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Summary 
 

To various degrees, insects in nature adapt to and live with two fundamental 

environmental rhythms around them: (1) the daily rhythm of light and dark, and (2) the 

yearly seasonal rhythm of the changing photoperiod (length of light per day). It is 

hypothesized that two biological clocks evolved in organisms on earth which allow them to 

harmonize successfully with the two environmental rhythms: (1) the circadian clock, which 

orchestrates circadian rhythms in physiology and behavior, and (2) the photoperiodic 

clock, which allows for physiological adaptations to changes in photoperiod during the 

course of the year (insect photoperiodism). The circadian rhythm is endogenous and 

continues in constant conditions, while photoperiodism requires specific light inputs of a 

minimal duration. Output pathways from both clocks control neurosecretory cells which 

regulate growth and reproduction. This dissertation focuses on the question whether 

different photoperiods change the network and physiology of the circadian clock of an 

originally equatorial cockroach species. It is assumed that photoperiod-dependent 

plasticity of the cockroach circadian clock allows for adaptations in physiology and 

behavior without the need for a separate photoperiodic clock circuit. 

The Madeira cockroach Rhyparobia maderae is a well established circadian clock 

model system. Lesion and transplantation studies identified the accessory medulla (aMe), 

a small neuropil with about 250 neurons, as the cockroach circadian pacemaker. Among 

them, the pigment-dispersing factor immunoreactive (PDF-ir) neurons anterior to the aMe 

(aPDFMes) play a key role as inputs to and outputs of the circadian clock system.  

The aim of my doctoral thesis was to examine whether and how different photoperiods 

modify the circadian clock system. With immunocytochemical studies, three-dimensional 

(3D) reconstruction, standardization and Ca2+-imaging technique, my studies revealed 

that raising cockroaches in different photoperiods changed the neuronal network of the 

circadian clock (Wei and Stengl, 2011). In addition, different photoperiods affected the 

physiology of single, isolated circadian pacemaker neurons. This thesis provides new 

evidence for the involvement of the circadian clock in insect photoperiodism. The data 

suggest that the circadian pacemaker system of the Madeira cockroach has the plasticity 

and potential to allow for physiological adaptations to different photoperiods. Therefore, it 

may express also properties of a photoperiodic clock. 

This doctoral thesis consists of 6 chapters, focusing on 4 main research themes:  

(1) Spatial reconstruction and analysis of the structural changes of PDF-ir circadian 

pacemaker neurons in response to different photoperiods. (Chapter I and II). 

(2) Identification of ion channels producing and underlying spontaneous activity of the 

aMe neurons and analysis of physiological responses of circadian clock neurons to 

different photoperiods. (Chapter III and V). 

(3) Determination of the role of the neurotransmitters acetycholine (ACh) and histamine in 

the circadian clock and the modulation of ACh-responses via photoperiod (Chapter IV 

and V). 

(4) Assessment of the suitability of terminated ultrananocrystalline diamond surfaces for 

the cockroach circadian pacemaker cell cultures as a prerequisite to the development 

of long-term recording devices. (Chapter VI). 
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Chapter I: Implementation of pigment-dispersing factor- 

immunoreactive neurons in a standardized atlas of  

the brain of the cockroach Leucophaea maderae 

 

Chapter I describes and analyses the spatial distribution of neuropils in the Madeira 

cockroach brain and the PDF-ir circadian pacemaker neurons. To facilitate understanding 

and comparison of the connectivity patterns of circadian pacemaker neurons, a 

standardized three-dimensional (3D) atlas of the cockroach brain comprising 21 neuropils 

was generated. Two different standardization protocols were employed: (1) the virtual 

insect brain protocol (VIB) using global and local rigid transformations followed by local 

non-rigid transformations, and (2) the iterative shape averaging (ISA) method employing 

image-intensity-based iterative non-rigid registrations after an affine transformation. While 

the VIB protocol can be used to determine time- or stimulus-dependent differences in the 

individual brain, the ISA protocol is designed to maximize the entropy-based normalized 

mutual information to obtain an intensity-based average brain for neuronal implementation. 

Quantitative analysis of 20 individual cockroach brains revealed that volumes of the aMe 

are significantly correlated with the volumes of the medulla, the protocerebral bridge, and 

the upper division of the central body. These quantitative relationships between the 

neuropils suggest functional connections between them. In a second step, the branching 

pattern of PDF-ir circadian pacemaker neurons was implemented into the ISA standard 

brain. The 3D reconstruction of the network of the PDF-ir neurons reveals two new 

features of the PDF-ir branching pattern: (1) two PDF-ir arborization areas, the plexus1 

and the anterior fiber plexus (AFP), are highly interconnected with other PDF-ir projection 

sites, which might allow for information exchange between the anterior and posterior 

commissures (AOC and POC). (2) The distances between PDF-ir branching sites show 

specific numerical relationships, reminiscent of delay lines employed in temporal encoding 

schemes in the auditory cortex. This suggests that the timing of parallel outputs of the 

PDF-ir neurons may maintain defined phase-differences in the respective postsynaptic 

neurons. 

 

 

Chapter II: Light affects the branching pattern of peptidergic circadian pacemaker 

neurons in the brain of the cockroach Leucophaea maderae 

 

Chapter II determines whether and how light affects the neuronal circuits of circadian 

pacemaker neurons of the Madeira cockroach. The cockroaches were raised in different 

photoperiods (6:18 light:dark LD, 12:12, or 18:6), or in different T-cycles (with different 

hours per day) (11:11, 12:12 or 13:13). The cockroach brains from different groups were 

immunostained with antisera against PDF and/or orcokinin. Orcokinin is assumed to be 

involved in the light-entrainment pathway to the circadian clock. Photoperiod with long day 

(18:6) increased the number of large- and medium-sized aPDFMes, while short day (6:18) 

only decreased the medium-sized aPDFMes. In LD 11:11 cycles, only the number of 

medium-sized specifically decreased, while it increased in 13:13. Moreover, the PDF-ir 

fibers in the AOC and orcokinin-ir fibers both in AOC and POC were sensitive to different 
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photoperiods. Thus, light affected the number and branching pattern of PDF-ir neurons, 

especially the medium-sized aPDFMes, which colocalize orcokinin-immunoreactivity and 

which could respond to photoperiod specifically. In addition, the different photoperiods 

changed the numerical relationships of distances between PDF-ir branching sites, which 

could possibly allow for temporal encoding of different photoperiods. The data suggested 

that the same neuronal circuits which constitute a circadian pacemaker center could also 

serve for photoperiodic adaptations.  

 

 

Chapter III: Ca2+-dependent ion channels underlying  

spontaneous activity in insect circadian pacemaker neurons  

 

Chapter III identifies pacemaker channels and ionic mechanisms controlling spontaneous 

Ca2+ transients of cultured circadian pacemaker neurons of the Madeira cockroach, using 

Ca2+-imaging combined with pharmacology. The fast spontaneous Ca2+ transients 

characterized by a rapid increase in intracellular Ca2+ concentration and a double 

exponential decay, occurred in about 26% of the cultured aMe cells. The tetrodotoxin 

(TTX) blockable fast spontaneous Ca2+ transients in the cultured aMe neurons 

accompany the TTX-sensitive spontaneous spiking activity. Thus, spontaneous Ca2+ 

transients are indicative of spontaneous action potential activity. Spontaneous activity is 

predominantly driven by mibefradil-sensitive, low-voltage-activated Ca2+ channels 

(L-VACC) and DK-AH269-sensitive hyperpolarization-activated, cyclic nucleotide-gated 

(HCN) cation channels, but not by TTX-sensitive sustained Na+ channels. The excitatory 

drive from such “pacemaker channels” (L-VACCs and HCNs) activate the 

voltage-activated Na+ channels and nifedipine-sensitive high- VACCs. Together with Ca2+ 

rises, resulting depolarizations open small conduction Ca2+-dependent K+ channels (SKs). 

The P/Q-type VACCs couple to large-conduction Ca2+-dependent K+ channels (BKs), 

which could override pacemaker channels and promote input-dependent inhibition of the 

spontaneous activity. 

  

 

Chapter IV: Calcium responses of circadian pacemaker neurons 

of the cockroach Rhyparobia maderae to acetylcholine and histamine 

 

Chapter IV summarizes the Ca2+ responses of cultured circadian pacemaker neurons of 

the Madeira cockroach to the neurotransmitters acetylcholine (ACh) and histamine (HA). 

The ACh, as a prominent excitatory neurotransmitter, increased the intracellular Ca2+ 

levels of the aMe cells in a dose-dependent manner via nicotinic receptors. The HA, as a 

prominent inhibitory neurotransmitter, decreased intracellular Ca2+ levels of the aMe cells. 

Moreover, in contrast to ACh, the sustained HA response remained for several minutes 

after washout. These data suggest that ACh and HA act as neurotransmitters in the 

Madeira cockroach circadian system and may play a role in the light entrainment 

pathway (ACh) or in a non-photic input pathway (HA) to the circadian clock. 
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Chapter V: Photoperiod affects the physiological responses of cultured circadian 

pacemaker neurons in the Madeira cockroach Rhyparobia maderae 

 

Chapter V presents evidence that physiological responses of circadian pacemaker 

neurons of the Madeira cockroach are photoperiod-sensitive. The spontaneous activity of 

cultured aMe circadian pacemaker neurons changed in response to increases in the 

extracellular Ca2+ concentration. According to presence or absence of spontaneous 

activity in salines with low, normal, and high Ca2+ levels, different physiological response 

types of the aMe cells from the same cockroach were distinguished. The cockroaches 

reared in different photoperiods (6:18, 12:12, or 18:6) showed different percentage 

distributions of different response types (type-percentage vectors). The type-percentage 

vectors are highly reproducible and photoperiod-specific. The data suggested that the ion 

channel composition of the cultured cockroach circadian pacemaker neurons could 

encode photoperiodic information, and therefore, could be involved in 

photoperiod-dependent adaptations of behavior and/or physiology. In addition, to test a 

possibly role of ACh in photoperiod-dependent plasticity, the effect of ACh on intracellular 

Ca2+ levels of the culture aMe neurons from different photoperiodic cockroach groups 

were compared and analyzed. Comparison of the ACh effect on all tested aMe cells did 

not provide evidences for the change of ACh-sensitivity of cultured aMe cells by 

photoperiods. However, it cannot be excluded that ACh relays photoperiodic information 

only to a small minority of aMe cells.  

 

 

Chapter VI: Influence of the surface termination of ultrananocrystalline 

diamond/amorphous carbon composite films on their interaction with neurons 

 

Chapter VI assesses of the suitability of terminated ultrananocrystalline diamond (UNCD) 

surfaces for the cockroach circadian pacemaker cell cultures. The H-, OH- and NH2 

terminated UNCD surfaces (produced by Alexandra Voss, Institute of Nanostructure 

Technologies and Analytics, University of Kassel) were used to generate the aMe cell 

cultures. The OH- and NH2 terminated UNCD surfaces allow for a faster, stronger 

attachment of neurons without compromising their viability. Thus, the UNCD surfaces can 

be used as basic cell adhesive surface for the cultured insect neurons. In the future we 

want to employ these new surfaces for the development of long-term recording devises of 

the circadian pacemaker neurons.  
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Introduction 
 
Insect photoperiodism  
 

Like all planets in the solar system, the earth revolves around the sun in an elliptical orbit, 

which gives rise to the procession of seasonal changes. The 23.5 degrees inclination of 

the earth’s axis with respect to the plane of its orbit determines the seasonal differences in 

the length of the light/dark (LD) cycles (photoperiod). The Photoperiod (the length of the 

light phase per day = daylength) changes systematically throughout the year, becoming 

longer during the summer and shorter during the winter (Fig.1). For equator-distant 

organisms, higher latitudes express remarkable seasonal changes in climate, with winters 

becoming colder and longer. To survive the cold and unfavorable environmental 

conditions, the majority of insects have evolved several strategies of adaptation. 

Photoperiodism is defined as a change of physiology and/or behavior in response to 

changes in photoperiod. For example night-active rodents and insects extend their activity 

phase during short-day conditions, while they shorten it during long-day conditions. 

Swarming and migration to the south could be a photoperiod-induced change of behavior. 

Photoperiod-dependent changes in physiology are e.g. the short day-dependent initiation 

of diapause. Insects living at temperate and polar climate zones (latitudes) initiate a 

cascade of hormonal changes that culminate in diapause. Diapause is a stage of 

developmental arrest with interruptions or alteration of neuroendocrine activity. Depending 

on the species, diapause can occur at any developmental stage, from embryo to adult. 

Embryonic diapause is an arrest of embryogenesis. Pupal and larval diapause is an arrest 

of growth and differentiation at the pupal or larval stages, respectively. Adult diapause is 

characterized by absence of reproductive activity and reduced female ovarian 

development. Other photoperiodic physiological adaptations are production of 

“antifreeze"-molecules in the hemolymph or increase of energy reservoirs. 

  The photoperiod-dependent change in locomotor behavior may be a direct light 

stimulus-dependent response. Alternatively, it may be controlled by an endogenous clock 

which is photoperiod-sensitive. Currently, it is generally assumed that an endogenous 

photoperiodic clock underlies photoperiodism. Its relationship to endogenous circadian 

clocks is under discussion. 

 

 
Figure 1. Day length (hours) over the course of a year at different latitudes (Redrawn after Palmer, 

1976). 
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Structure and function of photoperiodic systems in insects 

 

The photoperiodic system of insects is hypothesized to consist of three components: a 

photoperiod-sensitive photoreceptor/mechanism (e.g. light input pathway, or 

light-sensitive enzymes), the photoperiodic clock (core mechanism), and outputs to 

behavior and/or control of hormone release (hormonal effectors) (Fig.2) (Emerson et al., 

2009; Vladimir, 2011).  

(A) Reported photoperiod-sensitive photoreceptors/mechanisms were located in the 

brain (extraretinal photoreceptors) and in the compound eyes (retinal photoreceptors). 

Both types of photoreception vary in different species and appear to be cooperatively 

involved in the input pathway of photoperiodism. In adults of the bug Plautia crossota 

stali removal of the compound eyes terminated their diapause, however, could not 

delete the photoperiodic response completely (Morita and Numata, 1999). Thus, in P. 

crossota stali next to the predominant role of compound eyes, also extraretinal 

photoreception in the brain appears to exist. In larvae of the butterfly Pieris brassicae, 

in contrast, the brain plays the predominant role in photoperiodic photoreception. 

Their stemmata are only subordinate photoreceptors for photoperiodism (Seuge and 

Veith, 1976). In insects, pigments with a caroteniod-derived chromophore coupled to 

opsin were shown to be involved in photoperiodism (Numata et al., 1997). In the aphid 

Megoura viciae, using immunocytochemistry with antibodies against different opsins, 

the photoperiodic photoreceptor in the brain was located to an anterior ventral 

neuropil region of the protocerebrum (Gao et al., 1999). In the larval brain of the 

silkworm Bombyx mori, the cerebral opsin (boceropsin) labeled cells were found in 

four regions: the dorsal anterior protocerebrum, the ventral anterior protocerebrum, 

the dorsal posterior protocerebrum and the lateral posterior tritocerebrum (Shimizu et 

al., 2001). 

(B) The core photoperiodic clock for photoperiodism is hypothesized to consist of a 

“photoperiodic timer” and a “photoperiodic counter” of non-defined cellular nature 

(Emersion et al., 2009). The "photoperiodic timer" can distinguish different 

photoperiods. It is either identical with (A), the photoperiodic photoreceptor, or it 

receives input from a photoperiodic photoreceptor/mechanism which measures actual 

duration of daylength. Furthermore, it can distinguish whether the day is either “long” 

or “short”. Depending on its distinction it initiates differential outputs such as an 

increase or a decrease in action potential frequency. In most insect species, a 

minimum number of long- or short days are required to initiate a photoperiodic 

response. Thus, a "photoperiodic counter" was suggested to “count” the number of 

consecutive short or long days. Then, after a certain number of days e.g. diapause is 

initiated. Under the assumption that the photoperiodic counter has to store the 

information from the photoperiodic timer for a certain number of days, Ikeda et al. 

(2005) tested whether the mushroom bodies (MB), which are the memory center of 

insect brains, were involved in the counter system. Ablation of the MB of blow flies 

Protophormia terraenovae did not prevent their adult diapause. Thus, the MB is not 

required for photoperiodism in this insect species.  

Still, the cellular nature of the various photoperiodic clock components remains to 
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be identified. Several studies have indicated that the photoperiodic clock is probably 

based upon damping circadian oscillators (Saunders, 2010a). The possible 

relationships between photoperiodic and circadian clocks will be discussed in a later 

chapter of my thesis.  

(C) The photoperiodic clock initiates behavioral and physiological changes via outputs to 

locomotor control centers and to hormonal effectors. Known locomotor control 

centers are the neural circuits of the central complex in the middle of the insect brain. 

In addition, locomotor control centers are located in less well characterized regions of 

the protocerebrum which connect to descending neurons which relay information to 

central pattern generators in the thoracic ganglia. Furthermore, neurosecretory cells 

in the pars intercerebralis (PI) and pars lateralis (PL) of the insect dorsal and lateral 

protocerebrum are the most likely hormonal effectors targeted by the photoperiodic 

clock. These neurons release neuropeptides (e.g. prothoracicotropic neurohormone 

PTTH, allatostatins, allatotropins, and insulin-like peptides). Or they use direct axonal 

connections to control the activity of neurohemal organs, such as the corpora 

cardiaca (CC), the corpora allata (CA), and endocrine glands such as the prothoracic 

gland, which all release key hormones for insect development and physiology. In 

adult diapause, the biosynthesis of juvenile hormone (JH) in CA is reduced, which 

leads to reduced ovarian development in females of different species (Matsuo et al., 

1997; Shiga et al., 2003). Furthermore, Horseman et al. (1994) showed that electrical 

stimulation of PL neurons significantly suppressed the JH synthesis in locusts 

Locusta migratoria. The connections of PI and PL neurons with the CA and CC were 

described in several insect species, such as the Colorado potato beetle (Khan et al., 

1986) and the blow fly P. terraenovae (Shiga and Numata, 2000). Ablation 

experiments showed that PI and PL are involved also in ovarian development and 

diapause induction in the linden bug Pyrrhocoris apterus (Hodkova, 1976) and the 

blow fly P. terraenovae (Shiga and Numata, 2000). Furthermore, ecdysteroids are 

also fundamentally important hormones for the regulation of adult diapause in 

dipterans (Brown et al., 1998; Richard et al., 1998; Raikhel et al., 2005). Biosynthesis 

and release of ecdysteroids from the prothoracic gland can terminate pupal and larval 

diapause (Denlinger et al., 2005). In the tobacco hornworm Manduca sexta PTTH of 

PL neurons stimulated production of ecdysteroids in the prothoracic gland (Agui et al., 

1979; Shiga et al., 2003; Siegmund and Korge, 2001). In contrast, embryonic 

diapause in silkmoth B. mori is under maternal control. The diapause hormone from 

neurosecretory cells in the subesophageal ganglion of the mother can induce 

embryonic diapause of the next generation (Sato et al., 1994; Yamashita, 1996).  
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Figure 2. Scheme of insect photoperiodism. Photoperiodic information (light/dark cycle) from Zeitgeber is 

received by the insect brain or compound eye (photoreception) and then transmitted to a proposed 

photoperiodic clock neural network. A photoperiodic timer decides whether the day is either “long” or 

“short”. A photoperiodic counter counts the consecutive photoperiodic cycles. Output pathways 

connect the photoperiodic clock to locomotor control centers and hormonal effectors, which release 

specific neurohormones or neurotransmitters. They control the synthesis and release of developmental 

hormones, which decide over the development state (development or diapause). 

 

 

The circadian clock system of Drosophila melanogaster 
 

There is another fundamental rhythm of light that insects encounter: next to the 

photoperiod, the circadian rhythm, which is caused by the rotation of the earth about its 

axis. The term “circadian” is derived from the Latin “circa”, meaning “approximately”, and 

“dies”, meaning “day”. A circadian rhythm is any biological process/oscillation with an 

about-24-hour period, driven by an endogenous circadian clock. Circadian rhythms can be 

entrained by external Zeitgeber, such as rhythmic changes in light and temperature. The 

Zeitgeber rhythm and the internal circadian rhythm of the organism maintain a fixed phase 

relationship forced by the Zeitgeber. Phase is defined as any defined state (the amplitude) 

of the rhythm such as the beginning of locomotor activity for the circadian locomotor 

activity rhythm. Period (τ = tau, duration of rhythm) is the shortest distance between same 

phases of a rhythm. The period is temperature-compensated over a wide temperature 

range and is genetically determined for the respective species.  

 Circadian systems are organized into three components: (A) Input pathways 

(entrainment pathways) synchronize the clock to the environmental rhythm or Zeitgeber 

via respective photoreceptors. (B) An intrinsic, self-sustained circadian clock (oscillator, 

pacemaker center) maintains the endogenous rhythm. (C) Output pathways control 

downstream oscillators or/and effectors such as control centers of locomotion or 

hormone release centers (effector pathways). The outputs temporally organize the 

molecular, cellular, physiological and behavioral responses relative to one another. The 

three components are not necessarily separate neuronal circuits or cells. The effectors 

also feed-back to the core clock and entrainment pathways (Fig.3). 
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Figure 3. Schematic structure of the circadian clock system. It consists of an endogenous clock with an 

endogenous period of approximately 24 hours. The circadian clock is synchronized with external 

rhythms (Zeitgeber) via entrainment pathways, and controls the molecular, cellular, physiological, and 

behavioral responses via effector pathways, which feed-back to clock and entrainment pathways. 

 

 

Molecular clockwork in the brain of D. melanogaster 

 

The circadian pacemaker neurons express a molecular circadian clockwork, here 

defined as nuclear circadian clock. Extensive studies were carried out in the fruit fly D. 

melanogaster, the best established insect model for genetic studies. Since the 1990s, 

many clock genes were discovered (Table1) (Allada et al., 1998; Edery, 2000; Williams et 

al., 2001; Cyran, 2003). The nuclear circadian clock generates circadian rhythms in clock 

gene expression, resulting in circadian rhythms of mRNA and protein concentrations in 

the cytoplasm. The clock genes period (per) and timeless (tim), which code for the clock 

proteins PERIOD (PER) and TIMELESS (TIM) respectively, form an integral 

transcriptional-translational feedback loop which is interlaced with other feedback loops of 

other circadian clock genes. While the per/tim mRNA levels peak during the early 

subjective night, their protein levels are maximal during the late night. Two nuclear clock 

proteins CLOCK-CYCLE (CLK-CYC) heterodimerize in the nucleus to promote per and 

tim transcription. In the early night, the per and tim mRNAs are transported to the 

cytoplasm and translated into their respective proteins PER and TIM. In the cytoplasm 

TIM forms heterodimers with PER and, thereby, protects it from degradation. Starting in 

the early night and peaking in the late night, PER and TIM move back into the nucleus 

apparently as heterodimers as well as independently of each other. Inside the nucleus, 

PER-TIM might dissociate. There, PER directly inhibits its own as well as tim transcription 

via interference with the transcription factors CLK-CYC. This process leads to lower per 

and tim mRNA transcription levels. Nuclear PER then is degraded, resulting in 

derepression of per and tim transcription. In the presence of light, the blue light 

photoreceptor protein CRYPTOCHROME (CRY) binds TIM, prevents its dimerization with 

PER, and subsequently leads to TIM degradation. PER dissociates and enters into the 

nucleus. (Tomioka and Matsumoto, 2010; Peschel and Helfrich-Förster, 2011) (Fig.4).  
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Figure 4. Simplified schematic structure of period-timeless circadian clockwork in the Drosophila 

circadian pacemaker neurons. (a) The CLOCK-CYCLE (CLK-CYC) heterodimer is a transcription factor 

for period and timeless (per, tim) transcription. (b) In the early night, per and tim mRNAs are transported 

to the cytoplasm and translated into proteins PERIOD (PER) and TIMELESS (TIM), respectively, which 

start moving into the nucleus. (b) PER heterodimerizes with TIM and, therefore, is stabilized. (c) Starting 

in the early night and peaking in the late night, PER and TIM moved back into the nucleus apparently as 

heterodimer as well as independently of each other. (d) Nuclear PER inhibits the transcription factors 

CLK-CYC, and, therefore inhibits per and tim transcription. (e) In addition, morning light promotes the 

binding of photoreceptor CRYPTOCHROME (CRY) with TIM in the cytoplasm. PER dissociates and 

enters into the nucleus. (modified from Emerson et al, 2009) 

 

Table1. Circadian clock genes in Drosophila melanogaster 

Gene Clock role references 

period (per) negative regulator of Clk Cyc Konopka et al., 1971 

timeless (tim) negative regulator of Clk Cyc 

light sensitive 

Sehgal et al., 1994 

clock (clk) positive regulator of per tim Allada et al., 1998 

cycle (cyc) positive regulator of per tim Allada et al., 1998 

doubletime phosphorylates PER protein Price et al., 1998 

vrille blocks per and tim expression Blau et al., 1999 

cryptochrome Photoreceptor input pathway Stanewsky et al., 1998 

 

 

Cellular circuit of circadian pacemaker neurons in the brain of D. melanogaster 

 

In the brain of D. melanogaster seven clusters of circadian clock neurons have been 

characterized: the large and small ventrolateral neurons (l-LNv, s-LNv), the dorsal lateral 

neurons (LNd), the lateral posterior neurons (LPN) and there groups of dorsal neurons 

(DN1, DN2, DN3). Among the DN1s, a pair of cells lies more anterior and therefore they 

are called DN1anterior (DN1a). The remaining DN1s lie more posterior and are called 

DN1posterior (DN1p) (Fig.5). Photoreceptors of the compound eyes, the Hofbauer-Bucher 
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(H-B) eyelet (adults) or Bolwig`s organ (larvae) are involved in entrainment pathways 

(Helfrich-Förster et al., 2001). The protein CRY plays an important role in rapid, 

light-dependent TIM degradation, which is the main regulator for the 

phase-synchronization of the circadian clock with the environmental light dark cycle. The 

s-LNv neurons receive light information directly from the H-B eyelet, and the l-LNv 

neurons from the compound eyes (Helfrich-Förster et al., 2001; Collins et al., 2005). 

Pigment-dispersing factor (PDF), the insect homologue of the decapods 

pigment-dispersing hormone, is a well-characterized output signal from the circadian 

clock. The LNv neurons (s-LNv and l-LNv, except 5th s-LNv) express PDF under the 

control of clock genes (Helfrich-Förster, 1995; Park et al., 2000). However, the ectopic 

expression of PDF does not influence the circadian expression of clock genes 

(Helfrich-Förster et al., 2000). Apart from l-LNv neurons, apparently all clock neurons 

contain the G-protein-coupled PDF receptor (Shafer et al., 2008) (Fig.6). In addition, using 

immunocytochemistry, visualization of PER, TIM, and PDF showed that all clock neurons 

appear to be connected and project to the dorsal protocerebrum and to the optic lobes 

(Kaneko and Hall, 2000). PDF is released to act as output signal, synchronizes the 

individual clock neurons, transfers the information to downstream neurons, and controls 

different aspects of the physiological and behavioral activity rhythms (Peng et al., 2003; 

Lin et al., 2004, Nitabach et al., 2006; Yoshii et al., 2009). 

 

Figure 5. Circadian pacemaker neurons and their projection areas in the brain of Drosophila 

melanogaster. They express circadian clock genes and consist of seven clusters: the large and small 

ventrolateral neurons (l-LNv and s-LNv), the dorsal lateral neurons (LNd), the lateral posterior neurons 

(LPN) and dorsal neurons 1-3 (DN1, DN2, DN3). According to the location, DN1s are subdivided into 

anterior DN1s (DN1a) and posterior DN1s (DN1p). The circadian pacemaker center, the accessory 

medulla (aMe) is innervated by projections from s-LNs (except 5th s-LNs), l-LNv, DN1 and DN3. Except 

l-LNv, all the other clock neurons project their axons into the dorsal photocerebrum. Light information is 

transmitted from photoreceptor cells R1-6 and R7/8 of the compound eye and from the four 

Hofbauer-Buchner (H-B) eyelet cells to the circadian system. (modified from Helfrich-Förster et al., 2007 

and Yoshii et al., 2012) 
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Figure 6. Simplified schematic structure of the dorsal lateral neurons (LNd) and ventral lateral neurons 

(LNv) of Drosophila melanogaster. According to their size, LNv neurons are subdivided into 4 large and 5 

small ventrolateral neurons (l-LNv and s-LNv). The 4 l-LNv neurons and 4 s-LNv receive the light input 

from the compound eye and the Hofbauer-Bucher (H-B) eyelet, respectively. Pigment-dispersing factor 

(PDF), the well identified output neuropeptide, is expressed in 4 l-LNv and 4 s-LNv, but not in the 5th 

s-LNv and 6LNd. Apart from 4 l-LNv neurons, all clock neurons contain the G-protein-coupled PDF 

receptor (strong modified from Helfrich-Förster, 2009).  

 

 

Morning and Evening Oscillator Model in the brain of D. melanogaster 

 

Typically, the fruit fly D. melanogaster shows bimodal locomotor activity rhythmus with 

an activity peak in the morning associated with light-on and an activity peak in the evening 

associated with light-off (Helfrich-Förster, 2009). Helfrich-Förster (2001) based upon a 

model by Pittendrigh and Daan (1976) suggested a Zeitgeber-dependent dual-oscillator 

system consisting of morning oscillator (M-cells) and evening oscillator (E-cells), which 

underlie the light-on morning and light-off evening activity peaks. Later, two research 

groups (Grima et al., 2004; Stoleru et al., 2004) suggested that the M and E cells are 

located in specific clock neurons separately: the M oscillator in s-LNv and the E oscillator 

in LNd. In addition, DNs seem to contain M and E oscillators (Stoleru et al., 2004). Further 

analysis of the M-E oscillator system resulted in a better identification of M and E cells and 

further improvement of the original model (Rieger et al., 2006; Bachleiter et al., 2007; 

Murad et al., 2007; Picot et al., 2007; Cusumano et al., 2009; Helfrich-Förster, 2009; 

Zhang et al., 2010; Yoshii et al. 2012). Figure 7 summarizes the M and E cells in the 

Drosophila brain. The M cells are: 4s-LNv neurons and CRY-positive DN1ps. The E cells 

are: the 5th s-LNv, 3 CRY-positive LNd neurons and perhaps the CRY-negative DN1ps. 

The M and E cells could be mutual regulated and functionally coupled (Stoleru et al., 2005; 

Murad et al., 2007; Picot et al., 2007; Stoleru et al., 2007; Parisky et al., 2008; 

Helfrich-Förster, 2009; Rieger et al., 2009; Sheeba et al., 2010). The M cells appear to be 

regulated by l-LNv neurons via PDF, which receive the light information from the 

compound eye (Shafer et al., 2008; Sheeba et al., 2008a, 2008b; Wülbeck et al., 2008). 

The regulatory function of PDF for the E cells was confirmed by Cusumano et al. (2009). 

Duvall and Taghert (2012) showed the PDF-signaling in M and E cells was different. While 
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the PDF-signaling in the M cells couples preferentially to a single adenylate cyclase (AC3), 

the PDF-signal activates other AC(s). 

 

 
 

Figure 7. Schematic representation of morning (M) and evening (E) cells in the brain of Drosophila 

melanogaster. The M cells are 4 small ventrolateral neurons (s-LNv) and CRYPTOCHROME 

(CRY)-positive neurons in posterior dorsal neuron group1 (DN1ps). The E cells are three CRY-positive 

dorsal lateral neurons (LNd), the 5th s-LNv and the CRY-negative DN1ps. The large ventrolateral neurons 

(l-LNv) receive and transfer light information from the compound eye to the M cells via pigment 

dispersing factor (PDF). LPN, lateral posterior neurons. DN2, dorsal neuron group 2. DN3, dorsal neuron 

group 3. (modified from Yoshii et al., 2012) 

 

 

Circadian clock system in Madeira cockroach Rhyparobia maderae 
 

While the fruit fly is an important model organism for molecular genetic studies, the 

Madeira cockroach Rhyparobia maderae (Syn.: Leucophaea maderae) is well suited for 

anatomical, physiological, and behavioral studies of the circadian clock system. 

  The Madeira cockroach was the first animal where lesion studies located an 

endogenous circadian pacemaker in the brain. The accessory medulla (aMe) with 

associated neurons is the circadian pacemaker controlling circadian locomotor activity 

(Nishiitsutsuji-Uwo and Pittendrigh, 1968; Roberts, 1974; Sokolove, 1975; Page, 1982; 

Stengl and Homberg, 1994; Reischig and Stengl, 2003a). The aMe is a small pear-shaped 

neuropil at the anterior-proximal edge of the medulla in the optic lobes. The aMe shows a 

clear non-retinotopical neuroarchitecture and consists of nodular and internodular neuropil, 

next to a shell region. Seven soma groups with about 250 neurons are associated with the 

aMe. They are defined as: anterior neurons (ANes), distal and medial groups of 

fronto-ventral neurons (DFVNes, MFVNes), median neurons (MNes), ventral neurons 

(VNes), ventromedian neurons (VMNes), and ventro-posterior neurons (VPNes), 

according to their position relative to the aMe (Reischig and Stengl, 1996, 2003b; Söhler 

et al., 2008) (Fig.8).  
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Figure 8. The accessory medulla (aMe) is associated with seven soma groups in the brain of Rhyparobia 

maderae. The noduli of the aMe are connected to the distal tract (DT), which projects to the medulla. The 

seven soma groups are named, according to their position relative to the aMe: anterior neurons (ANes), 

distal and medial groups of fronto-ventral neurons (DFVNes, MFVNes), median neurons (MNes), ventral 

neurons (VNes), ventromedian neurons (VMNes), and ventro-posterior neurons (VPNes). The ANes are 

symbolized by a dashed circle. Scale bar: 100 µm. (modified from Reischig and Stengl, 2003b) 

 

Immunocytochemical studies and matrix-assisted laser desorption/ionization time of 

flight (MALDI-TOF) analysis showed that neurons of the aMe are packed with an 

unusually high density of dense-core vesicles, which contains abundant in partly 

colocalized neuropeptides. To date, ten different neuropeptides have been detected in 

aMe neurons: allatostatin, allatotropin, baratin, corazonin, different FMRFamid-related 

peptides, such as leucomyosuppression and short neuropeptide F, gastrin, leucokinin, 

myoinhibitory peptides, orcokinin, and PDF (Petri et al., 1995; Reischig and Stengl, 1996, 

2003b; Nässel et al., 1991, 1992, 2000; Hofer and Homberg, 2006a, b; Soehler et al., 

2007, 2008, 2011; Schulze et al., 2012). Moreover, the neurotransmitters 

gamma-aminobutyric acid (GABA), histamine and serotonin were also located in the aMe 

(Petri et al., 1995, 2002; Loesel and Homberg, 1999). Among these, the structure of the 

PDF-immunoreactive (PDF-ir) neurons has been studied best. In the cockroach brain, two 

PDF-ir neuron groups are located at the posterior dorsal and posterior ventral edge of the 

lamina (dPDFLa, vPDFLa), 12 anterior PDF-ir neurons are located near the aMe 

(aPDFMe), and 6 posterior PDF-ir neurons (pPDFMe) lie in the posterior cell cortex of the 

medulla (Petri et al., 1995; Reischig and Stengl, 1996, 2003b). The 12 aPDFMe comprise 

4 large, 4 medium-sized, and 4 small PDF-ir neurons. The 4 large and 4 medium-sized 

aPDFMes belong to the VNes, while the 4 small aPDFMes are assigned to the DFVNes. 

The aPDFMes connect the aMe to the medulla and lamina via two distinct pathways, the 

anterior fiber fan and the median layer fiber system of the medulla. While the branching 

patterns of any single aPDFMe are not known, some general morphological features can 

be analyzed and predicted, according to backfill experiments combined with 

immunocytochemistry (Söhler et al., 2011). The fibers of large aPDFMes arborize in the 

anterior and shell neuropil of the aMe, which are the input and output regions connecting 

optic lobe and midbrain neuropils. The fibers of the medium-sized aPDFMe largely 
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innervate in the internodular and, to a lesser extent, the nodular neuropil of the aMe 

(Reishig and Stengl, 2003b). The largest aPDFMe connects both bilaterally aMae via the 

anterior and posterior optic commissures (AOC, POC) and projects to all PDF-ir targets in 

the midbrain (i.e. the superior lateral, superior medial, inferior lateral and ventrolateral 

protocerebrum). Besides the largest aPDFMe, 3 medium-sized aPDFMes, which contain 

also orcokinin and FMRFaminde, also form a coupling pathway between the bilateral 

aMae, however, only via the AOC, but not the POC. The large and medium-sized 

aPDFMes send their processes to different midbrain targets via the AOC and/or the POC. 

The small aPDFMes, appear to be local neurons. They are restricted to the aMe and 

possibly to other neuropils in the ipsilateral optic lobe (Fig.9).  

 

 
 

Figure 9 A,B. Reconstruction (A) and schematic arborization pattern (B) of anterior pigment-dispersing 

factor (PDF)-immunoreactive(ir) neurons (aPDFMes) next to the accessory medulla (aMe). A.The PDF 

targets in the midbrain are: the superior lateral (SLP), superior medial (SMP), inferior lateral (ILP), and 

ventrolateral protocerebrum (VLP). The aPDFMes can be further devided according to soma sizes. One 

largest aPDFMe sends its process to all PDF-ir midbrain targets. In addition, it branches in neuropils of 

the contralateral optic lobe via processes in the anterior and posterior optic commissures (AOC, POC). 

The remaining 3 large aPDFMes send process to midbrain targets via AOC and/or POC, but not to the 

contralateral aMe. Three medium-sized aPDFMes connect both aMae via the AOC. The small aPDFMes 

appear to be local neurons of the ipsilateral optic lobe. La, lamina. Lo, lobula. Me, medulla. Scale bar: 

200 µm (reconstruction modified after Homberg et al., 2003).  
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Light-entrainment pathways to the circadian clock in the Madeira cockroach 

 

In the Madeira cockroach R. maderae, light entrainment of the circadian clock occurs 

through photoreceptors in or near the compound eyes, while each of the two bilateral 

pacemakers receives photic information not only from ipsilateral, but also from the 

contralateral compound eye (Robert, 1974; Page et al., 1977; Page, 1978). The photic 

entrainment pathways to the aMe are largely unknown. Immunocytochemical staining 

against histamine, the transmitter of retinal axons in insects, showed no direct inputs from 

histaminergic ommatidial photoreceptors into the aMe (Loesel and Homberg, 1999). 

Therefore, light information must be transmitted indirectly via interneurons from the 

photoreceptors to the aMe. The GABA-ir distal tract is a good candidate for the light 

entrainment pathway into the aMe since it connects the noduli of the aMe with the medulla 

and possibly also with the lamina. Injections of GABA, allatotropin, and orcokinin into the 

vicinity of the aMe resulted in light-like phase response curves (PRC) and suggested that 

neurons expressing these substances are involved in the light entrainment pathway. 

Since both GABA-ir and allatotropin-ir neurons densely innervate the noduli of the aMe 

(Petri et al., 1995, 2002; Reischig and Stengl, 2003b) it was suggested that ipsilateral light 

entrainment is processed in the noduli of the aMe. This assumption was supported via 

intracellular recordings which stained light-sensitive neurons which connected the noduli 

of the aMe via the anterior fiber fan with the distal lamina (Loesel and Homberg, 2001). 

Light information from the contralateral compound eye reaches the internodular region of 

the aMe apparently via orcokinin-ir VMNes projecting via the POC.  

  

 

Coupling- and output pathways of the circadian clock in the Madeira cockroach 

 

Dextran and neurobiotin backfills combined with double-staining of commissural 

neurons with PDF antisera showed that the largest aPDFMe and 3 medium-sized 

aPDFMes connect both bilaterally symmetric aMae (Plural of aMe) via branches mostly in 

the internodular neuropil and to a lesser extend in the noduli (Petri, 1998; Reischig and 

Stengl 2002, 2003b; Söhler et al. 2011). However, since PDF-injections resulted in a 

monophasic all-delay PRC (Petri and Stengl 1997, 2001) it was assumed that PDF does 

not transmit contralateral light information but forms a direct coupling pathway between 

both aMae (Petri, 1998; Reischig and Stengl, 2002; Söhler et al., 2011). Computer models 

of coupled PER/TIM feedback loops suggested that only two antagonistic coupling forces 

together can explain experimental observations in the cockroach (Stengl and Homberg 

1994; Petri and Stengl, 2001). This phase-advancing coupling pathway remains to be 

identified.   

In addition to being a coupling input signal into the contralateral aMe PDF also forms 

several output pathways from the aMe to different targets in the optic lobes and in the 

midbrain. The PDF-ir neurons branch in the superior lateral protocerebrum (SLP), the 

superior medial (SMP), inferior lateral (ILP), and ventrolateral protocerebrum (VLP) to 

control physiological and behavioral activity rhythms (Fig. 10).  
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Figure 10. Scheme of hypothesized input and output pathways of the circadian clock. The scheme 

shows a horizontal view of the optic lobe neuropils lamina (La), medulla (Me), and accessory medulla 

(aMe). It is hypothesized that GABAergic distal tract neurons provide photic input from the medulla and 

possibly also from the distal lamina of the ipsilateral compound eye to the noduli of the aMe. 

Orcokinin-immunoreactive (ir) ventromedian (VMNes) neurons are suggested to provide contralateral 

light input via the posterior optic commissure (POC). They connect the internodular neuropil of the aMe to 

middle layers of the medulla, to the lobula of the ipsilateral optic lobe, and to the contralateral aMe. The 

PDF-ir neurons play a key role as contralateral non-photic inputs and outputs controlling locomotor 

activity rhythms. They connect the aMe via the fiber fan to the distal lamina and distal medulla. PDF-ir 

outputs to the various central brain regions and to the contralateral aMe project via the anterior and 

posterior optic commissures (AOC, POC).  

 

Circadian pacemaker neurons of the aMe are spontaneously active in the gamma 

frequency band 

 

Extracellular recordings from the aMe in vitro and in vivo revealed that the large majority 

of aMe neurons are spontaneously active. The membrane potential of the excised aMe 

oscillates with ultradian periods in the gamma frequency range of 20-70 Hz (Schneider 

and Stengl, 2005, 2006, 2007). The aMe neurons are synchronized and form different 

assemblies of cells, apparently via GABAergic interneurons. The cells within an assembly 

express the same ultradian period and the same phase. Period defined as interspike 

interval, the phase is defined as the time of action potential occurrence. Cells between 

assemblies differ in phase, but not in period. The aMe neurons are coupled via gap 

junctions to maintain synchronous firing with the same frequency. However, the 

gap-junction-dependently synchronized cells remain at a stable phase difference if not 

synchronized to zero phase difference by e.g. GABAergic interneurons (Schneider and 

Stengl, 2005, 2006). Application of PDF formed a new, transient ensemble of aMe 
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neurons, via synchronization to zero phase difference. It is hypothesized that this 

PDF-dependent phase synchronization gates locomotor activity rhythms via activation of 

downstream neurons (Schneider and Stengl, 2005).  

 

 

Ion channels underlying spontaneous activity in the SCN 
 

Molecular genetic studies of D. melanogaster increased greatly our understanding of the 

molecular circadian clockwork (Tomioka and Matsumoto, 2010; Peschel and 

Helfrich-Förster, 2011). However, still it is not understood how the molecular clock based 

upon feed-back cycles of circadian gene expression signals to the plasma membrane, or 

couples endogenous membrane potential oscillations, to generate circadian rhythms in 

action potential activity. It has been suggested by some studies and questioned by others 

that electrical membrane activity is coupled to circadian clock gene expression in the 

nucleus of D. melanogaster (Nitabach et al., 2005; Sheeba et al., 2008b; Fogle et al., 2011; 

Depetris-Chauvin et al., 2011). More is known about electrophysiological rhythms in 

vertebrates (Colwell, 2011). 

  The suprachiasmatic nucleus (SCN) of the hypothalamus is the primary circadian 

pacemaker generating circadian rhythms in mammals. The SCN neurons generate 

circadian rhythms in their electrical activity. They are electrically active in the day with 

peaks of around 6-10Hz and silent during the night (Yamaguchi et al., 2003; Schaap et al., 

2003; Kuhlman and Mcmahon 2006; Ko et al., 2009; Colwell 2011). Even about 60%-70% 

of the isolated single SCN neurons in primary cultures exhibit a rhythm in firing rate (Aton 

et al., 2005; Webb et al., 2009). In recent years, the understanding of the ion channels 

responsible for the spontaneous circadian rhythms in electrical activity in the SCN 

neurons has been much improved (Colwell, 2001). Conceptually, the spontaneous 

circadian membrane activity needs two kinds of ion channels: the “pacemakers” and the 

“circadian modulators” (Table.2).  

The “pacemakers” provide the excitatory drive of the hyperpolarized neurons at rest 

and amplify the depolarization for generation of spontaneous action potentials. The 

hyperpolarization-activated, cyclic nucleotide-gated cation channel (HCN) is a well known 

pacemaker channel. The HCN channels are activated at hyperpolarizing potentials 

(half-maximal activation potentials: -70 to -140 mV) and do not display voltage-dependent 

inactivation. They are modulated by cAMP, which facilitates the channel opening (de Jeu 

and Pennartz, 1997; Atkinson et al., 2011). Another pacemaker channel is the persistent 

sodium (Na+) channels (Nav 1.5 and Nav 1.6). Their activation is in the subthreshold 

region with threshold between -65 mV and -60 mV and is maximal at about -45 mV. They 

express slow inactivation kinetics and thereby produce “persistent” Na+ currents (Jackson 

et al., 2004; Panda et al., 2002; Kononenko et al., 2004).   

  The “circadian modulators” with circadian properties are the primary determinant of 

circadian rhythmicity. They are membrane targets directly responsible for circadian 

modulation of firing rate and are transcribed in a circadian rhythm. The voltage-activated 

calcium channels (VACCs) are “day modulators” involved in the high firing rate during the 

day. Firing rate increase during the day is accompanied by a Ca2+ baseline increase 
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which could be caused by the VACCs (Colwell, 2000). T-type VACC channels (Cav3) are 

low voltage-activated Ca2+ channels which are activated at hyperpolarized potentials 

(Akasu et al., 1993; Huang, 1993; Kim et al., 2005). Circadian rhythmic expression of their 

transcripts was shown previously (Nahm et al., 2005). Thereby, the magnitude of the 

L-type VACC channels Cav1.3 displays a circadian rhythm. The Cav1.3 blocker 

nimodipine caused a reduction in firing rate during the day, but not during the night 

(Pennartz et al., 2002). Vandael et al. (2010) showed that Cav1.3 blocker could reduce 

not only Ca2+ currents but also Ca2+ activated potassium currents. Apparently, both 

currents were coupled and determine circadian rhythmicity. Other targets for circadian 

modulation are different potassium channel families. The fast delayed rectifier K+ 

channels (Kv3.1 Kv3.2) with their positive shifted voltage-dependence and fast 

deactivation rates are activated specifically during repolarization without compromising 

threshold, rise time or height (Rudy and Mcbain, 2001). The K+ currents during the day are 

larger than those recorded during the night. Immunocytochemistry showed a higher 

expression of the Kv3.1 and Kv3.2 channels during the day (Itri et al., 2005). Therefore, 

the fast delayed rectifier K+ channels (Kv3.1 Kv3.2) are “day modulator” involved in the 

high firing rate during the day. The A-type K+ channels (Kv4.1 Kv4.2) with a higher 

magnitude of current during the day, could also act as “day modulators” (Itri et al., 2010). 

Anderson et al. (2010) showed the Kv 4.2 complex can be regulated by T-type VACCs 

(Cav3.1). The large-conductance Ca2+ activated K+ channels (BK) drive the membrane 

hyperpolarization during the night. The magnitude of the BK current is higher during the 

night than during the day. In situ hybridization studies showed a higher expression of 

mRNA during the night (Pitts et al., 2006). The BK channel knockout-mice increased 

action potential firing rate selectively at night (Meredith et al., 2006). Therefore, the BK 

channels are “night modulators” responsible for the nightly silencing of firing rate. Also, a 

novel set of subthreshold voltage-dependent cation channels (SVC) was found to be 

responsible for circadian modulation (Kononenko, 2011). The SVCs are active at resting 

potential and increase their open probability with membrane depolarization. They regulate 

circadian activity rhythms of SCN neurons since they are expressed in a circadian 

manner.  

 

Table 2. Ion channels responsible for spontaneous circadian membrane activity in the suprachiasmatic 

nucleus.  

function current Channels 

hyperpolarization-activited, cyclic nucleotide-gated  

cation channel (HCN) 

HCN1 HCN2  

Pacemakers 

persistent Na+ Nav1.8 Nav1.9 

T-type Ca2+ Cav3 

L-type Ca2+ Cav1.3 

fast delayed K+ rectifier Kv3.1 Kv3.2 

A-type K+ Kv4.1 Kv4.2 

 

 

day 

subthreshold voltage dependent cation channels (SVC) ？ 

 

 

Circadian 

modulators 

night large-conductance Ca2+ activated K+ channels (BK) BK 
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Relationships between the photoperiodic clock and the circadian clock  
 

Firstly, it is important to mention that at first the photoperiodic clock and the circadian 

clock were studied independently with different approaches and aims. The photoperiodic 

clock system with a photoperiodic timer and a photoperiodic counter was studied to 

understand season-dependent phenotypes (e.g. diapause). In contrast, the circadian 

clock system was firstly studied mostly at the molecular level in the fruitfly D. 

melanogaster to search for the molecular mechanisms of circadian time-keeping. 

Behavioral studies combined with lesions established the Madeira cockroach as an adept 

model system for cellular analysis of the insect circadian clock (Nishiitsutsji-Uwo and 

Pittendrigh, 1968; Page, 1982). Later, lesion and transplantation studies in the Madeira 

cockroach revealed the cellular nature of the circadian pacemaker located in the aMe with 

associated PDF-ir neurons (Stengl and Homberg 1994; Reischig and Stengl 2003a).  

In recent years, ample evidence suggested that daily and seasonal timing systems 

send outputs to the same effectors. The output signals from the two systems finally 

converge on neurosecretory cells which release various neurotransmitters and 

neuropeptides to control physiology. Synthesis and release of insect hormones are under 

strict circadian control (Jackson et al., 2001; Zhao and Zera, 2004; Vafopoulou and Steel, 

2009; Vafopoulou et al., 2010). For instance, in the bug Rhodnius prolixus, 

immunohistochemistry study showed that the PTTH releasing neurons in the lateral 

protocerebrum receive projections from the PDF-ir lateral clock neurons, apparently 

controlling circadian release of PTTH (Vafopoulou and Steel, 1996; Vafopoulou et al., 

2007, 2010). In the fruitfly D. melanogaster, the axonal arborizations from s-LNv neurons 

overlap with five peptidergic neurons that directly innervate the prothoracic gland or 

corpora allata (CA) cells of the larval ring gland (Siegmund and Korge, 2001). In the blow 

fly P. terraenovae, synaptic connections between clock neurons and neurons in PL have 

been detected, which are indispensable for diapause induction (Hamanaka et al., 2005). 

These anatomical studies provided direct evidence that circadian clock neurons control 

hormone release.   

  To explain the relationships between the photoperiodic clock and the circadian clock, 

several models have been postulated based on experimental results in different insect 

species. They can be divided into three major formal hypotheses: 

(A) Circadian clock neurons are “photoperiodic timers” (Fig.11). Bünning in 1960 first 

suggested that photoperiodic timer measurement in insects depends on the circadian 

system. In his model (Bünning hypothesis), a short day was detected when the light 

was restricted to the endogenous subjective day and a long day was measured when 

the light was extended to the subjective night. Later, the photoperiodic time 

measurement was suggested to use one or two circadian oscillator systems. The 

“external coincidence” model by Pittendrigh and Minis (1964) determined a specific 

light sensitive phase in the circadian oscillators (photoinducible phase of the circadian 

clock). The day is “short”, when the photoinducible phase is in darkness, while the day 

is “long”, when the photoinducible phase coincides with the light phase. In the 

“internal coincidence” model Tyshchenko (1966), the short or long day is determined 

by the phase relationship between two endogenous circadian oscillators. One is 
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entrained by dawn and the other by dusk. Helfrich-Förster (2001) developed a two 

oscillator model (morning cells = M oscillator, evening oscillator = E cells) for the 

bimodal locomotor rhythms of Drosophila. Stoleru et al. (2007) suggested that M-cells 

dominate the network in darkness and E cells dominate the circadian network during 

the light phase allowing for behavioral adjustment to changes in photoperiods. The M 

and E oscillators were suggested to couple either to dawn or dusk to measure the day 

or the night length and underlie the bimodal rhythms under different photoperiods 

(Rieger et al., 2006; Bachleiter et al., 2007; Picot et al., 2007; Cusumano et al., 2009; 

Helfrich-Förster, 2009; Yoshii et al. 2012). In the blow fly P. terraenovae, Shiga and 

Numata (2009) showed that bilateral ablation of the PDF-ir s-LNvs resulted in the loss 

of photoperiodic discrimination. The diapause occurred in 48% of the flies under 

long-day conditions and in 55% under short day conditions. They demonstrated that 

the PDF-ir circadian pacemaker neurons s-LNvs are necessary for the photoperiodism. 

Furthermore, Potdar and Sheeba (2012) suggested that the light-sensitive lLNvs 

enable flies to adjust to different photoperiods via maintaining the phase relationships 

between M and E-oscillators, possibly via direct connections to the sLNvs. 

(B) Alternatively, Lees (1973) developed the “hourglass model”, in which the circadian 

clock and photoperiodic clock are independent. In the aphid M. viciae, the 

photoperiodism of parthenogenetic or bisexual forms is regulated by the absolute 

duration of the dark length. Varying light cycle of circadian system did not influence the 

photoperiodism of the aphid. The model considers the photoperiodic clock as a 

sequence of biochemical reactions that must be finished in the darkness. If the 

duration of darkness is not long enough these reactions cannot be finished and no 

output occurs.  

  The independence of the photoperiodic clock and the circadian clock is further 

supported by the observation that the damping rate of the photoperiodic oscillators is 

much higher as compared to circadian oscillators. In addition, the circadian clock 

receives light information mainly via CRY, while the rhodopsins probably play the 

primary role in the light input pathway to the photoperiodic clock.  

(C) Alternatively, the „damped oscillator model” describes cooperation between the 

photoperiodic clock and the circadian clock (Saunders, 2010a). The two systems are 

physically separated, but work in cooperation. Both of them are regulated possibly by 

clock genes based on the circadian oscillator principle. Using mathematical modeling 

based on respective experiments, Saunder suggested that the previously described 

competing models (in A and B) are not mutually exclusive, because the “hourglass 

model” could be based upon heavily damped circadian oscillators (Saunders, 2005, 

2007, 2009, 2010a, b). Comparing per mutants with wild type D. melanogaster, 

Saunders et al., (1989) demonstrated that photoperiod-induced adult diapause is 

independent of per genes. Several recent studies have raised the possibility that tim 

plays a role in the photoperiodic clock system (Goto and Denlinger, 2002; Shafer et al., 

2004; Pavelka et al., 2003). In the flies, Sarcophaga crassipalpis and D. melanogaster, 

under long-day conditions, the mRNA or protein levels of tim are significantly lower 

than those measured under short-day conditions. This sensitivity to photoperiod was 

not found in clock gene per (Goto and Denlinger, 2002; Shafer et al., 2004). In contrast, 
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tim appears to be involved in the diapause of another drosophilid fly Chymomyza 

costata. Disrupting tim transcription using RNA interference method could result in the 

loss of diapause (Riihimaa and Kimura, 1988). Using the different tim transgenic D. 

melanogaster, Sandrelli et al. (2007) suggested the tim effect on the diapause is 

independent of the circadian clock. TIM could then provide the downstream signal for 

hormonal control of diapause. 

 

 

 

Figure 11. Two models of photoperiodic time measurement. A. The photoreceptive systems of the 

photoperiodic clock and the circadian clock are separate. The circadian clock receives light information 

mainly via CRYPTOCHROME (CRY), while the rhodopsins probably play a primary role as the light input 

pathway of the photoperiodic clock. Still, the photoperiodic time could be measured by circadian clock 

neurons. B. In the external conincidence model, circadian clock neurons have a specific light sensitive 

phase. The day is sensed as being long, when the sensitive phase coincides with the light phase. In 

contrast, short days are detected, when the sensitive phase coincides with the dark phase of the 

Zeitgeber. C. In the internal coincidence model, photoperiodic time is measured by the phase difference 

of two circadian oscillators. One is entrained by dawn and the other by dusk. D. Output signals of both 

clocks are transmitted to neurosecretory cells which release various neurotransmitters and 

neuropeptides to control the physiology of the organism. 
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Aims and major findings 
 

Nowadays, it is generally accepted that the circadian clock neurons are involved in insect 

photoperiodism since they control photoperiod-dependent changes in locomotor activity. 

However, it is still not known whether there is a particular neuropil which fulfills properties 

of a photoperiodic clock as a photoperiodic timer and counter only in insects evolved in 

temperate zones. Alternatively, it is conceivable that the brain of insects is adaptive 

enough to adjust to changing photoperiods and changing environmental conditions 

without the need of a specialized photoperiod circuit. Here I concentrate my studies on the 

examination of the plasticity of the circadian system. For my Ph.D. work I selected an 

originally non-photoperiodic species, the Madeira cockroach Rhyparobia maderae 

(Leucophaea maderae) which originated near the equator in Africa where it is not exposed 

to changes in photoperiod. Since at least two hundred years it can also be found in other 

geographical regions such as Portugal (latitude 40° north) and England (latitude 51°north) 

via sea-trade of fruits. The Madeira cockroach is an ancient, astoundingly adaptive 

species which survived extreme environmental changes since the Karbon (about 350 

million years ago). This cockroach species is long-living with a life span of about 2.5 years 

appears to have highly adaptive brain circuits which appear to adjust to the changes of 

photoperiodic information. Moreover, the Madeira cockroach is well established as 

circadian clock model for basic research on the circadian clock mechanisms. Due to its 

large size, the Madeira cockroach is well suited for electrophysiological studies. Therefore, 

the Madeira cockroach could be a rewarding model system for both circadian and 

photoperiodic responses of the clocks.  

To determine whether the PDF-ir circadian clock neurons are affected by different 

lengths of the light phase the Madeira cockroaches were reared under different 

photoperiods 6:18 (short day), 12:12 (control group) or 18:6 (long day) LD cycles. The aim 

of this doctoral thesis is to examine whether and how the different photoperiodic 

conditions modify the circadian clock architecture and the physiology of circadian 

pacemaker aMe neurons in the primary cell cultures, with immunocytochemical studies, 

3D reconstruction, standardization and Ca2+-imaging techniques.   

  To facilitate understanding and comparison of the spatial distribution of circadian 

pacemaker neurons in the cockroach, a 3D standard atlas of the control group (LD 12:12) 

was generated. The standard brain comprises of atlases of 21 neuropils, calculated from 

20 individual immunostained wholemount brains. The branching pattern of PDF-ir neurons 

was implemented into the control standard brain and statistically analyzed with new 

details. The distances between PDF-ir branching areas show specific numerical 

relationships (Chapter I) as known for delay lines in the auditory cortex. These 

relationships of distances were changed by the different photoperiods. The number of 

specific groups of PDF-ir and orcokinin-ir circadian pacemaker neurons and their 

connections were also affected by rearing in different photoperiods (Chapter II). Thus, the 

PDF-ir circadian pacemaker neurons are sensitive to photoperiodic change and could be 

involved in photoperiodic time measurement.  

  To analyze the physiological response of the circadian clock neurons to the different 

photoperiods, the aMe with associated soma groups from different cockroach 
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photoperiodic groups were dispersed to obtain primary cell cultures. Using Ca2+-imaging, 

spontaneous intracellular Ca2+ transients (activity) were measured as indication of 

spontaneous action potential activity. For better understanding of the ion channel 

composition of the circadian clocks, Ca2+-imaging combined with pharmacology was 

employed to analyze ion channels underlying spontaneous activity in the cultured 

circadian pacemaker neurons under control conditions (LD 12:12 extracellular Ca2+ 

concentration = 1 mM). The mibefradil-sensitive, low-voltage VACCs and HCNs appear to 

be “pacemakers” of the cockroach circadian clock neurons. The P/Q VACCs coupled to 

BKs appear to be involved in input-dependent activity (Chapter III). The spontaneous 

intracellular Ca2+ activity of aMe neurons was changed in response to changes in the 

extracellular Ca2+ concentration mimicking different conditions of input-dependent 

depolarization. According to the presence or absence of intracellular Ca2+ activity (= 

spontaneous action potential activity) in 3 different extracellular Ca2+ concentrations (1 µM 

= presumed hyperpolarization, 1 mM = control, and 6 mM = presumed depolarization), the 

aMe cells were assigned to different physiological cell types. Using vector analyses it was 

shown that the different photoperiods could change the percentage of physiological 

response-types of cultured circadian clock neurons significantly (Chapter V). Thus, it was 

shown that the physiological parameters which determine spontaneous activity of 

circadian pacemaker neurons are sensitive to changes in photoperiod.   

  Next, it was examined which neurotransmitter could be involved in relaying photic input 

to aMe neurons. Previously, it was shown that cholinergic input from the H-B eyelet of D. 

melanogaster controls circadian photosensitivity and clock gene expression (Lelito and 

Shafer, 2012; Veleri et al., 2007). Thus, in the Madeira cockroach acetylcholine (ACh) 

responses of cultured circadian clock neurons from different photoperiodic groups were 

compared. Using Ca2+-imaging combined with pharmacology, it was shown that ACh 

increased the intracellular Ca2+ level of the aMe cells from control group (LD 12:12) via 

nicotinic ACh-receptors in a dose-dependent manner (Chapter IV). The effect of ACh on 

intracellular Ca2+ levels of the culture aMe neurons from cockroaches raised in different 

photoperiods were compared and analyzed. At the ACh concentrations tested, no 

evidences for a change in ACh-sensitivity of cultured aMe cells by photoperiods was 

detected. (Chapter V). Although comparison of the ACh effect on all pooled aMe cells did 

not show any obvious difference between experimental groups, it could not be excluded 

that ACh could relay photoperiodic information only to a small group of cells which was 

overlooked via pooling all physiological response types. Other neurotransmitters, such as 

glutamate or GABA need to be tested in the future.  

  To improve the primary cell culture techniques and to develop a multielectrode array 

assay for circadian pacemaker cells, different terminated ultrananocrystalline diamond 

surfaces (UNCD) (produced by Alexandra Voss, Institute of Nanostructure Technologies 

and Analytics, University of Kassel) were tested. It is shown the diamond surfaces allow 

for a faster, stronger attachment of neurons without compromising their viability. The 

UNCD surfaces can be used as basic cell adhesive surface for the cultured insect 

neurons in the further. (Chapter VI).  

  In summery, this doctoral thesis reveals that raising Madeira cockroaches R. maderae 

under different photoperiods changes the neuronal circuit of the PDF-ir circadian 
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pacemaker neurons as well as the physiology of cultured aMe neurons. These results 

indicate that the neuronal circuit of the circadian clock could at least partially serve as 

photoperiodic clock, which detects changes in day length. Whether it can also control 

photoperiodic adaptations (photoperiodism) in the Madeira cockroach remains to be 

studied. 

 

 

Abbreviations 

 

AC adenylate cyclase 

ACh   acetylcholine   

aMe accessory medulla 

ANe anterior neuron 

AOC anterior optic commissure 

aPDFMe  anterior PDF- immunoreactive neuron  

BK large-conductance Ca2+ activated K+ channel 

CA corpora allata 

CC corpora cardiaca 

CLK-CYC CLOCK-CYCLE 

CRY CRYPTOCHROME 

DFVNe distal group of fronto-ventral neurons 

DN1, DN2, DN3 dorsal neuron group 1-3 

DN1a anterior dorsal neuron group1 

DN1p posterior dorsal neuron group1 

dPDFLa PDF-immunoreactive neuron at the posterior dorsal edge of the lamina 

DT  distal tract  

E-cell evening oscillator 

GABA gamma-aminobutyric acid 

H-B eyelet Hofbauer-Bucher eyelet 

HCN hyperpolarization-activated, cyclic nucleotide-gated cation channel 

ILP inferior lateral protocerebrum 

ir   immunoreactive 

JH juvenile hormone 

La lamina 

LD light/dark 

l-LNv large ventrolateral neuron 

LNd dorsal lateral neuron 

LPN lateral posterior neuron 

MALDI-TOF matrix-assisted laser desorption/ionization time of flight 

MB   mushroom body 

M-cell morning oscillator 

Me medulla 

MFVNe medial group of fronto-ventral neurons 

MNe median neuron 
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per /PER period / PERIOD 

PDF pigment dispersing factor 

PI pars intercerebralis 

PL    pars lateralis 

POC    posterior optic commissure 

pPDFMe posterior PDF- immunoreactive neuron 

PRC phase response curve 

PTTH prothoracicotropic neurohormone 

SCN suprachiasmatic nucleus 

s-LNv small ventrolateral neuron 

SLP superior lateral protocerebrum 

SMP superior medial protocerebrum 

SVC subthreshold voltage-dependent cation channel 

tim /TIM timeless / TIMELESS 

UNCD ultrananocrystalline diamond surfaces 

VACC voltage-activated calcium channel 

VLP ventrolateral protocerebrum 

VMNe ventromedian neuron  

VNe  ventral neuron 

vPDFLa  PDF-immunoreactive neuron at the posterior ventral edge of the lamina 

VPNe ventro-posterior neuron 
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Implementation of Pigment-Dispersing Factor-
Immunoreactive Neurons in a Standardized Atlas of
the Brain of the Cockroach Leucophaea maderae

Hongying Wei,1 Basil el Jundi,2 Uwe Homberg,2 and Monika Stengl1*
1Animal Physiology, FB18, University of Kassel, 34132 Kassel, Germany
2Animal Physiology, Philipps-University of Marburg, 35032 Marburg, Germany

ABSTRACT
The cockroach Leucophaea maderae is an established

model in circadian rhythm research. Its circadian clock

is located in the accessory medulla of the brain. Pig-

ment-dispersing factor-immunoreactive (PDF-ir) neurons

of the accessory medulla act as circadian pacemakers

controlling locomotor activity rhythms. To characterize

the neuronal network of the circadian system in

L. maderae, the PDF-ir neurons were implemented into

a standardized three-dimensional atlas of the cockroach

brain. Serial confocal images from 20 wholemount

brains were used for the construction of the atlas com-

prising 21 neuropils. Two different standardization pro-

tocols were employed: the iterative shape averaging

(ISA) procedure using an affine transformation followed

by iterative non-rigid registrations, and the virtual insect

brain (VIB) protocol employing local non-rigid transfor-

mations after global and local rigid transformations.

Quantitative analysis of the 20 brains revealed that vol-

umes of the accessory medulla are directly correlated

with the volumes of the medulla, the protocerebral

bridge, and the upper division of the central body, sug-

gesting functional connections among these neuropils.

For a standardized reconstruction of the circadian pace-

maker network, the ISA protocol was used to register

PDF-ir neurons in the standard cockroach brain. The

registration revealed that two PDF-ir arborization areas

in the brain are highly interconnected with other PDF-ir

projection sites and appear to be contacted both by

fibers in the posterior and the anterior optic commis-

sures. The distances between PDF-ir branching areas

show specific numerical relationships that might be

physiologically relevant for temporal encoding. J. Comp.

Neurol. 518:4113–4133, 2010.

VC 2010 Wiley-Liss, Inc.

INDEXING TERMS: circadian pacemaker; neuropeptides; insect brain; neural networks

Geophysical rhythms such as the 24-hour light-dark

cycle allowed for the evolution of circadian clocks in

apparently all life on earth. The cockroach Leucophaea

maderae is an established model system for research on

circadian rhythms. Nishiitsutsuji-Uwo and Pittendrigh

(1968) showed that a circadian clock located in the optic

lobe controls locomotor activity rhythms in the cock-

roach. Lesion and transplantation studies identified the

accessory medulla (aMe), a small neuropil with about 250

associated neurons at the ventromedial edge of the me-

dulla, as the circadian pacemaker (Stengl and Homberg,

1994; Reischig and Stengl, 2003a). Unlike other optic

lobe neuropils, the aMe is not retinotopically organized

but consists of noduli, an internodular region, a shell, and

an anterior fiber network (Reischig and Stengl, 1996,

2002, 2003b, 2004; Petri et al., 2002).

Neurons of the aMe are packed with an unusually high

density of dense-core vesicles, which contain neuropepti-

des. Among these peptidergic cells are pigment-dispers-

ing factor-immunoreactive (PDF-ir) neurons, which control

locomotor activity rhythms (for reviews, see Helfrich-

Förster et al., 1998; Homberg et al., 2003). In the cock-

roach brain, two groups of PDF-ir neurons are located
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next to the lamina (d- and vPDFLa), 12 anterior PDF-ir

neurons are located near the aMe (aPDFMe), and 6 poste-

rior PDF-ir cells (pPDFMe) lie in the posterior cell cortex

of the medulla (Petri et al., 1995; Reischig and Stengl,

1996, 2003b). The aPDFMe cells comprise four large,

four medium-sized, and four small PDF-ir neurons. Elec-

tron microscopy combined with PDF immunocytochemis-

try revealed that the large PDF-ir cells largely arborize in

the shell and anterior region of the aMe. This is the input

and output region of the circadian clock, connecting it to

optic lobe and midbrain neuropils (Reischig and Stengl,

2003b). In contrast, the medium-sized aPDFMe innervate

the internodular and, to a lesser extent, the nodular neu-

ropil of the aMe. The small aPDFMe are local neurons of

the aMe. It is not known whether they branch in both the

internodular and the nodular neuropil of the aMe. In the

nodular neuropil, visual information is provided by c-ami-

nobutyric acid (GABA)-ir distal-tract terminals from the

medulla and is processed by allatotropin-ir local inter-

neurons of the aMe (Reischig and Stengl, 2003b; Petri

et al., 2002).

Thus, the aPDFMe neurons contribute to different func-

tional circuits in the aMe. They process ipsi- and possibly

contralateral visual information in the noduli/internoduli

and provide output/input circuits to midbrain and optic

lobe neuropils (for review, see Homberg et al., 2003).

Backfills from the contralateral aMe showed that at least

three aPDFMe neurons (the largest and medium-sized

aPDFMe) connect both aMae via the anterior and poste-

rior optic commissures (Reischig and Stengl, 2002,

2004). Electrophysiological studies indicated that aMe

cells generate regular action potentials in the gamma fre-

quency range (Schneider and Stengl, 2005). Gap junc-

tions between aMe neurons maintain defined phase dif-

ferences between the neurons’ spontaneous action

potentials (Schneider and Stengl, 2006), and synaptic

interactions via GABAergic interneurons result in different

ensembles of synchronized cells that all fire at the same

phase. These ensembles of cells were rearranged into

new ensembles by PDF application (Schneider and

Stengl, 2005). Schneider and Stengl (2005, 2006, 2007)

hypothesized that PDF released from circadian pace-

maker neurons of the aMe control more than one func-

tional output via ensemble formation. Which of these out-

puts and postsynaptic targets of PDF-ir neurons,

however, are essential for the control of locomotor activ-

ity rhythms is still unknown. In addition, the arborization

patterns of the different PDF-ir neurons and their axonal

pathways to the brain remain to be elucidated. Lesion

studies indicated that one optic lobe circadian clock not

only controls locomotor activity rhythms via ipsi- and con-

tralateral outputs, but also provides coupling output to

the contralateral optic lobe pacemaker and receives ipsi-

and contralateral light entrainment input (Page, 1984).

To facilitate understanding of the connectivity patterns

of circadian pacemaker neurons in the cockroach, we

have generated in the present study a 3D standard atlas

of the cockroach brain, following two established proce-

dures, the virtual insect brain (VIB) protocol and the itera-

tive shape averaging (ISA) method. The VIB protocol has

been used to create standardized brains of the fruit fly

Drosophila (Rein et al., 2002; Jenett et al., 2006), the de-

sert locust Schistocerca gregaria (Kurylas et al., 2008),

and the giant sphinx moth Manduca sexta (el Jundi et al.,

2009), whereas the ISA method has been used in the

honeybee (Rohlfing et al., 2001; Brandt et al., 2005), the

desert locust (Kurylas et al., 2008), and the noctuid moth

Heliothis virescens (Kvello et al., 2009). Whereas the VIB

protocol can be used to determine time- or stimulus-de-

pendent differences in the individual brains, the ISA pro-

tocol is designed to eliminate these differences to obtain

an average brain for implementation of identified neu-

rons. The two standard cockroach brains described here

comprise atlases of 21 neuropils, calculated from 20 indi-

vidual immunostained wholemount brains. The quality of

the two standardization procedures is evaluated with

respect to neuropil sizes and their relative positions.

Based on our data set of 20 individual brains, we deter-

mined significant volumetric relationships among certain

brain neuropils.

In a second step, the branching pattern of PDF-ir neu-

rons was implemented into the ISA standard brain atlas.

New details on the branching pattern of the PDF-ir cells

are presented and statistically analyzed. Two highly inter-

connected PDF-ir branching sites are identified that might

allow for information exchange between the posterior and

anterior optic commissures. In addition, unexpected

Abbreviations

a1–2 area 1–2
AFP anterior fiber plexus
aMe accessory medulla
aPDFMe anterior PDF neurons of the medulla
AOC anterior optic commissure
3D three-dimensional
dPDFLa dorsal PDF neurons of the lamina
ir immunoreactive
ILP inferior lateral protocerebrum
ISA iterative shape averaging
LVT lobula valley tract
p1–p5 plexus 1–5
PBS phosphate-buffered saline
PBT phosphate-buffered saline containing Triton X-100
PDF pigment-dispersing factor
PDH pigment-dispersing hormone
POC posterior optic commissure
POTu posterior optic tubercle
pPDFMe posterior PDF neurons of the medulla
SLP superior lateral protocerebrum
SMP superior median protocerebrum
VIB virtual insect brain
VLP ventrolateral protocerebrum
vPDFLa ventral PDF neurons of the lamina
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numerical relationships of the distances between the

PDF-ir branching sites were found. These findings allow

for a better understanding of the spatial distribution of

circadian pacemaker neurons in the brain of the cock-

roach and considerably facilitate further physiological

studies of the circadian system of the cockroach

L. maderae.

MATERIALS AND METHODS

Animals
Experiments were performed on 20 adult male cock-

roaches (Leucophaea maderae) from laboratory colonies

at the University of Marburg. Animals were reared at

27�C under a light-dark cycle of 12:12-hours (lights on at

8 a.m.). All brains were dissected at noon.

Characterization of primary antibodies
To label the neuropil structures of the brain, we used

a monoclonal mouse anti-synapsin antibody (SYNORF1,

3C11, #151101 (13.12.06) kindly provided by Dr.

E. Buchner, University of Würzburg, Germany). Selective

neuropil staining by the SYNORF1 antibody has previ-

ously been demonstrated in several insect species

(Brandt et al., 2005; Kurylas et al., 2008; el Jundi et al.,

2009; Kvello et al., 2009). It was raised against a 66-kDa

fusion protein comprising glutathione-S-transferase (GST)

fused to the first amino acids of the presynaptic vesicle

protein synapsin I coded by its 50 fragment (nucleotide

sequence 621–1967, shown in Fig. 1 of Klagges et al.,

1996). Thereby, four or five synapsin isoforms (protein

bands of 70, 74, 80, and �143 kDa molecular weight)

can be detected on a Western blot of Drosophila head ho-

mogenates (Klagges et al., 1996). Immunohistochemistry

showed no synapsin detection by the SYNORF1 antibody

in a Drosophila synapsin null mutant, syn79 (Goden-

schwege et al., 2004).

To label the PDF-ir network in the cockroach brain, we

used an affinity-purified rabbit antiserum against b-pig-
ment-dispersing hormone (PDH; #3B3), provided by Dr.

H. Dircksen (University of Stockholm, Sweden). The anti-

serum was raised against conjugates of synthetic Uca

Figure 1. Confocal images from a cockroach brain immunostained with an antibody against the presynaptic vesicle protein synapsin I.

Neuropils were labeled manually for three-dimensional surface reconstruction. A–D: The most conspicuous neuropils of the protocerebrum

are the mushroom bodies with the calyx (Ca), the pedunculus (P), the vertical and median lobes (vL, mL), and the central complex consist-

ing of the protocerebral bridge (PB), the upper and lower divisions of the central body (CBU, CBL), and the noduli (No). In the deutocere-

brum the antennal lobes (AL) and in the tritocerebrum the lobus glomerulatus (LG) were labeled individually. Both are subdivided into

many glomeruli (G). E: The optic lobe contains the retinotopically organized lamina (La), medulla (Me), and lobula (Lo), whereas the acces-

sory medulla (aMe) has a non-retinotopic nodular appearance. The sections were taken at a depth of about 195 lm (A), 273 lm (B),

316 lm (C), 390 lm (D), and 450 lm (E) from the anterior surface of the brain. Scale bar ¼ 200 lm in A–E.
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pugilator/Cancer magister PDH (NSELINSILGLPKVMN-

DAa) and bovine thyroglobulin (Dircksen et al., 1987).

Immunodot-blotting analysis of high-pressure liquid chro-

matography (HPLC)-separated crustacean sinus-gland

extracts showed PDH immunostaining only in biologically

active peak fractions (Dircksen et al., 1987). In

L. maderae, preadsorption of the diluted antiserum with

10 lm PDH completely abolished immunostaining

(Stengl and Homberg, 1994).

Double immunostaining of wholemount
brains

The generation of the cockroach standard brains is

based on immunostainings of wholemount cockroach

brains. To minimize tissue distortions, brains were dis-

sected out of the head capsule in saline containing 156

mM NaCl, 4 mM KCl, 6 mM CaCl2, and 5 mM glucose

(Schneider and Stengl, 2005). Brains were fixed overnight

at 4�C in 4% paraformaldehyde in 0.1 M phosphate-buf-

fered saline (0.1 M PBS, pH 7.4). They were subsequently

washed 5 times for 15 minutes in 0.1 M PBS and were

treated with 1 mg/ml collagenase in 0.05 M Tris buffer

for 1 hour at room temperature to make the ganglionic

sheath permeable. Afterwards, the brains were rinsed six

times for 2 hours with 0.1 M PBS containing 0.5% Triton

X-100 (0.1 M PBT) and were preincubated overnight at

4�C with 5% normal goat serum (NGS; Jackson Immuno-

Research, Westgrove, PA) in 0.1 M PBT containing 0.02%

sodium azide. Brains were incubated for 5 days at 4�C
with the two primary antibodies (Table 1), anti-synapsin

(1:50) and anti-PDH (1:20,000), in 0.1 M PBT containing

1% NGS and 0.02% sodium azide. After extensive washing

with 0.1 M PBT over 2 hours, the brains were incubated

for 4 days at 4�C in secondary antibodies, goat anti-

mouse conjugated to Cy5 (cat. no. 115-175-146 Jackson

ImmunoResearch) and goat anti-rabbit conjugated to Cy3

(cat. no. 111-165-003 Jackson ImmunoResearch). Both

antisera were diluted 1:300 in 0.1 M PBT containing 1%

NGS and 0.02% sodium azide. After this staining step, the

brains were rinsed 6 times for 20 minutes in 0.1 M PBT

and were dehydrated in an increasing ethanol series

(50%, 70%, 90%, 95%, 100%, 15 minutes each). The brains

were cleared in a solution of 50% ethanol/50% methyl sa-

licylate for 15 minutes and subsequently for 40 minutes

in 100% methyl salicylate (Merck, Darmstadt, Germany).

Finally, the brains were embedded in Permount (Fisher

Scientific, Pittsburgh, PA) between two coverslips using

eight spacers (Zweckform, Oberlaindern, Germany) to

prevent compressions.

Confocal microscopy
Brains were imaged with a confocal laser scanning

microscope (Leica TCS SP2) using a 10� oil objective

(HC PL APO 10�/0.4 Imm Corr CS; Leica, Bensheim,

Germany). The fluorescence signals of Cy5 and Cy3 were

detected with an HeNe laser (633 nm) for the anti-synap-

sin staining and an Ar laser (543 nm) for the anti-PDF

staining. The wholemount brains were scanned at a reso-

lution of 512 � 512 pixels in the xy direction and a step

size of 2 lm in the axial direction. This resulted in a voxel

size of the image stacks of 2.93 � 2.93 � 2 lm. Because

of the thickness and width of the brains and the limitation

of the working distance of the 10� oil objective, each

brain was scanned in four image stacks, two from anterior

and two from posterior.

Reconstruction of neuropils in the
cockroach brains

Neuropil reconstructions were performed with Amira

3.1 and 4.1 (Visage Imaging, Fürth, Germany) on a perso-

nal computer (Inter Pentium D945 2x3.4GHz, 2048MB

RAM, running Windows XP). The four anti-synapsin image

stacks were oriented based on gray values and were

merged following translation, rotation, and scaling. The

same transformation parameters were used for alignment

of the corresponding image stacks showing anti-PDF

staining. Brain areas were labeled based on the image

stacks by using the segmentation editor in Amira. There-

fore, reconstruction of brain areas was performed by

labeling the neuropils in selected frontal, sagittal, and

axial slices. A 3D structure was then calculated by using

the function ‘‘wrap.’’ As a result, a ‘‘labelfield’’ for an indi-

vidual brain with all labeled neuropils could be generated.

Generation of the standard brain
Two different protocols for registration of a 3D insect

standard brain have been established: the virtual insect

brain protocol (VIB; Rein et al., 2002; Jenett et al., 2006)

TABLE 1.

Primary Antibodies Used

Antibody Working dilution Source Immunogen

Anti-synapsin 1:50 Dr. E. Buchner (Würzburg, Germany) Recombinant glutathione-S-transferase
(GST)-synapsin fusion protein

Anti-pigment-dispersing
hormone (PDH)

1:20,000 Dr. H. Dircksen (Stockholm, Sweden) Conjugates of synthetic Uca pugilator/Cancer
magister fl-PDH and bovine thyroglobulin
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and the iterative shape averaging method (ISA; Rohlfing

et al., 2001; Brandt et al., 2005). We followed both proce-

dures and created two 3D standard brains of the cock-

roach based on the same set of 20 individual brains by

using the VIB protocol and the ISA method. Both methods

require selection of an individual brain as a template on

which the other individual brains are registered. To

choose an ideal template brain, we calculated for each

brain the relative positions and volumes of all recon-

structed neuropils. The brain with the smallest volume

and position differences to the mean volume and to the

mean distances was chosen as the template brain for

registration.

The creation of the VIB standard brain consisted of

three transformation steps. At first, the reconstructed

brain areas were transformed by a global rigid transfor-

mation (translation, rotation, and isotropic scaling). Next,

the brains were transformed by using a local rigid trans-

formation, and the overlaps of the volumes of the individ-

ual neuropils were maximized for each labeled structure

without influence from the other labeled neuropils (Jenett

et al., 2006). Finally, after a non-rigid transformation with

a diffusion algorithm, the relative positions between neu-

ropils were corrected according to the template.

In contrast to the VIB standard brain, the ISA standard

brain was calculated based on the image stacks. Thereby,

an intensity-based affine transformation and iterative

non-rigid transformations were carried out to maximize

the entropy-based normalized mutual information (Rohlf-

ing et al., 2001). By using affine transformation, the

image stacks were transformed with respect to transla-

tion, rotation, anisotropic scaling, and shearing. During

the iterative averaging process, the images were seg-

mented into third-order 3D B-splines and were trans-

formed iteratively four times by using a non-rigid elastic

algorithm.

Reconstruction and registration of the PDF-ir
neurons

The PDF-ir neurons from one of the 20 individual cock-

roach brains whose fine PDF-ir fiber projections could be

completely resolved was reconstructed and fitted into the

ISA standard brain.

For better structural analysis, the PDF-ir neurons were

scanned and reconstructed with a voxel size of 1.46 �
1.46 � 2 lm. The 3D reconstruction of the PDF-ir neuro-

nal network was accomplished by a custom module in

Amira 3.1, the ‘‘skeleton reconstruction’’ tool (Schmitt

et al., 2004; Evers et al., 2005). The beginning, branching,

and end points of stained fibers were selected manually.

For surface reconstructions, the midline and diameter of

each neuronal branch were automatically determined by

means of local staining intensity gradients.

Because the relative position between the neuropils

and PDF-ir neurons should be preserved, the implementa-

tion was based on the volumes and centers of gravity of

21 neuropils comprising the PDF-ir network. The registra-

tion procedure using Amira 4.1 is described in detail in

Kurylas et al. (2008) and el Jundi et al. (2010). The la-

beled neuropils of the individual brain were transformed

into the standard brain by using an affine transformation,

followed by an elastic transformation. The resulting trans-

formation matrix and the deformation field (vector field)

of both transferring steps were then used to register the

PDF-ir neurons into the standard brain. Because of the

complexity of the widespread PDF-ir fiber connections, all

21 neuropils had to be registered into the ISA standard

brain in one process. Owing to limited computer re-

sources and to limitations of the software available, the

neuropil images had to be downsampled to a voxel size of

8� 8� 8 lm during the elastic transformation. However,

the resolution of PDF-ir neurons retained the voxel size of

1.46 � 1.46 � 2 lm, which allowed for detailed analysis

of their fiber processes.

Photomicrograph production was obtained with AMIRA

only. For size adjustment, inclusion of symbols and let-

ters, and constructions of schemes (see Fig. 11A,B).

Corel Draw X3 was employed. Figures 10 and 12 were

designed with Microsoft Office Excel.

Statistics
Based on the data from the 20 individual brains (neuro-

pil sizes and centers of gravity), statistical studies were

performed by using Microsoft Office Excel and SPSS

13.0. To test whether the cockroach brain is bilaterally

symmetric, we compared volumes and relative positions

in transferred coordinates of corresponding left and right

neuropils by using paired t-tests. Linear regression analy-

ses in SPSS were performed to analyze pairs of selected

neuropils for correlations in volumes. As a positive con-

trol, we examined whether the lamina, medulla, and lob-

ula were correlated in volume size. The quality of stand-

ardization was evaluated by one-sample t-tests. This test

determined whether the standard atlas represented the

average shape, size, and relative positions of neuropils of

the 20 individual brains. To evaluate the quality of the ISA

standard brain, we compared the distances of the non-

rigid deformations between the 20 individual brains and

the ISA standard brain and between each individual brain

and 5 randomly selected individual brains (Suppl. Fig. 7).

To determine whether there were statistically signifi-

cant differences in the size and position of aPDFMe-ir and

pPDFMe-ir somata, the diameter of the PDF-ir cell bodies

and the distances of their centers to the border of the

aMe were measured. The relationship between size and

position of PDF-ir somata was studied by using linear
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regression in SPSS. PDF-ir arborization sites were named

‘‘area’’ if more than one PDF-ir axon bundle contributed

fibers. A site was called ‘‘plexus’’ if it was supplied by

fibers from one axon bundle only. To analyze the morphol-

ogy of the PDF-ir neuronal system, the distances between

all PDF-ir arborization sites were measured in 10 cock-

roach brains. To examine whether the PDF-ir arborization

sites were arranged in identical distances to each other

or in multiples thereof, we evaluated the relationships

between the respective distances with Origin 6.0 (Micro-

cal Software, Northampton, MA).

RESULTS

Reconstructed neuropils of the cockroach
brain

Immunocytochemistry using the antibody SYNORF1

revealed intense immunostaining in synaptic neuropils in

the cockroach brain, whereas somata and tracts

remained unstained (Fig. 1A–E). Based on distinct immu-

nostaining, 21 neuropils were segmented from stacks of

confocal images. In the central brain, subcompartments

of the mushroom bodies and central complex were recon-

structed. In the mushroom bodies, which are implicated

in associative olfactory learning and memory, sensory fil-

tering, motor control, and place memory (Mizunami et al.,

1998; Menzel and Giurfa, 2006; Liu and Davis, 2006), the

paired cup-shaped calyces and the combined peduncu-

lus/vertical and medial lobe were reconstructed sepa-

rately (Fig. 1A,B). In the central complex, which is

involved in spatial orientation, locomotor control, and vis-

ual object recognition (Strauss, 2002; Liu et al., 2006;

Heinze and Homberg, 2007), the protocerebral bridge,

the upper and lower divisions of the central body, and the

pair of noduli were reconstructed separately (Fig. 1B–D).

Anteroventrally in the deutocerebrum, the antennal

lobes are the primary olfactory centers of the insect brain

(Fig. 1A,B). In the antennal lobe, about 100 glomeruli

could be distinguished. Also encoding chemosensory in-

formation, the lobus glomerulatus (Fig. 1B) of the trito-

cerebrum is a gustatory neuropil (Ernst et al., 1977; Ignell

et al., 2000). In L. maderae it consists of about 15 spheri-

cal glomeruli. For the purpose of whole-brain reconstruc-

tion, the antennal lobe and the lobus glomerulatus were

segmented as single entities. The optic lobes are the pri-

mary processing centers of visual information from both

compound eyes. In the optic lobe, the three retinotopi-

cally organized neuropils, the lamina, the medulla (Me),

and the lobula and the non-retinotopically organized

accessory medulla (aMe) were segmented individually

(Fig. 1E). The aMe is located anteriorly at the ventrome-

dian border of the medulla (Reischig et al., 2003a,b). The

stained neuropil structures of an individual cockroach

brain can be downloaded and visualized using AMIRA

software. The Amira file and movie file are available online

(Suppl. Figs. 1, 2).

Morphometric analysis of neuropils
Table 2 shows a volumetric analysis of all labeled neu-

ropils from the 20 individual brains. Statistical analysis of

the volumetric relationships between the labeled neuro-

pils provided several results:

1. Comparison of volumes and relative positions of cor-

responding neuropils in the right and left hemi-

spheres revealed that the cockroach brain is

bilaterally symmetric (P > 0.05, paired t-test). Thus,

no evidence for side-specific processing was found.

2. The size of several neuropils showed a significant lin-

ear correlation. A linear relationship of volumes was

found among all retinotopically organized neuropils

of the optic lobe, lamina, medulla, and lobula. This

means that a brain with a larger lamina volume than

a reference brain had a correspondingly larger me-

dulla and lobula volume (P < 0.05, linear regression;

Table 3). Whereas a significant volumetric relation-

ship also occurred between the calyx and the pedun-

culus/lobes of the mushroom body, this was not

true for the four central-complex neuropils (P >

0.05, linear regression). Correspondingly, there was

significantly less variability in the volumes of the

mushroom bodies (9.13% left; 9.36% right mushroom

body) than in the volumes of the central complex

(15.53%) and all other neuropils measured. A linear

volumetric relationship was also found between the

antennal lobe and the mushroom body, but not

between the lobus glomerulatus or the optic-lobe

neuropils and the mushroom body. Interestingly, the

volume of the aMe was linearly correlated with the

volume of the medulla, but not with that of the lam-

ina or lobula. In addition, the volume of the aMe was

proportional to the volume of the upper division of

the central body and the protocerebral bridge (P <

0.05, linear regression), but not to that of the lower

division or the noduli of the central complex, to the

antennal lobe or the lobus glomerulatus (Table 3).

Standardized neuropils of the cockroach
brain

Two standard brains of the cockroach were calculated,

one using the VIB procotol (Fig. 2A–J) and the other using

the ISA method (Fig. 3A–H). Surface reconstructions of

21 neuropils show the location and size of most neuropil

regions of the cockroach brain equally well with both

standardization procedures (Figs. 2A–D, 3A–D). A
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comparison of the average images between both meth-

ods showed a better signal-to-noise ratio for the ISA

method (Figs. 2J, 3E–H). The ISA standard brain (AMIRA

file and movie file), and movies of the average neuropil

images in xy and xz planes can be downloaded online

(Suppl. Figs. 3–6).

The quality of the standardization of the neuropils was

scrutinized statistically and revealed the following results:

1. The volumes of most neuropils in the standard brain

derived by the ISA procedure or VIB protocol did not

differ significantly from the mean neuropil volumes

of the individual brains and from each other (P >

TABLE 2.

Volume of Neuropil Structures in the Brain of the Cockroach Leucophaea maderae (N 5 20)

Structure MV (lm3) Rel. vol. (%) SD (lm3) Rel. SD (%) SE (lm3) Rel. SE (%)

ISA

Volume (lm3) Rel. vol (%)

Lamina (left) 8.27 � 106 4.90 2.78 � 106 33.55 6.21 � 105 7.50 8.19 � 106 4.86
Lamina (right) 8.66 � 106 5.13 2.95 � 106 34.03 6.59 � 105 7.61 8.22 � 106 4.87
Medulla (left) 1.34 � 107 7.91 1.91 � 106 14.28 4.26 � 105 3.19 1.38 � 107 8.17
Medulla (right) 1.30 � 107 7.71 2.35 � 106 18.06 5.26 � 105 4.04 1.38 � 107 8.18
Lobula (left) 4.30 � 106 2.55 8.35 � 105 19.44 1.87 � 105 4.35 4.28 � 106 2.54
Lobula (right) 4.22 � 106 2.50 5.85 � 105 13.88 1.31 � 105 3.10 4.38 � 106 2.60
Accessory medulla (left) 1.09 � 105 0.06 2.66 � 104 24.31 5.95 � 103 5.43 1.02 � 105 0.06
Accessory medulla (right) 1.08 � 105 0.06 2.22 � 104 20.63 4.96 � 103 4.61 9.98 � 104 0.06
Calyx (left) 9.13 � 106 5.41 1.08 � 106 11.85 2.42 � 105 2.65 9.22 � 106 5.47
Calyx (right) 9.41 � 106 5.57 7.57 � 105 8.04 1.69 � 105 1.80 9.47 � 106 5.61
Pedunculus/lobes (left) 1.92 � 107 11.37 1.23 � 106 6.42 2.76 � 105 1.44 1.94 � 107 11.51
Pedunculus/lobes (right) 1.87 � 107 11.05 1.99 � 106 10.69 4.46 � 105 2.39 1.90 � 107 11.28
Upper division of CB 1.90 � 106 1.13 3.10 � 105 16.30 6.94 � 104 3.64 1.80 � 106 1.07
Lower division of CB 1.32 � 106 0.78 1.96 � 105 14.77 4.37 � 104 3.30 1.28 � 106 0.76
Protocerebral bridge 9.13 � 105 0.54 1.09 � 105 11.93 2.44 � 104 2.67 9.01 � 105 0.53
Nodulus (left) 9.12 � 104 0.05 1.90 � 104 20.80 4.24 � 103 4.65 8.95 � 104 0.05
Nodulus (right) 9.62 � 104 0.06 2.25 � 104 23.43 5.04 � 103 5.24 9.03 � 104 0.05
Lobus glomerulatus (left) 9.69 � 105 0.57 1.67 � 105 17.20 3.73 � 104 3.85 9.95 � 105 0.59
Lobus glomerulatus (right) 1.12 � 106 0.66 1.80 � 105 16.10 4.03 � 104 3.60 1.04 � 106 0.62
Antennal lobe (left) 2.70 � 107 15.99 3.98 � 106 14.74 8.90 � 105 3.30 2.63 � 107 15.62
Antennal lobe (right) 2.70 � 107 15.99 3.59 � 106 13.30 8.03 � 105 2.97 2.61 � 107 15.50

Volume and relative volume (Rel. vol.) of the ISA-derived standard neuropils are shown on the right side. Abbreviations: CB, central body; MV,

mean volume; SD, standard deviation; Rel. SD, relative SD; SE, standard error; Rel. SE, relative SE of 21 segmented neuropils in the cockroach

brain (n ¼ 20).

TABLE 3.

Linear Regression Analysis (y 5 Ax 1 B) for Correlation of Volumes Between Pairs of Selected Neuropils

y x R2 P value B A

Lamina Medulla 0.434 0.002 �2.98 � 106 0.87
Lobula Medulla 0.670 0.000 8.02 � 105 0.26
Pedunculus/lobes Calyx 0.251 0.024 1.08 � 107 0.87
Upper division of CB Lower division of CB 0.049 0.346 — —
Protocerebral bridge Lower division of CB 0.016 0.597 — —
Noduli Lower division of CB 0.001 0.892 — —
Optic lobe Mushroom body 0.095 0.188 — —
Central complex Mushroom body 0.047 0.360 — —
Antennal lobe Mushroom body 0.219 0.038 3.23 � 106 0.42
Lobus glomerulatus Mushroom body 0.172 0.069 — —
Lamina Accessory medulla 0.071 0.256 — —
Medulla Accessory medulla 0.205 0.045 7.47 � 106 52.65
Lobula Accessory medulla 0.026 0.497 — —
Lower division of CB Accessory medulla 0.093 0.192 — —
Upper division of CB Accessory medulla 0.206 0.044 2.79 � 106 �8.16
Protocerebral bridge Accessory medulla 0.218 0.038 1.23 � 106 �2.95
Noduli Accessory medulla 0.014 0.623 — —
Antennal lobe Accessory medulla 0.063 0.287 — —
Lobus glomerulatus Accessory medulla 0.007 0.727 — —

Abbreviation: CB, central body.
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Figure 2. The cockroach standard brain with standardized neuropils calculated with the VIB protocol. A–D: Surface reconstructions. E–H:

The same views with the mushroom bodies rendered transparent. A,E: Frontal view. B,F: Dorsal view. C,G: Posterior view. D,H: Ventral

view. I,J: Direct volume rendering of the average labels and average images, respectively. Scale bar ¼ 300 lm in D (applies to A–D), H

(applies to E–H), I,J.
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0.05, one-sample t-test). Therefore, both standard

brains represent the average shapes and sizes of

neuropils in the cockroach brain. The only exception

was the lamina of the VIB standard brain. The stand-

ard error of the mean of the laminae was very large

(33.79%). Because the visualized lamina could not

represent the individual laminae, the lamina was

omitted from the VIB standard brain.

2. The spatial coordinates (x,y,z) of the centers of gravity

of the neuropils in the standard brains did not differ

significantly from their average coordinates calculated

from 20 individuals (P > 0.05, one-sample t-test).

These findings demonstrate that the standard brains

maintained the relative positions between the neuropils

found in the individual brains.

Finally, the mean volumes of neuropils were computed

and their percentages relative to all computed neuropil vol-

umes were calculated (Table 2) to allow for comparisons

with corresponding neuropils in standardized brains of other

species.

The quality of the ISA standard brain was evaluated

by using comparison of the non-rigid deformation differ-

ences between the 20 individual brains and the ISA

standard brain and between each individual brain and 5

Figure 3. The cockroach standard brain calculated using the ISA method. The left panels (A–D) show surface reconstructions and the

right panels (E–H) show the direct volume rendering of the corresponding views. The images needed to be obtained with a 10� objective

and thus appear fuzzy. A,E: Frontal view. B,F: Dorsal view. C,G: Posterior view. D,H: Ventral view. Scale bar ¼ 300 lm in D (applies to A–

D) and H (applies to E–H).
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randomly selected individual brains (Suppl. Fig. 7). The

non-rigid deformation distance of each individual brain to

the standard brain is smaller than the mean deformation

between any two individual brains. When these data are

taken together, this analysis suggests that the ISA stand-

ard brain of L. maderae is an ideal averaged platform for

neuronal network analysis.

Three-dimensional reconstruction of PDF-ir
neurons in the standard brain

For detailed morphological analysis and visualization,

the arborizations of PDF-ir neurons of an individual brain

were reconstructed and transformed into the ISA-derived

standard cockroach brain (Fig. 4A,B). The resulting 3D

image provided several novel findings on the neuroarchi-

tecture of the PDF-ir neural network. In addition, a num-

ber of quantitative measurements were performed on

PDF-ir neurons from 10 preparations.

PDF-ir somata and fibers in the optic lobes
Four PDF-ir soma groups were identified according to

their location as the anterior and posterior medulla neu-

rons (aPDFMes, pPDFMes) and the dorsal and ventral

lamina neurons (dPDFLas, vPDFLas; Fig. 5A–E). All of the

four soma groups appeared to contribute to immuno-

staining in the aMe. The aPDFMes could be subdivided

into three groups according to soma size and staining in-

tensity. Each of these groups consisted of four somata

(Fig. 5A–D). The large aPDFMes were stained most

intensely and included a single, particularly large soma

Figure 4. Skeleton graph of 3D reconstruction of PDF-ir neurons registered into the ISA standard brain. A: Frontal view. B: Dorsal view.

Scale bar ¼ 300 lm in B (applies to A,B).
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(21.01 6 1.94 lm), which was always recognized individ-

ually, and three slightly smaller cells (16.84 6 1.68 lm).

The four medium-sized, less intensely stained somata

(13.99 6 1.38 lm), and the four small, faintly stained

somata (9.50 6 0.98 lm), could not always be clearly

distinguished from the three large somata of the

aPDFMes. In contrast, the somata of the pPDFMes could

be separated reliably into two subgroups according to

size, staining intensity, and position. Five large, intensely

stained pPDFMes (13.826 2.73 lm) were positioned far-

ther away from the aMe than three smaller, faintly stained

pPDFMes (9.34 6 1.47 lm; Fig. 5A,B,E, Table 4). Both

dPDFLas and vPDFLas consisted of 50–70 somata proxi-

mal to the posterior edge of lamina and sent their primary

neurites toward the first optic chiasma (Fig. 5A,B). There

was a significant relationship between the size of the

aPDFMe somata and their distance to the aMe. The larg-

est aPDFMe was always furthest away, and the small

aPDFMes were always closest to the aMe. In contrast,

there was no linear relationship between the size of

pPDFMes and their distance to the aMe (Table 4).

The aPDFMes connected the aMe to the medulla and

lamina in both optic lobes via two distinct pathways, the

anterior fiber fan, which innervated the distalmost layer

of the medulla (Fig. 5A,F–I), and the median layer fiber

system of the medulla (Fig. 5F,G, violet branches; I,

arrow). A few fibers from the anterior fiber fan ran perpen-

dicularly into a median layer of the medulla and ramified

there (violet stars and fibers in Fig. 5F,G). Some branches

projected into the first optic chiasma (Fig. 5F,G). Dense

Figure 5. PDF-ir somata and fibers in the optic lobe. A–E: Anterior and posterior medulla (Me) neurons (aPDFMe, pPDFMe), and dorsal

and ventral lamina (La) neurons (dPDFLa, vPDFLa). The aPDFMe are composed of three subgroups of somata: the large somata (A,B: in

yellow, C,D: yellow arrows) including one particularly large soma (A,B: in red, C: red arrow), the medium-sized somata (A,B: in light green,

C: light green arrows), and the small somata (A,B: in blue, D: light blue arrow). The pPDFMe consists of five large (A,B: in orange, E: or-

ange arrows) and three small somata (A,B: in violet, E: violet arrows). The dPDFLa and vPDFLa are shown in white (A,B). Some fibers from

the first optic chiasma (1. OC) enter the distal layer of the La (arrow in A). F–I: The anterior fiber fan (F,G: in dark yellow) and the median

layer fiber system (F,G: in violet, I: arrow). The median layer system is connected with the anterior fiber fan and the 1.OC by neural proc-

esses (violet stars in F,G). aMe, accessory medulla. Scale bar ¼ 50 lm in A–I.
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fibers from the anterior fiber fan ran from the first optic

chiasma along the proximal edge of the lamina in an ante-

rior direction and formed a sheet-like fiber meshwork

along the inner face of the lamina. Some fibers even

entered the distal layer of the lamina (Fig. 5A, arrow).

Thus, although apparently all aPDFMes (Fig. 5C,D), and

possibly also all pPDFMes (Fig. 5E) and PDFLas (Fig.

5A,B), connected the aMe with the medulla and distal

lamina via the anterior fiber fan, only a few of them pro-

jected into the median layer system of the medulla.

At least four major and several smaller PDF-ir fibers

originating from ipsi- and contralateral aPDFMes ran pos-

terior to the aMe in the lobula valley tract (LVT). They fas-

ciculated and formed a common bundle that ran along

the posterior face of the lobula (Fig. 6A–F). The bundle bi-

furcated at the border between the lobula and the median

TABLE 4.

Diameters of Somata in the Different PDF-ir Soma Groups (in lm) and Their Distances to the Accessory Medulla (aMe)

Calculated From Nine Optic Lobes of Five Cockroaches1

Neuron group No.

Diameters of somata Distances between somata and aMe

Mean (lm) SD (lm)

Normalized

mean (%) Mean (lm) SD (lm)

Normalized

mean (%)

Largest aPDFMe neuron 9 21.01 1.94 100 56.18 11.58 100
Large aPDFMe neurons 27 16.84 1.68 80.49 40.18 9.41 72.51
Medium-sized aPDFMe neurons 31 13.99 1.38 66.88 29.27 4.90 54.53
Small aPDFMe neurons 12 9.50 0.98 48.40 21.52 7.17 47.90
Large pPDFMe neurons 23 13.82 2.73 66.54 93.05 15.07 179.52
Small pPDFMe neurons 16 9.34 1.47 44.78 67.38 10.87 130.96
dPDFLa neurons 16 9.34 0.55 —
vPDFLa neurons 16 9.36 0.40 —

1The diameter and distance of the largest soma was 100% for the normalization of the neuronal soma sizes and their positions. Abbreviations:

aPDFMe and pPDFMe, anterior and posterior medulla neurons; dPDFLa and vPDFLa, dorsal and ventral lamina neurons.

Figure 6. PDF-ir fibers in the lobula valley tract (LVT) posterior to the lobula (Lo) A–F: Four major PDF-ir fibers run in the LVT and bifur-

cate into the anterior and posterior optic commissures (AOC, POC) (A,D: arrow, B,E). PDF-ir fibers from the LVT form plexus 1 (p1, violet

fibers) at the posterior face of the Lo (A,B,E). Some branches of p1 enter the Lo (B, arrow). Plexus 1 is connected directly with the aMe

by the fiber shown in A (star) and F (arrow). The confocal images were pixellated because they were zoomed to reveal details of the neu-

rites. Scale bar ¼ 200 in A,B; 50 lm in C–F.
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protocerebrum (Fig. 6A,B,D,E). At least two large PDF-ir

fibers projected to the posterior optic commissure (POC),

whereas two other large fibers and several smaller ones

entered the anterior optic commissure (AOC; Fig.

6A,B,D,E). Near the bifurcation, some side branches from

apparently all four major fiber extended in a dorsal direc-

tion and gave rise to a small plexus of arborizations,

termed plexus 1 (p1; Fig. 6A,B,E). Plexi were defined as

branching sites of side branches from major fibers run-

ning in the POC or AOC. An arborization area is a meeting

point of different fiber bundles. Fiber terminals extended

into the proximal posterior lobula (Fig. 6B, arrow). A faint

PDF-ir fiber from the aMe ran through the lobula and

reached p1 directly (Fig. 6A, star; F, arrow). This fiber was

distinct from the four major fibers in the LVT and estab-

lished direct contact between the aMe and p1 (Fig. 6A,

star; F, arrow).

PDF-ir fibers in the POC and its associated
plexi

PDF-ir fibers in the POC connected both aMae via the

LVTs and formed several branching sites along their way

(Fig. 7). Some branches innervated the posterior optic tu-

bercle (POTu), which lies posteriorly from the medial lobe

of the mushroom body (Fig. 7A,B,E). Several side branches

ramified extensively in a plexus (plexus 2 [p2]), which lay

more proximally to the optic lobe than the POTu (Fig.

7A,C,D). Two to four fibers from p2 projected parallel to

the two major fibers in the POC and connected p2 and

POTu directly (green fibers in Fig. 7A; arrow in Fig. 7I). A

PDF-ir fiber bundle originating from p1 bifurcated into two

fascicles at the ventrolateral side of p2 (Fig. 7B, arrow; H,

arrow). One fascicle extended posteriorly into p2. The

other fascicle projected anteriorly through the inferior lat-

eral protocerebrum (ILP), and then into the ventrolateral

protocerebrum (VLP), where it split into several branches

(Fig. 7B,C,G). The fiber branches in the VLP sent off several

processes to an ‘‘anterior fiber plexus’’ (AFP) laterally to

the vertical lobe of the mushroom body. Wide ramifications

of PDF-ir fibers in the AFP extended to the frontal face of

the protocerebrum and contributed to a superficial layer of

neuropil lateral to the vertical lobe (Fig. 7B,C,F,J,K). A PDF-

ir fiber originating from the aMe ran parallel to the four

main fibers in the LVT to the midbrain (Fig. 7J–N, arrows).

It left the LVT near p1 and projected anteriorly through the

lobula (Fig. 7J–M). The fiber bifurcated into two branches

that reached the AFP directly (Fig. 7N).

PDF-ir fibers in the AOC and its associated
plexi

The second branch from the LVT separated into four to

six main fibers. They crossed the brain midline via the

AOC. Along their way, they gave rise to side branches

which formed plexi 3–5 (p3–p5), arborization areas 1 and

2 (a1, a2), and wide ramifications in the superior lateral

(SLP) and superior median protocerebrum (SMP) (Fig.

8A–K). The main fibers in the AOC bypassed the peduncle

of the mushroom body anteriorly and arborized most

densely in area 1 (a1) between the vertical lobe and the

pedunculus of the mushroom body (Fig. 8A–C,E). Four

fiber fascicles originating in a1 extended along the poste-

rior surface of the vertical lobe in anterior direction (Fig.

8C, arrows; E, arrows). Two fascicles made a lateral turn

anteriorly and provided a connection with the lateral AFP

(Fig. 8B,C,F). The other two fascicles continued toward

the contralateral hemisphere and merged in area 2 (a2)

medially from the vertical lobe in the SMP (Fig. 8A,F).

Four to six PDF-ir fibers from a2 crossed the brain midline

in the AOC anterior to the protocerebral bridge and supe-

rior to the central body to the contralateral hemisphere

(Fig. 8I–K). The main fibers in the AOC gave rise to three

small fiber plexi interconnected by several fine fibers:

plexus 3 (p3) near p1, plexus 5 (p5) near a1, and plexus 4

(p4) between p5 and p3 (Fig. 8A,C,D,G). Neurites from

p1, p3, and p5 extended anterior-superiorly and formed

overlapping arborizations in the SLP (Fig. 8B,C). Two

fibers originated from the main fibers in the AOC between

plexus 3 and plexus 4. They ran anterior-superiorly and

reached the fiber layer in the SLP (Fig. 8D, arrows). Sev-

eral processes extended from the SLP anteriorly and

fused with the AFP (Fig. 8B,C).

PDF-ir fibers in the deuto- and tritocerebrum
PDF immunoreactivity was not detected in somata of

the deuto- and tritocerebrum. However, an area posterior

to the lobus glomerulatus in the tritocerebrum showed

dense PDF-ir ramifications (Fig. 9A–D). Three fiber bun-

dles extended from this area. A fiber bundle with three to

five faintly PDF-immunostained fibers (Fig. 9D) ran in an

anterior-superior-lateral direction and terminated near

the posterior surface of the antennal lobe in the deuto-

cerebrum (Fig. 9B). The other two faintly stained fiber

bundles extended in a posterior-superior-lateral direction

and reached the posterior surface of the brain.

Distances between PDF-ir arborization sites
The corresponding distances in the left and right brain

hemispheres were compared by means of paired t-tests.

If the regularly active PDF-ir neurons and their postsynap-

tic neurons use phase information between spikes as an

encoding scheme, it might be important to ensure that

the same or a specifically different phase is maintained in

the different output regions. This should be reflected in

the arborization scheme of the PDF-ir neurons. For an

estimation of conduction times of action potentials
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Figure 7. PDF-ir fibers in the posterior optic commissure (POC) and associated arborization sites. A–I: The posterior optic tubercle (POTu)

is located posteriorly from the median lobe (mL) whereas plexus 2 (p2) is situated more proximally to the optic lobe (A–C: green, D,E).

Both PDF-ir arborization sites are connected by two major fibers in the POC and by two additional fibers (A, green; I, arrow). A PDF-ir fiber

from plexus1 (A–C, violet) runs anteriorly and bifurcates ventrally to p2 (B; H, arrow). One branch projects into p2. The other branch runs

anteriorly through the inferior lateral protocerebrum (ILP), the ventrolateral protocerebrum (VLP) (B,C light blue; G), and into the anterior

fiber plexus (AFP) (B,C,J,K, red; F). J–N: One fiber connects the aMe and the AFP directly (orange in J,K). The fiber runs parallel to the lob-

ula valley tract (L, arrow) and extends anteriorly at an angle of about 90 degrees (K; M, arrow). It bifurcates into two branches (N, arrows),

which reach the AFP. Scale bar ¼ 200 lm in A,B,C,J,K; 50 lm in D–I, L–N.
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between the different PDF-ir arborization sites, we calcu-

lated the distances between neighboring PDF-ir arboriza-

tion sites in the AMe, the five plexi (p1–p5), the POTu,

and the two arborization areas (a1, a2) from all 10 ani-

mals (Figs. 10, 11, Suppl. Table 1). Arborization sites in

the SLP, SMP, and AFP were not included in the analysis

because they were less confined. The PDF-ir neuronal

processes in the left and right hemisphere were symmet-

rically organized (P > 0.05, paired t-test). Distances

between p1 and p3, between p4 and p5, and between p5

and a1, were not significantly different from each other

(Fig. 10). Linear regression analysis showed that the rela-

tive distances of several other PDF-ir arborization areas

were integer multiples of these short distances (Suppl.

Table 1, Fig. 11A).

Two highly interconnected PDF-ir areas
Two arborization areas of PDF-ir fibers, p1 and the AFP,

were highly interconnected with other PDF-ir branching

sites (Fig. 11B–F). Plexus 1 was formed by ramifications

of the four major fibers in the LVT. It was directly con-

nected with: 1) the aMe; 2) p2 in the POC; 3) p3 in the

AOC; 4) the main fibers in the AOC; 5) the SLP, ILP, and

Figure 8. PDF-ir fibers in the anterior optic commissure (AOC) and associated plexi. A–K: There are four to six main fibers in the AOC (A–

C yellow; H). They run anteriorly toward area one (a1) with dense fibers between the vertical lobe (vL) and the pedunculus (P) (A,C,E).

Four fiber fascicles from a1 extend in an anterior direction (C; E, arrows). Two laterally directed fascicles provide a connection with the

AFP (B; F, arrows). The other two fascicles project medially and merge in area 2 (a2) (A,F). Four to six fibers anterior to the protocerebral

bridge (PB) and superior to the central body connect the two hemispheres (I–K). The p3, p4, p5 (A,C dark blue, D,G), and two fibers from

the AOC (D, arrows) run toward the superior lateral protocerebrum (SLP) (B; C light blue). The arborizations in the SLP extend into the an-

terior fiber plexus (AFP) (B,C in red). Scale bar ¼ 200 lm in A–C,J,K; 80 lm in D–I.

Figure 9. A few PDF-ir fibers from a non-identified soma arborize

in the deuto- and tritocerebrum. A–D: An area posterior to the

lobus glomerulatus (LG) in the tritocerebrum shows fibrous PDF im-

munostaining (A; B, arrow; C). A fiber bundle runs anteriorly, enters

the deutocerebrum, and terminates near the posterior surface of

the antennal lobe (AL) (B, star; D). Scale bar ¼ 100 lm in A–D.
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VLP; and 6) the AFP. The AFP was formed by fibers origi-

nating from: 1) the aMe; 2) p1 in the LVT; 3) p2 in the

POC; 4) the main fibers in the AOC; 5) a1; 6) p3; and 7)

p5 in the AOC. These highly interconnected areas are

described here for the first time and allow for direct

exchange of information between the AOC and the POC.

A comparison of different standardized
insect brains

In a comparison of the relative mean neuropil volumes

(%) between different insects with standardized brains

(Fig. 12, Suppl. Table 2) it becomes apparent that in the

cockroach L. maderae the distribution of relative mean

volumes of the standardized neuropils differ from the

other insects studied so far. In the cockroach the relative

mean volumes of the optic lobes are relatively smaller

and those of the antennal lobes are relatively larger com-

pared with other insects. As in A. mellifera. but in contrast

to D. melanogaster, S. gregaria, M. sexta, and H. vires-

cens, the mean volume of the mushroom bodies of the

cockroach is relatively large. In all insects studied so far,

the relative mean volumes of the central body are very

similar.

DISCUSSION

To facilitate the morphological and physiological analy-

sis of the circadian pacemaker network in the cockroach

L. maderae, we employed two different procedures to

obtain a 3D standard brain. With the VIB and the ISA pro-

tocols, anti-synapsin-stained adult brains of male L.

maderae were successfully standardized. Morphometric

analysis revealed linear relationships between the sizes

of several labeled neuropils. Interestingly, the size of the

cockroach’s circadian pacemaker center, the aMe, was

linearly correlated with the size of the medulla, the proto-

cerebral bridge, and the upper division of the central

body. For better visualization and statistical analysis, the

branching pattern of PDF-ir neurons, circadian pace-

maker neurons controlling locomotor activity rhythms

(Helfrich-Förster et al., 1998; Homberg et al., 2003), were

registered into the standard cockroach brain. Several

new features of the aPDFMes were identified, such as

two highly interconnected PDF-ir branching sites, p1 and

AFP, which appear to be composed of processes from the

AOC and the POC. In addition, we found numerical rela-

tionships between the distances of several PDF-ir branch-

ing sites.

Comparison of the VIB- and ISA-derived
standard cockroach brains

Statistical comparison of all standardized neuropils

with the neuropils of the individual brains and a compari-

son of both procedures showed that the VIB and the ISA

protocols revealed equally well-defined locations and vol-

umes of the 21 neuropils examined. Only the lamina

could not be standardized satisfactorily with the VIB pro-

tocol, owing to high variability resulting from distortions

of photoreceptor axon bundles during brain dissection.

The VIB protocol is preferable for comparison of neuropil

volumes, e.g., between cockroaches raised at different

light conditions, because it takes only about 10% of the

time of the ISA procedure and can be employed with

smaller voxel sizes (Jenett et al., 2006; Kurylas et al.,

2008; el Jundi et al., 2009). In addition, it does not

change the volumes of neuropils, whereas the ISA proto-

col averages volume differences. In contrast to the ISA

protocol, the VIB protocol depends on the quality of the

label fields (Rohlfing et al., 2001; Brandt et al., 2005).

Thus, when variable, poorly defined neuropils are eval-

uated, it is preferable to employ the ISA procedure, which

is based upon confocal images. The quality of both stand-

ardization methods depends on the template brain

employed for alignment. Because our template was care-

fully selected as the brain with the least differences from

the mean of all individual brains, it is a valid standard for

L. maderae. For reconstruction of the circadian

Figure 10. Mean distances between five PDF-ir plexi (p1–p5), the

posterior optic turbercle (POTu), and two PDF-ir areas (a1, a2)

calculated from 10 cockroaches (bars, standard deviation). The

distances p1–p3, p4–p5, and p5–a1 were not significantly differ-

ent from each other (P > 0.05, one-way ANOVA; n.s., not signifi-

cant). The distance between p5 and a1 was the smallest and was

defined as 1. In addition, the distances p1–p2 and p3–p4 were

not significantly different from each other. They were 3.1 � the

distance of p5–a1, whereas p2–POTu was 3.0 � the distance of

p5–a1. Finally, the distance between aMe–p1 was 1.9 � and the

distance a1–a2 was 2 � the distance of p5–a1. aMe, accessory

medulla.
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Figure 11. The 3D reconstructions identified numerical relationships between distances of PDF-ir arborization sites and described for the

first time highly interconnected association areas. A: Relative positions of all PDF-ir arborization sites. The distance between p5 and area

a1 was defined as ‘‘1’’. The other distances were integer multiples of p5–a1. B–F: Two sites, p1 and the anterior fiber plexus (AFP), are

highly interconnected. P1 (C–F in violet) is connected with the aMe, with p2 (C–F in green), with p3 (C–F in dark blue), with the AFP (C–F

in red), and with the main fibers in the AOC (C–F in yellow). The AFP is formed by fibers from the aMe, p1, p2, p3, p5, and a1 (C–F in

white), and from the main fibers in the AOC. C,D: Frontal view. E,F: Dorsal view. B, modified from Reischig and Stengl, 2002. Scale bar ¼
200 lm in A–F.
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pacemaker network in a 3D standard brain of L. maderae,

the ISA method is more appropriate, because it averages

individual differences and provides a better signal-to-

noise ratio for visualization of the neuropils (Rohlfing

et al., 2001).

3D standardization not only greatly improved the visu-

alization and understanding of the location of neuropils in

the brain, but also allowed for statistical analysis of neu-

ropil volumes within and between individual brains. We

show that the volumes of the antennal lobe and mush-

room body and those of the lamina, medulla, and lobula

are directly correlated within each brain. It is not com-

pletely clear what this correlation means. It can be

hypothesized that neuropils that analyze the same sen-

sory information to about the same extent are correlated

in volume. This hypothesis is confirmed by the observed

correlations among the neuropil volumes of the lamina,

medulla, and lobula. It is well known from physiological

and anatomical studies that the lamina, medulla, and lob-

ula maintain a retinotopic map of the visual surround,

while processing visual stimuli with adjacent receptive

fields. Because the volume of the aMe was linearly corre-

lated only with the volume of the medulla, but was inde-

pendent of the volumes of the lamina and lobula, it is

expected that the aMe receives direct visual entrainment

only via the medulla. This hypothesis is supported by the

finding that distal tract neurons carry visual information

from the medulla to the noduli of the aMe (Reischig and

Stengl, 1996; Loesel and Homberg, 2001; Petri et al.,

2002).

Thus, the PDF-ir arborizations in the lamina might

rather be an output than an input pathway of the clock.

Linear correlations of the volumes of the aMe, the proto-

cerebral bridge, and the upper division of the central

complex hinted at functional connections among these

neuropils. The posterior optic tubercles, prominent target

sites of PDF-ir projections, are directly connected to the

protocerebral bridge in locusts (Heinze and Homberg,

2007). Based on evidence for a role of the central com-

plex as an internal sky compass, Homberg et al. (2004)

have promoted the idea that circadian timing information

may enter the central complex via this pathway for time

compensation in spatial navigation. In addition, the cen-

tral complex is implicated in the control of locomotor

behavior (for review, see Strauss, 2002). It is known from

several studies that PDF-ir neurons in the fruitfly and the

cockroach L. maderae control locomotor activity rhythms

(fruitfly: Helfrich-Förster, 2009; Helfrich-Förster et al.,

1998; cockroach: Stengl and Homberg, 1994; Petri and

Stengl, 1997; Reischig and Stengl, 2003a). In the fruitfly,

PDF-ir neurons connect in the superior median protocere-

brum to locomotor control centers (Helfrich-Förster,

1998; Park et al., 2000). It is unknown whether there are

functional connections between the superior median pro-

tocerebrum and the central complex in the fruitfly.

Because linear correlations of the volumes of the aMe,

Figure 12. Relative mean volumes (%) of selected neuropils in six different insect species: Drosophila melanogaster, Apis mellifera, Schisto-

cerca gregaria, Manduca sexta males (el Jundi et al., 2009); Heliothis virescens (Kvello et al., 2009); and Leucophaea maderae (this study).

Only neuropils that were analyzed in all six species were selected: optic lobes comprising medulla (Me) and lobula complex (Lo), mush-

room bodies consisting of calyces (Ca) and pedunculi/lobes (P), upper and lower division of the central body (CBU, CBL), and antennal

lobes.
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the protocerebral bridge, and the upper division of the

central complex were found in the cockroach, it is possi-

ble that PDF-ir neurons control locomotor activity via

postsynaptic pathways including the upper division of the

central complex.

A comparative volumetric analysis indicates that L.

maderae relies more heavily on chemosensory than on

visual information than all other species studied (Dro-

sophila melanogaster: Rein et al., 2002; Apis mellifera:

Brandt et al., 2005; Schistocerca gregaria: Kurylas et al.,

2008; Manduca sexta: el Jundi et al., 2009; Heliothis vires-

cens: Kvello et al., 2009), and that L. maderae has rela-

tively smaller optic lobes, the largest antennal lobe, and

the largest mushroom body. Chemosensory input

appears to be the main input to the mushroom bodies, as

suggested by linear regression analysis (Table 3).

Because the nocturnal, social cockroach is active at very

low light levels, it is likely that it relies more heavily on

chemosensory and mechanosensory cues than on vision.

The crepuscular, fast flying moth M. sexta, in contrast,

has much larger optic lobes and a much smaller mush-

room body than L. maderae but a similarly sized central

complex (el Jundi et al., 2009).

We did not find a linear correlation between the vol-

umes of the lobus glomerulatus and the mushroom body,

suggesting that its contribution to computation in the

mushroom body may be less prominent than in the locust

and cricket (Homberg et al., 2004; Frambach and Schür-

mann 2004). The lobus glomerulatus, a chemosensory

neuropil in the tritocerebrum, has only about 15 glomeruli

in L. maderae, whereas about 40 glomeruli were counted

in Diploptera punctata (Chiang et al., 2001). The lobus glo-

merulatus has not yet been well characterized. It appears

to receive input from sensory neurons of the maxillary

palps and from interneurons of the deutocerebrum and

appears to be involved in the chemosensory control of

feeding (Ernst et al., 1977).

New features of PDF-ir circadian pacemaker
neurons

PDF-ir neurons are circadian pacemakers that control

locomotor activity rhythms in the fruitfly D. melanogaster

and the cockroach L. maderae (for reviews, see Helfrich-

Förster et al., 1998; Homberg et al., 2003; Helfrich-För-

ster, 2009). However, in both species, the number of dif-

ferent functional circuits in which the PDF-ir neurons play

a role is still unknown. To facilitate neuroanatomical and

physiological studies on the functions of the PDF-ir circa-

dian pacemaker neurons in the cockroach, they were

implemented in the standard cockroach brain by employ-

ing the ISA protocol.

To characterize the neuronal processes in detail, the

individual PDF-ir neurons were reconstructed at a high

voxel resolution (1.46 � 1.46 � 2 lm). The available soft-

ware and the computer resources allowed for a maximal

spatial resolution of only 8 � 8 � 8 lm for deformation

registration. This resolution was still sufficient to charac-

terize the general localization of the different branching

sites of the PDF-ir neurons with respect to surrounding

neuropils. The data from PDF-ir fiber reconstructions of

individual brains were used to analyze the relative posi-

tions and distances between PDF-ir arborization sites

(Suppl. Table 1). Registration of the neurons in brain

regions that have poorly defined boundaries with other

neuropil structures is a general problem that can only be

solved with further improvement and development of the

respective softwares. Imprecision in the registration in

poorly defined regions also persists at higher spatial reso-

lution (el Jundi et al., 2010). In forthcoming triple-label

studies, we will improve the resolution of PDF-ir arboriza-

tion sites in comparison with other labeled cells in brain

regions of interest.

Registration and statistical analysis of the PDF-ir cells

revealed several new and interesting features. The dis-

tances of the aPDFMes to the border of the aMe were not

randomly distributed but were directly correlated to soma

size. Therefore, it is likely that all aPDFMes are sequential

offsprings of the same neuroblast, with the largest soma

being the first descendant. In addition, the distance to

the aMe can now be used for identification of the three

aPDFMe soma groups that cannot always be easily distin-

guished otherwise. A correlation between soma size and

distance to the aMe was not found in the eight pPDFMes.

In this group two subgroups could easily be distinguished

based on a prominent difference in soma size.

Two distinctly different branching patterns of the PDF-

ir neurons in the optic lobe have already been observed

by Reischig and Stengl (2002). The present study

revealed that at least one PDF-ir neuron contributes to

both the PDF-ir fiber fan and the medium layer fiber

system.

Varicose fiber specializations suggested that PDF is

released via branching sites in the lamina, the aMe, p1–

p5, a1 and a2, the posterior optic tubercle, the SLP, the

SMP, and the AFP. Two specific features were especially

remarkable: 1) apparently, all of the central PDF-ir

branching sites are connected with each other either

directly or via two highly interconnected branch points in

p1 and AFP, thereby allowing for negative feedback and

for mixing of information from AOC and POC projecting

fibers; and 2) several PDF-ir branching sites showed equal

distances or integer multiples thereof. Extracellular analy-

sis indicated that aMe neurons form an electrically

coupled network of phase-coupled ensembles that can

PDF-ir neurons in cockroach brain
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be synchronized and differently grouped via GABA and

neuropeptide applications. These specific morphological

features hint that phase-information and temporal proc-

essing (Ivry and Schlerf, 2008) might be a specifically im-

portant feature of the circadian pacemaker neurons

(Schneider and Stengl, 2005, 2006, 2007). It remains to

be studied whether the specific distances of the PDF-ir

branching sites contribute to different delay lines that

might allow for measurements of phase differences in

postsynaptic neurons. In addition, it remains to be exam-

ined whether the feedback connections between different

PDF-ir branching sites guarantee synchronization of

phases of action potential output at these sites. Future

studies have still to reveal the branching patterns of indi-

vidual aPDFMes and their respective postsynaptic

neurons.

Because peptidergic neurons do not necessarily

release their peptides at synaptic sites to close neighbors

only, the peptides could target distant cells with the re-

spective receptors if the peptide is not degraded quickly.

Therefore, it will be important to identify neurons in the

cockroach brain carrying PDF receptors, as was accom-

plished in the fruitfly (Hyun et al., 2005; Mertens et al.,

2005; Shafer et al., 2008; Lear et al., 2005, 2009).

Because in D. melanogaster, all PDF-sensitive postsynap-

tic cells appear to express circadian clock genes, it is

likely that period-ir neurons in the cockroach midbrain

will also be targeted by PDF. Current studies are testing

this hypothesis.
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Abstract Pigment-dispersing factor–immunoreactive neurons anterior to the
accessory medulla (aPDFMes) in the optic lobes of insects are circadian
pacemaker neurons in cockroaches and fruit flies. The authors examined
whether any of the aPDFMes of the cockroach Leucophaea maderae are sensitive
to changes in period and photoperiod of light/dark (LD) cycles as a prerequisite
to adapt to changes in external rhythms. Cockroaches were raised in LD cycles
of 11:11, 13:13, 12:12, 6:18, or 18:6 h, and the brains of the adults were examined
with immunocytochemistry employing antisera against PDF and orcokinin.
Indeed, in 11:11 LD cycles, only the number of medium-sized aPDFMes
specifically decreased, while it increased in 13:13. In addition, 18:6 LD cycles
increased the number of large- and medium-sized aPDFMes, as well as the
posterior pPDFMes, while 6:18 LD cycles only decreased the number of
medium-sized aPDFMes. Furthermore, PDF-immunoreactive fibers in the
anterior optic commissure and orcokinin-immunoreactive fibers in both the
anterior and posterior optic commissures were affected by different lengths of
light cycles. Thus, apparently different groups of the PDFMes, most of all the
medium-sized aPDFMes, which colocalize orcokinin, respond to changes in
period and photoperiod and could possibly allow for the adjustment to
different photoperiods.
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For equator-distant organisms, the length of the
light/dark (LD) cycles varies regularly during the
course of the year because of the inclination of the
Earth’s axis. In addition, because of the gravitational
pull of the moon on the Earth’s oceans, the rotation of
the Earth around its axis is gradually slowed, causing
the length of a day to change since the first organisms
inhabited the Earth. Thus, a main task of endogenous
clocks such as circadian clocks and photoperiodic
clocks is to allow for entrainment to changing external
geophysical rhythms. Accordingly, photoperiodic 

clocks not only entrain to but also appear to measure
the duration of the photophase (“photoperiodic
timer”) and appear to count the number of consecutive
long or short days (“photoperiodic counter”) before
they initiate photoperiodic adaptations such as pupal
diapause (Shiga et al., 2003; Emerson et al., 2009). It is
under debate whether photoperiodic clocks and
circadian clocks are constituted by the same cellular
circuits. In mammals and insects, a dual circadian
oscillator model was proposed previously to explain
adjustment of locomotor rhythms to different 
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photoperiods (Pittendrigh and Daan, 1976). Recently, 
in the fruit fly Drosophila melanogaster, it was suggested
that a zeitgeber-dependently environmentally
modifiable network of circadian clock-gene-
expressing neuronal groups in the brain is responsible 
for either controlling the morning (M-cells) or the
evening (E-cells) peak of locomotor activity (Helfrich-
Förster, 2009). While in the fruit fly, the pigment-
dispersing factor–immunoreactive (PDF-ir) small
ventral lateral neurons (sLNv) are assumed to be 
M-cells, which are phase advanced by light at the late
night, in the cockroach Leucophaea maderae, PDF-ir
neurons are also known while the nature of M- and
E-cells remains to be discerned.

In the cockroach L. maderae (= Rhyparobia maderae),
lesion and transplantation experiments located the
circadian pacemaker, which controls locomotor
activity rhythms to the optic lobes’ accessory medulla
(aMe) with associated PDF-ir neurons (Stengl and
Homberg, 1994; Reischig and Stengl, 2003a). The about   
12 PDF-ir neurons anterior to the aMe (aPDFMes) can
be subgrouped according to soma size into 4 small, 4
medium-sized, and 4 large aPDFMes. Posterior to the
aMe are the less well-described 2 small and 2 large
posterior PDF-ir neurons (pPDFMes). The respective
functions of the different PDF-ir neurons in different
neuronal circuits are not well understood. However,
backfill studies combined with immunocytochemistry
suggested that the 4 medium-sized aPDFMes colo-
calize orcokinin and FMRFamide-immunoreactivity
and project via the anterior optic commissure (AOC)
to ipsi- and contralateral midbrain targets. Three of
them reach as far as into the contralateral optic lobe
(Reischig and Stengl, 2004; Soehler et al., 2008). The 4
large aPDFMes do not colocalize orcokinin or
FMRFamide. They project via the lobula valley tract to
the AOC and posterior optic commissure (POC) and
branch in different ipsilateral and/or contralateral
midbrain targets, and only one of them (the
conspicuously largest) reaches into the contralateral
optic lobe (Soehler et al., 2008). The 4 pPDFMes are
assumed to restrict their arborizations to optic lobe
neuropils while not projecting to the midbrain. Their
respective branching pattern within the aMe neuropil
is not known. The small PDFMes appear to be local
neurons of the aMe and are not well characterized due
to their low level of PDF-immunoreactivity (Reischig
and Stengl, 2003b). Therefore, they are not taken into
account in this study.

In the Madeira cockroach, PDF is an input and
output signal of the circadian clock (Petri and Stengl, 

1997), while in the German cockroach, PDF is necessary
for circadian rhythmicity (Lee et al., 2009), and in the
cricket Gryllus bimaculatus, PDF plays a role for photic
entrainment next to additional functions in the clock
(Abdelsalam et al., 2008; Hassaneen et al., 2011). In the
Madeira cockroach, orcokinin and not PDF is assumed
to play a role in photic entrainment because orcokinin
injections produce a light-like phase response curve
with delays at the early night and advances at the late
night (Hofer and Homberg, 2006a). Whether light or
darkness is an input signal to PDF-dependent neuronal
circuits in the brain of the Madeira cockroach is not
known. Furthermore, while PDF-ir circadian
pacemaker neurons are assumed to play a role in
photoperiod-controlled behaviors in flies (Hamanaka
et al., 2007; Shiga and Numata, 2009), this is not
known for the Madeira cockroach.

Here we examined in L. maderae whether PDF-ir
neurons are sensitive to changes in photoperiod (the
duration of the photophase) and period (the number
of hours per day) of LD cycles. On the basis of
previous work (Barrett and Page, 1989; Page and
Barrett, 1989), we tested whether the PDF-ir branching
pattern or the number of their respective PDF-ir
somata was changed via different LD regimes during
development: 11:11 (T22), 12:12 (T24), 13:13 (T26),
18:6 (long days), and 6:18 (short days). Indeed,
changes in LD regimes during development affected
primarily the number of PDF-ir medium-sized
aPDFMes, which colocalize orcokinin and project via
the AOC to the contralateral aMe. Thus, light regimes
either affect the survival of PDFMes or the expression
of PDF in PDFMes during development. This
indicates that even the circadian system of a tropical
species without immediate need to adjust to changes
in photoperiod has the plasticity to allow for radiation
into different climatic zones.

MATERIALS AND METHODS

Animals

Adult male cockroaches (L. maderae) were reared at
constant conditions: temperature 26 °C and humidity
60%, with 5 different light/dark cycles—that is, 11 h
light–11 h dark (LD 11:11), 12 h light–12 h dark (LD
12:12), 13 h light–13 h dark (LD 13:13), 6 h light–18 h
dark (LD 6:18), and 18 h light–6 h dark (LD 18:6). All
brains were dissected at about the same zeitgeber time
(ZT) 1:00 to avoid ZT-dependent effects.
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Primary Antisera

The anti-b-PDH antiserum (#3B3), an affinity-
purified rabbit antiserum against synthetic Uca
pugilator b-PDH, was generated by Dr. H. Dircksen
(University of Stockholm, Sweden) (Dircksen et al.,
1987). Its specificity was shown by immunodot-
blotting assays of high-pressure liquid chromatography
(HPLC)–separated crude sinus gland extracts
(Dircksen et al., 1987; Mangerich et al., 1987). The
specificity of the antiserum for cockroach PDF has
been demonstrated through preadsorption controls
(Stengl and Homberg, 1994; Petri et al., 1995; Reischig
and Stengl, 1996). The monoclonal anti-Drosophila-
PDF (#C7) antibody raised in mouse was provided
by the Developmental Studies Hybridoma Bank. To
examine its specificity, the PDF-ir network in the
cockroach wholemount brain was labeled by using
anti-b-PDH antiserum diluted at 1:20,000 and anti-
Drosophila-PDF diluted at 1:5 simultaneously. Both
antisera labeled the same neuronal structures (data
not shown). The anti-Asn13-orcokinin antiserum
(provided by Dr. H. Dircksen) was raised in rabbits.
Its specificity on cockroach brain sections was
determined using liquid-phase preadsorption by
Hofer and Homberg (2006b).

Immunocytochemistry on Paraffin Sections

The brains of cockroaches raised in LD 11:11 (T22;
n = 29) and LD 13:13 (T26; n = 34) hours were
processed for immunocytochemistry on paraffin
sections. The immunocytochemical staining protocol
was performed as described before (Reischig and
Stengl, 2003b). The brains were dissected from the
head capsule and fixed overnight in 4%
paraformaldehyde (PFA) at 4 °C. Subsequently, they
were washed (3 times for 10 min) with 0.1 M
phosphate-buffered saline (0.1 M PBS, pH 7.4) and
dehydrated in an ethanol series and embedded in
paraffin (Paraplast plus; Sigma-Aldrich, Deisenhofen,
Germany). Serial frontal 10-mm sections were cut
with a rotary microtome and mounted on microscope
slides. Afterwards, the samples were deparaffinized
with xylene and rehydrated using graded ethanol
concentrations. The brain sections were stained with
anti-b-PDH for 18 to 24 h diluted at 1:3000 in 0.1 M
PBS containing 0.5% Triton X-100 (0.1 M PBT) and 1%
normal goat serum (NGS; Jackson ImmunoResearch,
West Grove, PA). Immunoreactive cells were detected
by using a 3-step peroxidase technique (Sternberger, 

1979; Reischig and Stengl, 1996). After a thorough
rinsing with PBT (3 times for 10 min), the sections
were incubated for 1 h in goat-anti-rabbit IgG diluted
at 1:100 and for 1 h in rabbit PAP (DAKO, Hamburg,
Germany) at a dilution of 1:300. After washing
again, the brains were stained with 0.03%
3,3'-diaminobenzidine tetrahydrochloride (DAB;
Sigma-Aldrich) and 0.015% H2O2 in 0.1 M PBS for 10
min. To visualize the neuropils of the brain, the
sections were counterstained with 1% methylene
blue.

Double-Staining on Sections

Double-staining experiments with the anti-Asn13-
orcokinin and the monoclonal anti-Drosophila-PDF
were performed with cockroaches, reared in short
day lengths (LD 6:18; n = 20), normal day lengths
(LD 12:12; n = 20), and long day lengths (LD 18:6;
n = 20). The brains were dissected and fixed as
described above. After fixation, the brains were
embedded in a gelatine/albumin mixture (4.8%
gelatine and 12% ovalbumin in demineralized
water), postfixed in 8% formalin, and sectioned
using a vibratome (Leica, Nussloch, Germany) in a
frontal plane of 200 mm thickness. The free-floating
sections were washed for 10 min in 0.1 M PBT for 6
times and preincubated for 3 h with 5% NGS and 
0.02% sodium azide in 0.1 M PBT at room temperature.
The primary antisera anti-Asn13-orcokinin (from
rabbit) and anti-Drosophila-PDF (from mouse) were
diluted at 1:4000 and 1:5 in 0.1 M PBT containing 1%
NGS and 0.02% sodium azide and were incubated
on sections for 3 days. After 6 consecutive washes in 
0.1 M PBT for 10 min each, the sections were stained
with a Cy2-conjugated goat anti-mouse secondary
antibody (Cy2-GAM; Jackson ImmunoResearch)
and a Cy3-conjugated goat anti-rabbit secondary
antibody (Cy3-GAR; Jackson ImmunoResearch)
(diluted in 1:300) in 0.1 M PBT containing 1% NGS
and 0.02% sodium azide for 2 days. The sections
were washed before dehydration in an increasing
ethanol series (0%, 50%, 70%, 90%, 95%, 100%, 5 min
each). They were precleared in a mixture of 50%
methyl salicylate (MS; Merck, Darmstadt, Germany)
and 50% ethanol for 5 min and cleared with MS for
15 min. Finally, to prevent compressions, the sections
were mounted in Permount (Fisher Scientific,
Pittsburgh, PA) in the center of 3 spacers between 2
coverslips (Zweckform, Oberlaindern, Germany).
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Immunocytochemistry 
for Wholemount Brains

To determine the
developmental plasticity
of the PDF-ir network
regarding the different day
and night lengths, the
wholemount brains of the
cockroaches reared in LD
6:18 (n = 16), LD 12:12 (n = 
18), and LD 18:6 (n = 18) 
were stained with anti-b-
PDH antiserum. The 
procedure was described 
previously in detail (Wei et 
al., 2010). Briefly, dissected 
brains were fixed as 
described above. The 
brains were washed in 0.1 
M PBS 5 times for 15 min 
each before treating with 1 
mg/mL collagenase for 1 h. After washing 6 times with 
0.1 M PBT for 20 min, the brains were preincubated
overnight at 4 °C with 5% NGS and 0.02% sodium
azide in 0.1 M PBT. The brains were incubated in anti-
b-PDH antiserum diluted at 1:20,000 in 0.1 M PBT
containing 1% NGS and 0.02% sodium azide for 5 days
at 4 °C. After another washing step with 0.1 M PBT over
2 h, the primary antibody was detected by Cy3-GAR
diluted at 1:300 in 0.1 M PBT containing 1% NGS and 
0.02% sodium azide for 4 days at 4 °C. After washing
again, the brains were dehydrated in an increasing
series of ethanol, precleared in a mixture of 50% methyl
salicylate and 50% ethanol, and cleared with methyl
salicylate for 40 min. Finally, the wholemounts were
mounted in Permount.

Visualization and Evaluation

The PDF-ir structures in paraffin sections were
observed using a Zeiss microscope (Zeiss Axio Scope
A1). A confocal laser-scanning microscope (Leica
TCS SP5) was employed to image the 200 mm sections
and wholemounts. The fluorescence signals of Cy3
were excited with a helium/neon laser at 543 nm and
detected between 560 nm and 580 nm. Cy2
fluorescence was excited with a 488 nm argon laser
and detected between 500 nm and 520 nm. The
orcokinin-ir and PDF-ir structures were consecutively
photographed using a 20x objective at a resolution of
1024 × 1024 pixels in the x-y plane and an interslice 

interval of 0.5 mm (axial distance). Due to the thickness
and width of the wholemounts, they were scanned in
8 image stacks that were combined using Amira 3.1
and 4.1 (Visage Imaging, Fürth, Germany). For better
structural analysis, the orcokinin-ir fibers in one optic
lobe were three-dimensionally reconstructed with
the “skeleton reconstruction” tool in Amira 3.1 (Wei
et al., 2010).

To determine whether different LD cycles cause
environmentally induced plasticity of the PDF-ir
network, the somata of large- and medium-sized
anterior PDF-ir somata next to the medulla (aPDFMes)
and of the posterior PDF-ir neurons next to the
medulla (pPDFMes) were counted in all experimental
groups. In addition, the number of PDF-ir fibers in
the AOC and POC was counted (Fig. 1). Furthermore,
the length of the AOC and POC and the distances
between all PDF-ir arborization sites in animals with
LD 6:18, 12:12, and 18:6 were measured (n = 10).
Finally, the number of orcokinin-ir fibers in the
orcokinin-ir AOC and POC was counted in all 3
experimental groups. The data were compared and
analyzed using SPSS 13.0 and Origin 6.0.

RESULTS

To determine whether different photoperiods and
different T cycles affect PDFMes, we examined whether
rearing in different light regimes changes PDF-ir
circadian pacemaker neurons associated with the 

Figure 1. Arborization pattern of the pigment-dispersing factor–immunoreactive (PDF-ir) neurons
connecting the ipsi- and contralateral optic lobe is shown in a brain model of the cockroach
L. maderae. One particularly large PDF-ir neuron (blue) anterior to the medulla (aPDFMe) connected
both optic lobes via the anterior and posterior optic commissures (AOC, POC). Three medium-sized
PDF-ir neurons (red) cross the brain midline via the AOC. Along their way, they gave rise to several
branching sites: 5 plexi (p1-5), 2 areas (a1-2), and the posterior optic tubercle (POTu). Stars mark the
sites of fiber counts taken. La = lamina; aMe = accessory medulla; Me = medulla.
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significantly in cockroaches raised in LD 6:18 (n = 16)
and 12:12 (n = 18) (ANOVA LSD p > 0.05), while
fewer medium-sized aPDFMes were counted in short
day-rearing conditions (ANOVA LSD p < 0.05) (Fig. 3A).
The cockroaches raised in LD 18:6 (n = 18) maintained
significantly more somata of large- and medium-
sized aPDFMes and of pPDFMes than those raised
under LD 6:18 or 12:12 (ANOVA LSD p < 0.05) (Fig. 3A).
The number of PDF-ir fibers in the AOC and POC
showed no significant difference among the 3 

accessory medulla (aMe) in L. maderae. We hypothesized
that circadian pacemaker neurons with long endogenous
periods are more activated via long-period T cycles
compared to short-period T cycles and that light-
sensitive cells are more activated via long photoperiods
compared to short photoperiods. Since activation of
neurons during development affects survival, we
expected to see changes in the number of respectively
affected cells. Furthermore, we wanted to distinguish
pacemaker neurons that are affected by light and
darkness equally or not equally. Therefore, cockroaches
were raised in non-24-h LD (T) cycles 11:11 (T22; n = 29)
and 13:13 (T26; n = 34) as well as in different photoperiods
with long days (18:6; n = 18) or short days (6:18; n = 16).
Then, the brains of the adult cockroaches were processed
for PDF-immuno-cytochemistry. Double-labeling with
anti-orcokinin together with anti-PDF antibodies was
only performed in animals raised under different
photoperiods (n = 20). The number of different groups
of PDF-ir neuronal cells anterior or posterior to the
aMe (aPDFMes, pPDFMes), as well as the number and
length of PDF- or orcokinin-ir processes in optic lobe
commissures, was evaluated. Then, the different
experimental groups were compared to cockroaches
raised in 12:12 (T24 = control; n = 18) LD cycles.

Different T Cycles Only Changed 
Medium-Sized aPDFMes

The number of immunoreactive somata of large
aPDFMes and pPDFMes in cockroaches reared under
the 3 different T cycles showed no significant
difference (analysis of variance [ANOVA] least
significant difference [LSD] p > 0.05). However, the
number of somata of medium-sized aPDFMes in T22
animals (n = 29) was significantly smaller, and in T26
animals (n = 34), it was significantly higher as
compared to T24 animals (n = 18) (ANOVA LSD p < 
0.05) (Fig. 2A). The number of the PDF-ir fibers in the
AOC in T22 and T24 animals showed no significant
difference (ANOVA LSD p > 0.05). In contrast, the
number of the PDF-ir fibers in T26 animals was
higher in the AOC than in T22 or T24 animals
(ANOVA LSD p < 0.05). The number of the PDF-ir
fibers in the POC was not affected by changes in
zeitgeber period (ANOVA LSD p > 0.05) (Fig. 2B).

Different Photoperiods Changed All Groups of
PDFMes Differentially

The number of immunoreactive somata of the
large aPDFMes and of the pPDFMes did not differ 

Figure 2. (A, B) Cockroaches raised in different light/dark (LD)
time (T) cycles: 11:11 (T22; n = 29), 12:12 (T24; n = 18), and 13:13
(T26; n = 34) showed differences in the number of pigment-
dispersing factor–immunoreactive (PDF-ir) somata and
commissural processes (bars, standard error). The different light
and dark regimes did not affect the soma numbers of large
anterior PDF-ir neurons (aPDFMes) or of posterior PDF-ir
neurons (pPDFMes), nor did they affect the number of PDF-ir
fibers in the posterior optic commissures (POC) (ANOVA LSD
p > 0.05; n.s. = not significant). However, the number of medium-
sized aPDFMes in T24 animals was significantly higher than in
T22 and lower than in cockroaches raised in T26 (ANOVA LSD
p < 0.05, star). T26 animals displayed a significantly higher
number of PDF-ir fibers in the anterior optic commissures
(AOC) than T22 and T24 animals (ANOVA LSD p < 0.05, star).
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experimental groups (ANOVA LSD p > 0.05) (Fig. 3B). 
The length of the PDF-ir fibers in the AOC and POC 
did not show a significant difference between the 
cockroaches raised in LD 6:18 and 12:12 (ANOVA 
LSD p > 0.05; n = 10). However, the cockroaches 
raised in LD 18:6 exhibited significantly longer fibers 
in the AOC and POC compared to those raised in LD 
6:18 or 12:12 (ANOVA LSD p < 0.05; n = 10) (Fig. 3C). 
Linear regression analysis (n = 10) showed that the 
relative distances of the different PDF-ir arborization 
sites in the aMe, the 5 plexi (p1-p5), the posterior 
optic tubercle (POTu), and the 2 arborization areas 
(a1, a2) were regulated by different photoperiods 
(Fig. 4) (Wei et al., 2010).

Different Photoperiods Changed the Orcokinin-ir 
Network

Next to the network of PDFMes, orcokinin-ir 
neurons were further examined (n = 20) because all 
medium-sized aPDFMes colocalize orcokinin and 
PDF immunoreactivity (Soehler et al., 2011). In 
addition, orcokinin appears to act in the light-
entrainment pathway of the circadian clock (Hofer 
and Homberg, 2006b; Soehler et al., 2011). Our results 
confirmed previous findings of orcokinin-ir branching 
patterns in the cockroach brain (n = 20). However, at 
least 3 new observations were reported in this study, 
based on 20 preparations examined.

First, at least 3 of the 4 medium-sized aPDFMes 
differentially colocalized PDF with orcokinin 
immunoreactivity (n = 20). Always, 1 soma contained 
relatively stronger PDF immunoreactivity as 
compared to weaker orcokinin immunoreactivity. In 
contrast, always the other 2 somata expressed strong 
orcokinin and weaker PDF immunostaining (Fig. 5A).

Second, the PDF-ir fibers from the anterior aMe 
projected toward the medulla and lamina via 2 
distinct pathways: the anterior fiber fan covering the 
anterior and distal surface of the medulla (Fig. 5B1-B2, 
yellow star) and the median layer fiber system in the 
medulla (Fig. 5B2, yellow arrow). In contrast, the 
orcokinin-ir fibers from the posterior aMe extended 
into the medulla and ramified extensively in a 
proximal-median layer of the medulla (Fig. 5B1, 
B3-B4, white star). Dense orcokinin-ir fibers ran in a 
distal-posterior direction and gave rise to a fiber 
meshwork parallel to the distal surface of the medulla 
(Fig. 5B2, B3-B4, blue star). Despite the colocalization 
of both peptides in apparently all medium-sized 

Figure 3. (A-C) Cockroaches reared in light/dark (LD) cycles 
6:18 (n = 16), 12:12 (n = 18), and 18:6 (n = 18) showed significant 
differences in the number of the pigment-dispersing factor– 
immunoreactive (PDF-ir) somata as well as in the length of 
commissural processes (bars, standard error). More large- and 
medium-sized anterior PDF-ir neurons (aPDFMes) as well as 
more posterior PDF-ir neurons (pPDFMes) occurred in 
cockroaches with LD 18:6 compared to animals raised in LD 6:18 
and 12:12. In the 6:18 light regime, only medium-sized aPDFMes 
decreased in number as compared to the other experimental 
groups (ANOVA LSD p < 0.05, A star). The number of PDF-ir 
fibers in the anterior and posterior commissures (AOC, POC) 
showed no significant difference among the 3 animal groups 
(ANOVA LSD p > 0.05 B, n.s. = not significant). The longer 
PDF-ir fibers in the AOC and POC occurred in animals under 
LD 18:6 and were absent in those animals under LD 6:18 and 
12:12 (ANOVA LSD p < 0.05, C star, n = 10).

66



Wei, Stengl / PHOTOPERIOD EFFECTS ON PDF CELLS  513  

aPDFMe somata of the ventral neurons next to the
aMe, the median layer fiber system of the PDF-ir
neurons and the fiber meshwork of the orcokinin-ir
cells arborized in the same layer of the medulla
without expressing any colocalization (Fig. 5B2).
Clearly, colocalization of PDF and orcokinin
immunoreactivity could not be observed in any of
the described PDF-ir branching sites (n = 20) (Wei
et al., 2010; Soehler et al., 2011).

Third, two distinguishable orcokinin-ir fiber
fascicles crossed the brain midline via the AOC (Fig.
5C1, D1). Animals raised in LD 6:18 or LD 18:6
exhibited either fewer or more fibers in both
bundles as compared to cockroaches raised under
LD 12:12 (ANOVA LSD p < 0.05) (Fig. 6). The PDF-ir
fibers in the AOC ran near the upper orcokinin-ir
fiber bundle (Fig. 5C1), and 2 fiber bundles (middle
and lower POC in Fig. 5D2) with dense orcokinin
immunoreactivity connected both aMae via the POC.
Several faint orcokinin-ir fibers were found superior
to these 2 fiber bundles in the POC (upper POC in
Fig. 5D2). The number of fibers in the middle bundle 

showed significant changes in response to
LD environmental changes. Lengthening
the light phase and shortening the dark
phase (LD 18:6) induced a significant
increase of the orcokinin-ir fibers in the
middle bundle, while shortening the light
phase and increasing the dark phase (LD
6:18) decreased the number of orcokinin-ir
fibers in the middle bundle (ANOVA LSD
p < 0.05) (Fig. 6). The number of fibers in
the upper bundle and lower bundle
showed no significant difference among
the 3 experimental groups. Generally, only
2 orcokinin-ir fibers projected via the
lower bundle. The orcokinin-ir fibers in
the POC did not show colocalization with
PDF immunoreactivity (Fig. 5C2).

DISCUSSION

To determine whether PDF-ir circadian
pacemaker circuits are sensitive to
different photoperiods and T cycles,
rearing in different light cycles was
combined with immunocytochemistry
employing antisera against PDF and
orcokinin. After raising cockroaches L.
maderae in different light regimes, T22, 

T24, T26, 6:18, and 18:6 LD, it was found that non-24-h
periods as well as different length of the light phase in
T24 animals changed the soma number and branching
pattern of immunoreactive PDFMes specifically, with
the medium-sized aPDFMes, which project via the
AOC, being the most LD-regime responsive among the
PDF-ir neurons. In all cases, we were not able to
distinguish whether the number of immunoreactive
cells changed in the different light regimes due to
regulated survival of neurons or due to regulated PDF
or orcokinin expression in the respective cells. This,
however, would not affect the main conclusions
concerning light responsiveness of the circadian
pacemaker neurons.

Plasticity of the Optic Lobes

In accordance with our findings, it was known from
previous studies in vertebrates as well as in
invertebrates that light-dependent neuronal activity
shapes neuronal circuits in the visual system (reviews:
Hirsch et al., 1995; Heisenberg et al., 1995; Aamodt and 

Figure 4. (A-C) The light/dark regimes (LD 6:18 in A, 12:12 in B, and 18:6 in C)
changed the distances between pigment-dispersing factor–immunoreactive
(PDF-ir) arborization sites (n = 10): 5 plexi (p1-5), 2 areas (a1-2), and posterior optic
tubercle (POTu). The distance between p5 and area a1 was defined as “1.” Linear
regression analysis calculated the respective multiples of this distance for the other
connections. These were changed under different LD conditions.
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Constantine-Paton, 1999). In D. melanogaster, changes 
in light levels changed the volume of light-dependent 
neuropils in the brain (Barth and Heisenberg, 1997). 
The lamina and medulla were largest in flies raised in 
constant light (LL) and smallest in flies reared in 
constant darkness (DD), mainly due to changes in the 
volume of photoreceptor cell terminals (Barth et al., 
1997). The activity-dependent morphological changes 
in the optic lobes also were accompanied by changes 
in the physiology, such as altered contrast sensitivity 
(Deimel and Kral, 1992; Kral and Meinertzhagen, 
1989). The experience-dependent plasticity in the optic 

lobes was interpreted as a 
form of long-term memory 
that allows adaptation to 
varying environmental 
conditions. Thus, it is very 
likely that in the cockroach, 
the light-dependent change 
in the length of the PDF-ir 
processes reflects respective 
light-dependent changes 
in the volume of PDF-ir 
neuropils. It is not completely 
resolved how light affects 
the PDF-ir l-LNvs to control 
PDF release at dawn in the 
fruit fly to elicit arousal 
(Parisky et al., 2008; Park 
and Griffith, 2006). Even 
less is known about the pre- 
and postsynaptic cells of 
the PDF-ir neurons in the 
cockroach.

Light Affects PDF-ir 
Neurons Differentially 
in the Cockroach L. 
maderae

Our studies show that 
the medium-sized 
aPDFMes, which project 
via the AOC, are affected 
via different T cycles and 
different length of the 
light phase during 
different photoperiods. 
One possible explanation 
would be that the 
medium-sized aPDFMes 
have longer endogenous 

periods and couple better to long T cycles as 
compared to short T cycles. Alternatively or 
additionally, the about 4 medium-sized aPDFMes 
are a diverse group of cells. Most of them are 
activated more by light than inhibited by darkness, 
and at least one is inhibited more by darkness than 
activated by light. Alternatively, only light or 
darkness of a minimum duration activates or 
inhibits the medium-sized aPDFMes 
ZT-independently. As the most likely hypothesis, 
we suggest that the medium-sized aPDFMes are 
only activated by light and inhibited by darkness 

Figure 5. (A-D) Orcokinin-immunoreactive (orcokinin-ir) and pigment-dispersing factor–immunore-
active (PDF-ir) fibers in the optic lobes (A, B) and at the level of the anterior and posterior optic com-
missures (AOC, POC) (C, D). PDF immunoreactivity is shown in green and orcokinin 
immunoreactivity is shown in red. (A1-A3) Three medium-sized anterior PDF-ir neurons (aPDFMes) 
expressed colocalization and always differential intensity of staining with both peptide antisera   
(n = 20). Always 1 soma showed stronger PDF and weaker orcokinin immunoreactivity (yellow arrow), 
while the other 2 somata expressed more orcokinin and less PDF immunoreactivity (white arrows). The 
overlay image in A3 proved the colocalization of both peptides. (B1-B4) Orcokinin- and PDF-ir fibers 
in the optic lobes do not express colocalization of both peptides. The PDF-ir neurons connected the 
accessory medulla (aMe), the medulla (Me), and the lamina via the anterior fiber fan (B1, B2, yellow 
star) and via the median layer fiber system (B2, yellow arrow). The orcokinin-ir fibers ran from the 
posterior aMe, fasciculated in a proximal-median layer of the medulla (B1, B3, B4, white stars), and 
projected distal-posteriorly in a layer of the medulla toward the first optic chiasma (B2, B3, B4, blue 
stars). They formed a fiber network covering at least one complete layer in the medulla. The median 
layer fiber system of the PDF-ir neurons (B2, yellow arrow) and the fiber meshwork of the orcokinin-ir 
cells (B2, blue star) arborized in the same layer of the medulla. (C1-D2) No colocalization occurred in 
the upper and lower fiber bundles in the AOC or in the upper, middle, and lower fiber bundles in the 
POC. CB = central body. Scale bar = 10 m in A, 50 m in B-D
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during ZT 11-13 but are not affected via photic 
stimuli at other zeitgeber times. In contrast, the large 
aPDFMes and the pPDFMes appear to receive 
balanced activity by light and inhibition by darkness 
since the different T cycles did not affect them. 
However, apparently a longer light duration 
compared to the dark phase appears to activate these 
cells. Alternatively, we find it most likely that these 
cells are only light-responsive during a time window 
between ZT 13 and 18. Because the number of PDF-ir 
fibers in the AOC increased in T26 but did not 
increase in 18:6 LD cycles, possibly some of the 
contralaterally projecting medium-sized aPDFMes 
are activated by light while others are inhibited by 
decreases in the duration of darkness.

How light reaches the PDF-ir circuits in the 
cockroach is not completely clear. Lesion studies 
revealed that photoreceptors in or near the compound 
eyes provide light entrainment of locomotor activity 
rhythms (Nishiitsutsuji-Uwo and Pittendrigh, 1968; 
Roberts, 1965, 1974). Anti-histamine immunocyto-
chemistry revealed that there is no direct photoreceptor 
input to the aMe, and the photoreceptors terminate in 
the lamina and a distal layer of the medulla (Loesel 
and Homberg, 2001). Light input to the circadian 
clock appears to be relayed via the GABAergic distal 

tract, which projects over the distal face 
of the medulla to the noduli of the aMe 
(Petri et al., 2002). In addition, intracellular 
recordings identified a light-excited 
GABAergic neuron next to the aMe with 
tangential projections to a median layer 
of the medulla, arborizations in the 
noduli of the aMe, and projections to 
accessory neuropils of the lamina via the 
fiber fan over the anterior face of the 
medulla (Loesel and Homberg, 2001). 
Contralateral light input appears to reach 
the noduli of the aMe via 3 orcokinin-
immunoreactive ventromedian neurons, 
which are excited by light and are 
polarization sensitive (Loesel and 
Homberg, 2001; Hofer and Homberg, 
2006a, 2006b). They connect both aMae 
with a median layer of both medullae via 
the POC (Loesel and Homberg, 2001). 
Possibly, the processes of these light-
sensitive orcokinin-ir ventromedian 
neurons project via the middle bundle 
in the POC, which changed in fiber 
number light-regime-dependently. 

Furthermore, injection studies combined with 
locomotor activity assays support a role of orcokinin, 
next to allatotropin and GABA in the processing of 
photic inputs via the noduli of the aMe (Petri et al., 
2002; Hofer and Homberg, 2006a). Orcokinin, 
allatotropin, and GABA injections into the vicinity of 
the aMe shifted locomotor activity daytime-
dependently. Because their respective phase response 
curves resembled light-dependent biphasic phase 
response curves, in contrast to PDF (Petri and Stengl, 
1997), it was assumed that the respective orcokinin-, 
allatotropin-, and GABA-ir cells are part of the light 
entrainment pathway. Finally, centrifugal neurons 
with processes in the median protocerebrum, which 
are inhibited by light, send axonal arborizations to 
the aMe (Loesel and Homberg, 2001). Whether there 
is also light input via extraocular photoreceptors 
from the cryptochrome-positive lamina and lobula 
organs remains to be examined (Fleissner et al., 2001).

Previous studies examined how light affects 
circadian pacemaker development in L. maderae 
raised in non-24-h light rhythms (Barrett and Page, 
1989; Page and Barrett, 1989). It was shown that 
raising cockroaches in 11:11 LD (T22) cycles 
throughout their development caused a significant 
reduction in the delay portion of the light-dependent 

Figure 6. Cockroaches raised in light/dark (LD) 6:18, 12:12, and 18:6 showed 
differences in the amount of orcokinin-immunoreactive (orcokinin-ir) commissural 
fibers (n = 20; bars, standard error). The number of the orcokinin-ir fibers in the 
upper and lower fiber bundles in the anterior optic commissure (AOC) as well as 
in the middle fiber bundle in the posterior optic commissure (POC) increased 
significantly with lengthening of the light phase while shortening the dark phase 
(ANOVA LSD p < 0.05, star, n = 20). The number of fibers in the upper and lower 
bundles in the POC showed no significant correlation with the different LD 
conditions (ANOVA LSD p > 0.05, n.s. = not significant, n = 20).
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phase response curve in addition to a shortening of 
their endogenous period (t). In contrast, in 
cockroaches raised in 13:13 LD (T26), the advance 
portion of the light-dependent phase response curve 
was significantly reduced and t lengthened. The 
cellular basis of the experience-dependent plasticity 
of the circadian system remained unknown. In 
addition, it was unknown whether clock genes affect 
circadian system plasticity as described in the fruit 
fly by Fernández et al. (2008). Our data suggest that 
the medium-sized aPDFMes might at least partly 
relay light-dependent phase delays and might 
possibly also inhibit light-dependent phase advances. 
Therefore, medium-sized aPDFMes might be part of 
the neuronal circuit, which encodes light-dependent 
phase delays of locomotor activity at the end of the 
day and the beginning of the night, possibly via long 
endogenous pacemaker periods. Thus, the medium-
sized aPDFMes are candidates for an E oscillator 
circuit in the Madeira cockroach, different from the 
PDF-ir sLNvs in D. melanogaster. Since PDF injections 
cause phase delays of locomotor activity at the late 
day and because the number of medium-sized 
aPDFMes decreased in T22 cycles, this assumption is 
in accordance with previous evidence (Barrett and 
Page, 1989; Page and Barrett, 1989; Petri and Stengl, 
1997; Schneider and Stengl, 2005). Whether the 
decrease in the light-dependent advances of locomotor 
activity in T26 cycles at least partly depends on the 
increase in the number of immunoreactive medium-
sized and large posterior PDFMes remains to be 
examined further. Thus, our data add further evidence 
to the assumption that even in a tropical species, the 
pacemaker center in the aMe not only regulates 24-h 
rhythms. It also has the potential to control ultradian 
rhythms of action potentials in the gamma frequency 
range (Schneider and Stengl, 2007) and might even 
allow for adaptation to photoperiodic cycles during 
the course of the year.
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Abstract

Electrical activity in the gamma frequency range is instrumental for temporal encoding on the millisecond scale in attentive vertebrate
brains. Surprisingly, also circadian pacemaker neurons in the cockroach Rhyparobia maderae (Leucophaea maderae) employ fast
spontaneous rhythmic activity in the gamma band frequency range (20–70 Hz) together with slow rhythmic activity. The ionic
conductances controlling this fast spontaneous activity are still unknown. Here, Ca2+ imaging combined with pharmacology was
employed to analyse ion channels underlying spontaneous activity in dispersed circadian pacemakers of the adult accessory
medulla, which controls circadian locomotor activity rhythms. Fast spontaneous Ca2+ transients in circadian pacemakers accompany
tetrodotoxin (TTX)-blockable spontaneous action potentials. In contrast to vertebrate pacemakers, the spontaneous depolarisations
from rest appear to be rarely initiated via TTX-sensitive sustained Na+ channels. Instead, they are predominantly driven by mibefradil-
sensitive, low-voltage-activated Ca2+ channels and DK-AH269-sensitive hyperpolarisation-activated, cyclic nucleotide-gated cation
channels. Rhythmic depolarisations activate voltage-gated Na+ channels and nifedipine-sensitive high-voltage-activated Ca2+

channels. Together with Ca2+ rises, the depolarisations open repolarising small-conductance but not large-conductance
Ca2+-dependent K+ channels. In contrast, we hypothesise that P ⁄ Q-type Ca2+ channels coupled to large-conductance
Ca2+-dependent K+ channels are involved in input-dependent activity.

Introduction

Circadian pacemakers control the temporal order of physiological
processes and behavior in organisms in synchrony with geophysical
rhythms on earth. The circadian pacemaker center of the Madeira
cockroach Rhyparobia (Leucophaea) maderae was the first circadian
clock to be localised in a general brain region’s neuronal circuit
(Nishiitsutsuji-Uwo & Pittendrigh, 1968; Homberg et al., 2003). The
accessory medulla (aMe) with associated pigment-dispersing factor-
immunoreactive neurons is the circadian clock that controls activity
rhythms in the Madeira cockroach and the fruit fly Drosophila
melanogaster via circadian release of pigment-dispersing factor and
other neuropeptides (Stengl & Homberg, 1994; Helfrich-Forster,
1995; Park et al., 2000; Homberg et al., 2003; Reischig & Stengl,
2003a; Peschel & Helfrich-Forster, 2011). The large majority of aMe
neurons are spontaneously active both in vivo and in vitro. In isolated
aMae, they express both circadian and ultradian rhythms in their
action potential (AP) activity (Schneider & Stengl, 2007). The
ultradian rhythms are in the gamma band frequency range (20–70 Hz),
as employed for temporal encoding in attentive vertebrate brains
(Nadasdy, 2010). Also, in the vertebrate circadian pacemaker center,
the suprachiasmatic nucleus (SCN), pacemaker neurons express not
only slow circadian but also fast ultradian AP rhythms (Brown &
Piggins, 2007; Maywood et al., 2007; Colwell, 2011; Kononenko,

2011). Although it has been suggested by some studies that electrical
membrane activity is coupled to circadian clock gene expression in the
nucleus (Nitabach et al., 2002, 2005; Lundkvist et al., 2005;
Harrisingh et al., 2007; Sheeba et al., 2008; Fogle et al., 2011), the
functional mechanisms of this interdependence are not understood and
are still under debate (Depetris-Chauvin et al., 2011). In addition, it is
not known whether circadian clocks that time the phase of physio-
logical processes on the 24-h circadian time scale also time outputs
precisely on the ultradian scale of milliseconds, seconds, and minutes,
as was suggested by preliminary experiments in the cockroach
circadian clock (Schneider & Stengl, 2007).
Ca2+ imaging is a major optical tool used to investigate neuronal

activity. Ca2+ signals accompany APs, owing to the voltage depen-
dence of Ca2+-permeable ion channels. Thus, rapid, high-amplitude
Ca2+ signals can be interpreted to indicate spiking activity, whereas
slow, low-amplitude Ca2+ concentration changes are coupled to
subthreshold voltage events (Moreaux & Laurent, 2007, 2008). For
further analysis of spontaneous membrane potential oscillation, here it
was examined, with Ca2+-imaging studies combined with pharmacol-
ogy, which Ca2+-dependent ion channels are responsible for sponta-
neous Ca2+ transients indicative of spiking activity of aMe neurons in
primary cell culture. We focused on hyperpolarisation-activated,
cyclic nucleotide-gated cation channels (HCNs), voltage-activated
Ca2+ channels (VACCs), and Ca2+-dependent K+ channels (Hille,
2001). We found that mostly low-voltage-activated (LVA) VACCs, as
well as HCNs, are pacemaker channels underlying pacemaking
depolarisations. Spontaneous Ca2+ transients are triggered via tetro-

Correspondence: M. Stengl, as above.
E-mail: stengl@uni-kassel.de

Received 27 March 2012, revised 12 June 2012, accepted 20 June 2012

doi:10.1111/j.1460-9568.2012.08227.x

European Journal of Neuroscience

73



dotoxin (TTX)-sensitive Na+-based APs and mediated via high-
voltage-activated (HVA) VACCs coupled to small-conductance Ca2+-
dependent K+ channels (SKs). In contrast, we hypothesise that P ⁄ Q-
type VACCs coupled to large-conductance Ca2+-dependent K+

channels (BKs) are involved in stimulation-dependent activity.

Materials and methods

Primary cell culture

All experiments were performed on primary cell cultures of the aMe
isolated from adult males of the cockroach R. maderae (L. maderae),
reared in laboratory colonies at 26 �C with 60% humidity. A cycle of
12 h of light ⁄ 12 h of darkness was used to entrain the circadian
system (lights on from 08:00 h to 20:00 h).
Primary cell cultures of the aMe were generated under sterile

conditions by mechanical dissociation and enzymatic treatment, as
previously described (Petri & Stengl, 1999). The cell suspension was
plated on no. 1 glass coverslips (Thermo Scientific) coated with the
cellular adhesive concanavalin A (Sigma). The cell cultures were
maintained at 20 �C in a humidified incubator in constant darkness for
approximately 24 h before Ca2+-imaging experiments were carried
out.

Ca2+ imaging

For loading of the Ca2+ indicator, 1 mg of Fura-2 acetoxymethyl ester
(Fura-2 AM; Molecular Probes) was diluted in 1 mL of dimethyl-
sulfoxide (Sigma). After vortexing, aliquots of 40 lL were stored at
)20 �C. Before the loading, this stock solution was immediately
diluted 250-fold in standard saline containing 156 mm NaCl, 4 mm

KCl, 1 mm CaCl2, 10 mm Hepes and 5 mm glucose (pH 7.1;
osmolarity, 380 mOsm), and had a final concentration of 4 lm. The
cells were loaded with 2 mL of loading solution for 40 min at
24–26 �C, and then transferred to a recording chamber on the stage of
an Examiner D1 microscope (Zeiss, Germany) with a · 20 objective
(W N-Achroplan, NA 1.0). Ca2+ imaging recordings (Till Photonics
imaging system) were performed during continuous superfusion.
Excitation wavelengths for Fura-2 fluorescence were 340 nm (expo-
sure time, 15 ms) and 380 nm (exposure time, 10 ms) with 400-ms
intervals (Polychrome 5000 monochromator; Till Photonics). Emis-
sion fluorescence (at 510 nm) was recorded with a CCD camera
(Andor 885). The cell bodies were defined for the region of interest, in
which the Fura-2 fluorescence intensities F340 and F380 were measured
and their ratio was calculated with Till-Photonics software (tillvi-

sion 4.0). The background (between cells) was subtracted from each
image before calculation of the ratio.
The intracellular Ca2+ concentration ([Ca2+]i) was calculated by use

of the Grynkiewicz equation, which links the fluorescence ratios to the
Ca2+ concentration (Grynkiewicz et al., 1985):

½Ca2þ�i ¼ KdðR� Rmin=Rmax � RÞðF 380
min =F 380

maxÞ

R is the ratio of fluorescence intensity (F340 ⁄ F380) measured during
the experiment, and Fmin and Fmax are the fluorescence intensities in the
absence of Ca2+ or in the presence of a saturating concentration of Ca2+,
respectively. F 380

min ;RminðF 340
min =F 380

min Þ; F 380
max and RmaxðF 380

max= F 380
maxÞwere

obtained after the experiments by incubation of the cells with standard
saline solution containing 0 mm Ca2+, 2 lm ionomycin (Sigma) and
5 mm EGTA, and 10 mm Ca2+ and 2 lm ionomycin, respectively. The
dissociation constant for Fura-2 (Kd) under our experimental condi-
tions was determined by using the calibration saline containing 2 lm

ionomycin and 0.2, 1, 10, 30, 40 and 50 lm Ca2+. The Kd of 2.66 lm

was obtained by use of linear regression analyses in origin 6.0
(Microcal Software, Northampton, MA, USA).
The ion channel antagonists TTX (100 nm final concentration,

blocks Na+ channels in cockroach aMe neurons) (Schneider & Stengl,
2007), mibefradil (10 lm, blocks mostly LVA and, to a lesser extent,
HVA Ca2+ channels in embryonic cockroach neurons) (Benquet et al.,
2000, 2002), nifedipine (20 lm, blocks L-type HVA Ca2+ channels in
motor and embryonic neurons in the cockroach) (Mills & Pitman,
1997; Benquet et al., 2002), x-agatoxin IVA (50 nm, blocks P ⁄ Q-
type HVA Ca2+ channels in cockroach dorsal unpaired median
neurons) (Benquet et al., 1999), iberiotoxin (100 nm, blocks BKs in
cockroach dorsal unpaired median neurons) (Gautier et al., 2008),
nimodipine (10 lm, blocks L-type HVA Ca2+ channels; Cav1.3 in
SCN neurons) (Cloues & Sather, 2003), DK-AH 269 (10 lm, blocks
HCN channels in SCN neurons) (Atkinson et al., 2011) and apamin
(100 nm, blocks SKs in SCN neurons) (Cloues & Sather, 2003) were
purchased from Sigma Aldrich and washed into the bath to replace the
bath solution by use of 1-mL syringes. The concentrations of the
antagonists were taken from the literature cited above. Responses to
the antagonists or mixtures of blockers were analysed after 10 min of
incubation at each drug concentration. For Na+-free saline, NaCl was
replaced with an equal concentration of choline chloride (Sigma).

Statistical analyses

Data are given as means ± standard errors of the mean. The
amplitudes of the Ca2+ transients were calculated with software
written in-house using c++ (Table 1). The Kolmogorov–Smirnov test
was used for normality test. The amplitudes of Ca2+ transients in the
same cells before and after blocker treatment were compared by use of
the paired t-test. The statistical studies were performed with spss 19.0.
For all cultures, only cells with spontaneous activity (with fast Ca2+

transients) were analysed (Table 1).

Results

As a first step towards the functional analysis of spontaneous gamma
frequency membrane potential oscillation, Ca2+ currents underlying
the spontaneous activity of neuropeptidergic insect circadian pace-
maker cells were examined with Ca2+ imaging combined with
pharmacology. The focus was on the analysis of pacemaker channels
that affect baseline Ca2+ levels and of ion channels that underlie
spontaneous Ca2+ transients in isolated, adult circadian pacemaker
cells of the Madeira cockroach.

Cultured aMe cells generate spontaneous Ca2+ transients

It was reported previously that > 80% of all extracellular recordings of
the isolated circadian pacemaker center of the Madeira cockroach
show regular, fast AP activity together with slow circadian activity
rhythms. The aMe neurons generate spontaneous AP rhythms in the
gamma frequency range that are blocked by the Na+-channel
antagonist TTX (Schneider & Stengl, 2005, 2006, 2007). Here, it
was examined with Ca2+ imaging combined with pharmacology which
ion channels underlie spontaneous Ca2+ transients that might accom-
pany TTX-blockable AP activity in isolated cockroach circadian
pacemakers.
Spontaneous elevations in [Ca2+]i were observed in primary cell

cultures of adult male cockroach aMe cells loaded with Fura-2. These
fluctuations in [Ca2+]i occurred as either rapid Ca2+ transients in 26%
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of the cultured cells or as slow Ca2+ waves in 36% of the cultured cells
(n = 2666). The Ca2+ transients were defined as a rapid increase
(within 10 s from baseline to peak) in [Ca2+]i and a characteristic
double exponential decay. Their amplitude ranged from 120 to 400%
of baseline levels. In contrast, Ca2+ waves showed a slow gradual
increase, requiring more than 40 s followed by a decay of several
minutes. An aMe cell with one or more spontaneous Ca2+ transients
was defined as spontaneously active.

Spontaneous Ca2+ transients are mediated by voltage-activated
Na+ channels (VASCs) and sodium ions are needed for
maintaining resting [Ca2+]i

To determine whether spontaneous Ca2+ transients are related to the
AP activity of circadian pacemaker neurons, the effect of the VASC
blocker TTX was examined. Spontaneous Ca2+ transients were
eliminated by TTX in a dose-dependent manner in all spontaneously
active neurons (n = 80) (Fig. 1A–D; Table 1). Application of 10 nm

TTX was capable of abolishing the Ca2+ transients, and decreased
the amplitude and frequency of Ca2+ transients in 56% of the active
aMe cells in vitro (n = 80). A higher concentration of TTX (50 nm)
more reliably decreased the frequency and amplitude of the Ca2+

transients while still not affecting baseline [Ca2+]i (73% of n = 80).
Finally, at 100 nm TTX, Ca2+ transients were almost completely
abolished in all tested active cells. However, 100 nm TTX did not

affect the baseline [Ca2+]i in 89% of the active cells with TTX-
dependently blocked transients (71 of 80) (Fig. 1A). In a small
minority (11%), the baseline Ca2+ concentrations were slightly
reduced (data not shown). Subsequent application of the Ca2+-
channel antagonist mibefradil (10 lm) in the presence of 100 nm

TTX decreased baseline [Ca2+]i significantly in all experiments
(n = 26) (Fig. 1B). These data suggest that the VASCs that underlie
the fast upstroke of the APs trigger transient VACCs and thus elicit
fast Ca2+ transients. In SCN neurons, a TTX-sensitive sustained,
slowly inactivating Na+ channel was suggested as a pacemaker
channel that could regulate the pacemaker oscillations (Kononenko
et al., 2004). However, TTX-sensitive Na+ channels do not contrib-
ute to baseline [Ca2+]i in the large majority of spontaneously active
cockroach aMe neurons. Thus, in circadian pacemakers of the
Madeira cockroach a sustained Na+ pacemaker channel does not play
a predominant role in spontaneous subthreshold membrane potential
oscillations.
To further examine the contribution of Na+ to the generation of

Ca2+ transients, Na+ concentrations were changed in the extracellular
saline, which usually contained 156 mm NaCl. Perfusion with Na+-
free saline rapidly induced a large [Ca2+]i increase, indicating that Na+

either blocks a Ca2+-permeable ion channel or activates a hyperpolar-
ising current. In 45% of the recorded cells, [Ca2+]i transiently
decreased shortly after the first Ca2+ increases (Fig. 1C), and then
immediately reached a high steady state, accompanied by rapid Ca2+

oscillations (Fig. 1C; n = 165). This high [Ca2+]i was reduced by

Table 1. Summary of dose-dependent effect of channel blockers on the amplitude of Ca2+ transients

Experimental
condition

Amplitude of Ca2+

transients (nm)
Normality test
[P(K–S)] n

P (paired t-test)

Groups compared t d.f. P

TTX
Control 182 ± 11 0.445 41 Control, 10 nm drug 3.543 40 0.001
10 nm 170 ± 11 0.502 10 nm, 100 nm drug 5.795 40 0.000
100 nm 97 ± 14 0.093 Control, 100 nm drug 6.097 40 0.000

DK-AH 269
Control 170 ± 15 0.462 39 Control, 1 lm drug 2.139 38 0.039
1 lm 157 ± 14 0.514 1 lm, 10 lm drug 3.150 38 0.003
10 lm 132 ± 16 0.408 Control, 10 lm drug 3.225 38 0.003

Mibefradil
Control 201 ± 13 0.163 37 Control, 1 lm drug 3.434 36 0.002
1 lm 182 ± 13 0.220 1 lm, 10 lm drug 7.864 36 0.000
10 lm 72 ± 10 0.065 Control, 10 lm drug 8.535 36 0.000

Nifedipine
Control 197 ± 13 0.182 56 Control, 5 lm drug 2.469 55 0.017
5 lm 186 ± 12 0.080 5 lm, 20 lm drug 6.562 55 0.000
20 lm 115 ± 13 0.052 Control, 20 lm drug 6.288 55 0.000

x-Agatoxin IVA
Control 198 ± 15 0.444 29 Control, 10 nm drug 3.325 28 0.002
10 nm 176 ± 15 0.298 10 nm, 50 nm drug 5.566 28 0.000
50 nm 129 ± 12 0.937 Control, 50 nm drug 6.768 28 0.000

Apamin
Control 193 ± 15 0.902 32 Control, 10 nm drug 3.147 31 0.004
10 nm 183 ± 15 0.526 10 nm, 100 nm drug 6.973 31 0.000
100 nm 138 ± 11 0.780 Control, 100 nm drug 8.918 31 0.000

The amplitudes of Ca2+ transients are given as means ± standard error of the mean. The Kolmogorov–Smirnov (K–S) test was used as the normality test. All P(K–S)

values being > 0.05 showed that the data had a normal distribution. The amplitudes of Ca2+ transients in the same cells before and after blocker treatment were
compared by use of the paired t-test. P(paired-t) (< 0.05) indicated a significant difference in the amplitude of Ca2+ transients between the control, the lower drug
concentrations, and the higher drug concentrations, respectively. n, number of spontaneously active cells examined.
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perfusion of Na+-containing saline in a concentration-dependent
manner. Saline containing 3 mm Na+ was able to only slightly inhibit
the high [Ca2+]i caused by Na+-free saline. The [Ca2+]i returned to its
normal resting value after bath application of saline containing 10 mm

Na+ (Fig. 1C). The effects of Na+ removal were completely blocked
by application of the Ca2+ channel blocker mibefradil (10 lm) in Na+-
free saline (Fig. 1D; n = 21), indicating that sodium ions modulate
VACCs rather than a hyperpolarising anionic current. These results

demonstrate that at least a small number of sodium ions are needed for
the maintenance of resting [Ca2+]i, but very likely not via a non-
inactivating TTX-sensitive Na+ pacemaker current.

Baseline [Ca2+]i and spontaneous Ca2+ transients are mediated
by VACCs and HCN pacemaker channels

Next, we searched for pacemaker channels that activate at rest and
affect baseline Ca2+ levels. In addition, we examined whether these
pacemaker channels might cause strong enough depolarisations to
activate VACCs underlying Ca2+ transients. The most likely candidates
for pacemaker channels are HCN ion channels and LVA-type VACCs.
Pharmacological block with the reversible HCN channel antagonist
DK-AH269 (10 lm) (Atkinson et al., 2011) decreased baseline [Ca2+]i
and suppressed spontaneous Ca2+ transients in 64% of all active adult
pacemaker neurons in vitro (n = 39) (Fig. 2A; Table 1). Mibefradil,
which blocks mostly LVA-type VACCs but also, to a lesser extent,
HVA-type VACCs (Benquet et al., 2000, 2002), was employed. In
96% of the aMe cells (n = 57), addition of mibefradil (10 lm) reduced
baseline [Ca2+]i and also inhibited spontaneous Ca2+ transients
(Fig. 2B; Table 1). Thus, most or all active aMe neurons contain
LVA VACCs. After blocking of HVA L-type Ca2+ channels with
nifedipine (20 lm) (Mills & Pitman, 1997; Benquet et al., 2002)
spontaneous Ca2+ transients disappeared in approximately 50%
(n = 105) of all recorded cells (Fig. 2C; Table 1). However, the
baseline Ca2+ level was not affected significantly in 88% of nifedipine-
sensitive cells. Nimodipine (1 lm and 10 lm), another L-type Ca2+

channel (Cav1.3) blocker (Cloues & Sather, 2003), did not significantly
affect the spontaneous Ca2+ transients of the active cells (n = 26, data
not shown). In contrast, the antagonist of HVA P ⁄ Q-type VACCs
x-agatoxin IVA (50 nm) (Benquet et al., 1999) increased the
frequency of Ca2+ transients and increased the baseline Ca2+ concen-
tration in approximately 64% of cultured aMe cells (n = 33) (Fig. 2D).

Spontaneous Ca2+ transients are mediated by SKs, but not by
BKs

Next, the contribution of SKs or BKs to the generation of spontaneous
Ca2+ transients was examined. In approximately 93% of all active
pacemaker neurons (n = 41), inhibition of SKs by 100 nm apamin
(Cloues & Sather, 2003) increased baseline [Ca2+]i (Fig. 3A). This
was accompanied by an increase in the frequency and a decrease in the
amplitude of spontaneous Ca2+ transients (Fig. 3A; Table 1). Thus,
SKs were necessary for restraining the activity of aMe neurons.
Iberiotoxin (100 nm)-dependent (Gautier et al., 2008) block of BKs
did not significantly affect the patterns of spontaneous Ca2+ transients
in all active cells recorded (n = 31; Fig. 3B). However, in all inactive
cells, iberiotoxin (100 nm) induced Ca2+ transients and elevation of
baseline [Ca2+]i (n = 26; Fig. 3C). This indicated that BKs did not
underlie spontaneous Ca2+ transients, and that opening of BKs
abolished spontaneous Ca2+ transients via potent hyperpolarisations.

P ⁄ Q-type VACCs appear to couple to BKs

Changes in the extracelluar Ca2+ concentration were combined with
pharmacology to determine whether specific VACCs couple to SKs or
BKs. Increasing the extracellular Ca2+ concentration from 1 lm to
1 mm increased baseline [Ca2+]i via increased influx of Ca2+. This
increase in extracellular Ca2+ concentrations resulted in an increase in
the frequency of Ca2+ transients in 41% of the cells and a decrease in
15% (n = 116) (Fig. 4A). In the remaining 44% of active cells, the

A

B

C

D

Fig. 1. Circadian pacemaker neurons of the aMe of the Madeira cockroach
generate TTX-blockable spontaneous APs, which generate fast Ca2+

transients. VASCs do not contribute to baseline Ca2+ levels, but sodium
ions affect Ca2+-permeable ion channels. (A) Primary cell cultures of aMe
neurons generate TTX-blockable fast Ca2+ transients. In Fura-2 Ca2+-imaging
experiments, perfusion with standard saline (SS) (with 1 mm Ca2+)
containing TTX (10 nm, 50 nm, and 100 nm; 10 min of preincubation)
reduced the frequency and amplitude of spontaneous Ca2+ transients in a
dose-dependent manner (n = 80). Baseline [Ca2+]i was not affected by TTX
at all concentrations tested in 89% of the recordings (n = 80). In these cells,
no TTX-dependent slowly inactivating pacemaker Na+ current was present.
However, additional application of 10 lm mibefradil in SS containing
100 nm TTX always decreased baseline [Ca2+]i (n = 26). (B) The effect of
antagonists was partially reversible after a 10-min washout. (C) The
replacement of external sodium ions with choline caused a large increase
in [Ca2+]i with rapid Ca2+ oscillations (grey rectangles). Some cells showed a
transient decrease shortly after the first Ca2+ increase (arrow). High [Ca2+]i
were reduced after perfusion of saline containing sodium ions in a
concentration-dependent manner. (D) The effects of Na+ removal were
abolished by10 lm mibefradil Black rectangles: Na+ free+mibefradil.
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frequency of Ca2+ transients did not change. When the SK antagonist
apamin (100 nm) was added to saline containing 1 lm extracellular
Ca2+, baseline [Ca2+]i and the superimposed oscillation frequency

strongly increased in almost all cells (Fig. 4B). In the presence of
apamin, increasing the extracellular Ca2+ concentration from 1 lm to
1 mm silenced the cells, and baseline [Ca2+]i decreased (Fig. 4B) in
approximately 76% of the cells (n = 86). This silencing of activity
resulted from the opening of BKs, because it could be eliminated by
additional treatment with 100 nm iberiotoxin (Fig. 4B). These exper-
iments demonstrated that, in the continuous presence of 100 nm

apamin, the increase in extracellular Ca2+ concentration from 1 lm to
1 mm caused the opening of BKs. This protocol was combined with
subsequent addition of 20 lm nifedipine or 50 nm x-agatoxin IVA.
This should determine whether BKs couple to specific VACCs. The
L-type VACC antagonist nifedipine was ineffective, and did not
mimic the effects of 100 nm iberiotoxin (n = 16) (Fig. 4C). Thus,
L-type VACCs did not couple to BKs. In contrast, in approximately
28% of tested cells (n = 36), subsequent application of x-agatoxin
IVA activated the cells and increased baseline [Ca2+]i, suggesting that
BKs failed to open. The combination of x-agatoxin IVA and
iberiotoxin resulted in a further increase in the amplitude of Ca2+

transients (Fig. 4D). These results provide evidence for at least
partially selective coupling of BKs to P ⁄ Q-type VACCs.

A

B

C

D

Fig. 2. HCN channels and VACCs contribute to spontaneous Ca2+ transients.
After a 10-min incubation of the HCN channel antagonist DK-AH 269 (10 lm)
(A), spontaneous Ca2+ transients were reversibly blocked and baseline [Ca2+]i
were reduced in 64% of all aMe cells in vitro (n = 39). After a 10-min
incubation with the general VACC antagonist mibefradil (10 lm) (B),
spontaneous Ca2+ transients were reversibly blocked in 96% of all aMe
neurons (n = 57). Furthermore, baseline [Ca2+]i were always reduced. After a
10-min incubation with the L-type VACC antagonist nifedipine (20 lm) (C),
spontaneous Ca2+ transients were inhibited, but baseline [Ca2+]i was not
reduced, in 50% of all aMe cells examined (n = 105). A 15-min washout of the
antagonists with standard saline (containing 1 mm Ca2+) resulted in partial
recovery of the spontaneous Ca2+ transients (A–C). In contrast, the P ⁄ Q-type
VACC antagonist x-agatoxin IVA (50 nm) (10 min of preincubation) caused
increases in the frequency of Ca2+ transients and baseline [Ca2+]i in 64% of all
aMe cells examined (n = 33) (D). Continuous records are shown, with
interruptions of 10 min.

A

B

C

Fig. 3. Spontaneous Ca2+ transients are modulated by SKs, but not by BKs.
The SK antagonist apamin (100 nm in standard saline with 1 mm Ca2+, 10 min
of preincubation, n = 41) increased the frequency of Ca2+ transients and the
baseline [Ca2+]i in 93% of all active cells (A). Application of 100 nm

iberiotoxin (10 min of incubation, n = 31), the BK antagonist never affected
spontaneous Ca2+ transients or baseline Ca2+ levels in active cells (B).
However, in inactive cells, iberiotoxin always induced Ca2+ transients and
increases in baseline [Ca2+]i in all cells tested (n = 26).
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Discussion

Pacemaker neurons of the insect circadian pacemaker center, the aMe
in the brain’s optic lobes, express spontaneous activity not only on a
circadian time scale of 24 h but also in the gamma frequency range of
20–70 Hz (Schneider & Stengl, 2005, 2006, 2007). These spontane-
ous gamma band oscillations are a prerequisite for temporal encoding
of fast (millisecond scale) information changes in the attentive
vertebrate brain (Singer & Gray, 1995; Nadasdy, 2010; Hong et al.,

2012). Thus, we predicted that insect circadian pacemakers not only
time 24-h physiological rhythms, but also employ temporal encoding
in the millisecond time range (Schneider & Stengl, 2005, 2006, 2007).
As a first step towards testing this hypothesis with Ca2+ imaging
combined with pharmacology, we examined Ca2+-dependent ion
channels underlying fast spontaneous activity in aMe neurons of the
Madeira cockroach, an established circadian pacemaker model system.
Previously, Schneider & Stengl (2007) have shown that the inward
Na+ current of the cockroach aMe neurons is very sensitive to TTX.
Previous studies indicated that Ca2+ channels and BKs in cockroach
neuronal cells are sensitive to mibefradil (Benquet et al., 2000, 2002),
nifedipine (Mills & Pitman, 1997; Benquet et al., 2002), x-agatoxin
IVA (Benquet et al., 1999), and iberiotoxin (Gautier et al., 2008).
Although the HCN channel and SK genes have been identified in
insects, to our knowledge no thorough pharmacological characterisa-
tions of DK-AH 269 and of apamin have been described in insects so
far (Krieger et al., 1999; Marx et al., 1999; Littleton & Ganetzky,
2000; Gisselmann et al., 2003). Therefore, and because the genome of
the Madeira cockroach has not yet been characterised, we cannot
exclude the possibility that the antagonists employed affected more
than one class of ion channel. Nevertheless, all of the antagonists
employed influenced Ca2+ transients of the Madeira cockroach aMe
neurons in a dose-dependent manner (for details, see Table 1).
The TTX-sensitive spontaneous Ca2+ transients of active circadian

pacemaker neurons correlate with TTX-sensitive spontaneous spiking
activity. Evidence has been provided that LVA VACCs and HCN
cation channels coupled to SKs are the predominant channels
underlying fast Ca2+ transients. In contrast, we hypothesise that
P ⁄ Q-type VACCs are activated only during input-dependent depolar-
isations. The P ⁄ Q-type VACCs couple to BKs, which appear to
override pacemaker channels and promote rebound transient inhibition
of spontaneous activity.

Ion channels employed for the control of spontaneous activity

This study concentrated on the analysis of pacemaker channels
involved in the generation of subthreshold membrane potential
oscillations affecting baseline Ca2+ levels. In addition, the Ca2+-
permeable ion channels that accompany APs were examined in insect
circadian pacemaker neurons. In the Madeira cockroach, the LVA
VACCs, HCN channels, and, in fewer cases, sustained, slow
inactivating Na+ pacemaker channels (not shown) open at hyperpo-
larised resting potentials (Fig. 5). They provide an influx of Ca2+, Na+,
and K+. They drive the resting potential to spike threshold, and they
elicit Na+-dependent APs. The rapidly rising potential during the
upstroke of the Na+ spikes then activates L-type HVA VACCs. In
addition, the rising intracellular Na+ concentration appears to close
mibefradil-sensitive LVA VACCs, counteracting further influx of
Ca2+. Furthermore, the increased [Ca2+]i and the rapid depolarisation
activate SKs as well as other voltage-dependent K+ channels (not
shown), which repolarise the cell back to resting potentials (Fig. 5).
Finally, pumps return intracellular Ca2+ and Na+ concentrations back
to baseline. Then, the opening of the pacemaker channels starts a new
oscillation cycle in intracellular voltage and Ca2+, K+ and Na+

concentrations. Cycles of intracellular anions were not taken into
consideration in this study, and await further investigation.
Thus, in the Madeira cockroach, apparently all circadian pacemaker

neurons express LVA VACCs and at least 60% coexpress HCN
pacemaker channels mediating spontaneous depolarisations and Ca2+

influx at rest. In contrast to vertebrate circadian pacemaker neurons in
the SCN, the large majority of Madeira cockroach pacemaker cells do
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B

C

D

Fig. 4. P ⁄ Q-type but not L-type VACCs couple to BKs. Increasing the
external Ca2+ concentration from 1 lm to 1 mm elevated the [Ca2+]i (41%,
n = 116) (A). After application of the SK antagonist apamin (100 nm), an
increase in the external Ca2+ concentration silenced the cells and decreased
baseline [Ca2+]i (76%, n = 86). Additional application of the BK antagonist
iberiotoxin (100 nm) induced Ca2+ transients (B). The L-type VACC antagonist
nifedipine (20 lm) could not activate silenced cells in increased external Ca2+

concentrations in the presence of 100 nm apamin (n = 16). In contrast,
activation occured after additional treatment with 100 nm iberiotoxin (28%,
n = 36) (C). The P ⁄ Q-type VACC antagonist x-agatoxin IVA (50 nm)
activated silenced cells, similarly to iberiotoxin application. However, iberio-
toxin-induced Ca2+ transients showed higher amplitudes (D).
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not employ sustained, slow inactivating TTX-sensitive Na+ channels
as pacemaker channels, as TTX did not decrease baseline Ca2+ levels
(Jackson et al., 2004; Kononenko et al., 2004, 2008; Colwell, 2011;
Kononenko, 2011). Whether LVA VACCs and HCN channels only
elicit subthreshold membrane potential oscillations via coupling to K+

channels or whether they also drive spontaneous APs without
involvement of HVA VACCs cannot be resolved, as mibefradil also
affects HVA VACCs to some extent (Benquet et al., 2000). However,
as there are also several L-type Ca2+ channels known in the vertebrate
circadian clock that can act as pacemaker channels driving sponta-
neous AP rhythms, it is likely that different HVA VACCs also
underlie spontaneous activity in the Madeira cockroach (reviews:
Brown & Piggins, 2007; Kononenko, 2011; Colwell, 2011; Tuckwell,
2012). In contrast to reports in SCN neurons, the spontaneous Ca2+

transients in the Madeira cockroach are nifedipine-sensitive and are
not affected by nimodipine (review: Kononenko, 2011). However, as
increasing TTX concentrations blocked spontaneous Ca2+ transients in
the Madeira cockroach clock cells, AP upstrokes activate further HVA
VACCs coupled to SK channels. The voltage-dependent BKs require
much stronger increases in the [Ca2+]i than SKs (Hille, 2001), which
appear not to occur during spontaneous activity in the absence of
inputs. As was suggested here, BK opening appears to be coupled to
stimulus-dependent gated P ⁄ Q-type HVA VACCs. Then, the BK
opening suppresses spontaneous activity. This hypothesis and our data
are consistent with the finding that blockers of P ⁄ Q-type VACCs
elevated spontaneous activity. Also in vertebrates, P ⁄ Q-type VACCs
are typically synaptic ion channels (Tuckwell, 2012). Interestingly, in
circadian pacemakers of the Madeira cockroach, extracellular sodium
ions appear to block Ca2+-permeable cation channels, and therefore
also affect baseline [Ca2+]i and spontaneous activity. Balke & Wier
(1992) showed that removal of external Na+ could induce the
phosphorylation of L-type Ca2+ channels and thereby increase the
baseline [Ca2+]i concentration. The ion channel type that accounts for
the high Ca2+ baseline level and high-frequency Ca2+ oscillation in the
Na+-free saline, and its functional significance, remain to be
elucidated. In addition, future studies will examine which role non-
specific cation channels and different types of K+ channel play in the
generation of spontaneous activity in Madeira cockroach circadian
pacemaker neurons.

Spontaneous activity and temporal encoding

There is an ongoing debate about what role temporal encoding plays in
the brains of both humans and animals, and how single neuron firing

properties allow for different encoding schemes (Hong et al., 2012).
Frequency encoding (rate encoding) implies that the AP frequency of
a neuron encodes information on the quantity and time course of an
external stimulus, whereas encoding of stimulus quality depends on
the specific type of neuron (e.g. an olfactory receptor neuron
expressing a specific type of odor receptor). For temporal encoding,
the overall frequency of the AP response is not relevant; what counts
is the timing, i.e. the phase of the first stimulus-dependent AP in
relation to other APs elicited by other neurons in the brain (Nadasdy,
2010). Thus, a spontaneously active neuron that expresses subthresh-
old membrane potential oscillations acts as a temporal filter. It is
sensitive to the time course of its input (e.g. to excitatory postsynaptic
potentials). If input-dependent depolarisations occur at the same time
(i.e. the same phase) as endogenous depolarisations, both depolarisa-
tions add up and the neuron reaches AP threshold and fires a spike.
However, if excitatory postsynaptic potentials are not phase-synchro-
nous with endogenous depolarisations, no AP response is elicited. In
the present study, we clearly showed that the cockroach aMe neurons
generate TTX-sensitive spontaneous Ca2+ transients in the absence of
synaptic input, and can therefore be considered to be endogenously
active neurons that act as temporal filters on the millisecond time
scale. The spontaneous gamma band oscillations allow timing of
outputs on the millisecond time scale in vertebrate and invertebrate
brains alike. They are a prerequisite for temporal encoding, apparently
also in the circadian system. Importantly, information is encoded not
only in a single neuron, but also in an ensemble of phase-coupled
neurons that spike synchronously, as was measured in electroenceph-
alograms of the human cortex (Singer & Gray, 1995). Also in the aMe
of the Madeira cockroach, synchronous oscillations in the gamma
frequency range can be recorded (Schneider & Stengl, 2005). It
remains to be determined what the significance is of temporal
encoding on the millisecond time scale for circadian pacemaker
neurons in vertebrates and invertebrates.

Gamma band spontaneous activity and circadian timing

Circadian pacemaker neurons change their spontaneous AP activity
with periods of 24 h to time circadian outputs via neuropeptide release
and, at the same time, express gamma band spontaneous activity
(Schneider & Stengl, 2005). Not only circadian pacemaker neurons of
the Madeira cockroach but also vertebrate circadian pacemakers of the
SCN express spontaneous activity in the gamma frequency range
(Colwell, 2011; Kononenko, 2011). Thus, this seems to be a
widespread property of circadian pacemaker neurons with unknown
relevance. Another characteristic of pacemaker cells of the Madeira
cockroach, as well as SCN circadian pacemaker neurons, is their
abundance of partly colocalised neuropeptides (Petri et al., 1995;
Reischig & Stengl, 1996, 2003b, 2004; Maywood et al., 2007;
Soehler et al., 2007, 2008, 2011; Colwell, 2011; Schulze et al., 2012).
In the aMe of the Madeira cockroach, neuropeptidergic circadian
pacemakers form ensembles of phase-coupled synchronously spiking
neurons (Schneider & Stengl, 2005). As application of the neuropep-
tide pigment-dispersing factor triggered a transient peptide-dependent
ensemble of synchronously spiking cells, it is assumed that a specific
peptide-dependent ensemble gates a specific output of the circadian
clock (Schneider & Stengl, 2005). The observation of gamma band
oscillations of synchronous ensembles suggests that circadian control
of neuropeptide release gates circadian clock outputs with a precision
in the millisecond time range, as employed in other brain areas.
Therefore, we hypothesise that the circadian clock has a ‘short hand’
and a ‘long hand’ to employ temporal encoding in the millisecond,

Fig. 5. Ion channels proposed to control the activity of circadian pacemaker
neurons in the Madeira cockroach. LVA VACCs and HCN channels appear to
be the predominant pacemaker channels promoting spontaneous Ca2+ tran-
sients. The spontaneous depolarisation could activate VASCs and HVA
VACCs, with accompanying spontaneous APs. In contrast, voltage-gated (Kv)
and SKs are necessary for restraining spontaneous excitability of the neurons.
BKs appear to be selectively coupled to P ⁄ Q-type VACCs, and are
hypothesised to be involved in input-dependent activity.
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minute and hour time ranges. Preliminary recordings are consistent
with this hypothesis (Schneider & Stengl, 2007). In future behavioral
and physiological experiments, we will test our hypothesis by
employing VACC antagonists to interfere with subthreshold mem-
brane potential oscillations without blocking stimulus-dependent AP
activity in circadian clock cells. As recent studies have shown that
adult-specific electrical silencing of pacemaker neurons in the fruit fly
obliterates circadian outputs but maintains circadian cycling of clock
gene expression in the nucleus, it was concluded that AP activity does
not feed back into the nuclear clockwork (Depetris-Chauvin et al.,
2011). However, in future studies, it still remains to be examined
whether subthreshold oscillations in the Ca2+ concentration based on
VACCs couple to nuclear clock oscillations coupled to changes in
intracellular second messenger levels.
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Summary 
 

    The accessory medulla (aMe) is the pacemaker that controls circadian 

activity rhythms in the cockroach Rhyparobia maderae. The circadian 

pacemaker center receives photic input from the compound eye via unknown 

excitatory and GABAergic inhibitory entrainment pathways. In addition, non-

photic neuropeptidergic inputs couple both bilaterally symmetric pacemaker 

centers. Not much is known about the classical neurotransmitters of input 

pathways to the cockroach circadian system, besides, possibly a histaminergic 

centrifugal neuron. It connects the aMe with projection areas in the 

protocerebrum and may provide non-photic inputs. To identify 

neurotransmitters of input pathways to the circadian clock with Fura-2-

dependent Ca2+ imaging  primary cell cultures of the adult aMe were stimulated 

with acetylcholine (ACh), as the most prominent excitatory, and histamine (HA), 

as a common inhibitory neurotransmitter. Application of ionotropic nicotinic 

receptor (nAChR)- and metabotropic muscarinic receptor (mAChR)-agonists 

and -antagonists revealed that only nAChRs are present in aMe neurons, next 

to HA receptors. Dose-dependently ACh-induced Ca2+ increases in the aMe 

cells were mediated by voltage-activated Ca2+ channels. HA application caused 

dose-dependent decreases in intracellular Ca2+ levels in only a subpopulation 

of circadian pacemaker neurons while ACh responses occurred in most of the 

aMe cells. These data suggest that ACh is a prominent neurotransmitter of the 

light entrainment pathway while HA is involved in a non-photic input pathway 

to the circadian clock of the Madeira cockroach. 
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Introduction 
 

Circadian pacemakers coordinate daily physiological and behavioral rhythms in 

vertebrates and invertebrates alike (Pittendrigh, 1981; Jackson et al., 2001). Lesion 

and transplantation studies demonstrated that the optic lobes and, specifically, the 

accessory medulla (aMe), a small neuropil with about 250 associated neurons at the 

ventromedial edge of the medulla, is the pacemaker that controls circadian locomotor 

activity rhythms of the cockroach Rhyparobia maderae (Syn.: Leucophaea maderae), 

a well-established circadian clock model (Page, 1982; Stengl and Homberg, 1994; 

Reischig and Stengl, 2003). Antisera against neuropeptides located abundant, partly 

colocalized neuropeptides in specific subgroups of the aMe-associated neurons (Petri 

et al., 1995; Söhler et al., 2007; 2008; 2011). Among them three groups of 

pigment-dispersing hormone-immunoreactive (PDF-ir) circadian clock neurons were 

characterized best. In the fruitfly Drosophila melanogaster as well as in the Madeira 

cockroach the PDF-ir circadian pacemaker neurons are clock outputs and control 

locomotor activity rhythms connecting the circadian pacemaker center with different 

midbrain and optic lobe targets (reviews: Homberg et al., 2003; Yoshii et al., 2009). In 

addition, in the Madeira cockroach 4 of the PDF-ir neurons form input pathways to the 

circadian clock. They couple both bilaterally symmetric accessory medullae (aMae) 

with optic lobe neuropils as circadian coupling pathways (Reischig and Stengl, 2002, 

2004; Söhler et al., 2011). However, little is known about the cellular and physiological 

nature of light entrainment pathways or other, non photic inputs into the circadian 

pacemaker of the Madeira cockroach. Apparently, only photoreceptors in or close to 

the compound eye are essential for photic entrainment with high intensity light dark 

(L:D) cycles (Roberts, 1965, 1974; Nishiitsutsuji-Uwo and Pittendrig, 1968). In 

addition, lesion experiments demonstrated that ipsi- and contralateral compound eyes 

provide light input into the aMe (Page et al., 1977; Page, 1978). The contralateral light 

inputs appear to be mediated via orcokinin-ir neuropeptidergic neurons projecting via 

the posterior optic commissure (Hofer and Homberg, 2006a, 2006b). With antibodies 

against histamine, the neurotransmitter of insect photoreceptors it was shown that 

there are no direct connections of compound eye photoreceptors with the aMe 

(Loesel and Homberg, 1999; reviews: Stuart, 1999; Homberg, 2002). Only one 

centrifugal histamine-ir neuron appeared to provide non-photic input into the circadian 

clock and connected the aMe with different midbrain targets (Loesel and Homberg, 

1999). Thus, so far, only the GABA-ergic distal tract which connects the noduli of the 

aMe with the medulla and possibly also the lamina is the best candidate for a light 

entrainment pathway to the cockroach clock (Reischig and Stengl, 1996). Also, 

injection experiments combined with behavioral analysis revealed light-like phase 

response curves for GABA, consistent with a role of GABA in photic entrainment of 

the clock (Petri et al., 2002). However, next to inhibitory light inputs there is also 

evidence for excitatory photic inputs into the circadian pacemaker region (Loesel and 

Homberg, 2001). The respective neurotransmitters relaying excitatory photic input into 

the aMe are not known so far.  
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Classical insect neurotransmitters include acetylcholine, glutamate, 

γ-aminobutyric acid (GABA) and biogenic amines such as serotonin, dopamine, 

octopamine, tyramine and histamine (Kahsai et al., 2010; Kahsai and Winther, 2011). 

Not much is known about the role of these neurotransmitters in the cockroach 

circadian system. Thus, to determine possible input signals into the circadian clock of 

the Madeira cockroach we performed Fura-2-dependent Ca2+- imaging with primary 

cell cultures of the adult aMe to measure neurotransmitter-dependent changes in 

intracellular Ca2+ levels. Here we focused on the study of acetylcholine (ACh) as a 

prominent excitatory and histamine (HA), as a prominent inhibitory neurotransmitter of 

insects. Since preliminary experiments with application of serotonin, dopamine and 

octopamine did not reveal any consistent results (n>150). It was found that ACh and 

HA receptors are present in aMe neurons of the Madeira cockroach. While ACh 

application triggered dose-dependent increases in intracellular Ca2+ in almost all aMe 

neurons, HA application caused dose-dependent decreases in intracellular Ca2+ levels 

in only a subpopulation of circadian pacemaker neurons. These data suggest that 

ACh may play a role in the light entrainment pathway and HA acts in a non-photic 

input pathway to the circadian clock. 

 

Materials and Methods 
 

Animals 
 

Adult male cockroaches Rhyparobia maderae were used to generate primary 

cell cultures of the aMe. The animals were reared in a large tank at about 26°C, 60% 

humidity. A cycle of 12 h light/12 h dark regime (L:D = 12:12) was maintained to 

entrain the circadian system with the change from light to dark occurring at 08:00 AM.   

Primary cell culture 
 

The protocol for dissociation of aMe neurons has been described within detail in 

Petri and Stengl (1999). Briefly, the aMe was selectively excised using a glass 

capillary with a 200 µm tip diameter. To dissociate the single cells from the tissue, four 

aMae from two brains were incubated for 4 min at 37°C in 500 µl HBSS solution 

containing 1 mg/ml collagenase and 4 mg/ml dispase. The HBSS solution was 

supplemented with: 85% aqua purificata, 15% HBSS, 1% penicillin/streptavidin, 0.05 

mg/ml Phenylthrourea, 0.025 mg/ml phenolrot. The mixture with cells was transferred 

in 10 ml Leibovitz`s L-15 medium (L-15) (PAA Laboratories Germany) with 2.8 mg/ 

yeastolate and 2.8 mg/ml lactalbumin. About 160 µl cell suspension was obtained 

after centrifugal sedimentation at 500 rpm for 5 min at 8°C. Each 40 µl cell suspension 

was dispersed on a concanavalin A coated glass cover slip in sterile plastic cell 

culture dish. After 2 h the cells were settled to the cover slip and the cell culture dish 

was filled with 1 ml cell culture medium. The cell culture medium was prepared from 

L-15 medium and additional salts: 200 mg/ml glucose, 80 mg/ml fructose, 35 mg/ml 

L-prolin, 6 mg/ml imidazol, 1% glutamin, 0.1% gentamicin, and 2.38 mg/ml hepes, pH 
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7.0 and osmolarity 360 mOsm adjusted with 5% NaOH and mannitol. The cell culture 

dishes were kept in darkness at 20°C in a humidified incubator. The chemicals were 

purchased from Sigma-Aldrich. The cells were processed for Ca2+-imaging 

experiments after at least 24 h in culture. Cultures were prepared between about 

Zeitgeber time (ZT) 1:00 and 3:00. Since we do not know whether the culture 

procedure resets the circadian clock to a specific ZT we do not attempt to make a 

statement of ZT-dependency of neurotransmitter effects in our experiments. 

Calcium Imaging 
 

Before starting the Ca2+-imaging experiments, the cells were loaded with 4 µM 

Ca2+ indicator Fura-2 acetoxymethyl ester (Fura-2 AM, Molecular Probes) dissolved in 

standard saline for 40 min in darkness at room temperature. The standard saline 

containing (in mM): 156 NaCl, 4 KCl, 1 CaCl2, 10 hepes and 5 glucose (pH 7.1, 

osmolarity 380 mOsm). Following dye loading, the cover slip with dissociated cells 

was transferred to a recording chamber and thoroughly washed using standard saline 

continuously using a perfusion pump (REGLO Digital MS-2/6, Ismatec).  

The Fura-2 loaded cells were viewed with a 20x objective of a fluorescence 

microscope (DMI3000 B, Leica Microsystems). The dual wavelength Ca2+-sensitive 

indicator was excited alternately at 340 nm and 380 nm with 500 ms intervals via a 

monochromator Polychrome 5000 (Till Photonics) with exposure times of 30 and 15 

ms, respectively. Images were captured with an EM-CCD camera iXON+ 

DU885KCS-VP (Andor) every 500 ms. The region of interest for each cell in the field 

of view was manually identified. The ratio of fluorescence at 340/380 nm was 

calculated using Live Acquisition software (Version 2.0.0.12, Till Photonics), which 

reflects the concentration of the intracellular calcium.   

Stimulus solutions and application 
 

ACh, nicotine (50 µM, nicotinic ACh receptor agonist), pilocarpine (50 µM, 

muscarinic ACh receptor agonist) mecamylamine (50 µM, nicotinic ACh receptor 

antagonist), and scopolamine (50 µM, muscarinic ACh receptor antagonist) (Wegener 

et al., 2004), Mibefradil (10 µM voltage activated calcium channels blocker) (Benquet 

et al., 2000), and HA were purchased from sigma and were dissolved in standard 

saline (= different stimulus solutions). The neurons were continuously superfused with 

normal standard saline (0.5 ml/min) except during stimulus presentation bath 

solutions were replaced by the respective stimulus solution. The responses to the 

stimulus were monitored by comparing changes in the intracellular calcium levels 

(Ca2+) before and after application. The ACh and HA application were carried out 

during the subjective day.  

For dose-response experiment, the ACh stimuli were applied carefully at 

different concentrations ranging from 10 nM to 1 mM via a syringe to obtain a 

homogeneous distribution of the stimulus in the bath. To stimulate as many cells as 

possible during one stimulus application syringe-stimulation was preferred over 
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picospritzer-stimulation which allows only controlled stimulation of a single cell. The 

volume ejected from the syringe was 1 ml for 60-90 s. Directly before the stimulus 

injection the standard saline in the chamber was completely removed, except for 

about 300 µl to avoid the dilution of the stimulus concentration. The neurons were 

continuously superfused with normal standard saline before and after stimulus 

presentation. Always, bath perfusion was stopped during stimulus presentation. To 

analyze the response to the ACh agonists and antagonists, ACh, nicotine and 

pilocarpine stimuli were applied, and then the neurons were incubated by 50 µM 

scopolamine or 50 µM mecamylamine for five minutes before being treated with ACh 

agonists solutions containing 50 µM from the same antagonist. 

The HA stimuli were bath applied for 60 s at different concentrations (ranging 

from 100 nM to 1 mM) by an electronic 3-way valve (manufactured by Parker) 

connected to the perfusion system. The 3-way valve alternates the flow of the 

standard saline and the histamine solution. The valve and the pump were controlled 

by computer. The valve is suited for saline flow and is an excellent alternative to 

manual change of the stimulus. Following the neurotransmitter application, the cells 

were washed with the standard saline and were continuously superfused during the 

experiments. 

 

Statistical analyses 
 

Data are given as means ± standard error of the mean (S.E.M.). The magnitude 

and duration of the Ca2+ responses were calculated with Spike 2. 

Kolmogorov-Smirnov test was used for normality test. Analysis of variance (ANOVA) 

with Tukey's post hoc analysis was performed for statistical comparison. Data were 

analyzed with SPSS 19.0 statistical software. 

 

Results 
 

Effect of ACh on intracellular Ca2+ levels  
in primary cell cultures of the aMe 

 
Application of ACh increased the intracellular Ca2+ level in a dose-dependent 

manner in about 96% of the tested aMe cells (N= 126 cells) (Fig. 1A, B). The 

threshold concentration for the ACh effect varied between 10 nM and 1 µM. The 

magnitude of the peak response was dose-dependent between 10 nM and 0.1 mM. In 

55% of the ACh sensitive cells (N= 121 cells), desensitization was observed at the 

higher concentration (1 mM) (Fig. 1B, normalized response for 1 mM ACh application 

= 91.5%). The maximum response occurred within 20 s after the ACh application. At 

higher concentrations of ACh, intracellular Ca2+ level first increased but decayed 

quickly, suggesting that desensitization occurred immediately after the activation of 

the receptors. The increased Ca2+ level was accompanied by rapid Ca2+ oscillations in 

88% of the recorded aMe cells (N= 121 cells) (arrows in Fig. 1A). After ACh washout 

from the bath solution, the intracellular Ca2+ level returned to control levels and the 

 87



ACh -dependent Ca2+ oscillations disappeared.  

 

 

Figure. 1 Acetycholine (ACh) 

increased intracellular calcium levels 

in primary cultured cockroach 

circadian pacemaker neurons loaded 

with the Ca2+ indicator dye fura-2. (A) 

Response of an accessory medulla 

neuron to increasing concentrations 

of ACh. The intracellular calcium 

level increased immediately after 

ACh applications, accompanied by 

rapid Ca2+ oscillations. At higher 

concentrations of ACh, intracellular 

calcium level first increased but 

decayed afterwards (arrows). About 

10 min interruption and washout of 

the ACh with standard saline 

between each concentration applied. 

The solid bars indicate the duration 

of the application. (B) Normalized 

ACh dose-response curve. 

Responses were normalized to the 

response at 100 µM ACh (=100%). 

Data were plotted as means ± S.E.M. 

The desensitization of the response 

occurred at 1 mM ACh. 

 

 

ACh response is mediated by nicotinic receptors 
 

ACh responses are mediated via cholinergic receptors, either via ionotropic 

nicotinic receptors (nAChR) or via metabotropic muscarinic receptors (mAChR) 

(Wegener et al., 2004). The nAChR and mAChR agonists were combined with their 

corresponding antagonists to determine the receptor types involved in the ACh 
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responses. As shown in Fig. 2A, responses to 50 µM nicotine (nAChR agonist) 

resembled responses to 100 µM ACh in all cells tested (N=31 cells). However, the 

cells showed no response to 50 µM pilocarpine (mAChR agonist) in all cells recorded 

(N=31 cells). Preincubation with 50 µM scopolamine (mAChR antagonist) did not 

block nicotine-responses in any of the recorded cells (N=11 cells). After blocking the 

nAChRs with 50 µM mecamylamine (nAChR antagonist), nicotine ceased to increase 

the intracellular Ca2+ level in any of the cells tested (N=23 cells). Pilocarpine did not 

affect the intracellular Ca2+ level in presence of scopolamine or mecamylamine. To 

further identify the receptor type, the effect of antagonists on ACh-induced Ca2+ 

increases were examined (Fig. 2B). Scopolamine did never affect the ACh-induced 

Ca2+ increase (N=20 cells), while mecamylamine blocked the ACh effect in all cells 

tested (N=20 cells). Therefore, the ACh responses of the aMe cells were mediated 

very likely by nAChRs, but not by mAChRs. 

 

 
Figure. 2 Acetylcholine responses act via a nicotinic but not a muscarinic ACh receptor in primary 

cultured cockroach circadian pacemaker neurons loaded with fura-2. (A) Fluorescence traces recorded 

from single cell show the effect of acetylcholine (ACh), nicotinic receptor agonist {nicotine (Nic)} and 

antagonist {(mecamylamine (meca)}, muscarinic receptor agonist {pilocarpine (Pilo)} and antagonist 
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{scopolamine (scopo)}. The cell immediately showed increase in intracellular calcium concentration in 

response to 100 µM ACh or 50 µM nicotine application while no intracellular calcium concentration 

changes when applying 50 µM pilocarpine The aMe neurons incubated by 50 µM scopolamine or 50 µM 

mecamylamine for five minutes before measurements and during the time of the application. 

Scopolamine did not alter the increasing of intracellular calcium levels, while mecamylamine remarkably 

blocked increasing of intracellular calcium levels in response to Nicotine. No intracellular calcium 

concentration changes when applying pilocarpine in presence of scopolamine or mecamylamine. (B) 

Response to ACh application, before and during incubation by scopolamine or Mecamylamine, and after 

washout. The cell immediately showed increase in intracellular calcium concentration in response to 100 

µM ACh application. The aMe neurons incubated by 50 µM scopolamine or 50 µM mecamylamine for five 

minutes before measurements and during the time of the application.  Scopolamine did not affect the 

increasing of intracellular calcium levels, while mecamylamine remarkably stops increasing of 

intracellular calcium levels. About 10 min washout of the blocker with standard saline led to calcium 

increasing in response to ACh. The solid bars indicate the duration of the application. 

 

ACh-induced Ca2+ increase is mediated 

by voltage-activated Ca2+ channels 

 

In all recorded aMe cells, addition of 10 µM mibefradil (reversible 

voltage-activated Ca2+ channel blocker) reduced the intracellular Ca2+ level and 

blocked Ca2+ increases, which were induced by 100 µM ACh or 50 µM nicotine (N=22 

cells) (Fig. 3). Therefore, the ACh-induced Ca2+ increase in the aMe cells was 

mediated by voltage-activated Ca2+ channels. 

 

 

Figure. 3 Mibefradil, voltage activated calcium channels blocker, stops the calcium increasing of primary 

cultured cockroach circadian pacemaker neurons loaded with fura-2 in response to acetylcholine or 

nicotine. Cell immediately showed increase in intracellular calcium concentration following 100 µM ACh 

application. Incubation of aMe neurons by 10 µM mibefradil for five minutes before measurements and 

during the time of the application resulted in reduced intracellular calcium baseline levels as well as 

stopped the calcium increasing in response to 100 µM ACh or 50 µM nicotine (Nic).   About 10 min 

washout of the blocker with standard saline led to calcium increasing in response to ACh. The solid bars 

indicate the duration of the application.  
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Effect of HA on intracellular Ca2+ levels 
in primary cell cultures of the aMe 

 

Application of the HA solution (100 µM) for 60 s evoked three different types of 

response patterns (Fig. 4A). The response type I expressed a rapid decrease in the 

intracellular Ca2+ concentration following HA application. This decrease remained for 

325.84±13.8 s (mean ± S.E.M.) after washout and, thereafter, it recovered to the 

control level. The response type II showed a sustained Ca2+ decrease. Even after 

washout it did not recover to the control level. The response type III summarized the 

irregular changes in the spontaneous calcium oscillations after HA application, which 

could be caused by homeostatic changes of the spontaneous active cells. 

The percentages of each response pattern were calculated at different 

concentrations of HA, 1 µM, 10 µM and 100 µM (Fig. 4B). In 14.19% of the examined 

cells (N=191 cells) responses to 1 µM HA were observed (Type I=5.88% Type II=0% 

Type III=8.31%). In 30.79%, of the examined cells (N=311 cells) responses to 10 µM 

HA were observed (Type I=14.78% Type II=4.15% Type III=11.86%). In 48.65%, of the 

examined cells (N=266 cells) responses to 100 µM HA were observed (Type 

I=19.02% Type II=10.09% Type III=19.53%).   

Finally, it was examined whether the HA response amplitude and duration for 

type I HA response patterns displays dose-dependency. The amplitude was 

measured from the control level to the maximum intracellular Ca2+ decrease and the 

duration of the responses were calculated from the beginning of the intracellular Ca2+ 

decrease up to recovery to the control level (Fig. 5). It was noted that the durations of 

the responses changed in a dose-dependent manner when applying increasing 

concentrations of HA, from 1 µM to 100 µM, while the response amplitude appeared 

to be saturated since it did not show significant dose- dependency (P>0.05, ANOVA). 

The threshold concentration for the HA effect varied between 100 nM and 1 µM. The 

responses were normalized to the response at 100 µM HA (=100%). A dose-response 

curve was constructed based upon the normalized duration of the response (Fig. 5B). 

The response duration increased with increasing concentrations of HA. 

Desensitization became apparent at higher concentrations of HA (1 mM, data not 

shown).  
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Figure. 4 Histamine (HA)-induced variations in fluorescence of primary cultured cockroach circadian 

pacemaker neurons loaded with the Ca2+ indicator dye fura-2.  (A) Traces show fluorescence of three 

individual neurons in response to 100 µM HA application for 60 sec which is indicated by the solid bar. 

The HA response patterns are classified as the following: type I response; cell immediately showed 

decrease in intracellular calcium concentration following the HA application and thereafter it recovered to 

the control level after washout. Type II response; cell showed Ca2+ decrease but after washout did not 

recover to the control level. Type III response summarized the irregular changes in the spontaneous 

calcium oscillations after HA application, which could be caused by homeostatic changes of the 

spontaneous active cells. The solid bars indicate the duration of the application. (B) Comparison between 

the percentages of the histamine response patterns in response to different concentrations of HA, 1 µM, 

10 µM and 100 µM. Data presented as mean ± S.E.M.  
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Figure. 5 Histamine (HA) decreased intracellular calcium levels in primary cultured cockroach circadian 

pacemaker neurons loaded with the Ca2+ indicator dye fura-2. (A) Response of accessory medulla 

neurons to increasing concentrations of HA (e.g. 1 µM, 10 µM and 100 µM). The intracellular calcium 

level decreased immediately after HA applications and after washout it remains for few minutes and 

thereafter it recovered to the control level. The solid bars indicate the duration of the application.  (B) 

Normalized HA dose-response curve. Responses were normalized to the response at 100 µM HA 

(=100%). Data were plotted as means ± S.E.M. The desensitization of the response occurred at 1mM HA 

(Data not shown).   
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Discussion 
 

To determine the general neurotransmitters of input pathways to the circadian 

clock of the Madeira cockroach we examined neurotransmitter effects in Ca2+ imaging 

experiments on primary cell cultures of adult aMe neurons. We provided evidence for 

the presence of nAChRs in most neurons of the aMe as well as HA-receptors in a 

subpopulation of circadian clock neurons. 

 

ACh as a prominent neurotransmitter in the circadian clock 
 

Several studies have provided strong evidence for ACh as a key player in the 

circadian pacemaker center both in mammals and in insects (Vijayalakshmi et al., 

1977; Wegener et al., 2004; Hut et al., 2011; Keene et al., 2011; McCarthy et al., 2011; 

Lelito et al., 2012). In mammals, circadian fluctuation in the cholinergic system (e.g. 

ACh content, cholinergic enzyme activity, cholinergic receptor and vesicular 

acetylcholine transporter) has been biochemically demonstrated (Hanin et al., 1970; 

Schiebeler et al., 1974; Nordberg et al., 1980; Mash et al., 1985; Morley et al., 1990). 

Several immunocytochemistry-studies have located enzymes characteristic of 

cholinergic neurons within the SCN. The AChT- and AChE-positive cholinergic cells 

probably belong to the “simple bipolar” cells in the SCN, which are suggested to 

transfer light information (Hut et al., 2011). In the nervous system of the cockroach 

Periplaneta americana, the ACh content and AChE activity also showed inverse 

circadian rhythms (Vijayalakshmi et al., 1977).  

In mammals, the distributions of mAChR and nAChR within the SCN were 

determined employing immunocytochemistry against the receptors, since antibodies 

against ACh are not available. However, immunoreactivity to the apparently few 

nAChRs was low and barely detectable (Van der Zee et al., 1991). Approximately all 

SCN neurons were immunopositive for mAChR, suggesting a more important role of 

the mAChR in the SCN cholinergic neurotransmission (Van der Zee et al., 1999; 

2004). Also, the reverse-transcribed-PCR studies revealed expression of mRNA for all 

mAChR subtypes in the SCN (Yang et al., 2010). Excitatory effects of ACh or nicotine 

were determined in vivo (Miller et al., 1987; Nashmi and Lester, 2006). However, in 

vitro, the majority of SCN cells were inhibited by mAChR agonists, whereas some 

SCN cells were excited or not responsive (Yang et al., 2010). These multiple 

cholinergic responses could indicate that ACh could regulate the SCN neuron 

excitability differentially depending on the multiple receptors and the physiological 

phases of individual SCN cells. In contrast to these different effects in vertebrate 

circadian pacemaker neurons, ACh increased the activity of the large 

pigment-dispersing factor-immunoreactive ventrolateral neurons (PDF-ir l-LNvs) in 

the Drosophila brain via nAChRs, but not via mAChRs (McCarthy et al., 2011). In the 

circadian pacemaker neurons of the Drosophila larval brain, the expression of 

nAChRs were observed employing immunocytochemistry. In addition, larval circadian 

pacemaker neurons responded to ACh with increases in intracellular Ca2+ 
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concentration via nAChR in vivo as well as in vitro (Wegener et al., 2004).  

Using Ca2+ imaging combined with pharmacology, here it was shown that ACh 

affected the aMe cells of the cockroach via nAChRs. Since the large majority of 

circadian pacemaker neurons of the aMe were ACh-sensitive ACh appears to be well 

suited to control the general response range of circadian pacemaker neurons. Thus, 

either it acts not stimulus-specific or, since photic input is most importantly for the 

circadian clock, ACh may mediate photic inputs. Future experiments will test this 

hypothesis. 

   

HA as a neurotransmitter relaying apparently non-photic input 
to the circadian pacemaker neurons 

 
Histamine (HA) was reported to be an important neurotransmitter and 

neuroregulatory compound in the nervous systems of a wide range of organisms 

(Schwartz et al., 1991; Fleck et al., 2012). Thus, HA was implicated in the regulation 

of CNS functions, such as behavioral states, biological rhythms, thermoregulation, 

feeding rhythms, energy metabolism, and learning and memory (Huang et al., 2011). 

The distribution of histaminergic profiles was mapped in the central nervous system of 

many insects species (e.g., Nässel et al., 1988; Pirvola et al., 1988; Homberg and 

Hildebrand, 1991; Pollack and Hofbauer, 1991; Nässel and Elekes, 1992; Buchner et 

al., 1993; Bornhauser and Meyer, 1997; Loesel and Homberg, 1999; Monastirioti, 

1999; Ignell, 2001). The presence of HA-immunoreactivity in specific sets of neurons 

in the brain of different insect species suggests neurotransmitter or neuromodulatory 

roles of HA in numerous central circuits (Nässel, 1999). Importantly, HA serves as the 

neurotransmitter of photoreceptors in insects by directly activating a chloride channel 

in the postsynaptic cells (Hardie, 1989; Stuart et al., 2007). Thus, HA acts as a fast 

inhibitory neurotransmitter in the insect nervous system. Two histamine-gated chloride 

channels were described thus far in D. melanogaster (Gengs et al., 2002; Gisselmann 

et al., 2002; Zheng et al., 2002; Roeder, 2003; Pantazis et al., 2008). Application of 

HA to the first order interneurones caused an electrical response similar to that 

induced by light. A more detailed examination of this response using patch clamp 

techniques showed that application of HA caused an increase in the chloride 

permeability of the large monopolar cells. This increase in chloride permeability was 

attributed to a directly coupled HA receptor that caused the opening of a chloride 

channel (Hardie, 1987, 1988, 1989). 

In mammals, a role for HA as a neurotransmitter in circadian entrainment was 

suggested (Stephan et al., 1981; Moore, 1983; Tuomisto, 1991). Histamine release in 

rats is under circadian control since its release during the dark period was significantly 

higher than during the light period (Mochizuki et al., 1992). Jacobs et al. (2000) 

suggested that HA receptors are the final gate at which both photic and non-photic 

entrainment mechanisms converge before sending a resetting signal to the 

intracellular biological clock of mammals (Jacobs et al., 2000). Furthermore, HA was 

reported to have different effects on shifting the circadian activity phase depending on 
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its circadian administration time (Itowi et al., 1991; Stehle, 1991). It is also reported 

that at the level of the SCN the direct excitatory effects of histamine on neuronal firing 

is mediated via H1 receptors and the inhibitory effects via H2 receptors (Liou et al., 

1983; Stehle, 1991). However, in vivo studies suggested that HA is a neuromodulator 

of glutamatergic transmission via its effects on the NMDA receptor (Eaton et al., 1995, 

1996). 

Our results indicate that HA application inhibits aMe neurons possibly during the 

subjective day. Since we did not obtain ZT-dependent effects and since we cannot 

determine whether the culture procedures reset circadian clocks of aMe neurons, we 

cannot determine whether neurotransmitter sensitivity of aMe neurons is 

ZT-dependent. Since we always observed HA-dependent inhibitions, the observed HA 

effects on aMe neurons may be mediated via histamine-dependent chloride channels. 

In the Madeira cockroach HA-immunoreactivity in the AMe originated from a 

centrifugal neuron of the midbrain, but not from direct photoreceptor input to the clock 

(Loesel and Homberg, 1999). Thus, it is likely that HA serves a non-photic inhibitory 

input into the circadian clock. Future experiments have to determine the nature and 

function of this input. 
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Abstract 
 
Little is known about photoperiod-dependent plasticity of the circadian system. 

In the cockroach Rhyparobia maderae circadian pacemaker neurons of the 

accessory medulla are spontaneously active being either activated or inhibited 

with rises of the extracellular Ca2+ concentration. Their spontaneous activity 

appears to be a prerequisite to neuropeptide-dependent ensemble-formation 

and gating of clock-outputs. Here, we searched for physiological changes in 

single, isolated circadian pacemaker neurons in cockroaches either raised in 

12:12, 16:8, or 8:16 light: dark cycles. Using Ca2+ imaging, 7 different response 

types of spontaneously active circadian pacemaker neurons were distinguished 

in different extracellular Ca2+ concentrations. The percentage of different 

response types (type-percentage vectors) was highly photoperiod-specific and 

reproducible. It reliably predicted the different photoperiods and, thus, encoded 

short- and long-day information. No evidence for a photoperiodic change in 

responses to acetylcholine a hypothetical neurotransmitter of photic 

entrainment pathways was obtained. Thus, exposure to different photoperiods 

in development not only changes the network of the circadian clock, but also 

alters physiological responses of single circadian pacemaker neurons via so 

far unknown mechanisms. Currently, it is examined whether the observed 

plasticity of the circadian system can also be induced transiently in adult 

insects as an adaptive property to transient changes in the environment. 

 

 

 

 

 

 

 102



Introduction 
 

While circadian clocks allow for anticipation of daily changes in light and dark, 

circannual clocks, such as a photoperiodic clock, regulate seasonal adaptation to 

changes in the photoperiod during the turn of the year (photoperiodism). It is agreed 

upon that both types of clocks the circadian and the circannual clocks are 

interdependent and may even share cellular components. However, the respective 

mechanisms and cellular nature of their respective interdependence are not resolved, 

yet (reviews: Bredshaw and Holzapfel 2010; Yoshii et al., 2012).  

 

The circadian clock of the Madeira cockroach 

 

The cockroach Rhyparobia maderae is a well established model system for the 

cellular and behavioral analysis of circadian rhythms research (Nishiitsutsuji-Uwo and 

Pittendrigh 1968; Page 1982; Homberg et al., 2003). Lesion and transplantation 

studies located the circadian pacemaker which controls locomotor activity rhythms to 

the accessory medulla (aMe) of the brain´s optic lobes ventromedially to the medulla 

(Page, 1978, 1982; Stengl and Homberg, 1994; Reischig and Stengl 2003a,b). The 

aMe is associated with 7 soma groups which connect it to different optic lobe 

neuropils as well as to various midbrain targets such as locomotor control centers. 

Photic entrainment via the compound eye reaches the aMe via GABAergic distal tract 

neurons and via suggested cholinergic excitatory interneurons (Reischig and Stengl 

1996; Loesel and Homberg 2001; Wei, El-Baz, Stengl, submitted). Circadian 

pacemaker neurons of the aMe are astoundingly abundant of different neuropeptides 

(Petri et al. 1995; Reischig and Stengl 1996; Söhler et al., 2007, 2008, 2011). Best 

characterized are the pigment-dispersing factor-ir (PDF-ir) neurons which control 

locomotor activity rhythms in different insect species (reviews: Homberg et al. 2003; 

Yoshii et al. 2012).  

 

Spontaneous activity-dependent temporal encoding  

in the circadian clock of the Madeira cockroach 

 

Another characteristic of Madeira cockroach circadian pacemaker neurons is their 

spontaneous activity. They display fast, gamma-band (20-70 Hz) ultradian action 

potential rhythms superimposed on their circadian activity rhythms (Schneider and 

Stengl 2005, 2006, 2007). Gap junctions synchronize the spontaneously active aMe 

cells to fire with the same frequency. Mostly GABA-ergic interneurons control the 

phase of the spontaneous activity to generate ensembles (=assemblies) of cells which 

fire with the same frequency and same phase. Different ensembles maintain a 

constant phase difference to each other, apparently mediated via mostly inhibitory 

interneurons (Schneider and Stengl 2005, 2006). It was hypothesized that the insect 

circadian pacemaker center employs temporal encoding to control the phase of 

different outputs over the course of the day (Schneider and Stengl, 2005). It was 

suggested that circadian outputs are gated via peptide-dependent assembly 
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formation. Peptide-release at a defined time of day phase-shifts spontaneous activity 

rhythms. Thereby, the neuropeptides recruit an ensemble of phase-coupled 

pacemaker neurons to gate a specific output (Schneider and Stengl, 2005). A 

necessary prerequisite to this temporal coding scheme is the presence of 

spontaneous activity in pre- and postsynaptic cells which is in the same frequency 

range to allow for resonance coupling. Thus, tight phase- and frequency control of 

spontaneous activity of the neuropeptidergic circadian pacemaker neurons via 

external input signals is called for. Since spontaneous activity of the aMe circadian 

pacemaker neurons is generated mostly via Ca2+-dependent ion channels 

spontaneous activity and, thereby, these mechanisms of input-dependent gating of 

aMe outputs strongly depend on the extracellular Ca2+ concentration (Wei and Stengl, 

2012). 

 

Does the circadian clock of the Madeira cockroach 

express photoperiod-dependent plasticity? 

 

Under the assumption that different photoperiods are detected via the circadian clock 

it is expected that different photoperiods shape the response ranges of the circadian 

clock network. To search for photoperiod-dependent plasticity of the circadian clock of 

the Madeira cockroach, cockroaches were raised either in 12:12, 18:6 (long-day), or 

6:18 (short-day) light-dark (L:D) cycles. As shown previously, raising cockroaches in 

different photoperiods changed the network of the PDF-ir neurons. The number of 

PDF-ir neurons as well as their branching patterns differed in short- versus long-day 

conditions. Therefore, some of the PDF-ir neurons appear to be activated directly or 

indirectly via light (Wei and Stengl, 2011).  

Here, we want to know, whether changes in photoperiod not only change the 

network of PDF-ir circadian pacemaker cells but whether single aMe neurons also 

change physiological properties via raising cockroaches in different photoperiods. 

Since spontaneous activity is an important prerequisite to temporal encoding, we 

focused on the analysis of spontaneous activity as most critical physiological 

parameter. After characterizing/typing aMe neurons according to their spontaneous 

activity in three different extracellular Ca2+ concentrations we examined with 

FURA2-based Ca2+ imaging whether these physiological types differed between the 

three groups of cockroaches either raised in 12:12 (controls), short- or long-days. 

Indeed, the percentage of the different physiological types differed significantly 

between the three groups of cockroaches and could predict photoperiod.  

Since acetylcholine (ACh) was shown to activate almost all aMe neurons it was 

suggested to either participate in the light-entrainment pathway to the clock or to set 

the general response range of aMe neurons to different inputs. Thus, also responses 

to ACh were compared in the different populations of cockroaches raised in different 

photoperiods. At the ACh concentration tested, no evidence for a change in 

ACh-sensitivity of cultured aMe cells by photoperiods was observed. Our results 

indicate that not only the PDF-ir network but also physiological parameters of single 

aMe neurons display photoperiod-dependent plasticity.  
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Materials and Methods 
 

Primary cell culture 
 

Adult male cockroaches Rhyparobia maderae were raised in different photoperiods of 

light/dark cycles (either LD 6:18, 12:12, or 18:6). The animals were reared in 

laboratory colonies at 26°C, 60% humidity. Their respective aMae with associated 

soma groups were excised and dispersed to obtain primary cell cultures of the 

circadian pacemaker neurons following established procedures (Petri and Stengl, 

1999). The cells were plated on glass coverslips (no.1, Thermo Scientific) coated with 

concanavalin A (Sigma). They were maintained in cell culture for about 24h in a 

humidified incubator at 20°C in constant darkness and, then, were processed for 

Ca2+-imaging experiments.  

 

Calcium Imaging 
 

The protocol for filling aMe cells with Fura-2 and the measurement of their intracellular 

Ca2+ concentration changes using the Till Photonic imaging system has been 

described within details in Wei and Stengl (2012). Briefly, the aMe cells were loaded 

with 4 µM Fura-2 acetoxymethyl ester (Fura-2 AM, Molecular Probes) for 40 min at 

room temperature, followed by a 10 min wash with standard saline using a perfusion 

pump (REGLO Digital MS-2/6, Ismatec.) The standard saline contains 156 mM NaCl, 

4 mM KCl, 1mM CaCl2, 10 mM Hepes and 5 mM glucose (PH 7,1; osmolarity, 380 

mOsm).  

To determine the effects of the extracellular Ca2+ concentration on the spontaneous 

activity, the aMe cells were exposed to extracellular salines were only the Ca2+ 

concentrations were changed, all other ions were the same as in the standard saline 

(Na+, K+, and Cl-). Low Ca2+ saline (1 µM extracellular Ca2+ concentration [Ca2+]extra), 

standard saline (control 1 mM [Ca2+]extra) and increased Ca2+ saline (6 mM [Ca2+]extra) 

for 10 min each. Their corresponding intracellular Ca2+ activity ([Ca2+]i) was measured 

by calculating the ratio of fura-2 fluorescence excited at 340 nm and 380 nm 

(F340/F380). Spontaneous action potential activity is accompanied by fast Ca2+ 

concentration transients. Thus, only fast Ca2+ transients but not slow baseline Ca2+ 

concentration changes were evaluated in this study, as indication of action potential 

activity. To examine physiological responses to the hypothetical photic 

neurotransmitter acetylcholine (ACh) the ACh stimuli were bath applied via the 

superfusion system for 60 s at 3 different concentrations (1 µM, 10 µM and 100 µM). 

Following each ACh application, the cells were washed with the standard saline for 5 

min.  

 

Response types and type-percentage vectors 
 

According to presence or absence of the spontaneous activity in 3 different salines, 8 

different response types were distinguished. The aMe cells without activity under all 3 
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conditions were not included in the calculation of the percentage of the response 

types. Thus, aMe cells with intracellular Ca2+ activity from the same cockroach brain 

were assigned to the remaining 7 different response types. The percentage of the 7 

response types for each cockroach brain was calculated.  

To search for photoperiod-dependent plasticity the cockroaches were raised in 3 

different photoperiods (stimuli, S = 1, 2, 3). For each experimental group (S), 20 

cockroach brains with aMe cells were collected for analyses (animal, A = 1-20). The 

aMe cells from the same cockroach brain were assigned to 7 response types and the 

percentage of each types was calculated. Therefore, for each selected cockroach 

brain  from each photoperiod 20,......1A  3,2,1S , the percentages of each 

response type  were determined, resulting in a 3D matrix 

type-percentage vectors P(s,a,t). The notation

 7,......1T

SstasPtaPs ),( ),,(  presents the 

percentages of all types from all animals for the same stimulus S.  

 

Pearsons coefficient of correlation 
between pairs of type-percentage vectors 

 
The correlation coefficient (CC) between pairs of type-percentage vectors from the 

same stimulus is given by 
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The CC between pairs of type-percentage vectors from different stimuli is given by 
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The CC analyses were calculated with self-written R programs. Pearson´s CC (-1 to 

+1) is sensitive to a linear relationship between to variables. The CC is a measure of 

"correlation" or "predictability" between two variables. The larger CC the better can 

one variable predict the other. Negative values indicate an inverse correlation: if one 

variable increases, the other decreases. Positive values indicated a direct correlation. 

  

Statistical analyses 
 

The peak amplitudes of the Ca2+ responses to ACh applications were normalized to 

baseline values (ΔR/Rbaseline). They were calculated with self-written software 

employing C++. The Kolmogorov-Smirnov test was used for normality test. The peak 
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amplitudes for cell cultures obtained from different photoperiods were compared by 

use of the ANOVA and factor analysis.  

 

Results 
 

In our search for photoperiod-dependent physiological plasticity in single, dispersed 

circadian pacemaker neurons of the Madeira cockroach, first the physiological 

parameters examined were defined. Then, these parameters were quantitatively 

analyzed in different cockroach colonies raised in different photoperiods with control 

12:12h light: dark cycles, long- and short-day conditions. Analysis of spontaneous 

activity was the focus of this study since spontaneous activity is a prerequisite to 

temporal encoding schemes and non-Hebbian-type plasticity such as homeostatic 

scaling (Singer and Gray, 1995; Nadasdy, 2010; Hong et al., 2012). 

 
Cultured aMe circadian clock neurons can be distinguished 

according to their spontaneous activity  
in different extracellular Ca2+ concentrations 

 
Since the spontaneous activity of aMe circadian pacemaker neurons is maintained via 

Ca2+-permeable and Ca2+-dependently activated cation channels (Wei and Stengl 

2012) the cells spontaneous activity strongly depends on the extracellular 

Ca2+concentration. This property was used to distinguish different physiological 

response types of the cultured aMe neurons which cannot easily be distinguished 

according to morphological criteria in vitro. According to presence or absence of 

spontaneous activity in 3 different salines (with low, normal, or high [Ca2+]extra), 7 

different response types from active aMe cells can be distinguished. The silent cells 

which did not express any spontaneous activity under all 3 conditions tested were 

excluded from analysis, since they could not be distinguished unequivocally from 

damaged, unresponsive cells. Types 1, 2, 3 showed spontaneous activity only in one 

of the three extracellular salines (Fig. 1). Type 1 was active only in low (1 µM), type 2 

in normal (1 mM), and type 3 only in high (6 mM) [Ca2+]extra. In contrast, types 4, 5, 6 

were silent only when they were exposed to either low (type 4), normal (type 5), or 

high (type 6) [Ca2+]extra saline. Type 7 was spontaneously active in all of the 3 different 

Ca2+ salines (Fig. 1, Table.1). The photoperiod (stimulus)-dependent response type 

distribution could be described as mean percentages of response types calculated 

from 20 animals for each  


20

1
)(

20

1
)(

a
aPsaPs  (Table.1).  
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Table1. Photoperiod (light/dark cycle LD)-dependent spontaneous activity responses to 3 different 

salines (1 µM, 1 mM, or 6 mM extracellular calcium concentration [Ca2+]extra). The stars represent the 

presence of spontaneous activity.    

 
[Ca2+]extra percentage of response type type 

1 µM 1 mM 6 mM LD 6:18  LD 12:12  LD 18:6  

1 ★   19 % 9 % 4 % 

2  ★  6 % 29 % 12 % 

3   ★ 6 % 4 % 10 % 

4  ★ ★ 38 %  10 % 31 % 

5 ★  ★ 5 % 5 % 17 % 

6 ★ ★  5 % 23 % 9 % 

7 ★ ★ ★ 22 % 20 % 17 % 

 
 
 

 

 
Figure 1. Physiological circadian pacemaker cell types distinguished according to presence or absence 

of the intracellular spontaneous activity in salines with low (1µM), normal (1mM) and high (6mM) 

extracellular calcium concentration ([Ca2+]extra). 
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Type-percentage vectors are highly reproducible 
and dependent on photoperiod 

 

To test whether the type-percentage vectors of the aMe cells are photoperiod-specific, 

we calculated the CCs of type-percentage vectors for all possible pairs of animals and 

sorted them with respect to stimulus pairs. Comparing type-percentage vectors from 

animals reared in the same photoperiod stimulus, the CCs (i,m,x)(i,n,x) showed mean 

values of 0.789 ± 0.151 (LD 6:18), 0,772 ± 0.160 (12:12), and 0,752 ± 0.152 (18:6) for 

each photoperiod stimulus (Fig. 2). Thus, one variable could consistently predict the 

other. On the other hand, comparing type-percentage vectors from animals reared in 

the different photoperiod stimuli, the CCs (i,m,x)(j,n,x) showed distributions with smaller 

mean values of 0.329 ± 0.203 (6:18 / 12:12), 0.180 ± 0.217 (12:12 / 18:6), and 0.176 ± 

0.234 (6:18 / 18:6), indicating that one variable could not predict the other (Fig. 3). 

The higher CCs between type-percentage vectors from the same stimulus and lower 

CCs from different stimuli indicated that the type-percentage vectors are highly 

photoperiod specific and reproducible for all photoperiod stimuli.  

  To test how accurately a photoperiod stimulus can be predicted by the 

type-percentage vectors of the aMe cells, we compared the test type-percentage 

vector (Ptest) with template vectors (Ptemplates) for each photoperiod stimulus using the 

CCs. We selected one Ptest and created Ptemplates for each stimulus from remaining 

vectors. The predicted photoperiod stimulus (Spredict) is the stimulus of template vector 

(Stemplate), which is most similar to the test vector. The Spredict was compared to the 

actual stimulus (Sactual) of the Ptest, thus obtaining a true or false prediction. The 

type-percentage vectors could predict the photoperiod stimuli with a success rate of 

68%. This demonstrated that the type-percentage vectors could serve as predictor for 

the photoperiod with certain accuracy, and therefore encoded information about the 

photoperiod the animals were raised in. 

 

 

 
Figure 2. Distributions of correlation coefficients (CC) for type-percentage vectors from animals reared in 

the same photoperiod stimulus. The type-percentage vectors are highly reproducible. LD, light/dark 

regime.  
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Figure 3. Distributions of correlation coefficients (CC) for type-percentage vectors from animals reared in 

the different photoperiod stimulus. The type-percentage vectors are photoperiod specific. LD, light/dark 

regime. 

 

The photoperiodic function of ACh could not be confirmed 
 

Previously it was shown that most aMe circadian pacemaker neurons respond to 

application of acetylcholine (ACh) with rises of intracellular Ca2+ (Baz, Wei and Stengl, 

submitted). Thus, it was assumed that photic information as the main excitatory 

sensory input into the circadian clock may be relayed via ACh. It was hypothesized 

that possibly the different photoperiods may change either the number of 

photosensitive neurons and/or the concentrations of ACh receptors in the membrane 

of single aMe pacemaker neurons. The peak amplitudes of the Ca2+ responses to 

ACh applications of aMe cells from cockroach raised in different photoperiods did not 

differ except for the highest ACh concentration tested (Fig. 4).  The cultured aMe 

cells from cockroaches raised in LD 12:12 or 18:6 cycles showed a significant greater 

increase in intracellular Ca2+ levels after 100 µM ACh application as compared to LD 

6:18 (ANOVA LSD p<0.05). However, using factor analysis, the Ca2+ responses to 100 

µM ACh from the 3 experimental groups can be grouped into the same response type. 

The intracellular Ca2+ responses to 1 µM and 10 µM ACh application showed no 

significant difference among the 3 experimental groups.  
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Figure 4.  Normalized amplitudes (Rpeak-Rbaseline/Rbaseline) of the Ca2+ responses to acetylcholine (ACh) 

applications of cultured accessory medulla (aMe) cell cultures from cockroach rearing in different 

photoperiods: light/dark (LD) 6:18, 12:12 or 18:6. The intracellular Ca2+ responses to 1µM and 10µM ACh 

application showed no significant difference among the 3 experimental groups. The cultured aMe cells 

from cockroaches raised in LD 12:12 or 18:6 cycles showed a significant greater increase in intracellular 

Ca2+ levels after 100µM ACh application as compared to those under LD 6:18 (ANOVA LSD p<0.05).  

 

Discussion 
 

To determine whether ionic mechanisms of cultured circadian pacemaker neurons are 

sensitive to photoperiod, the spontaneous activity changes of cultured aMe neurons 

from cockroaches raised in different photoperiods were investigated in response to 

increases in the [Ca2+]extra. The type-percentage vectors obtained from 7 responses 

types of active aMe neurons in the same cockroach were analyzed. It was found that 

this type-percentage vector is highly photoperiod-specific and reproducible. So far, 

comparison of the ACh effect on all tested aMe cells did not provide evidences for the 

change of ACh-sensitivity of cultured aMe cells by photoperiods. Future experiments 

will analyse which molecular mechanisms underlie photoperiod-dependent plasticity 

in the circadian system and whether it is induced transiently also in the adults. 

 
The dual oscillator system and  

its adaptation to different photoperiods 
 

The fruit fly Drosophila melanogaster expresses two locomotor activity peaks 

controlled via circadian oscillators, one anticipating lights-on in the morning and one 

anticipating lights-off in the evening. They are suggested to be controlled by a dual 

circadian oscillator system consisting of a morning oscillator (M-cells) and an evening 

oscillator (E-cells) which allows for adaptation to changing photoperiods (Pittendrigh 

and Daan 1976; Helfrich-Förster 2009; review Yoshii et al. 2012). The two separate 

oscillators respond differently to light and control the phase-relationship of the two 

daily locomotor activity peaks. The M-oscillator is advanced (accelerated, activated) 
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by light at dawn, thus expressing a short period. This oscillator controls the locomotor 

activity peak in the morning. The E-oscillator is delayed by light at dusk (decelerated, 

inhibited), thus expressing a longer period. It controls the phase (the onset) of the 

locomotor activity peak in the evening. Genetic manipulations combined with 

locomotor activity assays and immunocytochemical analysis identified the cellular 

nature of the respective oscillators in D. melanogaster. It was suggested that the M 

cells of the fruitfly are 4 small ventrolateral neurons (s-LNv) and CRYPTOCHROME 

(CRY)-positive neurons in posterior dorsal neuron group1 (DN1ps) The E cells are 

three CRY-positive dorsal lateral neurons (LNd), the 5th s-LNv and the CRY-negative 

DN1ps. (Grima et al., 2004; Rieger et al., 2006; Stoleru et al., 2007; Helfrich-Förster, 

2009; Sheeba et al., 2008; Yoshii et al., 2012). Under short photoperiods or in DD the 

M cells dominate and determine the phases of M- and E-dependent locomotor activity 

peaks. In contrast, under long photoperiods or LL the E cells control the phases of 

both peaks (Stoleru et al., 2007; review: Yoshii et al. 2012). However, newer data 

suggest that there are not necessarily specific M- and E-oscillator neurons but 

external stimuli may recruit overlapping cell groups either into M- or E-oscillators 

(review: Yoshii et al., 2012). 

 

The role of ACh in light entrainment pathways 
to the insect circadian clock 

 
The molecular mechanisms how light might recruit M- and E- circadian oscillators and 

how different photoperiods shape the insect circadian system remain largely unknown. 

However, various light entrainment pathways to circadian clock neurons are well 

established in D. melanogaster, while they are less defined in the Madeira cockroach 

(Rieger et al. 2003; Homberg et al. 2003). In the fruitfly entrainment via high light 

intensities and entrainment to short photoperiods requires the blue light photopigment 

cryptochrome (CRY), which is present in most circadian oscillator cells (Emery et al., 

2000a,b; Rieger et al. 2003). Entrainment via lower light intensities and to very long- 

and short photoperiods appears to be signaled via the compound eye (Konopka et al., 

1989; Helfrich-Förster et al., 2001; Rieger et al. 2003). Furthermore, Potdar and 

Sheeba (2012) suggested that the light-sensitive lLNvs enable flies to adjust to 

different photoperiods via maintaining the phase relationships between M and 

E-oscillators, possibly via direct connections to the sLNvs. In the blowfly Protophormia 

terraenovae, Shiga and Numata (2009) showed that s-LNvs themselves are 

necessary for photoperiodism, but it is not known whether they are directly 

light-sensitive. On the other hand, Saunders (2010) suggested that the photoperiodic 

clock and the circadian clock work in cooperation under control of TIMELESS, but 

they are physically separated and, thus, may not be located to light-sensitive sLNvs. 

Acetylcholine is the neurotransmitter of the larval Hofbauer-Buchner eyelet which 

brings light input into the larval circadian pacemaker center in the aMe of the fruitfly 

apparently contacting sLNvs directly (Wegener et al., 2004; Rieger et al., 2003; Veleri 

etal., 2007). Lelito and Shafer (2012) demonstrated excitatory responses of s-LNvs to 

acetycholine (ACh) via nicotinic receptors.  
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In the Madeira cockroach, light information is transmitted indirectly via interneurons 

from the photoreceptors to the aMe, because no direct inputs from histaminergic 

ommatidial photoreceptors into the aMe have been detected (Loesel and Homberg, 

1999). The GABA-ir distal tract is a good candidate for the ipsilateral light entrainment 

pathway into the aMe, which occurs through suggested cholinergic excitatory 

interneurons (Reischig and Stengl 1996; Loesel and Homberg 2001). The excitatory 

effect of ACh on the circadian pacemaker neurons have been observed in most of the 

aMe cells (Baz, Wei and Stengl, submitted). Therefore ACh is suggested to be a 

prominent neurotransmitter of the light entrainment pathway and be involved in 

relaying the different photoperiodic information. Unfortunately, At the ACh 

concentrations tested, no evidences for a change in ACh-sensitivity of cultured aMe 

cells by photoperiods was detected. Although comparison of the ACh effect on all 

pooled aMe cells did not show any obvious difference between experimental groups, it 

could not be excluded that ACh could relay photoperiodic information only to a small 

group of cells which was overlooked via pooling all physiological response types. 

Other neurotransmitters, such as glutamate or GABA need to be tested in the future. 

 

The role of light in the spontaneous activity-dependent temporal 
encoding in the circadian clock of the Madeira cockroach 

 

The spontaneous Ca2+ activity in the cockroach circadian pacemakers accompany 

tetrodotoxin (TTX) blockable spontaneous action potentials (Wei and Stengl, 2012). 

They are prerequisite for temporal enconding, apparently also peptide-dependent 

assembly formation and the circadian behavioral and physiological rhythms 

(Schneider and Stengl 2005). It is still under debate whether and how electrical 

activity of the plasma membrane is coupled to circadian clock gene expression in the 

nucleus (Nitabach et al., 2005; Sheeba et al., 2008; Folge et al., 2011; 

Depetris-Chauvin et al., 2011). However, evidence is accumulating that electrical 

activity of circadian pacemaker neurons in not just an output of the molecular 

clockwork but is intricately connected in many feed-back circuits with clock gene 

rhythms and also with light-inputs. For example, Folge et al. (2011) showed that 

light-dependent excitation of large ventral lateral circadian clock neurons (l-LNvs) in 

Drosophila is mediated by potassium channels via the blue-light sensor 

CRYPTOCHROME (CRY). In addition, light regulates the degradation of the clock 

protein TIMELESS (TIM) via circadian CRY-TIM interactions (Tomioka and Matsumoto, 

2010; Peschel and Helfrich-Förster, 2011). Several studies showed that TIM plays a 

key role not only in the circadian clock system, but also in the photoperiodic clock 

system (Goto and Denlinger, 2002; Shafer et al., 2004; Pavelka et al., 2003). In the 

flies, Sarcophaga crassipalpis and Drosophila, under long-day conditions, the mRNA 

or protein levels of tim are significantly lower than those measured under short-day 

conditions. Here, we showed that spontaneous activity with the corresponding ionic 

mechanisms of the aMe cells is dependent on the [Ca2+]extra. Seven different 

physiological aMe cell types could be distinguished and regulated by LD regimes. 

Therefore, we suggested that the photoperiod could affect the ion channel 
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composition of the cultured cockroach circadian pacemaker neurons.  

 

The role of circadian pacemaker neurons 
in the photoperiodic clock system 

 

Several models suggest the insect circadian pacemaker neurons are involved in the 

photoperiodic clock system controlling the insect photoperiodism (review: Vladimir, 

2011). In the blow fly Protophormia terraenovae, Shiga and Numata (2009) showed 

the circadian clock PDF-ir s-LNvs are a component for the photoperiodic clock. In 

recent years, amply evidence suggests the circadian and photoperiodic system have 

the same output effectors: the neurosecretory cells in the pars intercerebralis (PI) and 

pars lateralis (PL) releasing various neurotransmitters and neuropeptides. Several 

studies showed the synthesis and release of insect hormones are strongly under 

circadian control (Hamanaka et al., 2005; Jackson et al., 2001; Zhao and Zera, 2004; 

Vafopoulou and Steel, 1996, 2009; Vafopoulou et al., 2007, 2010). Our previous study 

showed the photoperiod can regulate the number and branching patthern of PDF-ir 

aPDFMes in the cockroach brain, which play a key role as input to and outputs of the 

circadian clock system (Wei and Stengl, 2011). Here, the study presents, for the first 

time, some evidence that physiological responses of circadian pacemaker neurons 

are photoperiod sensitive. The synaptic connections between the circadian 

pacemaker neurons and the PI or PL in the cockroach brain, remains to be examined 

further. These results, together with the results of our previous anatomical studies, 

show raising Madeira cockroach R. maderae in different photoperiods changes the 

neuronal anatomy as well as the physiology of circadian pacemaker neurons. Our 

data suggest the circadian pacemaker system could serve as component of the 

photoperiodic clock, and has the plasticity and potential to allow for physiological 

adaptations to different photoperiods. 
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Ultrananocrystalline diamond (UNCD) films have been deposited by microwave plasma chemical vapor de-
position from 17% CH4/N2 mixtures. In order to change the original hydrogen termination of the UNCD sur-
faces, the films have subsequently been subjected either to the so-called UV/O3 treatment which leads to
OH-terminated surfaces, or to NH3/N2 plasmas which introduces NH2 groups but also a certain amount of
OH groups. These three types of surfaces have been characterized by X-ray photoelectron spectroscopy, con-
tact angle and ζ-potential measurements. The contact angle measurements have shown that as-grown UNCD
surfaces are highly hydrophobic but became highly hydrophilic after both treatments. The ζ-potential mea-
surements revealed that the isoelectric point of the H-terminated as-grown surface is distinctively higher
than that of either UV/O3 or NH3/N2 plasma treated surfaces. Finally, the interactions of these surfaces with
neurons of the cockroach Leucophaea maderae have been investigated. These studies have shown that espe-
cially the two treated surfaces allow for a fast, strong attachment of these cells without compromising their
viability and without changing their normal physiological responses. These results will be discussed in terms
of those obtained with the different surface characterization techniques.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent times, diamond has attracted considerable interest as a
material for applications in biology, biotechnology, and biomedicine
[1–3]. This is, on the one hand, due to the outstanding biological prop-
erties of diamond. It is composed solely of carbon, the building element
of biological structures; furthermore it is biocompatible [4] and, at least
at low temperatures, chemically extremely stable [5,6]. On the other
hand, it possesses quite a number of outstandingmechanical, vibration-
al, optical and electrical properties [7,8] which can be utilized in biolog-
ical devices and sensors [1,2].

Diamond can be deposited in formof thin films by a number of depo-
sition techniques on a great variety of substrate materials [9]. However,
depending on the deposition conditions and the substrate, quite a num-
ber of different diamond materials can be obtained [10]. The span
reaches from single crystalline over polycrystalline and nanocrystalline
to ultrananocrystalline diamond films [11,12]. The latter possess the ad-
vantage of rather smooth surfaces as compared e.g. to PCD and NCD
films while retaining to a large extent the extreme properties of dia-
mond [11,13].

Inmost cases either hydrogen or oxygen terminated surfaces are used
as a starting point for further processing towards biotechnological and
biomedical applications [2,3]. As-grown films are hydrogen terminated
while oxygen termination can easily be achieved by plasma or photo-
chemical processes [2,3,14]. Both terminations can be achieved with a
great cleanliness on different diamond surfaces such as single crystals,
PCD and NCD films. Our previous investigations have shown that this
also holds for UNCD films [14]. From a chemical, but also from a surface
electrical point of view also NH2 terminating surface groups are of inter-
est [15,16]. But the techniques employed hitherto to reach such a termi-
nation suffer from a common problem: All techniques are able to remove
the initial terminating hydrogen atoms but their place is not only occu-
piedbyNH2 groups but also by oxygen containing species (most probably
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OH) [15–18] although these processes have been performed in nominal
oxygen-free ambients. The ratios N/O reported are on the order of unity.

In previous publications [14,19,20] we have shown that UNCD sur-
faces can bemodified to bear H, OH, and F functional groups by means
of plasma processes and the so-called UV/O3 treatment. Recently,
NH3/N2 plasmas have been employed to attach NH2 functional groups
to the UNCD surface [21].

The aim of the present study was a comparison of the interaction of
three types of these surfaces, namely H-, OH- and NH2-terminated sur-
faces with neuronal cells, after a thorough characterization of these
surfaces in view of their composition, hydrophobicity, and electrical
properties. There are already a number of papers in the literature on
neuron adhesion on different types of diamond [6,22–25]. It has been
shown [24,26] that cell adhesion is the better the smaller the crystallite
size. This makes an investigation of UNCD films with even smaller crys-
tallite sizes promising. The question of surface termination has also
been addressed [24,25] but aminated surfaces have not been investigat-
ed hitherto.

2. Experimental details

2.1. UNCD film deposition and properties

The UNCD samples used in this study have been prepared bymeans
of microwave plasma chemical vapor deposition (MWCVD). Details of
this process have been published previously [11,27]. The major process
parameters were as follows: The gas mixture was 17% CH4/N2, the MW
power 800W, the working pressure 2.2 kPa, and the total gas flow
300 sccm.

Prior to the deposition, the 3 inch (100) Si wafers used as substrates
were subjected to an ultrasonic pre-treatment for 1 h in a suspension of
80 mg ultradispersive diamond (UDD, grain size 3–5 nm) and 50 mg
nanocrystalline diamond powder (NCD, 250 nm) in 75 ml n-pentane
in order to enhance the nucleation density. The nucleation density
obtained by this process was about 1×1010 cm−2 [28].

The bulk properties of these UNCD films have been studied thor-
oughly in a number of investigations; the major results—as far as
they are of importance for the present study—can be summarized as
follows [11,29,30]: The films consist of diamond nanocrystallites of
3–5 nm diameter; they are embedded in an amorphous carbon ma-
trix of 1–1.5 nm width with a volume ratio of the two components
of almost unity. The bulk films are composed mostly of carbon; the
concentration of nitrogen and oxygen is below 1 at % each. The hydro-
gen content is about 8 at % in the film bulk but 12–14 at % at the sur-
face of the films [31]. The biocompatibility of this type of UNCD films
has been previously proven for four different types of cells [14].

2.2. Surface modification

Two processes have been used to modify the surface termination
of these UNCD films which are hydrogen terminated after the growth
[14]: i) the so-called UV/O3 treatment [20] and ii) NH3/N2 plasmas.
For the UV/O3 treatment, the surfaces were exposed to the UV light
of a 600 W mercury lamp (BHK, Claremont, CA; major emissions a.o.
at 185 and 253.7 nm) at normal pressure in air. The size of the lamp
was 12.5 cm×12.5 cm, the distance between lamp and sample 4 cm.

A new process has been employed to attach NH2 groups to UNCD
surfaces. In our previous work, a NH3/N2 rf plasma has been used [21].
In the present study an inductively-coupled NH3/N2 plasma (ICP) was
employed. The process parameters were as follows: gas flows 5 sccm
NH3 and 100 sccm N2; pressure 1.8–2×10−2 mbar; ICP power 150W.

2.3. Surface characterization

X-ray photoelectron spectroscopy has been used to study the com-
position of the surfaces and to investigate their bonding environment.

An Axis Ultra spectrometer (Kratos Analytical Ltd., UK) with a mono-
chromatic Al Kα source was used for these measurements. The area of
the analyses was 400×700 μm2. Pass energies of 160 eV and 20 eV
were used for the survey and core level spectra, respectively. A filament
(I=1.9 A, V=3.2 V) inserted in the magnetic lens system acts as neu-
tralizer for surface charge compensation. All core level spectra were
shifted to a common binding energy of the hydrocarbon component
of the C1s spectra of 285.0 eV.

2.4. Contact angle measurements

The contact angles were determined by a CAM 100 Contact Angle
Meter (KSV Instruments). A drop of purified water of about 1 μl was
deposited on the sample surface by a Hamilton syringe. After that
the software of the device approximated the drop shape by adjusting
the parameters of the Young–Laplace equation and calculated the left
and right contact angles. For each sample at least four values were
measured. In the following, only the arithmetic mean and the stan-
dard deviation were given.

2.5. Zeta-potential measurements

In order to determine the ζ-potential as a function of the pH value,
two samples (size 20 mm×10 mm) of the surface to be investigated
were arranged plan-parallel in the cell by means of double-sided glu-
ing tape and then exposed to a lateral flow of a 1 mM potassium chlo-
ride (KCl) solution under defined pressure conditions. In order to vary
the pH value either 0.1 M HCl or 0.1 M NaOH was titrated to the solu-
tion. For each pH value, four measurements were performed with the
flow direction changing after each of them. The two surfaces form a
channel of small width (about 200 μm in the present study) (Fig. 1).
The fluid flows through this channel and creates the pressure differ-
ence required. The instrument used for these measurements was
the electrokinetic Analyzer EKA (Anton Paar, Austria). The software
“Visiolab” was used to control the measurements and to evaluate
them. The electrolyte is pumped with constantly increasing pressure
through the gap while the streaming potential U is measured. The
change of the streaming potential with increasing pressure dU/dp is
proportional to the zeta-potential. The curves obtained were aver-
aged and converted into ζ/pH plots. The errors given are the standard
deviations. The zero of the zeta-potential as a function of pH deter-
mines the point of zero charge (PZC, also called isoelectric point
IEP): the net charge is zero. On the left side of the PZC the surface
carries a positive, on the right a negative charge.

2.6. Neuron cell culture, calcium imaging and neuronal viability tests

Primary cell cultures were obtained from the circadian pacemaker
center, i.e. the accessory medulla, of adult males of the cockroach
Leucophaea maderae. They were generated at Zeitgebertime ZT1:00
from cockroaches kept under 12:12 h light:dark cycles in own rearing
facilities [32]. Excised accessory medullae with at least 250 associated
neurons were dissociated into single cells according to established
protocols [33]. The cell suspension was plated either on concanavalin

Fig. 1. Sketch of the experimental set-up for the measurement of the ζ-potential.
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A (ConA, Sigma) coated glass cover slips kept in a sterile plastic cell
culture dish (control, number of samples n=16) or on NH3/N2 plas-
ma (n=14), UV/O3 treated (n=16), or on as-grown (n=7) UNCD
surfaces without any additional cell adhesion molecules. The cells
were allowed to settle to the respective surfaces for about 20 min in
a humidified incubator at 20° in constant darkness, before adding
1 ml cell culture medium. This cell culture medium was prepared
from Leibovitz's L-15 medium (L-15) (PAA Laboratories Germany)
and additional salts: 200 mg/ml glucose, 80 mg/ml fructose, 35 mg/
ml L-prolin, 6 mg/ml imidazol, 1% glutamin, 0.1% gentamicin, and
2.38 mg/ml HEPES. A pH of 7.0 and an osmolarity of 360 mOsm
were adjusted with 5% NaOH and mannitol.

About 24 h after the plating, cell adhesion and viabilitywere evaluat-
ed by means of a live cell calcium imaging system (Ca2+-imaging). The
cells were loaded with 4 μM Fura-2 acetoxymethyl ester (Fura-2 AM,
Molecular Probes) for 40 min at room temperature. The different types
of surfaces with cells were transferred to a recording chamber, washed
and incubated with a standard extracellular Ringer solution: (in mM)
156 NaCl, 4 KCl, 1 CaCl2, 10 HEPES and 5 glucose (pH 7.1, osmolarity
380 mOsm). The recordings were carried out using a Ca2+-imaging sys-
tem (Till-Photonics, with an Examiner D1 microscope, 20× objective
W N-Achroplan, NA 1.0, Zeiss, Germany). Two sets of fluorescence im-
ageswere takenwith a CCD camera (Andor 885)while switching the ex-
citation light wavelength between 340 nm and 380 nm with 400 ms
intervals from a monochromator (Polychrome 5000, Till-Photonics).
The Fura-2 fluorescence ratio R=F340/F380 of cell bodies wasmeasured.
The fluorescence ratio in the imaging data was calculated using a Till-
Photonics Software (TILLvisION 4.0). The autofluorescence of the back-
ground was subtracted from each image before calculation of the ratio.

The cell adhesionwas evaluated by counting the number of attached
cells in a defined area (7×104 μm2) for each sample. During the
viability-test, the intracellular Ca2+ concentration change in response
to a 5 s pulse of 60 mM KCl extracellular solution introduced with a
pumpwas expressed as percentage of the baseline (ΔR/Rbaseline×100%).
To evaluate the electrical activity of the neurons, we observed the per-
centage of cells displaying spontaneous oscillations of the intracellular
Ca2+ concentration.

All data are expressed as mean±standard deviation. One-way
analysis of variance (ANOVA) was performed to compare the neurons
cultured on the control glass cover slips coated with ConA with neu-
rons on as-grown as well as NH3/N2 plasma and UV/O3 treated UNCD
surfaces. All statistical studies were performed by using SPSS 13.0.

3. Results and discussion

3.1. Surface composition

The surface composition of the three types of UNCD films investi-
gated in this study as revealed by XPS are summarized in Table 1. This
table yields the following results: i) The as-grown surface is extreme-
ly clean. ii) The contents of oxygen and nitrogen are close to those ob-
served for the film bulk; iii) As compared to the as-grown film, the
oxygen content of the UV/O3 treated surface has risen to about 8 at
%. This is in good agreement with data obtained in a different UV/O3

set-up [19]. But it has to be mentioned that with a direct O2 MW

plasma treatment even higher surface oxygen concentrations of up
to 12 at % have been achieved [19]; iv) The surface composition of
the NH3/N2 plasma treated surface contains about 5 at % nitrogen but
also a slightly larger fraction of oxygen. This is in agreement with all lit-
erature data: It is possible to attach NH2 groups to diamond surfaces but
there is always a competition with the attachment of oxygen
[15–17,21]. In a number of experiments we have observed that the
atomic surface ratio of nitrogen and oxygen is always close to unity.
Up to now, it was not possible to identify an optimum set of parameters
to achieve a nitrogen concentration as high as possible. Most probably
the scenario is as follows: During the NH3/N2 plasma treatment, the
original H-termination is removed.Whether OH- orNH2-groups occupy
the dangling surface bonds, depends on the percentage or NHx and ox-
ygen species in the plasma. As the process is carried out nominally
oxygen-free, hardly controllable parameters such as thewater coverage
of the chamberwalls come into play. This is, as has already been pointed
out, the common problem of all techniques to directly attach NH2-
groups to diamond surfaces.

In a further experiment it was investigated whether the oxygen
content of the aminated surfaces is due to storage in air rather than
to oxygenation during the process itself. It turned out that storing in
air for two months slightly reduces the nitrogen content at the cost
of oxygen from 5.1 to 4.5 at %. This leads us to the conclusion that
part of the oxygen stems from the amination process, in agreement
with literature [18]. Nevertheless, storage effects also play a role.

From the C 1 s spectra of these samples (not shown graphically) it
is evident that both treatments lead to a slight graphitization of the
surface as indicated by a small shoulder at 284.0 eV but this is only
a minor effect.

3.2. Wettability of the surfaces

The contact angle θC against purified water of as-grown UNCD
films is on the order of 75–85° which means that as-grown films are
highly hydrophobic, in agreement with their hydrogen termination.
The hydrophobicity of these surfaces can even be enhanced by post-
deposition hydrogen microwave plasmas and fluorine containing rf
plasmas (contact angles of 90° and >100°, respectively) [19].

The NH3/N2 and UV/O3 treatments used in the present study ren-
der the UNCD surfaces completely hydrophilic. This can be seen from
Fig. 2 where the contact angles are presented as a function of time for
both processes. Both curves show the same principal behavior but
there are also pronounced differences. In both cases an initial de-
crease of the contact angle is observed, followed by a stable plateau.

Table 1
Surface compositionobtainedbyXPS for the various surface treatments. Theerrors are±0.5%
in the case of carbon and ±0.2% in the case of O and N.

Surface C O N

AG 97.0 2.2 0.8
NP 86.5 6.5 5.1
UV 90.0 8.1 0.7 Fig. 2. Contact angles vs time for two different surface treatments: UV/O3 treatment

(top) and NH3/N2 plasma (bottom).
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The final values are almost identical and hint at a very hydrophilic
surface: θC=8.5° for the NH3/N2 plasma treatment and θC≈10° for
the UV/O3 treatment. But from Fig. 2 it can also be seen that this
final value is already reached after 1.5 min in the case of the NH3/N2

plasma but that about 7 min are needed for the UV/O3 treatment.
The treatment times for the samples for the ζ-potential studies and
the cell interaction investigations have been chosen to lie in these
plateaus.

The surfaces keep their hydrophobic and hydrophilic character,
respectively, at least for a couple of months [20].

3.3. Zeta-potential measurements

Fig. 3 shows the results of the ζ-potential measurements per-
formed with the three types of surfaces. For each of them two mea-
surements are presented, one performed with titration with NaOH
for the high pH range and one for the low pH region obtained by titra-
tion with HCl. Within the errors of these measurements, in each of the
three cases the two parts fit together rather well.

The isoelectrical points obtained from thesemeasurements are listed
in Table 2, together with literature data. It can be seen that for the as-
grown, i.e. hydrogen terminated surface the IEP is 4.0±0.1, which is
in rough agreement with the literature data. Here it has also to be
taken into account that these literature data stem from a wide variety
of diamond materials. These literature data predict a drastical decrease
of the isoelectrical point for oxygen or OH-terminated surfaces to values
below 2. A decrease of the IEP after the UV/O3 treatment is indeed ob-
served, but not to such low values as reported by e.g. Chakrapani et al.
[34] and Härtl et at. [35]. But if one looks at the surface composition of
this sample shown in Table 1 and also at the contact angle presented
in Fig. 2, one can conclude that the UV/O3 process performed in this
study was not optimal. The surface oxygen concentration of about 8 at
% is lower than the maximum of 12 at % reached by an O2 microwave
plasma. This is in agreement with the contact angles of about 10° as
compared to values of about 5° observed after this plasma process.

The IEP of the NH3/N2 plasma treated sample is close to that of the
UV/O3 treated surface (IEP=3.5±0.1). To our knowledge, there are
no ζ-potential measurement data on this type of diamond surface in
the literature. From the results presented in the previous sections it
is evident that the surface is somewhat similar to the UV/O3 treated
sample: The surface is hydrophilic and contains OH-groups. The dif-
ference is the presence of NH2 groups. Anyway, the question of the
IEP of a purely NH2-terminated surface has to remain open at this
point.

3.4. Interactions with neurons

The cockroach L. maderae, an established model system of circadian
rhythms research, is a highly adaptive species which has survived since
the carboniferous period. To analyze the self-organization of physiologi-
cal processes between circadian pacemaker cells in response to changes
in the environment, primary cell cultures of the cockroach circadian
pacemaker center were established to allow for interfacing with transis-
tors. When cultured on ConA-covered surfaces [38], the pacemaker neu-
rons show an increase of the spontaneous activity in vitro as compared to
in vivo, an indication for membrane potential shifts in the presence of
ConAwhich appears to cause depolarization. To ensure better physiolog-
ical conditions, we searched for inert surfaces which in addition allow
a fast attachment, support viability and interfacing with engineered
transistors.

In the present investigation, in a first step the cell densities on the
surfaces were compared against each other: as controls ConA-coated
cover slips and samples of the three differently terminated UNCD sur-
faces. Cell adhesion to the various diamond surfaces is more solid and
thus more stable compared to ConA coated glass control with the ad-
hesive protein, as the cells on the diamond surfaces did not detach as
easily during exchanges of the extracellular media as those on ConA
(not shown graphically). Twenty four hours after plating the cell den-
sity (Fig. 4) on as-grown UNCD surfaces did not differ from that on
the controls (ANOVA LSD p>0.05). In contrast, the NH3/N2 plasma
and UV/O3 treated samples showed a significantly higher cell density
than the controls (ANOVA LSD pb0.05), but no significant differences
between them were observed (ANOVA LSD p>0.05). This stronger
attachment of primary neurons appeared to depend on the hydro-
philic properties of the surfaces, which promotes cell adhesion.

To test the viability of the attached circadian pacemaker neurons,
the intracellular Ca2+ concentration change in response to the addi-
tion of a 5 s pulse of 60 mM KCl solution was examined (Fig. 5). The

Fig. 3. Results of the ζ-potential measurements for all three surfaces. AG: as grown; UV: UV/O3 treatment; NP: NH3/N2 plasma treatment.

Table 2
Literature data of isoelectrical points obtained from ζ-potential measurements with di-
amond surfaces.

Author Ref Material IEP H IEP O IEP NH2

Chakrapani [34] Diamond powder 8 1.2
Härtl [35] Single crystalline 3–3.5 b1.5
Jelinek [36] DLC 3.7
Lee [37] Diamond particles 3.2
This work UNCD 4±0.1 3.7±0.1 3.5±0.1
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high K+ concentrations depolarize intact cell membranes and promote
a voltage-dependent Ca2+ influx. Cells which are damaged or dying are
already strongly depolarized and do not respond to KCl. The neurons
grown on the various UNCD surfaces did not differ significantly from
the controls in their responses to KCl stimuli (ANOVA LSD p>0.05).
Therefore, these diamond surfaces did not interfere with the voltage-
dependent, physiological response of the neurons. Instead the diamond
structures expressed excellent biocompatibility as they did not compro-
mise the cell viability.

Finally, we examined with Ca2+-imaging whether the spontaneous
activity of the circadian pacemaker neurons changes on UNCD surfaces
(Fig. 6). Since circadian pacemaker neurons produce spontaneous ac-
tion potentials, fast voltage-dependent Ca2+-channels are activated
which cause fast, transientfluctuations of the intracellular Ca2+ concen-
tration. On cover-slips coated with ConA we had noticed that cultured
circadian pacemaker neurons appear to be more depolarized than in
the brain of intact cockroaches, since they expressedmore spontaneous
activity in vitro as compared to in situ. Therefore, we searched for non-
organic surfaces which keep the cells more hyperpolarized and de-
crease the spontaneous activity without deleting it completely. Indeed,
the NH3/N2 plasma and UV/O3 treated UNCD surfaces slightly, but sig-
nificantly decreased the spontaneous activity, as compared to the lectin
control, while as-grown UNCD surfaces decreased the spontaneous ac-
tivity even more strongly than the treated diamond surfaces.

To summarize these observations: The two types of treated diamond
surfaces allow for a very fast, strong attachmentwithout compromising
the cell viability and without changing the normal physiological re-
sponses such as lectins are known to do [39]. Thus, they are preferable
compared to the organic surfaces used before but also to as-grown
UNCD films on which the cell density was lower and which suppressed
the responses of the cells considerably. In future experiments it will be

tested whether UNCD films coated on electrodes allow for improved
electrical recording of cultured insect neurons to develop bio-sensors
on engineered interfaces.

It has already been mentioned that UNCD surfaces are biocompat-
ible, irrespective of their surface termination [14]. This is confirmed
by the present study. None of the surfaces investigated are cytotoxic.
In contrast, cell attachment and viability are similar or even improved
as compared to the well-established ConA control. It is also clear that
there are differences between the as-grown surfaces and the two
types of treated surfaces. On the basis of the present knowledge it is
not possible to explain these results in detail. But it is worth to
point out that there are at least two differences between the treated
and the as-grown surfaces: i) the first are hydrophilic, the latter are
hydrophobic; ii) in all cases the surface charge is negative at pH=7
at which the cell experiments have been performed but the charge
is considerably lower for the as-grown sample. Both observations
may serve as a starting point for further investigations.

4. Summary

Ultrananocrystalline diamond films have been deposited from
17% CH4/N2 mixtures by MWCVD. After deposition, the original H-
termination has been rendered to OH- or a mixed NH2/OH-termination
by means of UV/O3 or NH3/N2 plasma treatments, respectively. These
three types of surfaces have been thoroughly investigated by XPS, con-
tact angle and ζ-potential measurements. The XPS measurements
showed that the surfaces are hydrogen terminated after growth while
the UV/O3 treatment leads to an OH-termination. In the case of the
NH3/N2 plasma treatment, a mixed OH/NH2-termination was achieved.
The contact angle measurements proved the as-grown surfaces to be
hydrophobic while both treatments led to highly hydrophilic surfaces.

Fig. 4. A,B: Morphology of neurons loaded with calcium indicator Fura-2 grown on a NH3/N2 plasma treated surface. C: Cell density at 24 h after plating. The cell densities on NH3/N2

and UV/O3 treated surfaces were significantly higher than the cell densities on as-grown and control surfaces (ANOVA LSD pb0.05). n.s. not significant.

Fig. 5. A,B. Calcium imaging of insect circadian pacemaker neurons in response to 60 mM extracellular KCl solution. A: The increase of intracellular Ca2+ concentration from baseline
was induced by a 5 s pulse of Ringer solution containing 60 mM KCl (black bars at the bottom). B: The responses were expressed as percentage of the baseline (ΔR/Rbaseline×100%).
The KCl responses of neurons on the four surfaces did not differ (ANOVA LSD p>0.05) significantly.
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ζ-potential measurements have shown that the isoelectric point of as-
grown samples is distinctly higher than those of the two treated sur-
faces. Studies of the interaction of these three types of surfaces with
neurons showed that none of them is cytotoxic. Cell attachment was
found to be best for the two treated surfaces. A slightly reduced cell ac-
tivity as compared to ConA control samples may even be of advantage
since it reflects a more natural hyperpolarized state of the cells.
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Fig. 6. A,B. Insect circadian pacemaker neurons grown on UNCD surfaces express a decreased spontaneous activity. A: In calcium imaging experiments the neurons grown on a con-
trol sample showed spontaneous, fast, transient rises of the intracellular Ca2+-concentration. B: Percentage of cells displaying spontaneous activity in primary cell cultures. The
percentages of active cells on the treated UNCD surfaces showed no significant difference (ANOVA LSD p>0.05). However, they were significantly more active than cells on the
as grown surfaces and less active than cells grown on the control surfaces (ANOVA LSD pb0.05).
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