu et al. 2013a).  

The mechanisms involved in Ca
2+

-dependent negative feedback are far better 

understood. Firstly, Ca
2+

 influx through TRP channels is necessary for preventing 

the depletion of PIP2 reserve by inhibiting PLC activity, a feedback that is 

compromised in the trp mutants (Hardie et al. 2001). This inhibition is probably 

indirectly mediated by protein kinase C (PKC; Hardie et al. 1993a, Gu et al. 

2005), which requires DAG and Ca
2+

 for activation (Shieh et al. 2002). Secondly, 

Ca
2+

 is a necessary constituent in response deactivation and light adaptation. In 

short timescales, response deactivation and light adaptation largely originates 

from the Ca
2+

-dependent inhibition of TRP/TRPL channels (Hardie & Minke 

1994, Hardie 1995a, Gu et al. 2005,), possibly mediated by a Ca
2+

 binding protein 

calmodulin (CaM; Warr & Kelly 1996, Scott et al. 1997). TRP and TRPL 

channels are also subject to inhibition by Mg
2+

 (Hardie & Mojet 1995) and Ca
2+

 

(Parnas et al. 2007), respectively. Furthermore, Ca
2+

 influx is necessary for the 

availability and translocation of free arrestin, which is required for MRh 

inactivation (Liu et al. 2008, Satoh et al. 2010, Hardie et al. 2012). There are also 

two other phototransduction components that are translocated and participate in 

long term adaptation, Gq (Frechter et al. 2007) and TRPL (Bähner et al. 2002), 

with the translocation of TRPL being dependent on Ca
2+

 influx (Richter et al. 

2011). 

While the Ca
2+

-dependent inactivation of transduction processes persists in a 

microvillus, it remains refractory for ~100 ms (Scott et al. 1997, Song et al. 2012) 

until Ca
2+

 is extruded and responsiveness to light is restored. A major contributor 

to the Ca
2+

 extrusion is the CalX Na
+
/Ca

2+
 exchanger, which is enriched in 

Drosophila rhabdomeres and extrudes 1 Ca
2+

 out for every 3 Na
+
 flowing into the 

cell (Schwarz & Benzer 1997, Wang et al. 2005). 

2.4 Voltage-gated K
+
 channels in microvillar photoreceptors 

Photoreceptors set a fundamental limit for visual performance and collecting 

visual information may become very costly in terms of energy consumption 

(Laughlin et al. 1998, Niven et al. 2007). It is, therefore, not at all surprising that 

evolution has had a tendency to drive photoreceptor dynamics to match the visual 

lifestyles of the animals (Howard et al. 1984, de Souza & Ventura 1989). A major 
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determinant in adjusting these dynamics is the composition of voltage-gated 

channels in the photoreceptor membrane, especially that of voltage-gated K
+
 

channels.  

After the first K
+
 channel components were cloned from the Shaker locus of 

Drosophila almost 30 years ago (Kamb et al. 1987, Papazian et al. 1987, Tempel 

et al. 1987) a vast number of different K
+
 channel components have been 

identified, many of them in Drosophila (Frolov et al. 2012a). Due to large number 

of K
+
 channel encoding genes, alternative splicing, presence of auxiliary subunits, 

and possible heteromeric assembly, K
+
 channels have become by far the largest 

and most diverse group of ion channels (Rudy 1988, Coetzee et al. 1999), 

participating in a wide variety of physiological functions (Wulff et al. 2009, Tian 

et al. 2014). A major portion of all K
+
 channels is constituted by the voltage-gated 

K
+
 channels, or Kv channels. A prototypical Kv channel is a tetramer that consists 

of four identical subunits, each comprised of six transmembrane segments (S1-

S6), a carboxy terminal (C-terminal), and an amino terminal (N-terminal). The 

pathway for ion permeation is created by the pore domain (PD), which is 

constructed of the segments S5 and S6, the pore helix, and the pore loop. The 

pore loop contains a conserved amino acid sequence that is characteristic to all K
+
 

channels (Heginbotham et al. 1992, 1994), and includes the selectivity filter 

responsible for the channel’s high K
+
 selectivity (Yellen 2002, Roux 2005). The 

voltage-dependence of channel gating is provided by voltage-sensing domain 

(VSD) formed by the S1-S4 segments. The voltage sensing of VSD is based on 

the presence of gating charges that move in response to changing Vm, causing 

conformational changes in PD that define the state of the channel. Most of the 

gating charge is located in the S4 segment. More extensive descriptions of Kv 

channel structure, voltage sensing and gating can be found elsewhere (Hille 

2001a, Yellen 2002, Tombola et al. 2006). 

A neuron can express a variety of Kv channels that may differ in their 

operational range and activation or deactivation kinetics. Furthermore, some of 

them may inactivate, while others do not (Hille 2001b). Despite the continuum of 

varying biophysical properties of Kv channels, they are often roughly classified 

into two groups: A-type channels and delayed-rectifiers. The first cloned Shaker 

channel is the prototype of an A-type channel. The currents it mediates are 

characterised by a fast depolarisation-induced activation followed by fast 

inactivation that is removable by hyperpolarisation. Delayed-rectifiers activate 

more slowly, and do not usually express as fast and strong inactivation as the A-
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type channels. In fact, some delayed-rectifiers do not inactivate at all (Bauer & 

Schwarz 2001, Hille 2001b). 

As any other neuron, microvillar photoreceptors express different blends of 

Kv channels, allowing them to adjust their membrane filtering properties to fulfil 

the needs set by visual ecology of the animal (Weckström & Laughlin 1995). 

Perhaps the most illustrative demonstration of this kind of matched filtering is 

provided by a comparative study of the photoreceptor response properties of 20 

Dipteran species done by Laughlin and Weckström in 1993 (Laughlin & 

Weckström 1993). In their study, Laughlin and Weckström found a connection 

between the expression of different voltage-dependent Kv-like currents and the 

animal lifestyle: fast flying diurnal species with fast photoreceptor dynamics 

expressed sustained delayed-rectifiers, whereas in slowly flying dim-active 

species with slow photoreceptor dynamics rapid inactivating A-type currents were 

more dominant. A similar pattern has also been found in the photoreceptors of the 

non-flying stick insect Carausius morosus and the horseshoe crab Limulus, where 

both A-type and delayed-rectifier currents are present, collectively creating a 

typical slow receptor Kv current profile (Lisman et al. 1982, Frolov et al. 2012b). 

Interestingly, the photoreceptors of the desert locust Schistocerca gregaria 

also express both inactivating A-type currents and non-inactivating delayed-

rectifier currents (Weckström 1994), but the level of their expression is modulated 

by the circadian rhythm: during the subjective day the non-inactivating delayed-

rectifier dominates, whereas during the subjective night the inactivating A-type 

current becomes more pronounced (Cuttle et al. 1995).  

In the locust, the switching from the day state (fast state) to the night state 

(slow state) can be induced by serotonin (Cuttle et al. 1995). Serotonin modulates 

Kv currents also in Drosophila photoreceptors (Hevers & Hardie 1995), where at 

least four types of Kv currents are expressed: (1) an A-type current encoded by 

Shaker (Hardie et al. 1991); (2) A slowly activating delayed-rectifier encoded by 

Shab (Hardie 1991a, Vähäsöyrinki et al. 2006); (3) a faster activating, inactivating 

delayed-rectifier, which is present only in a minority of photoreceptors (Hardie 

1991a) and may be encoded by the Shal gene; (4) a slowly activating, non-

inactivating delayed-rectifier (Vähäsöyrinki et al. 2006). In Drosophila, serotonin 

acts by shifting the operational range of the Kv currents, especially that of Shaker, 

to more depolarised voltages (Hevers & Hardie 1995). Serotonin is not, however, 

the only potential modulator as Kv channels are also reported to be subject to 

modulation, e.g., by Ca
2+

/CaM-dependent kinase (CaMK) (Peretz et al. 1998) or 

light/PIP2 (Reid & Lisman 1981, Chinn & Lisman 1984 , Krause et al. 2008).  
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But what kind of functional significance do the different Kv channels have in 

photoreceptors?  

The blowfly Calliphora vicina is a diurnal flyer whose fast flight speed and 

acrobatic manoeuvres pose a challenge to reliable motion vision. To be able to 

cope with fast changes in the visual environment, Calliphora photoreceptors (R1-

6) express two types of delayed-rectifiers: one that activates slowly at more 

depolarised voltages and does not inactivate; and one that activates faster at less 

depolarised voltages and shows slow partial inactivation (Weckström et al. 1991). 

These currents participate in light adaptation by progressively reducing the 

membrane gain and m with increasing light intensity. This not only improves 

temporal resolution but also changes the low-pass filtering properties of the 

membrane towards pass-band by attenuating low frequency signals (Weckström et 

al. 1991, Juusola & Weckström 1993), thus improving photoreceptor FR 

bandwidth and SNR(f) (Juusola et al. 1994). The delayed-rectifiers in other fast 

flying Dipteran species seem to serve a similar role (Laughlin & Weckström 

1993), as well as Shab channels in Drosophila (Vähäsöyrinki et al. 2006). The A-

type currents have been suggested to attenuate transient depolarisations, increase 

response in gain (which helps in coping with seeing in dim light), and provide 

metabolic savings due to their inactivating nature (Laughlin & Weckström 1993).  

Thus far, the best studied function of an A-type current in a microvillar 

photoreceptor has been that of Shaker in Drosophila photoreceptors. A notable 

characteristic of Shaker channels is their negative inactivation-activation range in 

relation to Shab channels (Hardie 1991a, Hardie et al. 1991). Furthermore, the 

voltage range of Shaker’s steady-state inactivation and activation overlap 

significantly, which creates a residual current around Vrest, known as window 

current (Johnston & Wu 1995b). However, when the photoreceptor gets 

depolarised in a range between -58 and -46 mV, the overall K
+
 conductance is 

decreased due to Shaker inactivation and the depolarised activation range of Shab 

channels (Niven et al. 2003a). This decrease selectively amplifies responses in 

dim light. Experiments and simulations performed on Shaker mutants have also 

revealed that the absence of functional Shaker channels results in poorer 

information processing at higher metabolic costs (Niven et al. 2003a, Niven et al. 

2003b), and also influences the Shab and light-gated conductance through Vm 

feedback during naturalistic light stimulation (Niven et al. 2004). 

Besides Kv channels there are other channel types participating in the voltage-

dependent regulation of the photoreceptor membrane. For example, the honey bee 
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drone (Apis mellifera) photoreceptors express a voltage-gated Na
+
 conductance, 

which produces an action potential in response to an intense light stimulus in 

dark-adapted photoreceptors, but amplifies and accelerates responses to small 

contrast increments and decrements in light-adapted photoreceptors (Coles & 

Schneider-Picard 1989, Vallet et al. 1992). This elegant voltage amplification 

mechanism helps the drone to detect the small contrast decrement produced by a 

queen flying against the bright blue sky (Vallet & Coles 1993). In addition to Kv 

channels, other types of voltage-dependent channels have been described in 

Drosophila photoreceptors, such as a small-conductance Ca
2+

-activated K
+
 

channel, which participates in regulation of synaptic transmission between the 

photoreceptor-lamina network (Abou Tayoun et al. 2011), and a 

hyperpolarisation-activated inward rectifier homologous to mammalian ClC-2 

chloride channels (Ugarte et al. 2005). However, the role of the latter remains 

unknown, although similar inward rectifiers have been suggested to play a role in 

preventing excess hyperpolarisation by the electrogenic Na
+
/K

+
 pump (Phillips et 

al. 1992b) and controlling the ionic milieu (Bösl et al. 2001) of photoreceptors. 

2.5 Vision of the American cockroach (Periplaneta Americana) and 

the field cricket (Gryllus bimaculatus) 

2.5.1 Periplaneta americana – visually guided behaviour 

The superorder of net-winged insects, Dictyoptera, used to be classified as three 

separate insect orders: cockroaches (Blattaria), mantids (Mantodea) and termites 

(Isoptera). Quite recently this classification was changed as termites became an 

infraorder of cockroaches (Inward et al. 2007, Xiao et al. 2012). Before this 

classification was made cockroaches were estimated to include more than 4000 

species (Bell 1990). Cockroaches seen today are often considered as ancient 

insects because of their morphological similarity to the oldest fossils of 

‘roachoids’, which date back to Carboniferous period (the era of cockroaches), 

more than 300 million years ago (Appel 1994, Garwood & Sutton 2010, Garwood 

et al. 2012). Such a long evolutionary history would make cockroaches highly 

intriguing subjects for studying insect evolution. However, on the basis of 

ovipositor morphology, for example, it seems that these ‘roachoids’ may have 

been ancestral to not only cockroaches but to the whole superorder of 

Dictyoptera. Evidence suggests that the earliest modern cockroaches are from the 
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early Cretaceous period, i.e. about 100 million years ago (Grimaldi & Engel 2005, 

Buschbeck & Friedrich 2008). Still, cockroaches have a long history of successful 

survival, and they are often considered as very resilient animals. In fact, the 

resilience of certain synanthropic species has been a nuisance, both medically and 

economically, for a long time, emphasising the importance of cockroaches for 

research (Guthrie & Tindall 1968, Schal & Hamilton 1990, Yoon et al. 2009, 

Arruda et al. 2014). 

Among the most studied cockroach species is the American cockroach, 

Periplaneta americana (from here on referred as Periplaneta), a widely known 

nocturnal domestic pest, taking shelter in dark, moist and warm spaces, such as 

sewers (Guthrie & Tindall 1968, Seelinger 1984). At lower temperatures (below 

about 30°C) Periplaneta prospers mostly by dwelling on the ground, for it is an 

extremely agile crawler, capable of reaching running speeds more than 1 m/s 

(Delcomyn 1971, Full & Tu 1991) and body orientation speed of ~25 s
-1

 (Camhi 

& Johnson 1999). However, when temperatures reach above 35°C Periplaneta 

can also fly, and performs surprisingly well at it (Meyer-Rochow, personal 

communications, observations made in Jamaica).  Periplaneta seems to prefer 

walking and running along walls, which it touches with its antennae to obtain 

tactile information for steering (Camhi & Johnson 1999, Cowan et al. 2006). 

Tactile information provided by the mechanosensory hairs in the antennae or cerci 

is also primarily used in other types of locomotory behaviour, such as inducing 

rapid escape runs (Camhi & Tom 1978a-b, Stierle et al. 1994), locating objects 

(Okada & Toh 2000), and avoiding collisions (Baba et al. 2010). When an odour 

plume is presented to Periplaneta, it can also use its chemosensory system to 

track the source of the plume, even in the absence of mechanosensory (Willis et 

al. 2008) and visual cues (Willis et al. 2011). The role of vision in the guidance of 

behaviour of Periplaneta is more obscure, especially during locomotor activity, 

and seems to be less important than other sensory modalities. This is somewhat at 

odds with the fact that Periplaneta possesses two relatively large compound eyes 

and two simple eyes (ocelli), which are suggestive of a visual animal. What use 

does Periplaneta have for vision then? 

Adult male Periplaneta exhibits diurnal locomotor activity rhythm by 

becoming active during the night, while being quiescent during the day (Lipton & 

Sutherland 1970). This rhythmic behaviour can be entrained by light. A study 

published by Roberts already half a century ago has shown that the compound 

eyes are responsible for the light-driven entrainment of the diurnal locomotor 
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rhythm of Periplaneta (Roberts 1965). In his study, Roberts also showed that the 

ocelli are not involved in the entrainment. These findings were later confirmed by 

others (Nishiitsutsuji-Uwo & Pittendrigh 1968). Later on, by determining the 

entrainment threshold for several wavelengths, Mote and Black were able to 

construct an action spectrum, which revealed that the photo-entrainment was 

selective to green light (Mote & Black 1981). It was also found that the 

entrainment system was extremely sensitive, and the estimates for activation 

threshold intensity suggested only a few photons per second per eye (Mote & 

Black 1981, Mote 1990). In accordance with its nocturnal activity period, 

Periplaneta also shows negative phototaxis in a wavelength- and intensity-

dependent manner: in bright backgrounds, cockroaches mostly avoid blue light (< 

430 nm), while avoiding greenish light (> 430 nm) in dim backgrounds (Kelly & 

Mote 1990). Light avoidance is further supported by virtual reality experiments, 

in which Periplaneta, when placed in the middle of an illuminated virtual forest, 

directly runs towards a dark area surrounding the forest, and stays there (Takalo et 

al. 2012). This does not, however, mean that Periplaneta would be afraid of light. 

In fact, it seems that collective decision-making in a group of Periplaneta can be 

a stronger driving force than the illumination preference of an individiual (Halloy 

et al. 2007). Thus, it is possible that social aggregation may force an individual to 

take shelter in more illuminated places even though dimmer ones would be 

available. 

The visually guided behaviour described thus far is yet quite rudimentary, 

which raises another relevant question concerning Periplaneta vision: do its eyes 

make any use of the spatiotemporal details in its surroundings? A few studies 

exist that bring some elucidation to this enigma. Evidence of making use of 

spatial details in the surroundings comes from a study by Mizunami and co-

workers, which shows that Periplaneta uses visual landmarks in locating and 

memorising hidden places (Mizunami et al. 1998). Later studies have shown by 

using antennal projection responses that tethered Periplaneta can visually learn 

spatial relationships (Kwon et al. 2004), and associate them with other forms of 

sensory stimuli, such as odour (Lent & Kwon 2004). Antennal projections have 

also revealed that Periplaneta uses vision in directing antennae towards objects 

moving across the visual field (Ye et al. 2003). In other studies, where the role 

vision has been tested in collision avoidance and odour plume tracking, seeing 

does not seem to be essential (Baba et al. 2010, Willis et al. 2011). These findings 

suggest that vision is mostly used as an auxiliary sensory system, supporting the 

more primary mechano- and chemosensory systems. However, research on 
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visually guided behaviour of Periplaneta is still very much in its early stages, and 

new experimental paradigms are called for to broaden our understanding about 

vision of this animal. 

2.5.2 Periplaneta americana – the structure and function of the 

compound eye 

As mentioned above, Periplaneta is equipped with two types of eyes: compound 

eyes and ocelli (Fig. 3A). The two white-coloured ocelli located next to the 

compound eyes and antennae consist of ~10.000 photoreceptors (Toh et al. 1983) 

maximally sensitive to ~500 nm green light (Goldsmith & Ruck 1958). The 

ocellar photoreceptors provide convergent inputs to only four 2
nd

 order cells (Toh 

et al. 1983), making ocelli potentially very sensitive light detectors. The 2
nd

 order 

cells then provide inputs for several 3
rd

 neurons, which project to multiple regions 

of the brain (Mizunami 1995a-b). 

The general structure of the Periplaneta compound eye is characterised by (1) 

irregularity in size and shape of facets (Fig. 3B); (2) large variation in 

interommatidial angles; and (3) large fields of view (Butler 1973a). In addition, 

the number of ommatidia residing below the facets can vary as much as from 

3313 to 5176 between individuals, and this number can also vary between the 

eyes of an individual (Füller et al. 1989). Interestingly, the number of facets in 

Periplaneta compound eye can be twice as high as in another cockroach species, 

the hissing cockroach (Gromphadorhina portentosa), which is a flightless 

ground-dwelling scavenger (Mishra & Meyer-Rochow 2008). This difference 

might relate to the former’s ability to fly. In Periplaneta, each ommatidium (Fig. 

3C) consists of a corneal lens, a crystalline cone, and eight photoreceptors with 

~250-350 µm long soma parts (Trujillo-Cenóz & Melamed 1971, Butler 1973b) 

of two spectral types (Butler 1971): three UV (370 nm) and five green (507 nm). 

The ommatidia are of the apposition type, surrounded by primary and accessory 

pigment cells, and the rhabdomeres of the photoreceptors are organised into fused 

rhabdoms (Fig. 3D; Butler 1973b). However, in the distal part of retina, the 

rhabdoms open out to encircle the proximal tips of the crystalline cones, possibly 

to maximise photon catch (Fig. 3C). At the proximal end of the retina, where 

ommatidia start to form axons, lies the 1
st
 basement membrane (Trujillo-Cenóz & 

Melamed 1971, Butler 1973b). The axons then pass through the 2
nd

 basement 

membrane after which they bundle into groups of 6-20 axons and project towards 
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the optic lobe consisting of three optic ganglia: lamina, medulla and lobula (Ribi 

1977, Mote 1990). As in flies, most Periplaneta photoreceptor axons (svf) 

terminate in the lamina, while at least one axon (lvf) from each ommatidium 

terminates in the medulla. Unlike in flies, the laminar cells are not organised into 

orderly cartridges, and there is also wide horizontal branching in the dendritic 

processes of monopolar cells present near the area where the svf terminate, 

indicating neural spatial pooling of photoreceptor outputs (Ribi 1977). 

As in other nocturnal insects, electrophysiological recordings have revealed 

that Periplaneta photoreceptors produce large, conspicuous quantum bumps in 

response to dim light stimuli, indicating large response gains in the dark 

(Heimonen et al. 2006, 2012). Periplaneta photoreceptors also show slow 

response dynamics and an inability to adapt at light intensities above ~1.000 

transduced photons per second when presented with either contrast pulses or a 

BGWN contrast sequence (Heimonen et al. 2012). The slow nature of Periplaneta 

photoreceptors is in accordance with electroretinogram experiments performed 

already many decades ago, which showed that Periplaneta compound eye 

performs relatively poorly (relative to diurnal species) in terms of flicker fusion 

frequency (Ruck 1958). The photoreceptor performance in information 

transmission is also very poor (at ~20ºC) when presented with a BGWN stimulus, 

but improves markedly when a naturalistic contrast sequence is used (Heimonen 

et al. 2012).  

In accordance with structural variability, Periplaneta photoreceptors also 

show marked functional variability in terms of acceptance angle, sensitivity and 

adaptation (Butler & Horridge 1973, Heimonen et al. 2006). Especially the 

differences in the abilities of different photoreceptors to adapt to a long-lasting 

light pulse can be very conspicuous. At the extremes there are cells that respond 

to a light pulse with transient depolarisation (reminiscent of Drosophila trp 

mutants), and cells that show only little light adaptation during the plateau 

depolarisation (Heimonen et al. 2006). It has been suggested that this variability 

probably arises from differences in phototransduction-related processes among 

photoreceptors (Heimonen et al. 2012).  

But what adaptive value does such variability bring to the animal? In 

principle, variability induces noise, thus posing a serious problem on reliable 

coding of information at the level of monopolar cells. A solution to this problem 

has been proposed by a mathematical model that takes into account the fact that 

Periplaneta photoreceptors are able to produce spike-like events in their axons 

(Weckström et al. 1993). According to this model, the pooling of variable outputs 
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of 12 spiking photoreceptors produces more accurate representations of a 

naturalistic light stimulus in a monopolar cell than 12 cells with identical outputs 

would (Heimonen et al. 2006). The idea behind this population coding scheme is 

that, in addition to extending the dynamic range of photoreceptors, the non-

identical inputs would provide a more reliable presentation of the stimulus 

through a mechanism known as stochastic resonance (Wiesenfeld & Moss 1995). 
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Fig. 3. Structure of the compound eye of Periplaneta americana. (A) Frontal view of the 

Periplaneta head, showing both ocelli and compound eyes (CE). (B) An electron 

micrograph showing the mosaic structure of a Periplaneta compound eye. Note the 

irregular organisation of facets. (C) A longitudinal section of a Periplaneta 

ommatidium (partially light-adapted). C = cornea; CC = crystalline cone; R = rhabdom; 

SP = screening pigment; P = palisade; A = axon. (D) A cross-section of a partially light-

adapted ommatidum. Note how the pigment granules (SP) have migrated close to the 

rhabdom (R), and the palisades (P) have moved aside. S = cell soma. The micrographs 

were produced and kindly given by Kyösti Heimonen. 
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2.5.3 Gryllus bimaculatus 

The two-spotted cricket, Gryllus bimaculatus (Gryllus), is a species of field 

cricket (Orthoptera; Gryllidae) often found in the Mediterranean and other 

subtropical regions. It typically inhabits, for example, scrubs and pastures, finding 

shelter below rocks or in crevices on the ground (Walker & Masaki 1989). During 

nymphal stages Gryllus shows diurnal behaviour, which is reversed into nocturnal 

behaviour a few days after the imaginal molt (Tomioka & Chiba 1982). Although 

it mostly dwells on the ground, Gryllus is also capable of flying (Walker & 

Masaki 1989, Tanaka et al. 1999). Along with other field crickets, Gryllus males 

are known for their loud chirping (stridulation), which they use for attracting 

females for reproductional purposes. Gryllus is a very amenable species for 

laboratory rearing, which is (along with the evolutionary history of crickets in 

general) one of the major reasons it has been used widely in research on, for 

example, developmental biology (Gnatzy & Romer 1980, Gomi et al. 1995, 

Matsuura & Kanou 2003, Takaqi et al. 2012, Uryu & Tomioka 2014), tissue 

regeneration (Bando et al. 2013, Pfister et al. 2013), auditory sensing and 

behaviour (review: Hedwig 2006), and circadian rhythms (review: Tomioka et al. 

2012). Of all senses, the auditory one is by far the most extensively studied in 

Gryllus (as well as in other cricket species). Vision and its role in behavioural 

guidance have gained much less attention, most of it directed towards 

understanding polarisation vision and the role of compound eyes in setting the 

circadian rhythm. Consequently, studies on the ability of the compound eyes to 

form images have remained almost non-existent. In this chapter, I will shortly 

summarise what is known about Gryllus bimaculatus vision today, including 

some supportive knowledge about vision in another closely related field cricket, 

Gryllus campestris. 

Gryllus has two sets of eyes: two compound eyes and three ocelli (Fig. 4A). 

Two of the ocelli are situated dorsal to the antennal stubs and one in between 

them. The ocellar photoreceptors contain two types of visual pigments, one 

maximally sensitive to UV and one to green light (Henze et al. 2012). The 

functional role of the Gryllus ocelli is not really known yet, although they have 

been suggested to participate in phototactic behaviour and measuring 

environmental brightness (Honegger & Campan 1989). In any case, it seems that 

the ocelli are incapable of forming images, and mostly serve as auxiliary units for 

other sensory organs. As expected, the compound eyes appear much more 
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complex. They are divided into three regions according to opsin expression 

(Henze et al. 2012): (1) the dorsal rim area (DRA), expressing blue and UV opsin; 

(2) the ventral band, expressing green and blue opsins; (3) the rest of the eye, 

expressing green and UV opsins (see also Fig. 4B-C). The expression pattern is in 

accordance with spectral sensitivities recorded in different regions of the 

compound eye, albeit no blue photoreceptors have been detected in the ventral 

eye region (Zufall et al. 1989). Further regionalisation is found in the dorsocaudal 

region of the compound eye, which contains photoreceptors that participate in 

entrainment of the circadian rhythm (Tomioka & Yukizane 1996).  

The most conspicuous region is the narrow DRA, which stands out from the 

rest of the eye both by structure and function. The DRA is already present in the 

first instar stage, consisting of approximately 10-20 apposition type ommatidia 

that have nearly flat, underfocused corneal lenses and lack screening pigments 

(Labhart & Keller 1992, Ukhanov et al. 1996, Horváth & Varjú 2004a). In the 

adult Gryllus, the number of facets in the DRA is ~600 (Labhart & Keller 1992), 

and their organisation can be irregular at some places (Ukhanov et al. 1996). The 

ommatidia are surrounded by pigment cells that are not fully developed, making 

the DRA relatively transparent (Fig. 4C) and the ommatidia optically unisolated 

(Nilsson et al. 1987). Due to the lack of light absorbing pigments and relatively 

wide rhabdoms (Sakura et al. 2003), the viewing angles in DRA ommatidia are 

wide (median ~20°), and their visual fields overlap considerably, which is 

augmented even further by narrow (~1°) interommatidial angles (Blum & Labhart 

2000). Therefore, it is hard to imagine that DRA would contribute to image 

formation. Instead, the DRA is specialised for polarisation vision, which becomes 

apparent already from the highly organised structure of the DRA rhabdoms. 
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Fig. 4. The compound eye of Gryllus bimaculatus. (A) A schematic frontal view of the 

Gryllus head. L = lateral ocellus; M = median ocellus; DRA = dorsal rim area; C = 

compound eye. (B) Dorso-ventral sections taken from adult Gryllus showing the 

expression of green (left; found everywhere else except DRA), UV (middle), and blue 

(right) transcripts labeled with antisense riboprobes. The arrow in the middle panel 

depicts the horizontal band where UV transcripts could not be found. (C) Schematic 

longitudinal sections of ommatidia from DRA and central retina. Opsin mRNA 

expressions are also shown (colours). Reprinted and modified from Fig. 1B (A), Figs. 

3A-C (B), and Fig. 3H (C) in BMC Evol. Biol. (2012), 12:163, Henze et al. 

(doi:10.1186/1471-2148-12-163), with permission from Dr. Miriam Henze. 
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The microvilli in the DRA ommatidia are oriented in two orthogonal 

directions (Fig. 4C), and the orientation remains relatively constant along the 

length of the rhabdom, which is a prerequisite for successful detection of the 

electric vector of plane-polarised light (Labhart et al. 1984, Nilsson et al. 1987). 

Six out of eight photoreceptor cells contribute to the rhabdom of a DRA 

ommatidium (Horváth & Varjú 2004a), and five out of the six (R1, R2, R5, R6 

and R7) are maximally sensitive to blue light (Zufall et al. 1989), while the small 

rhabdomere of the sixth cell (R8), located in the proximal ommatidium, houses a 

UV pigment (Henze et al. 2012). There are no successful recordings from the R8, 

but recordings made from the five blue-sensitive photoreceptors have indicated 

slow response dynamics and high polarisation sensitivity (Labhart et al. 1984, 

Zufall et al. 1989, Blum & Labhart 2000,). Double-cell stainings during 

intracellular dye injections have also suggested electric coupling between DRA 

photoreceptors, although such findings have been regarded as artificial and even 

destructive for polarisation sensitivity (Blum & Labhart 2000). The axons of DRA 

photoreceptors terminate either in the lamina (R1, R2, R5 and R6) or the medulla 

(R7 and possibly R8; Zufall et al. 1989, Blum & Labhart 2000). Since the 

orientation of R7 microvilli is orthogonal to those of svf photoreceptors the 

projection patterns suggests that they give antagonistic inputs to polarisation-

opponent neurons, or POL-neurons, in the medulla, which respond to different 

electric vector orientations either by increasing or decreasing their rate of spiking 

activity (Labhart 1988, Blum & Labhart 2000, Labhart et al. 2001). The POL-

neurons also integrate inputs spanning a large visual field (>60°), resulting in 

effective spatial low-pass filtering that may help in detecting polarisation patterns 

even from a cloudy sky (Labhart 1999, Labhart et al. 2001); see also an excellent 

review on central coding of polarisation signals in insects by Homberg et al. 

(2011). Studies on polarotactic behaviour in Gryllus campestris have indicated 

that field crickets are indeed capable of detecting polarised light even when light 

levels and the degree of linear skylight polarisation are low (Herzmann & Labhart 

1989, Henze & Labhart 2007). 

  In the pigmented bulk of the Gryllus compound eye, the number of facets 

grows from ~200 in the first instar to ~5000 in the adult per eye (Labhart & 

Keller 1992), and at least in the dorso-lateral eye region the lattice they create is 

more symmetrical than in the DRA (Ukhanov et al. 1996). In Gryllus campestris, 

the photoreceptors in this region have narrow visual fields and less polarisation-

sensitivity in comparison to their DRA counterparts (Labhart et al. 1984). It is 

reasonable to assume that the situation is the same in Gryllus bimaculatus. 
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Narrower receptive fields would also be in accordance with the smaller diameters 

of rhabdoms outside the DRA (Sakura et al. 2003). However, the receptive fields 

can be expected to change during the day, because the rhabdoms may undergo 

considerable diurnal changes in size, especially in adults (Sakura et al. 2003). 

According to Zufall and colleagues (1989), the response dynamics are somewhat 

faster in the pigmented eye region, although this observation was based on an 

estimation from the waveforms of responses to 300 ms light pulses. Zufall and 

colleagues also showed that the projection patterns of photoreceptor axons follow 

those found in many other insects: the green-sensitive cells terminate in the 

lamina, whereas the UV-sensitive cells terminate in the medulla (Zufall et al. 

1989). Notwithstanding the small amount of information available, it seems 

probable that the pigmented eye region is mostly responsible for image formation 

and motion vision. The little that has been studied about visually guided 

behaviour in Gryllus suggests that it is indeed capable of form discrimination 

(Honegger & Campan 1989). This has been supported by a more recent study 

showing that Gryllus can form place memories that are based on visual learning 

of spatial details in the environment (Wessnitzer et al. 2008). There is also 

evidence about supportive roles for vision. For example, in Gryllus, course 

control of walking, elicited by sound, becomes enhanced when there are visual 

cues associated with the source of the sound (Böhm et al. 1991). In Gryllus 

campestris, vision has been shown to be important in antennal tracking, similarly 

as in Periplaneta (Honegger & Campan 1989). It thus seems that not only 

polarisation vision is responsible for visual orientation in Gryllus. 
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3 Aims of research 

The general aim of this work was to obtain more understanding about how the 

biophysical properties of nocturnal insect photoreceptors might facilitate seeing 

under dim light conditions. More specifically, in two nocturnal insect species, 

Periplaneta americana and Gryllus bimaculatus, the aim was to study 

photoreceptor electrophysiology in terms of: 

 

(1) basic electrical properties; 

(2) voltage-gated ionic currents with emphasis on outward Kv-like currents; 

(3) phototransduction by studying quantum bumps and macroscopic light-induced 

currents. 

 

The secondary aim of this work was to carry out comparisons on the signalling 

performance between the regular and polarisation-sensitive photoreceptors of 

Gryllus bimaculatus. 
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4 Materials and Methods 

This chapter provides a short summary on the methods used in the studies of this 

thesis. More detailed descriptions can be found in the original papers (I, II and 

III). 

4.1 Animals and photoreceptor isolation 

In papers I and II adult male Periplaneta were used and always kept under 

12h/12h light/dark rhythm (temperature 25ºC), and used for recordings during the 

dark period. In paper III, the last instar nymph and adult male/female Grylli were 

also kept in the same or reversed rhythm as Periplaneta. 

For photoreceptor isolation the animal was first anaesthetised with CO2 

followed by head removal. One or two compound eyes were then sliced off from 

the head. Subsequently, the retina was scooped out from the corneal cup, 

dissected into smaller pieces and placed into enzymatic treatment (regular bath 

solution supplemented with collagenase and pancreatin) for 5-10 minutes (at 

~20°C). The pieces were then triturated with a series of fire-polished, filamented 

borosilicate capillaries until ommatidia started to dissociate. The trituration was 

conducted directly on to the recording vessel. Before commencing experiments 

the bath containing the dissociated ommatidia was extensively washed with fresh 

bath solution to minimise the traces of the enzymatic solution. 

4.2 Light stimuli 

All light stimulations were performed using a custom-made LED (light emitting 

diode) wheel that consisted of ten LEDs ranging from 355 nm to 639 nm and a 

computer-driven voltage-to-current converter. The light emitted by the LEDs was 

directed to photoreceptors through a path that included a wheel containing a series 

of neutral density filters (from 0 to -9 attenuation in logarithmic steps), a liquid 

light guide, a polka-dot beam splitter, an oil immersion objective, and a 

borosilicate cover slip. Test for UV transmittance along this path indicated that 

sufficient amount of UV light should reach the photoreceptors. For testing the 

spectral sensitivity of a photoreceptor, each LED was calibrated (using USB4000 

spectrometer) to emit roughly the same amount of photons. Each calibrated 

wavelength was then introduced to the photoreceptor as a 50 ms flash (inter-flash-

interval was 10 s). 
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Light contrast modulations were made using either a computer-generated 

BGWN or a naturalistic sequence taken from the van Hateren database (van 

Hateren 1997). The BGWN was first generated in MatLab and then low-pass 

filtered to obtain the desired bandwidth. The stimulus power was also adjusted to 

obtain a contrast of ~0.3 after filtering.  

4.3 Whole-cell patch-clamp 

All whole-cell patch-clamp recordings were performed at room temperature 

(~20°C) using Axopatch 1-D amplifier, and recorded and analysed by PClamp 9 

or 10 (Molecular Devices, USA). Recording pipettes were pulled from 

borosilicate capillaries. In solution, the electrode resistance usually varied from 

about 4 MΩ to 15 MΩ. 

When in voltage-clamp the holding potential (HP) was always set to -70 mV. 

The access resistance (Ra, also known as series resistance) was usually <30 MΩ 

prior to compensation, and frequently monitored during the recordings. In case 

the Ra increased substantially during an ongoing recording, slight positive 

pressure was applied to the pipette in order to remove possible clogging. This was 

usually successful and did not affect the condition of the recorded cell. Ra 

compensation (~80 %) was mostly applied only when recorded currents exceeded 

200 pA. In most cases, the Cm exceeded the upper limit of the compensation 

circuitry (100 pF) of the amplifier, and was estimated either online by PClamp 

software or offline by making use of the current transients produced by 

uncompensated residual Cm, which also allowed the estimation of the Ra error in 

paper I. In papers II and III, the error estimation was not performed. 

Photoreceptor quality was assessed in terms of Rin, Vrest and the ability to produce 

distinguishable quantum bumps under dim continuous light. Rin, which reflects 

the synergistic effect of seal resistance (Rs) and Rm, was tested either online in the 

seal test window of the Clampex software (PClamp’s recording software) or 

offline from currents produced by brief 10 mV negative voltage pulses. Vrest was 

measured in darkness in current-clamp (I = 0 mode) and quantum bumps either in 

current-clamp (I = 0) or voltage-clamp. For Periplaneta photoreceptors the 

acceptance criteria were more stringent as they were required to have Vrest more 

negative than -50 mV. For Gryllus, the threshold was -45 mV. Regarding Rin there 

was no specific threshold, but clearly leaky cells (Rin in the scale of tens of MΩ) 

were discarded.  
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Photoreceptor spectral sensitivity was assessed either by clear sensitivity to 

525 nm green LED (Periplaneta) or by running a spectral sensitivity protocol, 

(Periplaneta and Gryllus, see above). For biological light intensity calibrations 

the number of quantum bumps elicited by dim continuous light were calculated 

within a given time period, giving out light intensity as effective photons/s. Light 

response recordings were performed either in voltage-clamp (HP = -70 mV before 

LJP corrections) or in current-clamp I = 0 mode. For studying quantum bump 

characteristics brief light flashes were introduced to the photoreceptors so that 

less than 50 % of them were able to elicit a response. Based on Poisson statistics 

performed in paper II, this should guarantee that most of the responses originate 

from single photon absorptions.  

For modelling the Periplaneta photoreceptor, the steady-state activation and 

inactivation properties were measured using voltage-clamp pulse protocols 

described in methods in paper I. Similar protocols were also used in paper III to 

assess the steady-state activation and inactivation curves of voltage-gated currents 

in Gryllus photoreceptors (see methods in paper III). 

4.4 Solutions 

All concentrations will be given mM unless stated otherwise. 

Normal bath solution 

120 NaCl, 5 KCl, 4 MgCl2, 1.5 CaCl2, 10 N-Tris-(hydroxymethyl)-methyl-2-

amino-ethanesulfonic acid (TES), 25 proline, 5 alanine. The pH of the solution 

was adjusted to 7.15 by using NaOH. 

Normal pipette solution 

140 KCl/K-gluconate, 10 TES, 2 MgCl2, 4 Mg-adenosine triphosphate (Mg-ATP), 

0.4 Na-guanosine triphosphate (Na-GTP), 1 nicotinamide adenine dinucleotide 

(NAD). The pH of the solution was adjusted to 7.15 by using KOH. 

Ion selectivity 

For studying K
+
 selectivity of voltage-gated outward currents, namely, 

Periplaneta KDR, we used a series of bath solutions containing 5, 15, 25 and 50 
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KCl. The pipette solution involved in these experiments contained 140 K-

gluconate to prevent possible activation of a hyperpolarisation-sensitive Cl
-
-

conductance. For studying the ion selectivity of the hyperpolarisation sensitive 

inward-rectifier in Periplaneta, the NaCl in bath was substituted with Na-

gluconate or the KCl concentration in bath was changed from 5 to 20. For 

studying the ion selectivity of the light-gated conductance in Periplaneta 

photoreceptors the solutions used were as follows:  

Pipette solution: 120 CsCl, 15 tetraethylammonium-Cl (TEA-Cl), 10 TES, pH 

adjusted to 7.15 with N-methyl-D-glucamine (NMDG).  

Monovalent bath solutions: 130 NaCl/LiCl/KCl, 10 TES, 25 proline, 5 alanine, 

pH adjusted to 7.15 (NMDG).  

Divalent bath solutions: 10 CaCl2/MgCl2/BaCl2, 120 NMDG-Cl, 10 TES, 25 

proline, 5 alanine, pH adjusted to 7.15 (NMDG). 

Ca
2+

 manipulations 

The nominally Ca
2+

-free bath solution (“0”) was obtained by omitting CaCl2 from 

the regular bath recipe and by adding a Ca
2+

 chelator ethylene glycol tetraacetic 

acid (EGTA) into the solution to achieve a final concentration of 500 µM. For 

intracellular Ca
2+

 chelation the pipette solution was loaded with 10 mM EGTA 

and 4 mM CaCl2 to obtain a baseline concentration of ~150 nM of free Ca
2+

 (the 

concentration of free EGTA was ~6 mM). Effects of varying extracellular Ca
2+

 

concentration on Periplaneta LIC were tested using a series of bath solutions 

containing either 25 µM, 50 µM, 100 µM, 200 µM, 500 µM, or 1.5 mM Ca
2+

. 

Channel blockers 

The following agents were used for blocking voltage-gated conductances in 

Periplaneta photoreceptors: 1 mM 4-aminopyridine (4-AP); 50 mM TEA; 100 

nM -dendrotoxin; 10-1000 µM quinidine. 

4.5 Hodgkin-Huxley model of the Periplaneta photoreceptor 

The passive (Cm and leak conductance, gl) and active (voltage-gated A-type, KA, 

and delayed-rectifier type, KDR, conductances, gKA and gKDR, respectively) 

electrical properties, together with light-gated conductance, gLIC, were 
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incorporated into a mathematical H-H model, courtesy of Iikka Salmela. The 

model was designed to mimic the performance of a Periplaneta photoreceptor by 

using a group of nonlinear differential functions: 
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where 𝑎KDR and 𝑎KA  are a the activation gating variables, 𝑖KA is the inactivation 

gating variable of KA and 𝑎  and 𝑖 are the respective activation/inactivation time 

constants, which were based on equation (16). The steady-state activation and 

inactivation ( , ( )x ma V and , ( )x mi V , respectively) properties of KA and KDR in the 

above equations were based on Boltzmann fits to experimental data: 
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where V50 is the half-activation/inactivation potential and X is the order of 

activation/inactivation (X = 1 for KDR activation and KA inactivation; X = 2 for 

KA activation). 

More details about the model can be found in the methods of paper I. 

4.6 Analysis 

All analyses were performed either in Origin 8 or 9 (Originlab, USA), MatLab 

(MathWorks, USA) or PClamp’s Clampfit 9 or 10 (Molecular Systems, USA). 
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4.6.1 Quantum bumps 

Flash-induced quantum bumps recorded in voltage-clamp were analysed using 

MatLab. Initial bump detection during each 1 s trace was based on an arbitrary 

threshold (-4 pA). The peak amplitudes of detected events were determined 

between crossing points of the threshold, followed by detection of event 

beginnings and ends (the last and first point equivalent to two standard deviations 

from baseline noise, respectively). Multi-peaked, clearly fused bumps and traces 

showing more than one bump were usually discarded. 

The bumps were analysed in terms of latency (Tlat), 0–50 % rise time (T1), 

50–100 % rise time (T2), 100–50 % decay time (T3), peak amplitude (A), and 

bump time integral, namely, charge (Q). Tlat distributions were fitted with a 

lognormal function to obtain a time-to-peak value (tpk), which basically describes 

the mode of the data set: 
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where t equals time, and s the skewness. The tpk was used to derive the 

distribution half-width, t½ (Howard et al. 1984), which describes the scale of Tlat 

dispersal.  

The methods used for the verification of the single photon origin of the 

recorded bumps in Periplaneta photoreceptors (Poisson analysis) can be found in 

paper II. 

4.6.2 Relative cation permeabilities of the light-gated channels in 

Periplaneta photoreceptors 

The relative permeabilities were calculated from the Erev of LIC recorded under 

bi-ionic conditions (Hille 2001c, Reuss et al. 1997), where the only extracellular 

cation present was either monovalent (Na
+
, Li

+
 or K

+
) or divalent (Ca

2+
, Mg

2+
 or 

Ba
2+

). The permeability of monovalent ion M
+
 (PM) relative to that of Cs

+
 (PCs), 

which was the only added cation inside the cell, was calculated from 
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whereas the relative permeability for divalent cation D
2+

 (PD) was calculated from 
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4.6.3 Spectral analysis, contrast gain and information rate 

To obtain an estimate of the transfer function a 2 s BGWN sequence with 15 Hz 

bandwidth (determined by the cut-off frequency) was repeatedly introduced (58 

times) to the photoreceptors of Gryllus. By averaging the resulting 58 responses 

we got a photoreceptor signal, which was then subtracted from the original traces 

to obtain 58 noise traces. The SNR(f) was then obtained from the relation between 

signal power S(f) and averaged noise power, N(f) (Kouvalainen et al. 1994): 

      
2 2

SNR f S f N f .  (23) 

 

The averaged photoreceptor signal was also used for estimating the photoreceptor 

transfer function (T(f)): 
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where C(f) stands for the spectrum of the stimulus sequence, and C*(f) for its 

complex conjugate. By taking the absolute value of T(f) we obtain photoreceptor 

contrast gain (G(f); Juusola & Hardie 2001). 

The information rate, according to Shannon (Shannon 1948, 1949), was 

calculated within the frequency range provided by the BGWN stimulus 

bandwidth (from 0.98 to 15.14 Hz) by combining equations (2) and (23). 
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The power spectra were calculated using the Welch-method. The windowing 

was performed using a 1.5 s Hamming window (3000 points at 2 kHz sampling 

frequency; NFFT = 4096).  

4.6.4 Statistics 

All values in this thesis are given either as mean ± standard deviation or median 

(25% quartile-75 % quartile) unless stated otherwise. For testing data normality 

either the D’Agostino or Shapiro test was used. To test whether differences 

observed between data samples were statistically significant, the parametric t-test 

(paired or unpaired) or the non-parametric Mann-Whitney was used. Correlations 

between samples were measured using the Spearman’s . The significance level 

was always set to p < 0.05. 
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5 Results 

This chapter summarises the results of the three papers included in this thesis. 

Each paper will be described separately and the results regarding paper III also 

include some unpublished complementary results. 

5.1 Paper I – The electrical properties and voltage-dependent 

conductances of Periplaneta photoreceptors 

Voltage-clamp and pharmacological interventions were used to study different 

types of voltage-gated conductances present in dissociated Periplaneta 

photoreceptors. Passive electrical properties, such as Rin and Cm, were also 

examined.  

Rin varied from 170 MΩ to 10 GΩ (1.7 ± 2.5 GΩ; 1.0 (0.5-1.5) GΩ; N = 32). 

At -54 mV the Rin was on average 310 ± 177 MΩ (274 (202-338) MΩ; N = 32), 

providing powerful amplification for small voltage signals near Vrest. Cm, varied as 

much as from 100 pF to 800 pF, showing wide asymmetrical distribution (Fig. 1 

in paper I). 

When depolarising voltage pulses were applied in voltage-clamp, outward-

rectifying currents were observed. In approximately 50 % of cells these currents 

consisted of two components: a fast transient current and a slower sustained 

current (see Fig. 2 in paper I). Otherwise the currents seemed to consist mostly or 

completely of the sustained component. The transient component showed voltage-

dependent inactivation, allowing its separation from the sustained component 

simply by using a -57 mV pre-pulse prior to depolarising activation pulses (see 

paper I for a detailed description of the subtraction protocol), whereas the 

sustained current component did not show apparent inactivation, even during 

prolonged (10 s) depolarising voltage pulses. The outward currents could also be 

separated either by using 1 mM 4-AP, which blocked the transient current, or 

quinidine (IC50 = 32 ± 3 µM, mean ± standard error of mean), which, in turn, 

mostly affected the sustained current (see Fig. 6 in paper I). The occurrence of the 

transient component tended to vary from cell to cell, and in most cases it was 

either absent or small in amplitude. However, from time to time, cells with the 

transient current reaching amplitudes higher than its sustained counterpart were 

also recorded. This variable expression of currents could be linked to cell size, as 

cells with small Cm exhibited large transient currents and vice versa. Interestingly, 

small cells (small Cm) responded to continuous light (10 s pulse) stimulation with 
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less depolarisation than their larger (large Cm) counterparts (recorded in zero 

current-clamp, I = 0), suggesting that smaller cells could be less sensitive to light, 

probably because of smaller rhabdomere. 

Some photoreceptors also expressed a hyperpolarisation-sensitive inward 

rectifying current component. In voltage-clamp, hyperpolarising voltage pulses 

from -84 to -124 mV elicited a slowly activating inward current with small 

amplitude (Fig 7A in paper I). The current was insensitive to changes in bath K
+
 

concentration (Fig 7B in paper I) but was reduced when bath NaCl was 

substituted with Na-gluconate (Fig 7C in paper), suggesting that Cl
-
 was the main 

charge carrier. However, the nature and role of the putative Cl
-
 current was not 

studied any further.  

Ion selectivity was tested for the sustained outward current by measuring the 

Erev of the tail current as a function of bath K
+
 concentration. The Nernst slope (52 

± 4 mV/mM) derived from the linear fit to the data was relatively close to the 

theoretical value of K
+
-selectivity (58 mV/mM), suggesting that the current is 

mostly mediated by K
+
 ions. Although ion selectivity could not be measured for 

the transient component, its properties strongly resembled those of the A-type K
+
 

currents often seen in neurons. Therefore, the delayed-rectifier-like sustained 

current and the transient current were named as KDR and KA, respectively.  

By using the subtraction protocol, voltage- and time-dependent parameters 

for the KDR and KA were characterised (Fig. 4 in paper I). These parameters 

were then incorporated to a H-H model of a Periplaneta photoreceptor. The 

electrical properties and the estimates of light-gated conductance of the model 

were also experimentally determined. The model was used to simulate the KDR 

and KA currents during a voltage response to a 10 s long naturalistic light 

stimulus at two relative intensity levels. Simulations indicated that out of the two 

Kv-like currents only the KDR was prominent in amplitude, remaining active 

through the whole light response (Fig. 9 in paper I). The role in shaping the light 

responses (measured in Vm) was then tested by adjusting the KDR and KA 

parameters, mainly conductance. Results suggested that the presence of KDR was 

necessary for attenuating light-induced depolarisation and speeding up the 

photoreceptor membrane, whereas KA did not significantly affect any aspect of 

the light response waveform (Fig. 10 in paper I). Furthermore, even the 

adjustment of the other voltage-dependent properties of KA, such as the V50, to 

experimental extremes did not produce any notable changes.  
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5.2 Paper II – Light-induced currents and their dependence on Ca
2+

 

in photoreceptors of Periplaneta americana 

By means of whole-cell patch-clamp the general properties of both elementary 

(quantum bump) and macroscopic LICs were studied in dissociated 

photoreceptors of the American cockroach, Periplaneta americana. In addition, 

the effects of manipulations of intra- and extracellular Ca
2+

 on LIC waveforms 

were qualitatively tested, and the relative permeabilities were defined for 

Periplaneta light-gated channels for a number of mono- and divalent cations. 

 By stimulating voltage-clamped dissociated Periplaneta photoreceptors with 

dim continuous light, a train of transient currents having variable amplitudes in 

the range of tens of picoamps could be observed (Fig. 1A in paper II). With 

increasing light intensity the frequency of these discrete current events increased 

until clear response fusion started to occur, suggesting that these discrete events 

were responses to single quanta, i.e., quantum bumps. Similar currents could be 

produced with short 1 ms light flashes (Fig. 1B in paper II). In these recordings, 

the intensity was adjusted so that less than half of the flashes introduced to the 

cells were able to elicit a response.  

If these responses were a result from single photon absorptions they are 

expected to conform to Poisson statistics. With continuous illumination it is 

possible to test this by collecting the inter-event-intervals and fitting their 

distribution with a single exponential function (see paper II for details). Fig. 2A in 

paper II shows that at a photon rate of 0.79 bumps/s the interval distribution 

closely follows the Poisson prediction. Further tests concerned flash-induced 

responses. Firstly, the so called frequency-of-seeing curve, which was created by 

plotting the proportion of successful responses against the estimated amount of 

absorbed photons, followed closely the Poisson prediction for “one or more 

photons is required to elicit a response” (Fig. 2B in paper II). Secondly, the 

integral response (Q) distributions constructed of responses induced by flashes at 

two intensities (average number of effective photons either 0.3 or 1.5) indicated 

that the responses consisted mostly of single photon absorptions, although the 

probability for multiphoton absorptions clearly increased with the brighter flashes 

(Fig. 2C-D in paper II). These histograms were also fitted with a sum of five 

Gaussian functions weighted with Poisson function to verify that the response 

ensemble comprised of distinct groups having different numbers of absorbed 

photons  (see paper II for details). 
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By using 14.5 min long continuous dim light we also tested the stability of 

both bump waveform and amplitude in time. For this purpose bumps were 

analysed in terms of T1, T3, A and Q (see Materials and Methods). Results 

indicated that in all cells T3 (decay time) and A (amplitude) had a tendency to drift 

in time, the former becoming longer while the latter becoming smaller, until 

eventually becoming more or less stable (Fig. 3A-B in paper II). On the contrary, 

T1 and Q (especially the former), remained more stable through the recording. By 

plotting the bump occurrence times with the running numbers of bumps we could 

also test whether photon absorption rates were changed within the 14.5 min 

recording period. Fig. 3C in paper II shows that in the presented cell the bump 

rates did not change, suggesting that the drift in bump shapes may not necessarily 

be a result of consistent cell rundown. 

Next we performed a quantitative analysis of flash-induced quantum bumps. 

For this the parameters Tlat and T2 were also included along with the parameters 

presented above (all analysed parameters are described in Materials and Methods, 

and illustrated in Fig. 1B in paper II). Based on the Poisson statistics regarding 

the Q histograms and the potential drift of bump parameters in each recording, 

two quality criteria were set: (1) less than 50 % of 1 ms flashes are able to elicit a 

response; (2) in each cell, the collected peak bump amplitudes had to pass a 

D’Agostino normality test. The results of five cells that fulfilled the set criteria 

are shown in Table 1. Bumps averaged after T1 alignment have been plotted in 

Fig. 4 in paper II. Bump parameter histograms, except for Tlat, were reasonably 

fitted with a single Gaussian function, suggesting that the parameters were mostly 

from a single group of responses (Fig. 5 in paper II). Tlat, in turn, followed 

lognormal distribution from which two additional parameters (tpk and t½) were 

calculated (Table 1).  

In each of the five cells, the Spearman correlation coefficients () between 

bump parameters were also calculated to assess how different bump generation 

processes might dependent on each other. The correlations between different 

parameters varied among the cells, and the only ones showing some consistency 

were those between A and T3 ( = 0.17-0.47) and T2 and T3 ( = 0.26-0.46). Most 

importantly, however, the correlations suggested that the processes responsible for 

the Tlat and bump generation are independent of each other, coinciding with 

results obtained in Drosophila (Henderson et al. 2000). 
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Table 1. Quantum bump parameters in Periplaneta americana. Note that the two last 

parameters (tpk and t½) concern lognormal fits (equation 20) to Tlat distribution. All 

results are from green-sensitive photoreceptors. 

Parameter mean ± STD / median (IQR); N = 5 

A (pA) -46.3 ± 19.3 

Q (nC) -1.69 ± 0.83 

T1 (ms) 13 ± 5 

T2 (ms) 13 ± 4 

T3 (ms) 20 ± 7 

Tlat (ms) 58 (49-69) 

tpk (ms) 53 ± 11 

t½ (ms) 16 ± 6 

 

The performance of Periplaneta phototransduction in brighter light was 

qualitatively tested with macroscopic LICs produced by longer light pulses with 

gradually increasing intensity. Before recording the macroscopic LICs each cell 

was first calibrated for the number of effective photons by counting bumps within 

a 30 s period of continuous dim light. In addition, Cm (used as an indirect measure 

for cell membrane area) was estimated in each cell. In the first set of experiments, 

the cells were stimulated with a 10 ms light flash (for representative traces see 

Fig. 6A in paper II). In the three cells tested, two cells with similar Cm (493 and 

496 pF) showed larger responses to the same intensity light than a cell with 

smaller Cm (277 pF), suggesting that larger cells were able to catch more photons 

(Fig. 6B in paper II). However, when the intensities were scaled according to 

bump calibrations the amount of current produced by each effective photon 

appeared to be in a similar range in all the cells. The linear rise of LIC amplitude 

with increasing amount of effective photons (up to 200-300 effective photons/s) 

took place with a rate of 5.6 pA/effective photon (Fig. 6C in paper II).  

Next, the short term light adaptation at different light intensities was studied 

by using a 10 s continuous light pulse. In Fig. 6D in paper II, two representative 

responses to a same intensity stimulus from two different cells (including Cm) 

illustrate the typical variability of adaptation in Periplaneta photoreceptors. In 

accordance with the logic of findings made with 10 ms flashes, the LIC plateau 

amplitudes seemed to be proportional to Cm, suggesting differences in sensitivity. 

A more quantitative illustration of this is shown in Fig. 6E in paper II, where the 

average plateau currents recorded from 21 cells are plotted as a function of 
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relative light intensity, and grouped arbitrarily into three groups by their Cm. The 

figure indicates that cells with larger Cm tend to be more sensitive to light. As 

expected, when the intensities were again scaled according to bump calibrations, 

the plateau amplitudes fell closer together, forming a less variable response group 

(Fig. 6F in paper II). Together with the lack of correlation between quantum bump 

amplitude and Cm ( = 0; p = 0.62; N = 5), this result suggests that the variability 

in adaptation (or plateau current) among Periplaneta photoreceptors may be due 

to differences in size of rhabdomeres rather than phototransduction. 

The dependence of Periplaneta LICs on Ca
2+

 was first studied with quantum 

bumps by seven different extracellular Ca
2+

 concentrations (from nominally Ca
2+

-

free to 1.5 mM). Inspection by eye suggested that quantum bump waveforms 

changed only moderately when the extracellular Ca
2+

 was lowered gradually to 25 

µM (Fig. 7A-B in paper II). Only after Ca
2+

 was omitted and the extracellular 

saline was supplemented with 500 µM EGTA, the bump shapes became clearly 

deteriorated and inconsistent (Fig. 7C in paper II). However, bump amplitudes did 

not seem to change as much. The same extracellular Ca
2+

 concentrations were 

also used when macroscopic LICs elicited by a 10 ms flash (~200 effective 

photons) were recorded. The results were similar to those observed with bumps:  

LICs showed gradual but mild slowing of kinetics with concentrations down to 25 

µM until the changes became much more dramatic (increased amplitude and 

duration) in Ca
2+

-free extracellular saline (Fig. 8A in paper II). Effects of Ca
2+

 

omission were also studied with respect to macroscopic LICs produced by 10 s 

light pulses at different intensities. The most notable result was that Ca
2+

 removal 

resulted in diminished current inactivation, causing a dramatic increase in average 

plateau current amplitude (Fig. 8B in paper II and Fig. 5). Furthermore, the cells 

recovered poorly from bright light stimulation by showing considerable after-

current after the stimulus had ended (Fig. 5). 

The effects of intracellular Ca
2+

 chelation on the LIC waveforms was then 

tested by using 10 mM EGTA (estimated amount of free Ca
2+

 in solution ~150 

nM). Firstly, Ca
2+

 chelation resulted in both diminished bump amplitude and 

bump rate (Fig. 9A-C in paper II). Secondly, in terms of macroscopic LIC 

induced by a 10 s light pulse, EGTA caused reduction in peak amplitude and 

slowed down the peak-to-plateau transition (Fig. 9D in paper II). Concurrent 

intracellular Ca
2+

 chelation and extracellular Ca
2+

 omission, in turn, resulted in 

similar but clearly more pronounced current disinhibition as with regular 

intracellular solution (Fig. 9E in paper II; compare to Fig. 5). However, in bright 
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light, the current still decayed down to baseline level during the 10 s stimulus 

period, albeit slower than when Ca
2+

-containing extracellular saline was used. 

Finally, we estimated the relative permeabilities of Periplaneta light-gated 

channels to a number of mono- and divalent cations by using LIC Erev recorded 

under bi-ionic conditions. However, we first recorded Erev when regular saline 

was used in bath while the Cs
+
 was the only cation inside the cell. As a result ten 

cells produced a median Erev of 8 (5-11) mV. Under bi-ionic conditions Ca
2+

 

proved to be the most permeant ion (see Fig. 10 in paper II), having a median 

relative permeability of 13.9 (9.2-17.4; N = 6), while, e.g., the median relative 

permeability for Na
+
 was only 0.9 (0.9-0.9; N = 5). It thus seems that Ca

2+
 is the 

predominant mediator of LIC in Periplaneta photoreceptors. 

5.3 Paper III – light- and voltage-gated currents and signalling 

performance in Gryllus photoreceptors 

Whole-cell patch-clamp was used to study the electrophysiological properties of 

the photoreceptors of the field cricket, Gryllus bimaculatus. 

Two types of photoreceptors were investigated, regular cells found 

throughout most of the eye and polarisation-sensitive ones found in the 

specialised dorsal rim area (DRA). The cell types could be conveniently separated 
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by eye, because the lack of screening pigment in polarisation-sensitive cells 

rendered the DRA ommatidia transparent and clearly discernible from the murky 

and dark regular ommatidia. Except for one UV-sensitive cell, all regular cells 

were maximally sensitive to light emitted by green LEDs (490 nm or 525 nm) 

whereas the polarisation-sensitive cells were maximally responsive to a blue LED 

with peak emission at 435 or 470 nm (see Fig. 1 in paper III). Therefore, the 

regular and polarisation-sensitive cells will be referred as green and blue cells, 

respectively. Comparison of basic electrical properties between the two cell types 

revealed that Vrest (green: -53.7 ± 2.9 mV, N = 5; blue: -56.2 ± 3.3 mV, N = 4) and 

Cm (green: 165 ± 102 pF, N = 5; blue: 210 ± 107 pF, N = 4) were statistically 

similar. However, the Rin measured near Vrest (-54 mV) was more than two-fold 

larger in blue cells (green: 257 ± 87 MΩ, N = 5; blue: 546 ± 180 MΩ, N = 4). 

The general light response properties of green and blue cells were then 

investigated. While in current-clamp mode, green cells responded to steady 

continuous light (90 s pulse) with depolarisation that gradually increased with 

light intensity. At the brightest light level (relative intensity 1) both transient and 

plateau depolarisation reached higher values in green than in blue cells (see Fig. 2 

in paper III); when measured at relative intensity 10
-2

 average plateau 

depolarisation in green cells was 14.9 ± 5 mV (N = 10), while the same value in 

blue cells was only 7.8 ± 2.3 mV (N = 4). While using 2 s light pulses in voltage-

clamp, the difference between the average plateau LIC amplitudes of green and 

blue cells was even clearer (green: 616 ± 586 pA, N = 6; blue: 68 ± 39, N = 5; see 

also Fig. 4 in paper III), suggesting that blue cells adapt to light more strongly. 

Examination of quantum bumps (recorded in voltage-clamp; HP = -74 mV) 

indicated that there might be functional differences between green and blue cells 

already at the level of phototransduction. Some subtle differences were observed 

in terms of bump kinetics (T1, T2 and T3) and amplitude (A), while the bump 

integral current (Q) remained roughly the same (Fig. 3A in paper III and Table 2). 

Furthermore, according to the median latency (Tlat) and the parameters derived 

from lognormal fits to Tlat distributions (tpk and t½; note that this analysis is in 

addition to that performed in paper III), Tlat was longer and more variable in blue 

cells (see Fig. 3C in paper III and Table 2). Consequently, as it would be expected 

from the convolution of bump waveform and Tlat distribution, flash-induced 

macroscopic LICs in blue cells were also slower and wider than in their green 

counterparts (see Fig. 3D in paper III). Interestingly, in six night-adapted 

photoreceptors (three blue and three green), two clearly distinguishable groups of 
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bumps could be observed. While one group consisted of regular-shaped bumps 

(primary bumps), the members of the other group had much slower kinetics and 

reduced amplitudes (secondary bumps; Table 2 and Fig. 8 in paper III). The 

difference in the rates of appearance between the two bump groups at different 

light intensities indicated that the secondary bumps originated from a 

neighbouring cell with differing sensitivity to light (Fig. 9 in paper III). 

Table 2. Quantum bump parameters in Gryllus bimaculatus. Results for green- and 

blue-sensitive photoreceptors are shown, including parameter statistics for two 

distinct bump groups recorded in one blue-sensitive photoreceptor (averages were 

calculated from the averages of each cell). Note that the two last parameters (tpk and 

t½) concern lognormal fits (equation 20) to Tlat distribution. Results are presented 

either as mean ± STD or median (IQR). 

 Green Blue 
A blue cell with two types of 

bumps 

Parameter N = 4 cells N = 3 cells 
Primary 

(N = 70) 

Secondary 

(N = 98) 

A (pA) -44.0 ± 12.5 -36.6 ± 13.9 -22.1 ± 13.4 -8.2 ± 3.1 

Q (nC) -1.00 ± 0.21 -1.07 ± 0.08 -0.95 ± 0.53 -1.35 ± -0.67 

T1 (ms) 11 ± 1 14 ± 1 14 ± 5 24 ± 11 

T2 (ms) 9 ± 1 14 ± 3 17 ± 6 42 ± 21 

T3 (ms) 16 ± 2 23 ± 3 25 ± 9 142 ± 66 

Tlat (ms) 95 (65-211) 151 (98-232) 151 (98-248) 100 (83-146) 

tpk (ms) 65 ± 11 109 ± 15 105 90 

t½ (ms) 68 ± 26 126 ± 28 135 76 

    

Both studied photoreceptor types expressed two voltage-dependent outward-

rectifying currents when subjected to depolarising voltage pulses (for examples 

see Fig. 5 in paper III): a fast activating, inactivating IA and a slow, partially 

inactivating IDR. However, no signs of hyperpolarisation-sensitive currents were 

found in either of the two cell types. The outward currents could be separated by a 

-34 mV conditioning pulse prior to activation, which inactivated IA down to below 

10 % (see Fig. 5D in paper III) while the IDR was only slightly affected. 

Since Gryllus undergoes a rhythm reversal from diurnal to nocturnal 

behaviour after reaching adulthood, it was interesting to find out whether IA and 

IDR were somehow different between the last instar and adult stage. Therefore, the 

conductances of IA and IDR, as well as Cm, were compared between those stages. 
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However, results indicated no clear differences between day-adapted nymphs and 

adults (Fig. 5E in paper III). 

IA and IDR conductances were then compared between day- and night-adapted 

green and blue cells. No obvious changes in IA or IDR conductance concerning 

circadian cycle could be observed in either blue or green cells. Altogether, the 

only notable difference was found in overall magnitudes of outward currents 

between green and blue cells. The difference seemed to stem mostly from the 

difference in IA expression; in both day- and night-adapted blue cells the IA was 

always very small or even undetectable (see Fig. 6). 

The performance of Gryllus photoreceptors was studied using both a 

naturalistic (60 s sequence) and a BGWN (a 2 s sequence with 15 Hz bandwidth 
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repeated 58 times) contrast stimulus. The latter was used to estimate linear 

information transfer properties. As measured by eye from the responses to the 

naturalistic stimulus, green cells seemed to increase its performance with 

increasing light, whereas blue cells showed very little change once the brightness 

increased above the estimated value of 1,000 effective photons/s (see Fig. 6 in 

paper III). This is further illustrated by the comparison of response power spectra 

in Fig. 7. BGWN recordings confirmed that green cells were clearly superior to 

the blue cells in terms of dynamics and information transfer (Fig. 7 in paper III). 

The maximal information rates estimated from the signal-to-noise ratios of white-

noise responses were 87 ± 8 bits s
-1

 and 59 ± 14 bits s
-1

 for green and blue cells, 

respectively. 
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6 Discussion 

6.1 Applicability and validity of whole-cell patch-clamp for 

studying electrophysiology in Periplaneta and Gryllus 

photoreceptors 

Under favourable circumstances, whole-cell patch-clamp provides robust means 

for studying the functional properties of individual cells. Firstly, the high 

resistance of giga-seal grants a good electrical contact with the cell and low-noise 

recordings. Secondly, being able to determine the contents of intra- and 

extracellular solutions enables pharmacological interventions and efficient control 

over the plasma membrane. However, as any other electrophysiological method, 

whole-cell patch-clamp is prone to errors, and some of them are emphasised when 

recording from cells such as Periplaneta and Gryllus photoreceptors. 

A conventional method in cell screening during single cell intracellular 

experiments is to determine whether Vrest in darkness is below a threshold that is 

often based on an educated guess deriving from earlier experiments in the same or 

other species. Despite its crude nature, the Vrest criterion has been imperative to 

ensure satisfactory recording quality. However, because the Vrest threshold is 

partially arbitrary, as it is set after gaining reasonable amount of experience from 

a given cell type, using the same threshold with another cell type may, at least 

initially, result in poor success rates. This was realised after the Vrest threshold of 

Periplaneta photoreceptors (-50 mV) was used also in Gryllus photoreceptor 

experiments. Since our experience with Periplaneta photoreceptors was much 

stronger than with Gryllus, it was clear that equally consistent preparation quality 

could not be expected. Consequently, a relatively small number of Gryllus cells 

could exceed the strict threshold of -50 mV before LJP corrections. Of course, 

another plausible explanation is that the true Vrest in healthy Gryllus 

photoreceptors may be more depolarised. However, in many cases the “poor Vrest” 

Gryllus photoreceptors gradually depolarised with time, showing increased low-

frequency noise and reduced sensitivity to light. In any case, the formation of 

giga-seals with Gryllus photoreceptors was considerably more difficult than with 

Periplaneta photoreceptors, requiring less stringent inclusion criteria in order to 

collect a reasonable sample size. Consequently, a flexible threshold of -45 mV 

was considered necessary for the Gryllus. 
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It is worth noting that the Vrest criterion alone is not enough to guarantee high 

recording quality as it does not guarantee decent space-clamp. Since the space-

clamp quality depends on the Rin there is a danger that a cell with a reasonable 

Vrest may be too “leaky” for sufficient electrical control over the photoreceptor 

membrane. In practise, Vrest is measured by recording the zero current potential of 

the membrane. In whole-cell patch-clamp, this potential is affected by two 

resistances, the Rs and the Rm (i.e., Rin). From the equivalent circuit of the whole-

cell circuit it follows that the higher the Rs in relation to the Rm the closer the 

measured potential will be to the real Vrest  (Chavas & Marty 2003). Thus, from a 

very leaky membrane (small Rm) it may, in principle, follow that the Vrest appears 

decent while the Rin is poor.  

Other plausible sources for space-clamp error are the photoreceptor 

dimensions and the compartmentalisation of phototransduction channels into the 

tight space of microvilli. The space-clamp quality can be assessed by doing some 

simple cable theoretical “back-of-the-envelope” calculations (Johnston & Wu 

1995c). If we approximate a Periplaneta/Gryllus photoreceptor to be a finite 

cylindrical cable with 10 µm diameter and 150-300 µm length, and assume that 

the internal resistivity is 70 cm (Rall 1977), the Rin at rest (200 M gives a 

length constant of ~1.8-2.6 mm. When conductance is increased to, say, 100 nS, 

the length constant will fall down to 410 µm (for a 150 µm long cylinder), 

causing a ~6 % change in HP at a distance of 150 µm. The change is not that 

dramatic, especially, when considering that voltage-clamp recordings rarely result 

in such high conductances (except for LICs). However, LICs have to be 

considered separately because quantum bumps are generated in microvillar 

compartments. A rough measure taken from cross-sectional electron micrographs 

of Periplaneta ommatidia (Kyösti Heimonen, unpublished results; see also Fig. 3) 

indicates that the microvilli in Periplaneta photoreceptors are roughly as long and 

wide as in Drosophila. If we assume that a microvillus is a cylinder with a 

diameter of 0.06 µm and 1.5 µm length (Butler 1973b, Suzuki et al. 1993), we get 

a length constant of about 3.5 µm for a 40 pA quantum bump (peak conductance 

500 pS with a driving force of 80 mV and 70 cm internal resistivity). In the 

worst case, this results in a HP change of 9 % in (~6 mV). The error may be 

appreciable but still within reasonable limits provided that not all light-gated 

channels are located at the tip of the microvillus. However, it should be noted that 

these calculations are approximations, involving educated guesses (such as the 

value of the internal resistivity) and a fundamental “the chicken or the egg?” 
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problem: is it correct to estimate the clamp quality for a bump if the estimation is 

based on the bump itself? 

One very problematic limitation in both Periplaneta and Gryllus 

photoreceptors is the large Cm. In whole-cell configuration, Cm is usually 

compensated by a circuitry in the patch-clamp amplifier that injects a current 

through a 5 pF capacitor in the preamplifier. The purpose of this current is to take 

away the burden of charging the membrane from the preamplifier’s feedback 

resistor, preventing prolonged membrane charging times. However, the use of 5 

pF capacitor allows compensations for up to 100 pF, which is roughly half or one 

third of the typical values of Cm in Periplaneta/Gryllus photoreceptors. 

Consequently, the residual Cm has to be charged through the feedback resistor and 

the speed of voltage-clamp is not as fast as it should be. Especially in papers I and 

III, the residual Cm caused problems as it made determination of activation 

kinetics, and even the presence, of the fast KA current very difficult (in the worst 

cases the residual Cm and Ra could result in clamp time constants of ~2 ms). In 

principle, it is possible to go around this problem by using a larger preamplifier 

capacitor but according to the amplifier’s manufacturer (Molecular Systems, 

USA) this increases instrumental noise dramatically (Axopatch-1D Patch Clamp - 

Theory and Operation, 1989, pages 30-31). Fortunately, the clamp time constant 

can be improved to some extent by applying gentle pressure to the pipette, which 

effectively lowers the Ra without greatly jeopardising the stability of cells. On the 

other hand, this tactic is most effective when using low resistance electrodes with 

relatively large opening, which can sometimes make giga-seal formation more 

difficult.  

One can appreciate that no piece of literature addressing patch-clamp 

methodology exists where the problems related to Ra are not mentioned as it is by 

far the most severe source of error in whole-cell recordings. Ra not only 

contributes to the voltage-clamp speed but also causes voltage errors that are 

directly proportional to the size of measured currents. In Periplaneta and Gryllus 

photoreceptors this problem is accentuated because they generate relatively large 

light- and voltage-sensitive currents. For example, with a bright light stimulus it 

is possible to induce a LIC capable of saturating the amplifier (max. 20 nA). 

Since the Ra compensation never reaches 100 % with Axopatch 1-D, currents of 

this magnitude will unavoidably introduce substantial deviations from the 

preferred Vm. In the worst cases, e.g, while measuring g , these errors can be in the 

scale of tens of mVs, despite reasonable residual Ra. In paper I, the voltage errors 

were accounted for by estimating the size of the residual Ra from the capacitive 
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transients produced by the charging of uncompensated Cm. In many cells, 

corrections revealed incomplete channel activation curves and unreachable g , 

forcing otherwise good quality recordings to be discarded. Unfortunately, the only 

way around this problem would have been to use an amplifier capable of fully 

compensating the Ra. 

Despite the drawbacks in voltage-clamp recordings, Periplaneta and Gryllus 

photoreceptors have still proven to be amenable objects for whole-cell patch-

clamp, mainly because of their resilience. In both species, photoreceptors can 

sometimes remain healthy up to hours of repeated stimulation, even with long 

lasting light stimuli, without showing signs of rundown. This is a very useful 

property, especially when recording physiological light responses in zero current-

clamp. In conjunction with pharmacological manipulations it offers a great 

opportunity to study, for example, the functional role of different Kv conductances 

in conversion of light into a neural signal. 

6.2 Basic electrical properties of Periplaneta and Gryllus 

photoreceptors and their possible functional significance 

Papers I and III indicate that Periplaneta and Gryllus photoreceptors are very 

similar in that they both have relatively large Cm and Rin near Vrest (for example, in 

comparison to flies). What benefits do these properties then offer? One benefit 

relates to reliable signalling in dim light. Rin is a determinant of the photoreceptor 

response gain (in reference to transduction current), and together with Cm it 

defines m, namely, the temporal dynamics/resolution of the photoreceptor. 

Consequently, large Cm and Rin result in high signal amplification but also 

significant low-pass filtering due to small fc (equation 12), making the 

photoreceptor perform poorly in detecting fast contrast changes. However, 

according to predictions by van Hateren’s spatiotemporal neural filter model, a 

photoreceptor should adopt low-pass filtering properties when in dim light (van 

Hateren 1992, 1993), and the reason is obvious: to emphasise the low frequencies, 

which have a higher probability of containing information in naturalistic dim 

light. In other words, low-pass filtering can make photon counting more efficient. 

An illustrative example of this is given in Figure 1 of the study by Frederiksen et 

al. (2008), where the quantum bumps elicited by continuous light are much more 

discernible, albeit slower, in photoreceptors of the nocturnal sweat bee Megalopta 

than in its diurnal counterpart.  
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It is not always clear how much of the signal boosting at bump level is 

actually due to Rin and Cm, because the voltage bump amplitude also depends 

upon the phototransduction gain (i.e., the amount of inward current flowing via 

light-gated channels; see equation 10). Therefore, signal amplification becomes a 

matter of optimisation between these three parameters. For example, in the stick 

insect Carausius morosus, nymph photoreceptors produce much larger voltage 

bumps than those in adults (Frolov et al. 2012b). Stick insect nymphs also have 

on average about twofold larger Rin but about fivefold smaller Cm. Consequently, 

m is faster and the FR bandwidth is wider in nymphs. Since the difference in 

current bump amplitudes is relatively small between nymphs and adults, it seems 

that the larger voltage bump amplitudes in nymphs would arise largely from the 

synergistic effect of larger gain and wider bandwidth; large Rin amplifies the 

bump signal while small Cm confers faster m, thus allowing the voltage bump 

amplitude rise longer before decaying. On the other hand, in Drosophila 

photoreceptors, wherein the Rin is in the same scale as in Periplaneta and Gryllus 

(Hevers & Hardie 1995, Niven et al. 2007), while both  Cm and current bumps are 

considerably smaller, the voltage bumps stand out less clearly from noise (for 

comparison see Periplaneta: Heimonen et al. (2006 & 2012) and Drosophila: 

Niven et al. (2007)). Following the same logic it seems that in Periplaneta and 

Gryllus photoreceptors, large Rin and Cm result in such a large m that a large 

bump current may be necessary to improve signal-to-noise ratio.  

Another benefit of having large Cm may relate to photon capture. Because the 

rhabdomeral membrane is highly folded it will potentially constitute a major 

portion of the overall photoreceptor membrane. It is thus reasonable to assume 

that the size of Cm reflects the size of the rhabdomere. For example, Cm in 

Drosophila photoreceptors is about an order of magnitude smaller than in 

Periplaneta/Gryllus, which cannot be explained by the difference in the rough 

cylindrical dimensions of photoreceptors (Butler 1973b, Hardie 1991a, Hardie 

1991b). Therefore, Periplaneta and Gryllus must have larger rhabdomeres than 

Drosophila. Based on structural evidence this indeed seems to be the case. In 

adult Gryllus, rhabdomeres in the regular eye region are over 3-fold longer than in 

Drosophila R1-6 (Sakura et al. 2003, Stavenga 2003b). In Periplaneta, the 

rhabdomere dimensions are close to those in Drosophila, but due to the fused 

rhabdom organisation the microvilli in Periplaneta rhabdomeres are more tightly 

packed (Wolken & Gupta 1961). As a result, the estimated number of microvilli is 

larger (~80,000 in Periplaneta vs. ~30,000 in Drosophila), conferring larger 

membrane area, larger Cm, and a higher probability of catching incident photons. 
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However, it is necessary to note at this point that the differences in Cm may be 

insufficient in explaining the extent of differences in light sensitivity among 

photoreceptors. Thus, there has to be other factors in play, such as varying 

photopigment densities, some cells may not be as (physiologically, 

morphologically and/or biochemically) dark-adapted as others, etc. 

6.3 The functional significance of voltage-gated conductances in 

Periplaneta and Gryllus photoreceptors 

It is believed that the expression of a particular set of voltage-gated channels in 

photoreceptors is related to the insect’s activity period and visual lifestyle 

(Laughlin & Weckström 1993, Cuttle et al. 1995). For example, slow and dim-

light active species have tendency to express a dominating A-type conductance as 

it does not pay off to express metabolically wasteful high conductance delayed-

rectifiers. Green-sensitive Gryllus photoreceptors seem to fall well into this 

categorisation (paper III; see also Fig. 6). However, in a majority of dissociated 

Periplaneta photoreceptors (paper I) KDR is dominant regardless of the slow and 

dim-tuned nature of vision in this animal (Heimonen et al. 2012). Likewise, the 

polarisation-sensitive DRA photoreceptors in Gryllus are slow but the expression 

of IDR is considerably stronger than that of IA. One possibility could be that the 

expression patterns of Kv conductances depend on the time of the day, like in the 

desert locust (Cuttle et al. 1995). In principle, the opposite activity preferences of 

Gryllus nymphs and adults (Tomioka & Chiba 1982) might also cause a 

difference in conductance expression. However, as illustrated by Fig. 5e in paper 

III, maturation does not seem to entail any substantial changes to the Kv 

conductances of Gryllus photoreceptors. Similarly, locust nymphs and adults also 

show outward voltage-gated currents with unchanged properties, despite the 

former’s inability to fly (Weckström 1994). Some minor, albeit not very reliable, 

statistical differences were observed in IDR between night- and day-adapted 

Gryllus photoreceptors (Fig. 5f-g in paper III), but due to cell-to-cell variability 

and too small sample sizes these results are not very conclusive. Therefore, it still 

remains to be seen whether the Kv conductances in Gryllus photoreceptors are 

subject to similar neurotransmitter-mediated modulation as those in Drosophila 

and locust photoreceptors (Cuttle et al. 1995, Hevers & Hardie 1995). In 

Periplaneta, the differences in KA and KDR expression may not be accounted for 

by diurnal changes because only night-adapted photoreceptors were used. 
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Another possibility may then relate to cell size. For example, in Drosophila and 

Calliphora, svf photoreceptors, R1-6, express both fast and slow Kv 

conductances, whereas in lvf photoreceptors, R7 and R8, the slow Kv component 

is lacking (Anderson & Hardie 1996). Interestingly, the svf photoreceptors are 

larger than lvf photoreceptors as evidenced by longer and wider rhabdomeres 

(length: R1-6: 80 µm; R7: 50 µm; R8: 30 µm; width: R1-6: distally 2 µm, 

proximally 1 µm; R7-8: distally and proximally 1 µm; Stavenga 2003b) and 3-4 

fold larger Cm (Anderson & Hardie 1996). Since the outer basolateral membrane 

of Drosophila photoreceptor contains Shaker channels (Rogero et al. 1997) but 

not usually Shab channels (Hardie 1991a), it is probable that Shab channels are 

mostly distributed near the rhabdomere, thus forming a link between cell size and 

delayed-rectifier expression. Similar subcellular localisations might also explain 

the correlation found between the IDR and Cm (and the lack of it between IA and 

Cm) in the photoreceptors of the stick insect Carausius morosus (Frolov et al. 

2012b), and the positive trend between Cm and KDR in Periplaneta (Fig. 5. in 

paper I). A similar, albeit not very rigorously analysed trend also exists for 

Gryllus photoreceptors.  

The svf photoreceptors in flies have been thought to be the main inputs for 

the achromatic motion vision pathway (Heisenberg & Buchner 1977, Yamaguchi 

et al. 2008), and thereby expected to perform well in terms of temporal dynamics. 

Accordingly, the expression of a slow delayed-rectifier would be beneficial and in 

line with the Laughlin-Weckström paradigm (Laughlin & Weckström 1993). Why 

then express metabolically expensive delayed-rectifiers in a slow dim-tuned 

photoreceptor (KDR in Periplaneta) that does not necessarily benefit from an 

increased FR bandwidth? One explanation may be inferred from the ability of 

Periplaneta to fly in high temperatures (Meyer-Rochow, personal 

communication), for which the utilisation of a delayed-rectifier would make 

sense. However, nothing is known about the temperature dependence of the KDR 

conductance (KDR was measured only at ~20ºC). Another explanation may 

derive from the large photoreceptor gain, which can potentially depolarise the 

photoreceptor into saturation unless attenuated by a voltage-dependent 

repolarising conductance. In Drosophila, Shab currents perform this type of task 

(Vähäsöyrinki et al. 2006), and according to simulations in paper I the same also 

applies for KDR in Periplaneta photoreceptors: the responses to a naturalistic 

light stimulus become dramatically amplified and slowed when the gmax of the 

KDR is lowered down to 10 % (Fig. 10 in paper I). Moreover, KDR is relevant 

already at the lowest visible light levels as the small but significant KDR 
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conductance at rest (that is also contributing to the final value of Vrest) decreases 

m sufficiently to prevent too extensive a summation of clearly separate voltage 

bumps (Salmela 2013). Unfortunately, these effects could not be tested 

experimentally in whole-cell patch-clamp, because no specific blockers were 

available at the time (however, according to recent unpublished experiments the 

KDR component can be specifically blocked by, e.g., astemizole, which is a 

potent blocker of ether-à-go-go family potassium channels). Although quinidine 

did effectively reduce KDR conductance, it also seemed to target the light-gated 

conductance. Nevertheless, these roles for the KDR are intuitive and typical, and 

similar roles would be logical also for the IDR in Gryllus photoreceptors. The 

expression or lack of KDR or IDR may also relate to what type of signals should 

be propagated through the photoreceptor axons. In their discussion, Anderson and 

Hardie (1996) suggest that the slow lvf photoreceptors of flies, which have 

relatively long and thin axons that project to the medulla, would benefit from 

having high Rin, because it confers better low frequency signal propagation. This 

could be achieved by expressing only an inactivating Kv conductance. However, 

minimising the loss of signal during long distance propagation may not be the 

only objective for reduced delayed-rectifier expression. Recently, the long held 

paradigm that svf photoreceptor were the sole perpetrators of motion vision in 

flies (Heisenberg & Buchner 1977, Yamaguchi et al. 2008) was refuted by a study, 

which showed that lvf photoreceptors supplement the input to the motion vision 

network by providing low-frequency information via pre-synaptic contacts with 

other photoreceptor axons (Wardill et al. 2012). In Periplaneta, axons travel in 

large bundles, making it possible for several photoreceptors to have similar 

presynaptic crosstalk. This might help in pooling together signals with different 

attributes, which might again serve population coding and seeing in dim light 

(Heimonen et al. 2006). 

The roles of the A-type currents in Periplaneta and Gryllus remain more 

enigmatic. In the green-sensitive photoreceptors of Gryllus the voltage-

dependence of activation and inactivation (Figs. 5d and 5g in paper III) seem to 

create a small IA window current around Vrest. However, the activation ranges of IA 

and IDR are relatively close to each other, which would not allow the amplification 

of small voltage signals as much as the more negative functional voltage range of 

Shaker does in Drosophila (Niven et al. 2003a). Since recording and Rs quality 

may not have been as good in Gryllus as in Periplaneta, it is also possible that the 
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results contain more or less severe voltage errors that mask the true difference in 

functional range between IA and IDR.  

In Periplaneta, the functional significance of KA is even more puzzling as 

according to simulations there is only a negligible current present during 

naturalistic light stimulation, even during the initial transients produced by the 

onset of the stimulus (Fig. 9-10 in paper I). It is, however, possible that KA may 

be necessary for signalling in the axons rather than in the soma. Both Gryllus and 

Periplaneta compound eyes are characterised by very long axons, which can span 

distances from hundreds of µm up to more than 1 mm (Blum & Labhart 2000, 

Butler 1973b). Such distances may require means to improve signal propagation 

in the thin axons. Intracellular recordings done in vivo have demonstrated that 

intracellular electrodes placed near the initiation of Periplaneta photoreceptor 

axons produce superimposed graded depolarisation and transient spike-like 

voltage signals in response to light (Weckström et al. 1993). Similar spikes have 

also been observed in Limulus (Millecchia & Mauro 1969) and Ligia (Hariyama 

et al. 1986) photoreceptors. These spikes are also reminiscent of those observed in 

honeybee drone photoreceptors (Fulpius & Baumann 1969), which are produced 

by voltage-gated sodium channels and provide amplification for small-contrast 

light responses (Coles & Schneider-Picard 1989). It is possible that Periplaneta 

photoreceptors utilise a similar mechanism, which might boost the signal-to-noise 

ratio of bump-level events in the axons.  It follows that KA could then participate 

in shaping the small decremental/incremental responses and/or action potentials 

in axons (Vallet et al. 1992, Hille 2001b). KA might also attenuate or narrow 

back-propagated spikes in the soma (Cai et al. 2006). If KA is required only in 

axonal signalling, then the small and seemingly redundant KA conductance 

present in most Periplaneta photoreceptors could derive from remnants of axonal 

membrane at the proximal end of dissociated ommatidia. On the other hand, this 

does not explain why fast voltage-dependent inward currents were never observed 

(occasionally, the axon remnants were tens of µm long) in whole-cell recordings, 

and why the hyper-adapting photoreceptors have large KA. It is clear that more 

studies are called for in order to clarify these findings. 

Some photoreceptors in Periplaneta, but not in Gryllus, expressed a slow and 

small inward-rectifier current that responded to hyperpolarising voltages when 

using chloride-based pipette solution (paper I). The inward-rectifier manifests 

itself also in current-clamp by showing rectification of Vm in response to negative 

current injections (Fig. 1 in paper I). Some rectification can also be observed at 

the most negative voltages in intracellular recordings (Heimonen et al. 2012). The 
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evidence indicates that the inward-rectifier current is mainly mediated by 

chloride, but its functional role remains elusive. It may have a role in maintaining 

ionic homeostasis or in Vm regulation. In whole-cell configuration, Periplaneta 

photoreceptors often respond to bright light with strong after-hyperpolarisation, 

which sometimes reaches values below -100 mV. Supposedly, this 

hyperpolarisation is produced by pumping of Na
+
 and K

+
 ions by the Na

+
/K

+
-

ATPase, which, in conjunction with high Rin, could potentially destroy the cell 

unless counteracted by a hyperpolarisation-activated conductance. However, this 

remains to be verified. 

6.4 First steps into understanding phototransduction and 

generation of light-induced currents in Periplaneta and Gryllus 

photoreceptors 

Although the dynamics of photoreceptor light responses are ultimately shaped by 

the non-transductive membrane filter, they are still largely determined by the 

reaction kinetics of phototransduction (Gonzalez-Bellido et al. 2011, Song et al. 

2012). Intuitively, it may at first seem surprising that bump latency and bump 

kinetics are almost as fast in Periplaneta (Table 1.) as in Drosophila (Henderson 

et al. 2000), because the latter is a casual flier at room temperatures and, thus, 

subject to optic flows that may require more rapid phototransduction reactions 

than in Periplaneta. However, the fact that Periplaneta can fly is often neglegted, 

and according to observation made by Meyer-Rochow in Jamaica (personal 

communications), they do so quite well, and are hard ones to catch, when the 

temperature is above 35°C. According to BGWN-based light stimulations the 

maximum cut-off frequencies of contrast gain functions in these two species are 

quite similar (Juusola & Hardie 2001, Heimonen et al. 2012,), and clearly at 

lower frequencies than in, e.g., the diurnal blow fly Calliphora (Juusola et al. 

1994). In addition, when compared to Calliphora, Drosophila is a clumsy flier, 

and mostly active during dusk/dawn when it is relatively dim. Therefore, slow 

vision fits well with the visual ecology of this animal. When compared to its 

diurnal predatory relative, Coenosia attenuate, Drosophila has not only slower 

photoreceptors but also longer microvilli, which may be an adaptation for 

Coenosia’s highly visual lifestyle, requiring high spatio-temporal resolution 

(Gonzalez-Bellido et al. 2011). The longer length of microvilli has also been 

suggested to be partially responsible for the slower phototransduction in 



 

 81 

Drosophila than in Coenosia due to longer diffusion times of phototransduction 

components (Gonzalez-Bellido et al. 2011). This theory would, in principle, 

support the similar Tlat in Periplaneta and Drosophila, because the dimensions of 

their microvilli are also similar. Accordingly, on the basis of rough inspection of 

ommatidial cross-sections, the DRA blue cells of Gryllus possess about 2-fold 

longer microvilli than dark-adapted green cells of adult males (Sakura et al. 

2003), which more or less coincides with the ~40 % difference in median Tlat and 

tpk between these cell types (Fig. 3C in paper III; Table 2.).  

On the other hand, despite the similar dimensions of microvilli in green-

sensitive photoreceptors of Gryllus, Periplaneta and Drosophila (as well as 

Calliphora), Tlat in Gryllus tends to be longer and varies to a much higher extent: 

t½ (Table 2.) is about 4-fold and 2-3-fold longer than in Periplaneta (Table 1.) and 

Drosophila (Henderson et al. 2000), respectively. One possibility is that the wide 

Tlat distribution derives from poorer recording quality as the acceptance criteria 

for bumps in Gryllus were not as stringent as they were in Periplaneta. Another 

possibility is that the length of microvilli is mainly important for optics (photon 

capture efficieny and spatial resolution), and not so decisive factor for the length 

of Tlat. This would accord with a study performed in locust, in which diurnal 

changes in microvillar structure were found to have no effect on bump latencies 

(Williams 1983). Consequently, the differences in Tlat between species would 

have to stem from the differences in phototransduction machinery. For example, 

in Limulus ventral photoreceptors, where the role of IP3-induced Ca
2+

 release is 

essential for excitation (Fein 2003), Tlat is on average ~200 ms long (Dorlöchter 

& Stieve 1997), which closely matches that in Gryllus photoreceptors. However, 

the longer Tlat may not be necessarily accounted for simply by utilisation of an 

IP3-cascade (in which case we would have to assume that diffusion times of IP3 

and released Ca
2+

 become rate limiting factors), but may just as well result from 

very different phototransduction parameters (for example, protein densities, 

affinities, and/or Ca
2+

 homeostasis). For the same reason, one cannot rule out the 

possibility of the participation of the IP3-cascade in Periplaneta photoreceptors 

either, in spite of the fact that Tlat closely matches with that in Drosophila. Be it as 

it may, one can still expect to find subtle differences between Periplaneta and 

Gryllus phototransductions.  

The results in paper III indicate that there may also be differences between 

the green and blue cell phototransductions of Gryllus (Fig 7; Figs 6 & 7 in paper 

III; Table 2.). However, these results have to be seen as preliminary since larger 
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sample sizes and more accurate controls are required before firm conclusions can 

be drawn. 

The most notable difference between Drosophila and Periplaneta/Gryllus 

quantum bumps was the 4-5-fold larger bump amplitude in the latter. As 

mentioned above in chapter 6.2, this is probably an adaptation to improve voltage 

bump discrimination, which would otherwise be excessively filtered by the slow 

photoreceptor membrane. Moreover, at least regarding large positive contrasts 

(i.e., light flashes), dark-adapted Periplaneta photoreceptors are in higher danger 

of getting saturated by light than their Drosophila counterparts because of the 

higher phototransduction gain (see Fig. 6C in paper II and Henderson et al. 2000). 

The situation is evidently the same also for Gryllus, whose bump currents are 

almost as large as they are in Periplaneta.  

Interestingly, in night-adapted photoreceptors of Gryllus, some 

photoreceptors expressed two distinct groups of bumps; one with regular bump 

characteristics and another with slow kinetics and reduced amplitudes (see Figs. 8 

& 9 in paper III and Table 2.). These bump groups can be explained in three 

ways: (1) the recording electrode has made a double cell contact; (2) two 

neighbouring photoreceptors are electrically connected through gap junctions; (3) 

or there are two parallel, but distinct, transduction cascades in one and the same 

cell (as in Limulus; Dorlöchter & Stieve 1997).  

But does the presence of gap junctions make any sense for polarisation 

sensitive photoreceptor such as those in Gryllus DRA? The ability of field 

crickets to exhibit successful polarotactic behaviour even under challenging 

stimulus conditions, such as those in dim light (Herzmann & Labhart 1989, 

Henze & Labhart 2007), suggests that the blue cells of Gryllus necessarily have to 

be good at catching photons. The first evidence supporting this comes from the 

optical structure of the Gryllus DRA, which suggests that it is not very good in 

image formation but can be efficient at gathering photons from a large area of 

space (Ukhanov et al. 1996, Blum & Labhart 2000,). Secondly, examination of 

Fig. 6 in paper III and Fig. 7 suggests that the blue cells may perform well in dim 

light due to high gain and low-pass filtering but are clearly inferior to green cells 

in adapting to increasing light levels (which is also reflected in differences in the 

maximal information rates; see also Schmeling et al. 2014). Thirdly, it makes 

more sense for DRA photoreceptors to operate in blue rather than in UV because 

the absolute intensity of the latter will more probably fall below sensitivity 

threshold as the night begins fall (Horváth & Varjú 2004b). If photon detection is 
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the main purpose of the blue cells, then gap junctions might be of benefit. 

Structural evidence indicates that there are always two pairs of blue-sensitive 

photoreceptors in each DRA ommatidium having the same microvillar alignment 

(Blum & Labhart 2000). Therefore, instead of destroying polarisation sensitivity, 

utilisation of gap junctions between two neighbouring cells could, in principle, 

magnify their sensitivity for their preferred e-vector orientation (see Fig. 9 in 

paper III). However, more detailed studies (e.g. utilisation of gap junction 

blockers and dual whole-cell recordings) are required to prove that the appearance 

of two bump groups in a photoreceptor is not artefactual by nature. 

With continuous bright light the light-sensitivity of Periplaneta/Gryllus 

photoreceptors is markedly decreased as indicated by long light pulse stimulations 

in papers II and III. There are, however, some unusual attributes in the way this 

adaptation occurs. Perhaps the most peculiar one is the variability in the extent of 

light adaptation when measured as the plateau light response amplitude either in 

voltage- or current-clamp (Fig. 6D-F in paper II; Fig. 4 in paper III; and 

Heimonen et al. 2006, 2012). In Gryllus, this variability manifests itself between 

green and blue cells, but in Periplaneta there is variability already among green-

sensitive cells alone. In the latter, this variability has been suggested to arise from 

phototransduction (Heimonen et al. 2012), and the same may also apply for 

Gryllus. Another factor relating to the adaptation phenotypes is Cm. In 

Periplaneta, Cm shows relatively large variation and asymmetric distribution 

(paper I). Although the possibility of double cell recordings cannot be rigorously 

ruled out, it seems possible that this variation results from variability in cell and 

rhabdomere size. This is supported, although not exhaustively confirmed, by a 

study by Butler (1971), in which some of the rhabdomeres in an ommatidium of 

Periplaneta were shown to be consistently smaller than others. Thus, for example, 

the hyper-adapting phenotype (the Drosophila trp phenotype lookalike) observed 

in DRA photoreceptors in Gryllus and some of the green-sensitive photoreceptors 

of Periplaneta may at least partially result from a smaller amount of sampling 

units, i.e., microvilli. The logic behind this hypothesis is that the smaller the Cm 

the higher the probability for activating (the transient response), and subsequently 

inactivating (the return to baseline), most microvilli at once by bright continuous 

light. But since the Cm in hyper-adapting photoreceptors is still comparatively 

large, usually in the range of ~100-200 pF, this theory would also require the 

microvillar refractory period to be very long on average, so that most of the 

microvillar reserve would remain inactivated (Song et al. 2012).  
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Long refractory period could, in fact, explain many peculiar features in the 

photoreceptors of Periplaneta. Firstly, because the operation of microvilli is 

stochastic in nature, there is a chance that despite the long average refractory 

period a few microvilli will always be available (Song et al. 2012, Song & 

Juusola 2014). This could explain the transient bump-like events appearing after a 

hyper-adapting photoreceptor response has returned back to resting levels during 

continuous bright light stimulation (Heimonen et al. 2006, 2012). By assuming 

that bumps are restricted to single microvilli, long refractoriness might also 

explain why Periplaneta photoreceptors are not capable of transducing more than 

about 1,000 absorbed photons/s (Heimonen et al. 2012). Early saturation is also 

observed in response waveforms of a Gryllus blue cell to a naturalistic light 

contrast stimulus (Fig. 6 of paper III). However, one cannot rule out the 

possibility that the generation of bump in Periplaneta/Gryllus may recruit more 

than a one microvillus. The simultaneous activation of multiple microvilli would 

also account for the relatively large amplitude of bumps in these species. Be it 

long refractoriness, simultaneous activation of multiple microvilli per bump, or 

both, not even the comparatively large number of microvilli in Periplaneta 

photoreceptors (Wolken & Gupta 1961) seems to be enough to ensure sufficient 

recruitable microvillar reserve to achieve an appreciable increase in SNR(f) at 

intensities above light levels of ~1,000 absorbed photons/s (Song et al. 2012, 

Song & Juusola 2014). This may at first seem harmful for high-quality vision, but 

the evolutionary demand may be to adjust the system for stimulus statistics 

naturally occurring in the living environment of the given animal. This means that 

in their natural environment, Periplaneta and Gryllus meet long periods of 

darkness, which is required for inactivated microvilli to recover from 

refractoriness (Song & Juusola 2014). Thus, long refractoriness/recruitment of 

multiple microvilli per bump would seem like a sensible adaptation for vision in 

dim light.  

If it is the long refractory period responsible for the depletion of microvillar 

reserve in Periplaneta/Gryllus photoreceptors, then what could be the mechanism 

underlying it? According to findings made in paper II, in Periplaneta, one 

possible mechanism might relate to the light-gated channels housed by the 

microvilli. Judging from the large size of quantum bumps, and their relatively 

moderate dependence on extracellular Ca
2+

 (Fig. 7 in paper II), it seems that LIC 

in Periplaneta photoreceptors may not be predominantly mediated by Ca
2+

-

selective, low conductance channels, such as TRP in Drosophila (Reuss et al. 
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1997, Henderson et al. 2000). Instead, based on the moderate Ca
2+

-selectivity of 

LIC (Fig. 10 in paper II), it seems probable that a less ion-selective channel type 

might constitute a major portion of the light-gated conductance in Periplaneta. 

One obvious candidate would be a channel similar to TRPL in Drosophila, which 

also shows large single channel conductance (Reuss et al. 1997). In fact, 

utilisation of a non-selective channel could be beneficial in terms of ionic 

sufficiency, as the tight extracellular space of a fused-rhabdom may run out of 

Ca
2+

 supply even sooner than that of an open-rhabdom (Chu et al. 2013b). 

Therefore, the putative long refractoriness in Periplaneta might stem from the 

slowed recycling of PIP2 caused by the scant Ca
2+

 influx (Hardie et al. 2001). The 

validity of this theory is, however, challenged by macroscopic LIC recording 

made under Ca
2+

-free conditions, which indicate that Periplaneta do not deplete 

their PIP2 reserve in a similar fashion as Drosophila trp mutants, not even in 

bright light (Fig. 8 in paper II). When extracellular Ca
2+

 is omitted, 

photoreceptors show clear after-currents (Fig. 5), which may be an indication of 

insufficient or slow MRh inactivation (Liu et al. 2008). Moreover, in two out of 

four photoreceptors in Periplaneta the removal of LIC inactivation was so strong 

that the peak-to-plateau transition was almost completely suppressed. Could an 

alternative explanation given by the action of IP3 on intacellular stores then? 

Only when the millisecond-scale intracellular accumulation of Ca
2+

 is 

prevented by application of EGTA to the pipette solution the Periplaneta LIC 

waveform produces characteristics similar to the Drosophila trp phenotype (Fig. 9 

in paper II). The application of EGTA also resulted in diminished bump 

amplitude, which would suggest that light-gated channels in Periplaneta may not 

be the main source of Ca
2+

 during a light response (explained in Henderson et al. 

2000). However, EGTA also seemed to affect the transduction cascade as the 

bump generation rates also deteriorated (Fig. 9 in paper II). It may be possible 

that the basal Ca
2+

 levels in the microvilli are higher in Periplaneta than in 

Drosophila, which could, in principle, prevent trp phenotype from appearing 

when extracellular Ca
2+

 is omitted. In addition, one cannot exclude the possibility 

that capacitive Ca
2+

 release would contribute to LIC regulation, as they do in the 

honeybee (Apis mellifera) photoreceptors (Baumann & Walz 1989, Ziegler & 

Walz 1990, Walz et al. 1994, Walz et al. 1995). In fact, the utilisation of IP3-

induced release of Ca
2+

 from the submicrovillar cisternae of the endoplasmic 

reticulum (ER) would make sense for both Periplaneta and Gryllus, both 

functionally and structurally. Firstly, the spread of Ca
2+

 released from intracellular 

stores could cause a simultaneous activation of multiple neighbouring microvilli, 
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which would not only provide amplification for low light signals but also 

potentially results in the exhaustion of microvillar reserve in bright light, which 

was observed at least in Periplaneta photoreceptors and in the blue cells of 

Gryllus. Secondly, again because of the tight extracellular space offered by the 

fused rhabdom, intracellular Ca
2+

 stores could be an essential complement for the 

proper Ca
2+

-dependent regulation of the transduction cascade and LICs (see also 

Ziegler & Walz 1989). Furthermore, at least when the honeybee drone and 

blowfly ER are compared, the volume of ER relative to the cell is larger in the 

former. Accordingly, the ER in Periplaneta (Butler 1973b; see also Fig. 3D) and 

Gryllus (Sakura et al. 2003) are also very prominent (the formation of palisades 

during dark-adaptation; see also Horridge & Barnard 1965), suggesting that 

intracellular Ca
2+

 stores may be more important for the fused rhabdom compound 

eyes of these two insects than for their open rhabdom counterparts in flies. 

6.5 Future research 

The nature of the studies in this thesis raises many questions and suggests several 

future research projects. In the following, I will only describe future research that 

I find interesting personally, and that involves utilisation of the patch-clamp 

method. 

6.5.1 The voltage-gated channels 

To gain more understanding on how the voltage-gated currents found in 

Periplaneta and Gryllus photoreceptors contribute to the shaping of light 

responses, it would be useful to know the molecular identity of the channels that 

mediate them. A simple but highly unreliable mean to do this is to use 

pharmacology. This was done to some extent in paper I, but the arsenal of 

blockers was too narrow and non-selective to provide conclusive evidence. The 

only directional results were the inefficiency of -dendrotoxin (a specific Shaker 

blocker) and 4-AP in blocking the Periplaneta KA and KDR currents, 

respectively.  

One step towards identifying the types of channels involved could be to 

perform a transcriptome analysis on the retinal tissue and find out which channel 

blueprints (i.e., mRNA) were present. Afterwards the presence of expressed and 

functional proteins could be tested by means of immunohistochemistry, specific 
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pharmacological agents and RNA interference. In the end, of course, cloning and 

heterologous expression of the given channel would also be required. This same 

strategy would be applicable also for the hyperpolarisation-sensitive current 

observed in Periplaneta. Steps toward this direction have, in fact, been already 

initiated. 

6.5.2 Phototransduction and light-gated channels 

Since molecular genetic manipulations are not applicable to the same extent in 

Periplaneta and Gryllus as they are in Drosophila, it will be very difficult to 

determine which particular pieces comprise the jig-saw of their phototransduction 

machinery. However, some notions can be made by finding out which main 

components there are, and whether they can be manipulated by means of 

pharmacology and/or RNA interference. For example, the light-gated channels 

can be characterised in a similar fashion as voltage-gated channels (see above). 

Furthermore, the analysis of quantum bumps and macroscopic LIC could be 

deepened in both Periplaneta and Gryllus. The Ca
2+

-dependence could involve 

larger samples and more versatile means, such as Ca
2+

 imaging. It would also be 

interesting to find out more about the role microvillar refractoriness in shaping the 

photoreceptor dynamics, especially when there is a large spread among insect 

species in the absolute delay in phototransduction, of which the refractory period 

forms a large fraction (Ignatova et al. 2014). Furthermore, Delgado and 

Bacigalupo have described the means to do recordings on isolated rhabdomeral 

patches (Delgado & Bacigalupo 2009). If applicable on Periplaneta/Gryllus, this 

approach could offer confirmation for the relative permeabilities described in 

paper II and also information on the mechanisms of channel excitation (see 

Delgado et al. 2014). Finally, more information should be gathered on the 

possible role of IP3 in generation/regulation of light responses. 

6.5.3 Signalling performance in naturalistic light 

In a recent study by Song and Juusola (2014) it has become apparent that the 

maximal efficiency and performance of a photoreceptor depends upon the 

stimulus statistics. Although the BGWN stimulus offers certain advantages in 

terms of analysis, it is already by intuition clear that its uncorrelated nature cannot 

provide a truly meaningful picture of how a photoreceptor performs in its natural 

environment. Therefore, studies on signalling performance of Periplaneta/Gryllus 
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photoreceptors should be made more thoroughly by using stimuli that would 

mimic the contrast changes in their typical living environment and the optic flows 

they are subjected to. For example, one way would be to use the intensity 

fluctuations recorded by a photodiode placed on, e.g., the prothorax of a freely 

behaving Periplaneta/Gryllus as a stimulus. Naturalistic stimulus has already 

been used in these species (Heimonen et al. 2012; papers I and III), but thorough 

analysis on long lasting recordings, for which there are means for estimating 

information transfer rates (Takalo et al. 2011), is still lacking. 
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7 Conclusions 

1) The passive electrical properties, namely, the values of Rin and Cm, of the 

green-sensitive photoreceptors of Periplaneta and Gryllus were similar with 

each other and also relatively large (when compared to some diurnal insect 

species), providing improved means for transducing photons reliably in dim 

light conditions. The blue-sensitive photoreceptors of Gryllus, which are 

specialised for detecting linearly polarised light, showed even stronger signs 

for enhanced  transduction of signals in dim light conditions: Rin that was 

larger than in green-sensitive cells and an electrical coupling between cells 

sharing the same microvillar orientation seemed likely. 

 

2) The KDR conductance in Periplaneta photoreceptors serves to improve 

response dynamics and to attenuate light-induced depolarisation. However, 

the role of KA remains enigmatic. 

 

3) Based on kinetics measured from flash-induced single photon responses, the 

quantum bumps, phototransduction in green-sensitive photoreceptors in 

Periplaneta and Gryllus is broadly similar to that in Drosophila. The only 

prominent difference was the 4- to 5-fold larger bump amplitude, which 

expectedly increases the signal-to-noise ratio of photoreceptor light responses 

when incident photons are scarce. In the blue-sensitive photoreceptors of 

Gryllus, bump kinetics were slower and latencies consistently longer than in 

green-sensitive photoreceptors, suggesting differences in phototransduction 

processes between these cell types. 

 

4) The variability in the size of photoreceptor rhabdomeres may in part explain 

the functional variability found in Periplaneta photoreceptors, which has 

been suggested to improve vision in dim light by means of population coding 

(Heimonen et al. 2006). 

 

5) Comparison of light responses elicited by naturalistic and white-noise 

modulated contrast stimuli between blue- and green-sensitive photoreceptors 

in Gryllus revealed clear differences in signalling performance. The 

performance of blue-sensitive photoreceptors, measured in terms of contrast 

gain, speed and information transfer, was inferior to that in green-sensitive 
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photoreceptor, emphasising the non-image forming role of the polarisation-

sensitive photoreceptors in the DRA of Gryllus. 

 

  



 

 91 

References 

 

Abou Tayoun AN, Li X, Hardie RC, Juusola M & Dolph PJ (2011) The 

Drosophila SK channel (dSK) contributes to photoreceptor performance by 

mediating sensitivity control at the first visual network. J Neurosci 31(39): 

13897-13910.  

Acharya JK, Jalink K, Hardy RW, Hartenstein V & Zuker CS (1997) InsP(3) 

receptor is essential for growth and differentiation but not for vision in 

Drosophila. Neuron 18: 881-887.  

Anderson JC & Hardie RC (1996) Different photoreceptors within the same retina 

express unique combinations of potassium channels. J Comp Physiol A 

178(4): 513-522.  

Appel AG (1994) Blatella and related species. In: Rust MK, Owens JM & 

Reierson DA (eds) Understanding and controlling the German cockroach. 

United Kingdom, Oxford University Press, Inc.: 1-20.  

Arnon A, Cook B, Gillo B, Montell C, Selinger Z & Minke B (1997b) 

Calmodulin regulation of light adaptation and store-operated dark current in 

Drosophila photoreceptors. Proc Natl Acad Sci USA 94(11): 5894-5899.  

Arnon A, Cook B, Montell C, Selinger Z & Minke B (1997a) Calmodulin 

regulation of calcium stores in phototransduction of Drosophila. Science 

275(5303): 1119-1121.  

Arruda LK, Barbosa MC, Santos AB, Moreno AS, Chapman MD & Pomés A 

(2014) Recombinant allergens for diagnosis of cockroach allergy. Curr 

Allergy Asthma Rep 14(4): 428.  

Attwell D & Laughlin SB (2001) An energy budget for signaling in the grey 

matter of the brain. J Cereb Blood Flow Metab 21: 1133-1145.  

Baba Y, Tsukada A & Comer CM (2010) Collision avoidance by running insects: 

antennal guidance in cockroach. J Exp Biol 213: 2219-2302.  

Bähner M, Frechter S, Da Silva N, Minke B, Paulsen R & Huber A (2002) Light-

regulated subcellular translocation of Drosophila TRPL channels induces 

long-term adaptation and modifies the light-induced current. Neuron 34(1): 

83-93.  

Bando T, Ishimaru Y, Kida T, Hamada Y, Matsuoka Y, Nakamura T, Ohuchi H, 

Noji S & Mito T (2013) Analysis of RNA-Seq data reveals involvement of 

JAK/STAT signalling during leg regeneration in the cricket Gryllus 

bimaculatus. Development 140(5): 959-964.  



 

 

 

92 

Bauer CK & Schwarz JR (2001) Physiology of EAG K
+
 channels. J Membrane 

Biol 182: 1-15.  

Baumann O & Walz B (1989) Calcium- and inositol polyphosphate-sensitivity of 

the calcium-sequestering endoplasmic reticulum in the photoreceptor cells 

of the honeybee drone. J Comp Physiol A 165: 627-636.  

Baylor DA, Lamb TD & Yau K- (1979) Responses of retinal rods to single 

photons. J Physiol 288: 613-634.  

Bell WJ (1990) Biology of the cockroach. In: Huber I, Masler EP & Rao BR (eds) 

Cockroaches as models for neurobiology: applications in biomedical 

research. USA, CRC Press, Inc.: 7-12.  

Blum M & Labhart T (2000) Photoreceptor visual fields, ommatidial array, and 

receptor axon projections in the polarisation-sensitive dorsal rim area of the 

cricket compound eye. J Comp Physiol A 186: 119-128.  

Böhm H, Schildberger K & Huber F (1991) Visual and acoustic course control in 

the cricket Gryllus bimaculatus. J Exp Biol 159: 235-248.  

Bösl MR, Stein V, Hübner C, Zdebik AA, Jordt SE, Mukhopadhyay AK, Davidoff 

MS, Holstein AF & Jentsch TJ (2001) Male germ cells and photoreceptors, 

both dependent on close cell-cell interactions, degenerate upon ClC-2 Cl(-) 

channel disruption. EMBO J 20(6): 1289-1299.  

Braitenberg V (1967) Patterns of projection in the visual system of the fly. I. 

Retina-lamina projections. Exp Brain Res 3(3): 271-298.  

Buschbeck EK & Friedrich M (2008) Evolution of insect eyes: tales of ancient 

heritage, deconstruction, reconstruction, remodeling, and recycling. Evo Edu 

Outreach 1: 448-462.  

Butler R (1971) The identification and mapping of spectral cell types in the retina 

of Periplaneta americana. Z Vergl Physiol 72: 67-80.  

Butler R (1973a) The anatomy of the compound eye of Periplaneta americana L. 

1. General features. J Comp Physiol 83: 223-238.  

Butler R (1973b) The anatomy of the compound eye of Periplaneta americana L. 

2. Fine structure. J Comp Physiol 83: 239-262.  

Butler R & Horridge GA (1973) The electrophysiology of the retina of 

Periplaneta americana L. J Comp Physiol A 83: 263-288.  

Cai Y, Flynn M, Baxter DA & Crow T (2006) Role of A-type K
+
 channels in spike 

broadening observed in soma and axon of Hermissenda type-B 

photoreceptors: a simulation study. J Comput Neurosci 21(1): 89-99.  



 

 93 

Camhi JM & Johnson EN (1999) High-frequency steering maneuvers mediated 

by tactile cues: antennal wall-following in the cockroach. J Exp Biol 202: 

631-643.  

Camhi JM & Tom W (1978a) The escape behavior of the cockroach Periplaneta 

americana I: turning response to wind puffs. J Comp Physiol A 128(3): 193-

201.  

Camhi JM & Tom W (1978b) The escape behavior of the cockroach Periplaneta 

americana II: detection of natural predators by air displacement. J Comp 

Physiol A 128(3): 203-212.  

Chavas J & Marty A (2003) Coexistence of excitatory and inhibitory GABA 

synapses in the cerebellar interneuron network. J Neurosci 23: 2019-2031.  

Chinn K & Lisman JE (1984) Calcium mediates the light-induced decrease in 

maintained K
+
 current in Limulus ventral photoreceptors. J Gen Physiol 84: 

447-462.  

Chu B, Liu CH, Sengupta S, Gupta A, Raghu P & Hardie RC (2013a) Common 

mechanisms regulating dark noise and quantum bump amplification in 

Drosophila photoreceptors. J Neurophysiol 109(8): 2044-2055.  

Chu B, Postma M & Hardie RC (2013b) Fractional Ca(2+) currents through TRP 

and TRPL channels in Drosophila photoreceptors. Biophys J 104(9): 1905-

1916.  

Chyb S, Raghu P & Hardie RC (1999) Polyunsaturated fatty acids activate the 

Drosophila light-sensitive channels TRP and TRPL. Nature 397: 255-259.  

Clark AW, Millecchia R & Mauro A (1969) The ventral photoreceptor cells of 

Limulus: I. The microanatomy. J Gen Physiol 54(3): 289-309.  

Coetzee WA, Amarillo Y, Chiu J, Chow A, Lau D, McCormack T, Moreno H, 

Nadal MS, Ozaita A, Pountney D, Saganich M, Vega-Saenz De Miera E & 

Rudy B (1999) Molecular diversity of K
+
 channels. Ann N Y Acad Sci 868: 

233-285.  

Coles JA & Schneider-Picard G (1989) Amplification of small signals by voltage-

gated sodium channels in drone photoreceptors. J Comp Physiol A 165(1): 

109-118.  

Cook B, Bar-Yaacov M, Ben-Ami HC, Goldstein RE, Paroush Z, Selinger Z & 

Minke B (2000) Phospholipase C and termination of G-protein-mediated 

signalling in vivo. Nat Cell Biol 2: 296-301.  

Cowan NJ, Lee J & Full RJ (2006) Task-level control of rapid wall following in 

the American cockroach  . J Exp Biol 209: 1617-1629.  



 

 

 

94 

Cuttle MF, Hevers W, Laughlin SB & Hardie RC (1995) Diurnal modulation of 

photoreceptor potassium conductance in the locust. J Comp Physiol A 176: 

307-316.  

de Souza JM & Ventura DF (1989) Comparative study of temporal summation 

and response form in hymenopteran photoreceptors. J Comp Physiol A 165: 

237-245.  

De Vries H (1943) The quantum character of light adn its bearing upon threshold 

of vision, the differential sensitivity and visual acuity of the eye. Physics 10: 

553-564.  

Delcomyn F (1971) The locomotion of the cockroach Periplaneta americana. J 

Exp Biol 54: 443-452.  

Delgado R & Bacigalupo J (2009) Unitary recordings of TRP and TRPL channels 

from isolated Drosophila retinal photoreceptor rhabdomeres: activation by 

light and lipids. J Neurophysiol 101(5): 2371-2379.  

Delgado R, Muñoz Y, Peña-Cortés H, Giavalisco P & Bacigalupo J (2014) 

Diacylglycerol activates the light-dependent channel TRP in the 

photosensitive microvilli of Drosophila melanogaster photoreceptors. J 

Neurosci 34(19): 6679-6686.  

Dolph PJ, Ranganathan R, Colley NJ, Hardy RW, Socolich M & Zuker CS (1993) 

Arrestin function in inactivation of G protein-coupled receptor rhodopsin in 

vivo. Science 260(5116): 1910-1916.  

Dorlöchter M & Stieve H (1997) The Limulus ventral photoreceptor: light 

response and the role of calcium in a classic preparation. Prog Neurobiol 53: 

451-515.  

Exner S (1891) Die physiologie der facettirten augen von krebsen und insecten. 

Leipzig, Germany, Franz Deuticke.  

Fatt P & Ginsborg BL (1958) The ionic requirements for the production of action 

potentials in crustacean muscle fibres. J Physiol 142: 516-543.  

Fein A (2003) Inositol 1,4,5-trisphosphate-induced calcium release is necessary 

for generating the entire light response of Limulus ventral photoreceptors. J 

Gen Physiol 121: 441-449.  

Frechter S, Elia N, Tzarfaty V, Selinger Z & Minke B (2007) Translocation of Gq 

alpha mediates long-term adaptation in Drosophila photoreceptors. J 

Neurosci 27(21): 5571-5583.  

Frederiksen R & Warrant EJ (2008) The optical sensitivity of compound eyes: 

theory and experiment compared. Biol Lett 4(6): 745-747.  



 

 95 

Frederiksen R, Wcislo WT & Warrant EJ (2008) Visual reliability and information 

rate in the retina of a nocturnal bee. Curr Biol 18: 349-353.  

Frolov RV, Bagati A, Casino B & Singh S (2012a) Potassium channels in 

Drosophila: historical breakthroughs, significance, and perspectives. J 

Neurogenetics 26: 275-290.  

Frolov RV, Immonen EV, Vähäsöyrinki M & Weckström M (2012b) 

Postembryonic developmental changes in photoreceptors of the stick insect 

Carausius morosus enhance the shift to an adult nocturnal life-style. J 

Neurosci 32: 16821-16831.  

Full RJ & Tu M (1991) Mechanics of a rapid running insect. Two-, four-, and six-

legged locomotion. J Exp Biol 156: 215-231.  

Füller H, Eckert M & Blechschmidt K (1989) Distribution of GABA-like 

immureactive neurons in the optic lobes of Periplaneta americana. Cell 

Tissue Res 255(1): 225-233.  

Fulpius B & Baumann F (1969) Effects of sodium, potassium and calcium ions on 

slow and spike potentials in single photoreceptor cells. J Gen Physiol 53: 

541-561.  

Garwood R, Ross A, Sotty D, Chabard D, Charbonnier S, Sutton M & Withers PJ 

(2012) Tomographic reconstruction of Neopterous Carboniferous insect 

nymphs. PLoS One 7(9): e45779.  

Garwood R & Sutton M (2010) X-ray micro-tomography of Carboniferous stem-

dictyoptera: new insights into early insects  . Biol Lett 6(5): 699-702.  

Gnatzy W (1978) Development of the filiform hairs on the cerci of Gryllus 

bimaculatus deg. (saltatoria, gryllidae). Cell Tissue Res 187(1): 1-24.  

Gnatzy W & Romer F (1980) Morphogenesis of mechanoreceptor and epidermal 

cells of crickets during last instar, and its relation to molting-hormone level. 

Cell Tissue Res 213(3): 369-391.  

Goldsmith TH & Ruck PR (1958) The spectral sensitivities of the dorsal ocelli of 

cockroaches and honeybees; an electrophysiological study. J Gen Physiol 

41(6): 1171-1185.  

Gomi T, Okuda T & Tanaka S (1995) Protein synthesis and degradation in flight 

muscles of adult crickets (Gryllus bimaculatus). J Exp Biol 198: 1071-1077.  

Gonzalez-Bellido PT, Wardill TJ & Juusola M (2011) Compound eyes and retinal 

information processing in miniature dipteran species match their specific 

ecological demands. Proc Natl Acad Sci USA 108: 4224-4229.  

Greiner B (2006) Visual adaptations in the night-active wasp Apoica pallens. J 

Comp Neurol 495: 255-262.  



 

 

 

96 

Greiner B, Ribi W & Warrant EJ (2004a) Retinal and optical adaptations for 

nocturnal vision in the halictid bee Megalopta genalis. Cell Tissue Res 316: 

377-390.  

Greiner B, Ribi W & Warrant EJ (2005) A neural network to improve dim-light 

vision? Dendritic fields of first-order interneurons in the nocturnal bee 

Megalopta genalis. Cell Tissue Res 322(2): 313-320.  

Greiner B, Ribi W, Wcislo WT & Warrant EJ (2004b) Neuronal organization in 

the first optic ganglion of the nocturnal bee Megalopta genalis. Cell Tissue 

Res 318: 429-437.  

Grimaldi D & Engel MS (2005) Polyneoptera. In: Grimaldi D & Engel MS (eds) 

Evolution of the insects. New York, USA, Cambridge University Press: 188-

260.  

Gu Y, Oberwinkler J, Postma M & Hardie RC (2005) Mechanisms of light 

adaptation in Drosophila photoreceptors. Curr Biol 15: 1228-1234.  

Guthrie DM & Tindall AR (1968) The biology of the cockroach. United 

Kingdom, Edward Arnold (Publishers) Ltd.  

Halloy J, Sempo G, Caprari G, Rivault C, Asadpour M, Tache F, Said I, Durier V, 

Canonge S, Ame JM, Detrain C, Correll N, Martinoli A, Mondada F, 

Siegwart R & Deneubourg JL (2007) Social integration of robots into groups 

of cockroaches to control self-organized choices. Science 318: 1155-1158.  

Hamdorf K (1979) The physiology of invertebrate visual pigments. In: Autrum H 

(ed) Handbook of sensory physiology, vol. VII/6A. Berlin, Germany, 

Springer-Verlag: 145-224.  

Hardie RC (1991a) Voltage-sensitive potassium channels in Drosophila 

photoreceptors. J Neurosci 11: 3079-3095.  

Hardie RC (1991b) Whole-cell recordings of the light induced current in 

dissociated Drosophila photoreceptors: evidence for feedback by calcium 

permeating the light-sensitive channels. Proc R Soc Lond B 245: 203-210.  

Hardie RC (1995a) Photolysis of caged Ca
2+

 facilitates and inactivates but does 

not directly excite light-sensitive channels in Drosophila photoreceptors. J 

Neurosci 15: 889-902.  

Hardie RC (1996) INDO-1 measurements of absolute resting and light-induced 

Ca
2+

 concentration in Drosophila photoreceptors. J Neurosci 20: 1701-1709.  

Hardie RC & Franze K (2012) Photomechanical responses in Drosophila 

photoreceptors. Science 338: 260-263.  



 

 97 

Hardie RC, Martin F, Cochrane GW, Juusola M, Georgiev P & Raghu P (2002) 

Molecular basis of amplification in Drosophila phototransduction: roles for 

G protein, Phospholipase C, and diacylglycerol kinase. Neuron 36: 689-701.  

Hardie RC & Minke B (1992) The trp gene is essential for a light-activated Ca2+ 

channel in Drosophila photoreceptors. Neuron 8(4): 643-651.  

Hardie RC & Minke B (1993b) Novel Ca
2+

 channels underlying transduction in 

Drosophila photoreceptors: implication for phosphoinositide-mediated Ca
2+

 

mobilization. Trends Neurosci 16(9): 371-376.  

Hardie RC & Minke B (1994) Calcium-dependent inactivation of light-sensitive 

channels in Drosophila photoreceptors. J Gen Physiol 103(3): 409-427.  

Hardie RC & Minke B (1995) Phosphoinositide-mediated phototransduction in 

Drosophila photoreceptors: the role of Ca
2+

 and trp. Cell Calcium 18(4): 

256-274.  

Hardie RC & Mojet MH (1995) Magnesium-dependent block of the light-

activated and trp-dependent conductance in Drosophila photoreceptors. J 

Neurophysiol 74(6): 2590-2599.  

Hardie RC, Peretz A, Suss-Toby E, Rom-Glas A, Bishop SA, Selinger Z & Minke 

B (1993a) Protein kinase C is required for light adaptation in Drosophila 

photoreceptors. Nature 363: 634-637.  

Hardie RC & Postma M (2008) Phototransduction in microvillar photoreceptors 

of Drosophila and other invertebrates. In: Masland RH & Albright TD (eds) 

The senses: a comprehensive reference: Vision I. Oxford, Academic Press: 

77-130.  

Hardie RC & Raghu P (1998) Activation of heterologously expressed Drosophila 

TRPL channels: Ca
2+

 is not required and InsP3 is not sufficient. Cell 

Calcium 24: 153-163.  

Hardie RC & Raghu P (2001) Visual transduction in Drosophila. Nature 413: 

186-193.  

Hardie RC, Raghu P, Moore S, Juusola M, Baines RA & Sweeney ST (2001) 

Calcium influx via TRP channels is required to maintain PIP2 levels in 

Drosophila photoreceptors. Neuron 30: 149-159.  

Hardie RC, Satoh AK & Liu CH (2012) Regulation of arrestin translocation by 

Ca
2+

 and myosin III in Drosophila photoreceptors. J Neurosci 32: 9205-

9216.  

Hardie RC, Voss D, Pongs O & Laughlin SB (1991) Novel potassium channels 

encoded by the Shaker locus in Drosophila photoreceptors. Neuron 6(3): 

477-486.  



 

 

 

98 

Hariyama T, Meyer-Rochow VB & Eguchi E (1986) Diurnal changes in structure 

and function of the compound eye of Ligia exotica (Crustacea, Isopoda). J 

Exp Biol 123: 1-26.  

Hedwig B (2006) Pulses, patterns and paths: neurobiology of acoustic behaviour 

in crickets. J Comp Physiol A 192(7): 677-689.  

Heginbotham L, Abramson T & MacKinnon R (1992) A functional connection 

between the pores of distantly related ion channels as revealed by mutant K
+
 

channels. Science 258(5058): 1152-1155.  

Heginbotham L, Abramson t & Mackinnon R (1994) Mutations in the K
+
 channel 

signature sequence. Biophys J 66(4): 1061-1067.  

Heimonen K, Immonen EV, Frolov RV, Salmela I, Juusola M, Vähäsöyrinki M & 

Weckström M (2012) Signal coding in cockroach photoreceptors is tuned to 

dim environments. J Neurophysiol 108: 2641-2652.  

Heimonen K, Salmela I, Kontiokari P & Weckström M (2006) Large functional 

variability in cockroach photoreceptors: optimization to low light levels. J 

Neurosci 26: 13454-13462.  

Heisenberg M & Buchner E (1977) The role of retinula cell types in visual 

behavior of Drosophila melanogaster. J Comp Physiol A 117: 127-162.  

Henderson SR, Reuss H & Hardie RC (2000) Single photon responses in 

Drosophila photoreceptors and their regulation by Ca
2+

. J Physiol 524: 179-

194.  

Henze MJ, Dannenhauer K, Labhart T & Gesemann M (2012) Opsin evolution 

and expression in arthropod compound eyes and ocelli: insights from the 

cricket Gryllus bimaculatus. BMC Evol Biol 12(163).  

Henze MJ & Labhart T (2007) Haze, clouds and limited sky visibility: polartactic 

orientation of crickets under difficult stimulus conditions. J Exp Biol 210: 

3266-3276.  

Herzmann D & Labhart T (1989) Spectral sensitivity and absolute threshold of 

polarization vision in crickets: a behavioral study. J Comp Physiol A 165(3): 

315-319.  

Hevers W & Hardie RC (1995) Serotonin modulates the voltage dependence of 

delayed rectifier and Shaker potassium channels in Drosophila 

photoreceptors. Neuron 14(4): 845-856.  

Hille B (2001a) Gating: voltage sensing and inactivation. In: Hille B (ed) Ion 

channels of excitable membranes. Sunderland, MA, USA, Sinauer 

Associates, Inc.: 603-634.  



 

 99 

Hille B (2001b) Potassium channels and chloride channels. In: Hille B (ed) Ion 

channels of excitable membranes. Sunderland, MA, USA, Sinauer 

Associates, Inc.: 131-167.  

Hille B (2001c) Selective permeability: independence. In: Hille B (ed) Ion 

channels of excitable membranes. Sunderland, MA, USA, Sinauer 

Associates, Inc.: 441-470.  

Hodgkin AL & Huxley AF (1952) A quantitative description of membrane current 

and its application to conduction and excitation in nerve. J Physiol 117: 500-

544.  

Homberg U, Heinze S, Pfeiffer K, Kinoshita M & el Jundi B (2011) Central 

neural coding of sky polarization in insects. Phil Trans R Soc B 366: 680-

687.  

Honegger H- & Campan R (1989) Vision and visually guided behavior. In: Huber 

F, Moore TE & Loher W (eds) Cricket behavior and neurobiology. Ithaca, 

New York, USA, Cornell University Press: 147-177.  

Horridge GA (1975) Optical mechanisms of clear zone eyes. In: Horridge GA 

(ed) The compound eye and vision of insects. Oxford, United Kingdom, 

Clarendon Press: 255-298.  

Horridge GA & Barnard PBT (1965) Movement of palisade in locust retinula 

cells when illuminated. Quart J Micr Sci 106: 131-135.  

Horridge GA, Mclean M, Stange G & Lillywhite PG (1977) A diurnal moth 

superposition eye with high resolution: Phalaenoides tristifica (Agaristidae). 

Proc R Soc Lond B 196(1124): 233-250.  

Horváth G & Varjú D (2004a) Polarization sensitivity in terrestrial insects. In: 

Horváth G & Varjú D (eds) Polarized light in animal vision: polarization 

patterns in nature. Germany, Springer-Verlag: 131-177.  

Horváth G & Varjú D (2004b) Why do crickets perceive skylight polarization in 

the blue? In: Horváth G & Varjú D (eds) Polarized light in animal vision: 

polarization patterns in nature. Germany, Springer-Verlag: 72-73.  

Howard J, Dubs A & Payne R (1984) The dynamics of phototransduction in 

insects: a comparative study. J Comp Physiol A 154: 707-718.  

Huang J, Liu CH, Hughes SA, Postma M, Schwiening CJ & Hardie RC (2010) 

Activation of TRP channels by protons and phosphoinositide depletion in 

Drosophila photoreceptors. Curr Biol 20: 189-197.  

Huber A (2001) Scaffolding proteins organize multimolecular protein complexes 

for sensory signal transduction. Eur J Neurosci 14(5): 769-776.  



 

 

 

100 

Ignatova I, French AS, Immonen EV, Frolov RV & Weckström M (2014) 

Equilibrating errors: reliable estimation of information transmission rates in 

biological systems with spectral analysis-based methods. Biol Cybern 

108(3): 305-320.  

Inward D, Beccaloni G & Eggleton P (2007) Death of an order: a comprehensive 

molecular phylogenetic study confirms that termites are eusocial 

cockroaches. Biol Lett 3: 331-335.  

Johnston D & Wu S (1995a) Electrical properties of the excitable membranes. In: 

Johnston D & Wu S (eds) Foundations of cellular neurophysiology. 

Cambridge, Massachusetts, USA, The MIT Press: 39-54.  

Johnston D & Wu S (1995b) Functional diversity of voltage-gated conductances. 

In: Johnston D & Wu S (eds) Foundations of cellular neurophysiology. 

Cambridge, Massachusetts, USA, The MIT Press: 183-214.  

Johnston D & Wu S (1995c) Functional properties of dendrites. In: Johnston D & 

Wu S (eds) Foundations of cellular neurophysiology. Cambridge, 

Massachusetts, USA, The MIT Press: 55-120.  

Juusola M & Hardie RC (2001) Light adaptation in Drosophila photoreceptors: I. 

Response dynamics and signaling efficiency at 25 degrees C. J Gen Physiol 

117(1): 3-25.  

Juusola M, Kouvalainen E, Järvilehto M & Weckström M (1994) Contrast gain, 

signal-to-noise ratio, and linearity in light-adapted blowfly photoreceptors. J 

Gen Physiol 104(3): 593-621.  

Juusola M & Weckström M (1993) Band-pass filtering by voltage-dependent 

membrane in an insect photoreceptor. Neurosci Lett 154: 84-88.  

Kamb A, Iverson LE & Tanouye MA (1987) Molecular characterization of 

Shaker, a Drosophila gene that encodes a potassium channel. Cell 50: 405-

413.  

Kashiwagi T, Meyer-Rochow VB, Nishimura K & Eguchi E (1997) Fatty acid 

composition and ultrastructure of photoreceptive membranes in the crayfish 

Procambrus clarkii under conditions of thermal and photic stress. J Comp 

Physiol B 167: 1-8.  

Kashiwagi T, Meyer-Rochow VB, Nishimura K & Eguchi E (2000) Light 

activation of phospholipase A2 in the photoreceptor of the crayfish 

(Procambarus clarkii). Acta Neurobiol Exp 60: 9-16.  



 

 101 

Katti C, Porter ML, Legg A, Gonzalez R, Garcia-Rivera E, Dugger D & Battelle 

B- (2010) Opsin co-expression in Limulus photoreceptors: differential 

regulation by light and a circadian clock. J Exp Biol 213: 2589-2601.  

Katz B, Oberacker T, Richter D, Tzadok H, Peters M, Minke B & Huber A (2013) 

Drosophila TRP and TRPL are assembled as homomultimeric channels in 

vivo. J Cell Sci 126: 3121-3133.  

Kelly KM & Mote MI (1990) Avoidance of monochromatic light by the 

cockroach periplaneta americana. J Insect Physiol 36: 287-291.  

Kirschfeld K (1967) Die projektion der optischen umwelt auf das raster der 

rhabdomere im komplexauge struct. Exp Brain Res 3: 248-270.  

Kirschfeld K (1974) The absolute sensitivity of lens and compound eyes. Z 

Naturforsch 29: 592-596.  

Koester J & Siegelbaum SA (2000) Membrane potential. In: Kandel E, Shwartz J 

& Jessell T (eds) Principles of neural science. New York, USA, McGraw-

Hill: 126-139.  

Kouvalainen E, Weckström M & Juusola M (1994) A method for determining 

photoreceptor signal-to-noise ratio in the time and frequency domains with a 

pseudorandom stimulus. Vis Neurosci 11(6): 1221-1225.  

Krause Y, Krause S, Huang J, Liu CH, Hardie RC & Weckström M (2008) Light-

dependent modulation of Shab channels via phosphoinositide depletion in 

Drosophila photoreceptors. Neuron 59: 596-607.  

Kwon HW, Lent DD & Strausfeld NJ (2004) Spatial learning in the restrained 

American cockroach Periplaneta americana. J Exp Biol 207: 377-383.  

Labhart T (1988) Polarization-opponent interneurons in the insect visual system. 

Nature 331: 435-437.  

Labhart T (1999) How polarization-sensitive interneurones of crickets see the 

polarization pattern of the sky: a field study with an opto-electronic model 

neurone. J Exp Biol 202: 757-770.  

Labhart T, Hodel B & Valenzuela I (1984) The physiology of the cricket's 

compound eye with particular reference to the anatomically specialized 

dorsal rim area. J Comp Physiol A 155(3): 289-296.  

Labhart T & Keller K (1992) Fine structure and growth of the polarization-

sensitive dorsal rim area in the compound eye of larval crickets. 

Naturwissenschaften 79: 527-529.  

Labhart T, Petzold J & Helbling H (2001) Spatial integration in polarization-

sensitive interneurones of crickets: a survey of evidence, mechanisms and 

benefits. J Exp Biol 204: 2423-2430.  



 

 

 

102 

Land MF (1981) Optics and vision in invertebrates. In: Autrum H (ed) Handbook 

of sensory physiology VII/6A. Berlin Heidelberg New York, Springer: 471-

594.  

Land MF & Nilsson D-E (2002a) The origin of vision. In: Land MF & Nilsson D-

E (eds) Animal eyes. United Kingdom, Oxford University Press: 1-22.  

Land MF & Nilsson D-E (2002b) Light and vision. In: Land MF & Nilsson D-E 

(eds) Animal eyes. United Kingdom, Oxford University Press: 23-45.  

Land MF & Nilsson D-E (2002c) What makes a good eye? In: Land MF & 

Nilsson D-E (eds) Animal eyes. United Kingdom, Oxford University Press: 

46-71.  

Land MF & Nilsson D-E (2002d) Apposition compound eyes. In: Land MF & 

Nilsson D-E (eds) Animal eyes. United Kingdom, Oxford University Press: 

157-190.  

Land MF & Nilsson D-E (2002e) Superposition eyes. In: Land MF & Nilsson D-

E (eds) Animal eyes. United Kingdom, Oxford University Press: 191-214.  

Laughlin SB (1981) Neural principles in the visual system. In: Autrum H (ed) 

Handbook of sensory physiology VII/6B. Berlin Heidelberg New York, 

Springer: 133-280.  

Laughlin SB, de Ruyter van Steveninck, R. R. & Anderson JC (1998) The 

metabolic cost of neural information. Nat Neurosci 1: 36-41.  

Laughlin SB & Lillywhite PG (1982) Intrinsic noise in locust photoreceptors. J 

Physiol 332: 25-45.  

Laughlin SB & Weckström M (1993) Fast and slow photoreceptors - a 

comparative study of the functional diversity of coding and conductances in 

the Diptera. J Comp Physiol A 172: 593-609.  

Lent DD & Kwon HW (2004) Antennal movements reveal associative learning in 

the American cockroach Periplaneta americana. J Exp Biol 207: 369-275.  

Leung HT, Geng C & Pak WL (2000) Phenotypes of trpl mutants and interactions 

between the transient receptor potential (TRP) and TRP-like channels in 

Drosophila. J Neurosci 20(18): 6797-6803.  

Leung HT, Tseng-Crank J, Kim E, Mahapatra C, Shino S, Zhou Y, An L, Doerge 

RW & Pak WL (2008) DAG lipase activity is necessary for TRP channel 

regulation in Drosophila photoreceptors. Neuron 58(6): 884-896.  

Lev S, Katz B, Tzaefaty V & Minke B (2012) Signal-dependent hydrolysis of 

phosphatidylinositol 4,5-bisphosphate without activation of phospholipase 



 

 103 

C: implications on gating of Drosophila TRPL (transient receptor potential-

like) channel. J Biol Chem 287: 1436-1447.  

Lillywhite PG & Laughlin SB (1979) Transducer noise in a photoreceptor. Nature 

277: 569-572.  

Lipton GR & Sutherland DJ (1970) Activity rhythms in the American cockroach, 

Periplaneta americana. J Insect Physiol 16(8): 1555-1566.  

Lisman JE, Fain GL & O'Day PM (1982) Voltage-dependent conductances in 

Limulus ventral photoreceptors. J Gen Physiol 79: 187-209.  

Liu CH, Satoh AK, Postma M, Huang J, Ready DF & Hardie RC (2008) Ca
2+

-

dependent metarhodopsin inactivation mediated by calmodulin and NINAC 

myosin III. Neuron 59: 778-789.  

Liu CH, Wang T, Postma M, Obukhov AG, Montell C & Hardie RC (2007) In 

vivo identification and manipulation of the Ca
2+

 selectivity filter in the 

Drosophila transient receptor potential channel. J Neurosci 27(3): 604-615.  

Matsuura T & Kanou M (2003) Postembryonic changes in the response properties 

of wind-sensitive giant interneurons in cricket. J Insect Physiol 49(9): 805-

815.  

Meyer-Rochow VB (1999) Compound eye: circadian rhythmicity, illumination, 

and obscurity. In: Eguchi E & Tominaga Y (eds) Atlas of arthropod sensory 

receptors. Germany, Springer-Verlag: 97-125.  

Meyer-Rochow VB (2000) Visual-membrane vulnerability: the fatty-acid 

connection. Trends Neurosci 23(1): 13-14.  

Meyer-Rochow VB & Nilsson HL (1999) Compound eyes in polar regions, caves, 

and the deep-sea. In: Eguchi E & Tominaga Y (eds) Atlas of arthropod 

sensory receptors. Germany, Springer-Verlag: 125-142.  

Meyer-Rochow VB & Waldvogel H (1979) Visual behaviour and the structure of 

dark and light-adapted larval and adult eyes of the New Zealand glowworm 

Arachnocamp luminosa (Mycetophilidae: Diptera). J Insect Physiol 25: 601-

613.  

Millecchia R & Mauro A (1969) The ventral photoreceptor cells of Limulus. II. 

The basic photoresponse. J Gen Physiol 54(3): 310-330.  

Minke B (1982) Light-induced reduction in excitation efficiency 

in the trp mutant of Drosophila. J Gen Physiol 79: 361-385.  

Mishra M & Meyer-Rochow VB (2008) Fine structural description of the 

compound eye of the Madagascar 'hissing cockroach' Gromphadorhina 

portentosa (Dictyoptera: Blaberidae). Insect Sci 15: 179-192.  



 

 

 

104 

Mizunami M (1995a) Functional diversity of neural organization in inscct ocellar 

systems. Vision Res 35(4): 443-452.  

Mizunami M (1995b) Neural organization of ocellar pathways in the cockroach 

brain. J Comp Neurol 352(3): 458-468.  

Mizunami M, Weibrecht JM & Strausfeld NJ (1998) Mushroom bodies of the 

cockroach: their participation in place memory. J Comp Neurol 402(4): 520-

537.  

Montell C (2012) Drosophila visual transduction. Trends Neurosci 35(6): 356-

363.  

Montell C & Rubin GM (1989) Molecular characterization of Drosophila trp 

locus, a putative integral membrane protein required for phototransduction. 

Neuron 2: 1313-1323.  

Mote MI (1990) Structure and function of the visual systems of the American 

cockroach. In: Huber I, Masler EP & Rao BR (eds) Cockroaches as models 

for neurobiology: applications in biomedical research. USA, CRC Press, 

Inc.: 203-224.  

Mote MI & Black KR (1981) Action spectrum and threshold sensitivity in 

entrainment of circadian running activity in the cockroach Periplaneta 

americana. Photochem Photobiol 34(2): 257-265.  

Niemeyer BA, Suzuki E, Scott K, Jalink K & Zuker CS (1996) The Drosophila 

light-activated conductance is composed of the two channel TRP and TRPL. 

Cell 85: 651-659.  

Nilsson D-E (1989) Optics and evolution of the compound eye. In: Stavenga DG 

& Hardie RC (eds) Facets of vision. Berlin Heidelberg New York, Springer: 

30-73.  

Nilsson D-E, Labhart T & Meyer E (1987) Photoreceptor design and optical 

properties affecting polarization sensitivity in ants and crickets. J Comp 

Physiol A 161(5): 645-658.  

Nishiitsutsuji-Uwo J & Pittendrigh CS (1968) Central nervous system control of 

circadian rhythmicity in the cockroach. II. The pathway of light signals that 

entrain the rhythms. Z Vergl Physiol 58(1): 1-13.  

Niven JE, Anderson JC & Laughlin SB (2007) Fly photoreceptors demonstrate 

energy-information trade-offs in neural coding. PLoS Biol 5: e116.  

Niven JE, Vähäsöyrinki M & Juusola M (2003b) Shaker K
+
-channels are 

predicted to reduce the metabolic cost of neural information in Drosophila 

photoreceptors. Proc Royal Soc 270 Suppl 1: S58-61.  



 

 105 

Niven JE, Vähäsöyrinki M, Juusola M & French SA (2004) Interactions between 

light-induced currents, voltage-gated current, and input signal properties in 

Drosophila photoreceptors. J Neurophysiol 91: 2696-2706.  

Niven JE, Vähäsöyrinki M, Kauranen M, Hardie RC, Juusola M & Weckström M 

(2003a) The contribution of Shaker K
+
 channels to the information capacity 

of Drosophila photoreceptors. Nature 421: 630-634.  

Oberwinkler J & Stavenga DG (2000) Calcium transient in the rhabdomeres of 

dark- and light-adapted fly photoreceptor cells. J Neurosci 20(5): 1701-

1709.  

Okada J & Toh Y (2000) The role of antennal hair plates in object-guided tactile 

orientation of the cockroach (Periplaneta americana). J Comp Physiol A 

186: 849-857.  

Papazian DM, Schwarz TL, Tempel BL, Jan YN & Jan LY (1987) Cloning of 

genomic an complementary DNA from Shaker, a putative potassium channel 

gene from Drosophila. Science 237: 749-753.  

Parnas M, Katz B & Minke B (2007) Open channel block by Ca
2+

 underlies the 

voltage dependence of drosophila TRPL channel. J Gen Physiol 129(1): 17-

28.  

Peretz A, Abitbol I, Sobko A, Wu CF & Attali B (1998) A Ca
2+

/calmodulin-

dependent protein kinase modulates Drosophila photoreceptor K
+
 currents: a 

role in shaping photoreceptor potential. J Neurosci 18(22): 9153-9162.  

Pfister A, Johnson A, Ellers O & Horch HW (2013) Quantification of dendritic 

and axonal growth after injury to the auditory system of the adult  cricket 

Gryllus bimaculatus. Front Physiol 3.  

Phillips AM, Bull A & Kelly LE (1992a) Identification of a Drosophila gene 

encoding a calmodulin-binding protein with homology to the trp 

phototransduction gene. Neuron 8: 631-642.  

Phillips CL, Bacigalupo J & O'Day PM (1992b) Inward rectification in Limulus 

ventral photoreceptors. Vis Neurosci 8(1): 19-25.  

Postma M, Oberwinkler J & Stavenga DG (1999) Does Ca
2+

 reach millimolar 

concentrations after single photon absorption in Drosophila photoreceptor 

microvilli? Biophys J 77(4): 1811-1823.  

Raghu P, Colley NJ, Webel R, James T, Hasan G, Danin M, Selinger Z & Hardie 

RC (2000a) Normal phototransduction in Drosophila photoreceptors lacking 

an InsP3 receptor gene. Mol Cell Neurosci 15: 429-445.  



 

 

 

106 

Rall W (1977) Core conductory theory and cable properties of neurons. In: 

Kandel E (ed) Handbook of physiology. Bethesda, MD, USA, American 

Physiological Society: 39-97.  

Reid JL & Lisman JE (1981) Light modulates voltage-dependent potassium 

channels in Limulus ventral photoreceptors. Science 212: 1273-1275.  

Reuss H, Mojet MH, Chyb S & Hardie RC (1997) In vivo analysis of the 

Drosophila light-sensitive channels, TRP and TRPL. Neuron 19: 1249-1259.  

Ribi W (1977) Fine structure of the first optic ganglion (lamina) of the cockroach 

Periplaneta americana. Tissue Cell 9(1): 57-72.  

Richter D, Katz B, Oberacker T, Tzarfaty V, Belusic G, Minke B & Huber A 

(2011) Translocation of the Drosophila transient receptor potential-like 

(TRPL) channel requires both the N- and C-terminal regions together with 

sustained Ca
2+

 entry. J Biol Chem 286(39): 34234-34243.  

Rivera-Alba M, Vitaladevuni SN, Mishchenko Y, Lu Z, Takemura S, Scheffer L, 

Meinertzhagen IA, Chklovskii DB & de Polavieja GG (2011) Wiring 

economy and volume exclusion determine neuronal placement in the 

Drosophila brain. Curr Biol 21(23): 2000-2005.  

Roberts SK (1965) Photoreception and entrainment of cockroach activity 

rhythms. Science 148: 958-959.  

Rogero O, Hämmerle B & Tejedor FJ (1997) Diverse expression and distribution 

of Shaker potassium channels during the development of the Drosophila 

nervous system. J Neurosci 17(13): 5108-5118.  

Rose A (1942) The relative sensitivities of television pickup tubes, photographic 

film and the human eye. Proc Inst Radio Eng New York 30: 293-300.  

Roux B (2005) Ion conduction and selectivity in K(+) channels. Annu Rev 

Biophys Biomol Struct 34: 153-171.  

Ruck P (1958) A comparison of the electrical responses of compound eyes and 

dorsal ocelli in four insect species. J Insect Physiol 2(4): 261-264.  

Rudy B (1988) Diversity and ubiquity of K
+
 channels. Neuroscience 25: 729-749.  

Running Deer JL, Hurley JB & Yarfitz SL (1995) G protein control of Drosophila 

photoreceptor phospholipase C. J Biol Chem 270: 12623-12328.  

Sakura M, Takasuga K, Watanabe M & Eguchi E (2003) Diurnal and circadian 

rhythm in compound eye of cricket (Gryllus bimaculatus): changes in 

structure and photon capture efficiency. Zoolog Sci 20(7): 833-840.  



 

 107 

Salmela I (2013) Biophysics of night vision: cockroach (Periplaneta americana) 

photoreceptors as a model system. PhD thesis. Oulu, Deparment of Physics, 

University of Oulu.  

Sanes JR & Zipursky SL (2010) Design principples of insect and vertebrate visual 

systems  . Neuron 66(1): 15-36.  

Satoh AK, Xia H, Yan L, Liu CH, Hardie RC & Ready DF (2010) Arrestin 

translocation is stoichiometric to rhodopsin isomerization and accelerated by 

phototransduction in Drosophila photoreceptors. Neuron 67(6): 997-1008.  

Schal C & Hamilton RL (1990) Integrated suppression of synanthropic 

cockroaches. Annu Rev Entomol 35: 521-551.  

Schmeling F, Wakakuwa M, Tegtmeier J, Kinoshita M, Bockhorst T, Arikawa K 

& Homberg U (2014) Opsin expression, physiological characterization and 

identification of photoreceptor cells in the dorsal rim area and main retina of 

the desert locust, Schistocerca gregaria  . J Exp Biol 217: 3557-3568.  

Schwarz EM & Benzer S (1997) Calx, a Na-Ca exchanger gene of Drosophila 

melanogaster. Proc Natl Acad Sci USA 94(19): 10249-10254.  

Schwemer J (1989) Visual pigments of compound eyes - structure, 

photochemistry, and regeneration. In: Stavenga DG & Hardie RC (eds) 

Facets of vision. Berlin, Germany, Springer-Verlag: 112-133.  

Scott K, Sun Y, Beckingham K & Zuker CS (1997) Calmodulin regulation of 

Drosophila light-activated channels and receptor function mediates 

termination of the light response in vivo. Cell 91: 375-383.  

Seelinger G (1984) Sex-specific activity patterns in Periplaneta americana and 

their relation to mate-finding. Ethology 65(4): 309-326.  

Shannon CE (1948) A mathematical theory of communication. Bell Syst Tech J 

27: 379-423.  

Shannon CE (1949) Communication in the presence of noise. Proc IRE 37(1): 10-

21.  

Shieh BH, Parker L & Popescu DC (2002) Protein kinase C (PKC) isoforms in 

Drosophila. J Biochem 132(4): 523-527.  

Snyder AW & Horridge GA (1972) The optical function of changes in the 

medium surrounding the cockroach rhabdom. J Comp Physiol A 81: 1-8.  

Somanathan H, Kelber A, Borges RM, Wallén R & Warrant EJ (2009) Visual 

ecology of Indian carpenter bees II: adaptation of eyes and ocelli to 

nocturnal and diurnal lifestyles. J Comp Physiol A 195(6): 571-583.  

Song Z & Juusola M (2014) Refractory sampling links efficiency and costs of 

sensory encoding to stimulus statistics. J Neurosci 34(21): 7216-7237.  



 

 

 

108 

Song Z, Postma M, Billings SA, Coca D, Hardie RC & Juusola M (2012) 

Stochastic, adaptive sampling of information by microvilli in fly 

photoreceptors. Curr Biol 22: 1371-1380.  

Stavenga DG (2003b) Angular and spectral sensitivity of fly photoreceptors. II. 

Dependence on facet lens F-number and rhabdomere type in Drosophila. J 

Comp Physiol A 189: 189-202.  

Stierle IE, Getman M & Comer CM (1994) Multisensory control of escape in the 

cockroach Periplaneta americana. J Comp Physiol A 174(1): 1-11.  

Sullivan KM, Scott K, Zuker CS & Rubin GM (2000) The ryanodine receptor is 

essential for larval development in Drosophila melanogaster. Proc Natl 

Acad Sci USA 97(11): 5942-5947.  

Suzuki E, Katayama E & Hirosawa K (1993) Structure of photoreceptive 

membranes of Drosophila compound eyes as studied by quick-freezing 

electron microscopy. J Electron Microsc (Tokyo) 42(3): 178-184.  

Takalo J, Ignatova I, Weckström M & Vähäsöyrinki M (2011) A novel estimator 

for the rate of information transfer by continuous signals. PLoS One 6: 

e18792.  

Takalo J, Piironen A, Honkanen A, Lempeä M, Aikio M, Tuukkanen T & 

Vähäsöyrinki M (2012) A fast and flexible panoramic virtual reality system 

for behavioural and electrophysiological experiments. Sci Rep 2: 324.  

Takaqi A, Kurita K, Terasawa T, Nakamura T, Bando T, Moriyama Y, Mito T & 

Ohuchi H (2012) Functional analysis of the role of eyes absent and sine 

oculis in the developing eye of the cricket Gryllus bimaculatus. Dev Growth 

Differ 54(2): 227-240.  

Takemura S, Bharioke A, Lu Z, Nern A, Vitaladevuni S, Rivlin PK, Katz WT, 

Olbris DJ, Plaza SM, Winston P, Zhao T, Horne JA, Fetter RD, Takemura S, 

Blazek K, Chang L-, Ogundeyi O, Saunders MA, Shapiro V, Sigmund C, 

Rubin GM, Scheffer L, Meinertzhagen IA & Chklovskii DB (2013) A visual 

motion detection circuit suggested by Drosophila connectomics. Nature 500: 

175-181.  

Tanaka S, Tanaka K, Yasuhara Y, Nakahara Y & Katagiri C (1999) Flight activity, 

flight fuels and lipophorins in a cricket, Gryllus bimaculatus. Entomol Sci 2: 

457-465.  

Tempel BL, Papazian DM, Schwarz TL, Jan YN & Jan LY (1987) Sequence of a 

probable potassium channel component encoded at Shaker locus of 

Drosophila. Science 237: 770-775.  



 

 109 

Tian C, Zhu R, Zhu L, Qiu T, Cao Z & Kang T (2014) Potassium channels: 

structures, diseases, and modulators. Chem Biol Drug Des 83(1): 1-26.  

Toh Y, Sagara H & Iwasaki M (1983) Ocellar system of the insect: comparison of 

dorsal ocellus and lateral ocellus. Vision Res 23(4): 313-323.  

Tombola F, Pathak MM & Isacoff EY (2006) How does voltage open an ion 

channel? Annu Rev Cell Dev Biol 22: 23-52.  

Tomioka K & Chiba Y (1982) Post-embryonic development of circadian rhythm 

in the cricket, Gryllus bimaculatus: a rhythm reversal. J Comp Physiol A 

147(3): 299-304.  

Tomioka K, Oryu O, Kamae Y, Umezaki Y & Yoshii T (2012) Peripheral 

circadian rhythms and their regulatory mechanism in insects and some other 

arthropods: a review. J Comp Physiol B 182: 729-740.  

Tomioka K & Yukizane M (1996) A specific area of the compound eye in the 

cricket Gryllus bimaculatus sends photic information to the circadian 

pacemaker in the contralateral optic lobe. J Comp Physiol A 180(1): 63-70.  

Trujillo-Cenóz O & Melamed J (1971) Spatial distribution of photoreceptor cells 

in the ommatidium of Periplaneta americana. J Ultrastruct Res 34: 397-400.  

Ugarte G, Delgado R, O'Day PM, Farjah F, Cid LP, Vergara C & Bacigalupo J 

(2005) Putative ClC-2 chloride channel mediates inward rectification in 

Drosophila retinal photoreceptors. J Membrane Biol 207(3): 151-160.  

Ukhanov KY, Gribakin FG, Leertouwer HL & Stavenga DG (1996) Dioptrics of 

the facet lenses in the dorsal rim area of the cricket Gryllus bimaculatus. J 

Comp Physiol A 179(4): 545-552.  

Uryu O & Tomioka K (2014) Post-embryonic development of circadian 

oscillations within and outside the optic lobe in the cricket, Gryllus 

bimaculatus. Zoolog Sci 31(4): 237-243.  

Vähäsöyrinki M, Niven JE, Hardie RC, Weckström M & Juusola M (2006) 

Robustness of neural coding in Drosophila photoreceptors in the absence of 

slow delayed rectifier K
+
 channels. J Neurosci 26: 2652-2660.  

Vallet AM & Coles JA (1993) Is the membrane voltage amplifier of drone 

photoreceptors useful at physiological light intensities? J Comp Physiol A 

173(2): 163-168.  

Vallet AM, Coles JA, Eilbeck JC & Scott AC (1992) Membrane conductances 

involved in amplification of small signals by sodium channels in 

photoreceptors of drone honey bee. J Physiol 456: 303-324.  

van Hateren JH (1992) Theoretical predictions of spatiotemporal receptive fields 

of fly LMCs, and experimental validation. J Comp Physiol A 171: 157-170.  



 

 

 

110 

van Hateren JH (1993) Spatiotemporal contrast sensitivity of early vision. Vision 

Res 33(2): 257-267.  

van Hateren JH (1997) Processing of natural time series of intensities by the 

visual system of the blowfly. Vision Res 37: 3407-3416.  

Vogt K & Kirschfeld K (1984) The chemical identity of the chromophores of fly 

visual pigment. Z Naturwiss 71: 211-213.  

Walker TJ & Masaki S (1989) Natural history. In: Huber F, Moore TE & Loher W 

(eds) Cricket behavior and neurobiology. Ithaca, New York, USA, Cornell 

University Press: 1-42.  

Walz B, Baumann O, Zimmermann B & Ciriacy-Wantrup EV (1995) Caffeine- 

and ryanodine-sensitive Ca
2+

-induced Ca
2+

 release from the endoplasmic 

reticulum in honeybee photoreceptors. J Gen Physiol 105: 537-567.  

Walz B, Zimmermann B & Seidl S (1994) Intracellular Ca
2+

 concentration and 

latency of light-induced Ca
2+

 changes in photoreceptors of the honeybee 

drone. J Comp Physiol A 174(4): 421-431.  

Wang T & Montell C (2007) Phototransduction and retinal degeneration in 

Drosophila. Pflugers Arch 454(5): 821-847.  

Wang T, Xu H, Oberwinkler J, Gu Y, Hardie RC & Montell C (2005) Light 

activation, adaptation, and cell survival functions of the Na
+
/Ca

2+
 exchanger 

CalX. Neuron 45: 367-378.  

Wardill TJ, List O, Li X, Dongre S, McCulloch M, Ting C-, O'Kane CJ, Tang S, 

Lee C-, Hardie RC & Juusola M (2012) Multiple spectral inputs improve 

motion discrimination in the Drosophila visual system. Science 336(6083): 

925-931.  

Warr CG & Kelly LE (1996) Identification and characterization of two distinct 

calmodulin-binding sites in the Trpl ion-channel protein of Drosophila 

melanogaster. Biochem J 314: 497-503.  

Warrant EJ (1999) Seeing better at night: life style, eye design and the optimum 

strategy of spatial and temporal summation. Vision Res 39: 1611-1630.  

Warrant EJ (2006) Invertebrate vision in dim light. In: Warrant EJ & Nilsson D-E 

(eds) Invertebrate vision. United Kingdom, Cambridge University Press: 83-

126.  

Warrant EJ (2007) Nocturnal bees. Curr Biol 17: R991-992.  

Warrant EJ (2008) Seeing in the dark: vision and visual behavior in nocturnal 

bees and wasps. J Exp Biol 211: 1737-1746.  



 

 111 

Warrant EJ & Dacke M (2011) Vision and visual navigation in nocturnal insects. 

Ann Rev Entomol 56: 239-254.  

Warrant EJ, Kelber A, Gislén A, Greiner B, Ribi W & Wcislo WT (2004) 

Nocturnal vision and landmark orientation in a tropical halictid bee. Curr 

Biol 14(15): 1309-1318.  

Warrant EJ & Nilsson D-E (1998) Absorption of white light in photoreceptors. 

Vision Res 38: 195-207.  

Weckström M (1994) Voltage-activated outward currents in adult and nymphal 

locust photoreceptors. J Comp Physiol A 174: 795-801.  

Weckström M, Hardie RC & Laughlin SB (1991) Voltage-activated potassium 

channels in blowfly photoreceptors and their role in light adaptation. J 

Physiol 440: 635-657.  

Weckström M, Järvilehto M & Heimonen K (1993) Spike-like potentials in the 

axons of nonspiking photoreceptors. J Neurophysiol 69: 293-296.  

Weckström M & Laughlin SB (1995) Visual ecology and voltage-gated ion 

channels in insect photoreceptors. Trends Neurosci 18: 17-21.  

Wehner R & Labhart T (2006) Polarization vision. In: Warrant EJ & Nilsson D-E 

(eds) Invertebrate vision. United Kingdom, Cambridge University Press: 

291-348.  

Wessnitzer J, Mangan M & Webb B (2008) Place memory in crickets. Proc Biol 

Sci 275: 915-921.  

Wiesenfeld K & Moss F (1995) Stochastic resonance and the benefits of noise: 

from ice ages to crayfish and squids. Nature 373: 33-36.  

Williams DS (1983) Changes of photoreceptor performance associated with the 

daily turnover of photoreceptor membrane in locusts. J Comp Physiol 

150(4): 509-519.  

Willis MA, Avondet JL & Finnell AS (2008) Effects of altering flow and odor 

information on plume tracking behavior in walking 

cockroaches, Periplaneta americana (L.). J Exp Biol 211: 2317-2326.  

Willis MA, Avondet JL & Zheng E (2011) The role of vision in odor-plume 

tracking by walking and flying insects. J Exp Biol 214: 4121-4132.  

Wolken JJ & Gupta PD (1961) Photoreceptor structures. The retinal cells of the 

cockroach eye. IV. Periplaneta americana and Blaberus giganteus. J 

Biophys Biochem Cytol 9(3): 720-724.  

Wu CF & Pak WL (1975) Quantal basis of photoreceptor spectral sensitivity of 

Drosophila melanogaster. J Gen Physiol 66: 149-168.  



 

 

 

112 

Wulff H, Castle NA & Pardo LA (2009) voltage-gated potassium channels as 

therapeutic targets. Nat Rev: Drug Discov 8(12): 982-1001.  

Xiao B, Chen AH, Zhang YY, Jiang GF, Hu CC & Zhu CD (2012) Complete 

mitochondrial genomes of two cockroaches, Blatella germanica and 

Periplaneta americana, and the phylogenetic position of termites. Curr 

Genet 58(2): 65-77.  

Yamaguchi S, Wolf R, Desplan C & Heisenberg M (2008) Motion vision is 

independent of color in Drosophila. Proc Natl Acad Sci USA 105: 4910-

4915.  

Ye S, Leung V, Khan A, Baba Y & Comer C (2003) The antennal system and 

cockroach evasive behavior. I. roles for visual and mechanosensory cues in 

the response. J Comp Physiol A 189: 89-96.  

Yeandle S (1958) Evidence of quantized slow potentials in the eye of Limulus. J 

Ophthal 46: 82-87.  

Yellen G (2002) The voltage-gated potassium channels and their relatives. Nature 

419: 35-42.  

Yoon C, Kang S, Yang J-, Noh D-, Indiragandhi P & Kim G- (2009) Repellent 

activity of citrus oils against the cockroaches Blattella germanica, 

Periplaneta americana and P. fuliginosa  . J Pestic Sci 34: 77-88.  

Zelhof C, Hardy RW, Becker A & Zuker CS (2006) Transforming the architecture 

of compound eyes. Nature 443(7112): 696-699.  

Ziegler A & Walz B (1989) Analysis of extracellular calcium and volume changes 

in the compound eye of the honeybee drone, Apis mellifera. J Comp Physiol 

A 165: 697-709.  

Ziegler A & Walz B (1990) Evidence for light-induced release of Ca
2+

 from 

intracellular stores in bee photoreceptors. Neurosci Lett 111(1-2): 87-91.  

Zufall F, Schmitt M & Menzel R (1989) Spectral and polarized light sensitivity of 

photoreceptors in the compound eye of the cricket (Gryllus bimaculatus). J 

Comp Physiol A 164(5): 597-608.  



 

 113 

Original publications 


