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Abbreviations  

CG: calycal giant interneuron 

EPSP: excitatory postsynaptic potential 

GABA: gamma-aminobutyric acid 

JON: junction output neuron 

KC: Kenyon cell 

IPSP: inhibitory postsynaptic potential 

lALT: lateral antennal lobe tract 

LH: lateral horn 

mALT: medial antennal lobe tract 

MB: mushroom body 

MBON: mushroom body output neuron 

ML: medial lobe 

MLON: medial lobe output neuron 

NS: nonspiking 

PN: projection neuron 

VL: vertical lobe 

VLON: vertical lobe output neuron  
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General introduction 

 Olfactory system of terrestrial animals must deal with not only a large ensemble of odors but 

also complex spatio-temporal distribution patterns of odor, because an odor plume, spreading into the 

air, is broken up into concentrated filaments separated by pockets of very low odor concentration 

(Huston et al., 2015). Although how olfactory system accomplishes those highly complex tasks has been 

unknown, terrestrial animals such as mammals and insects have evolved similar nervous systems at the 

circuitry level ������������ ���� ���������� ������ ���� ���� ��������� �����, perhaps to perform 

sophisticated olfactory processing with a limited number of neurons. A remarkable example of 

convergent evolution is spherical neuropils called “glomeruli” seen in the first-order olfactory center, 

the olfactory bulb in mammals and the antennal lobe in insects. In insects, each glomerulus offers a site 

where incoming axons of olfactory sensory neurons expressing cognate receptors converge upon 

������������������������������������������������������������������������������������������������������

information to the protocerebrum. These glomeruli are laterally interconnected by excitatory circuits 

����������������������������������������������������������������� �������������������� ������������������

Mainen, 2006) formed by local interneurons, equivalent to granule cells in mammals (Hildebrand and 

��������������������������������������������-driven circuit interactions mediated by local interneurons 

coordinate PNs into widespread oscillatory synchrony and transform representations of any odor into 

specific and temporally complex patterns of action potentials. PNs are, therefore, generally more broadly 

�������������������������������������������������������������������������������������������������������

and Wilson, 2008). 

 Growing evidence now suggests that the circuitry similarity is extended to higher-order centers. 

In both the mammalian piriform cortex (olfactory cortex) and insect mushroom bodies (MBs), odor 

representation is sparse (Perez-�������������������������������������������������������������������������son, 

��������������������������������������������������������������������������������������������������������

KCs) in fruit flies (Balling et al., 1987) and approximately 170,000 intrinsic neurons in honey bees 

(Witthöft, 1967). Despite apparent divergence from PNs to KCs, their synaptic connections are generally 

���������������������������������������������������������������������������������������������������������
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2008). KCs act as coincidence detectors to summate subthreshold, synchronized synaptic input (Perez-

Orive et al., 2002, 2004). The sparse odor representation in KCs results from intrinsic membrane 

�������������������������������������������������������������������������������������������������������

et al., 2014). This situation is similar to that in the rat olfactory cortex in which odors evoke spiking 

activity that is sparse across the cortical population (Poo and Isaacson, 2009). 

 Sparse codes enable neural representation with a high degree of specificity, conversely 

expanding memory capacity (Olshausen and Field, 2004). Therefore, the higher order olfactory center 

is equipped with neural mechanisms to maintain its sparse activities in addition to intrinsic membrane 

properties of neurons. One example is widespread and broadly tuned inhibition. In the MB of insect 

brain, large MB extrinsic neurons are responsible for that inhibition �����������������������������������

al., 2014). In the locust Schistocerca americana, for example, a single giant gamma-aminobutyric acid 

(GABA)-ergic nonspiking neuron (GGN) interconnects between MB output sites (lobes) and input sites 

(calyces), and provides powerful feedback ����������� ������� ��������������������������������������

��������������������� inhibition prevents lengthy temporal integration to help KCs to detect coincident 

�������������������������������������������������������������������������������������������������������

MB feedback neuron identified in the fruit fly (anterior paired lateral neuron: APL, Tanaka et al., 2008) 

exhibits decreased activity to trained odor but not to control odor, thereby facilitating formation of 

“memory trace” ���������������������������������������������������������������������� In insects with 

larger and more complex MBs (Farris, 2005), there are multiple feedback neurons per hemisphere: ca. 

60 neurons in honey bee (����������������������������������������������������������������� and ca. 

150 neurons in tobacco hawk moth ������������������������������������������). Roles of those multiple 

feedback neurons appear not confined to the functions described above. However, detailed study on 

functional segregation of individual feedback neurons has not been performed. 

 The American cockroach Periplaneta americana, with well-developed MB comparable to 

those of social hymenoptera (Farris, 2005), has four giant GABA-immunoreactive neurons in the 

hemibrain. Those neurons, termed “calycal giants (CGs),” are among the largest neurons in the 

cockroach brain ��������������Yamazaki et al., 1998). Because CGs widely innervate the MB calyces, 
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they ����� �������� ��� �������� ����������� ������������������������� ��������� �������������� ������

Strausfeld and Li, 1999a). Consistent with extensive innervation of CGs to the entire MB calyces, both 

GABAA and GABAB receptors expressed intensely in the entire MB calyces of P. americana (Sattelle 

���������������������������������������. 

 CGs have been classified into at least two subtypes according to their termination areas in the 

calyces (St����������������������������������������������� Interestingly, these two distinct termination 

areas well correspond to those of two distinct population of uniglomerular PNs, type 1 and type 2 PNs 

(�������������������������������������������012). Recently, Watanabe et al. (2017) proposed that type 1 

and type 2 PNs of P. americana code different odor aspects: the former codes odor identity and the latter 

codes spatio-temporal odor distribution and concentration. Thus, clarifying the functional segregation 

among four CGs in the cockroach brain will lead to understand how different kinds of olfactory inputs 

are processed in the MB, providing valuable insights in the neural mechanisms of the olfactory system. 

Unfortunately, the lack of information on morphology and identity of individual CGs has interfered with 

in-depth analysis. Further, CGs, different from MB feedback neurons in other insects, do not have 

dendrites in the lobes of the MB. Rather, it has been speculated that CGs receive signals from MB 

extrinsic (output) neurons, which have dendrites in the lobes of MB, but no studies have been performed 

to confirm it. 

 The purpose of this study is to clarify detailed features of putative MB feedback circuits in the 

cockroach brain in terms of morphological and physiological properties of individual CGs to establish 

the foundation of further analysis on functional segregation of each feedback circuit. In Chapter 1, I first 

unambiguously identified four CGs based on their morphologies and physiologies by intracellular 

recording and staining of individual CGs. In addition, differential staining of a CG and a MB extrinsic 

(output) neuron showed potent synaptic connection between them. In Chapter 2, I investigated synaptic 

connections between CGs and MB extrinsic (output) neurons by paired intracellular recording of these 

neurons. The results of this study demonstrated parallel feedback circuits of the MB corresponding well 

to parallel olfactory inputs from two populations of PNs, which is important first step to further clarify 

parallel odor processing in the MB.  
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Introduction  

 The American cockroach Periplaneta americana has been traditionally favored for 

investigation of olfactory processing (Boeckh and Ernst, 1987). The cockroach retains simplicity of the 

nervous system as an evolutionally basal neopteran but exhibits excellent odor discrimination (Sakura 

et al., 2002) and associative learning (Watanabe and Mizunami, 2007) due to heavy reliance on olfaction 

to search for resources. In fact, the cockroach is equipped with a pair of well-developed mushroom 

�������������������������������������������������������������������and the principal input to the MB is 

��������������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������

et al., 1999). 

 ���� �������� ���������� ��������� ��� ������������ ��������� ������ ��� ������ �������� ������ ������

�������������������������������������������������������������������������������������������������������������

glomeruli in the antennal lobe (Watanabe et al., 2010). Usually one uniglomerular projection neuron 

(PN) exits from a single sexually isomorphic glomerulus, relaying olfactory signals ipsilaterally to the 

����������������������������������������������������������������������������������������������������

et al., 1993). Each MB of P. americana ������������������������������������������������������������

dendrites of which receive direct input from PNs, and axons bifurcate into the vertical lobe (VL) and 

����������������������������������������������������������� Li, 1999b). More than one hundred MB 

extrinsic neurons with dendrites in particular regions of the lobes project primarily to neuropils 

surrounding the LH in the lateral protocerebrum, which are thought to participate in the formation of 

innately meaningful signals for behavioral control (Li and Strausfeld, 1997, 1999). 

 Putative feedback neurons, calycal giants (CGs) are assumed to receive signal inputs from 

those MB extrinsic neurons and provide feedback inhibition to KCs in the MB calyces. In this chapter, 

with the use of single/multiple intracellular recordings and stainings from different combinations of CGs, 

I succeeded in unambiguous identification of the four CGs. All CGs supply axon terminals to the MB 

calyces and usually exhibited robust and dynamic responses to every odor tested, which provide basis 

to discuss functional roles of feedback inhibition in olfactory processing.  
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Materials and methods 

Animals 

 Adult male cockroaches (Periplaneta americana) raised in the laboratory colony under a 12 

h-12 h (light-dark) cycle at 27 ºC were used. Physiological recordings were performed in the subjective 

night (during the 12-hour dark cycle). More than 370 cockroaches were used for the experiments. 

Morphological and physiological data are based on results from 70 type 1 CGs, 22 nonspiking CGs, 17 

type 2a CGs and 11 type 2b CGs which are successfully recorded and stained, though data for a much 

smaller number of neurons were used in figures. 

 

Intracellular recordings and sensory stimuli 

 The procedures for dissection of animals, intracellular recordings, and odor stimulation were 

almost the same as those described by Nishino et al. (2003). Briefly, a glass microelectrode was filled 

with either 8% Lucifer Yellow (LY, Sigma-Aldrich, St. Louis, MO) dissolved in 1 M LiCl or 2% Alexa 

Fluor 568 hydrazide dissolved in 400 mM KCl. Unless otherwise stated, the electrode was inserted into 

the junction of the MB calyces in the right hemisphere of the brain to record from individual axons of 

CGs. Odor stimuli were delivered through a glass wind tunnel (ID: 2 cm) covering the right antenna. I 

used four categories of odors: 1) organic alcohol: 1-hexanol (Wako, Osaka, Japan), 2) fatty alcohol: 1-

octanol (Wako), 3) fatty acid: n-caproic acid (Sigma-Aldrich), and 4) food odors: orange essence (John 

Wagner and Sons, Ivyland, PA) and green apple essence (Mikoya Kosyo, Tokyo, Japan). An air current 

(0.125 l/min) was passed through a cartridge containing a filter paper (5 × 40 mm) soaked with 5 µl of 

n-caproic acid or 20 µl of other odorant solutions. The flow speed in the wind tunnel was adjusted to be 

20 cm/s. The residual air in the recording cage was continuously removed with a vacuum. Due to the 

distance of the wind tunnel and the odor-containing cartridge, there was a delay between the onset of 

odor stimulation monitored by the solenoid valve and time the odor reached the antenna. The latency 

and the rise-time of odor (apple) delivery after the opening of the valve was measured by a photo-

ionization detector (Model 200B, Aurora Scientific Inc., ON, Canada) in the center of the wind tunnel, 

at which the antenna is situated. The latency that the odor reached the antenna was approximately 85 ms 
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(the half value of the peak concentration) and the time that the odor concentration reached the peak was 

158 ms from the onset of valve opening. 

 A visual stimulus was applied by illuminating the compound eyes with a light guide. Tactile 

stimuli to the ipsilateral antenna were applied with a wooden needle. Timing of tactile and light stimuli 

was monitored by narration into a microphone connected to the DAT recorder.  

 

Morphological observation of recorded neurons 

 Immediately after physiological recordings, a constant hyperpolarizing current (–1 to –5 nA) 

was applied for 5–60 minutes to stain neurons. The decapitated head was incubated in a humidified 

chamber at 5 ºC for 5–10 h to let dye diffuse throughout the neurons. In some specimens in which a CG 

had been labeled with LY, micro-Ruby (dextran, tetramethylrhodamine, and biotin, 3000 MW, 

ThermoFisher Scientific, MA) was injected into the antennal lobe or VL to label PNs and KCs/CGs, 

respectively. The head was incubated in a humidified chamber at 5 ºC for 12-16 h to facilitate dye 

diffusion. The brain was dissected out and fixed in 4% formaldehyde in phosphate buffer (pH = 7.4) at 

4 ºC for 6–12 h, dehydrated in an ascending ethanol series (from 50% to 100%), and cleared in methyl 

salicylate. 

 The cleared brain was observed under a confocal laser scann������������������������������

Carl Zeiss, Jena, Germany) equipped with argon and helium-neon lasers. Single neurons labeled with 

LY were visualized with an argon laser (458 nm), whereas those labeled with Alexa Fluor 568 were 

visualized with a helium-neon laser (543 nm). Specimens in which neurons were differentially labeled 

with LY and Alexa Fluor 568 (or micro-Ruby) were visualized with an argon laser with a 505–530-nm 

bandpass filter and a helium-neon laser with a longpass filter (>560 nm), respectively. Images were 

obtained using three objective lenses: Plan-Apochromat 10×/0.75 and Plan-Apochromat 20×/0.8 for 

low-magnification images and oil-immersion Plan-Neofluar 40×/1.3 for high-magnification images. The 

thicknesses of optical sections were 5–11-μm intervals for low-magnification images and 1.0–1.2 for 

high-magnification images. The resolution of optical sections was at 1024 × 1024 pixels. Optical 

sections were reconstructed two-dimensionally using image-processing software incorporated in the 
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confocal microscope ����� ������ ��������� ����� �����). Reconstructed images were processed in 

Photoshop CS3 (Adobe Systems, San Jose, CA) to adjust their brightness and contrast.  

 For three-dimensional reconstruction, optical sections were converted to TIFF-formatted files 

using the LSM Image Browser (Carl Zeiss). TIFF images were processed with image processing 

software (Amira ver. 3.1, Visage imaging, Berlin, Germany). Surface rendering of MB neuropils was 

achieved by outlining each optical section manually. Volume rendering was applied for 3D 

reconstruction of neuronal branches. 

 

Antibody characterization 

 To label putative GABAergic neurons in the brain of P. americana, I used a commercially 

available polyclonal antibody (Table 1, A2052, Sigma) that was raised against a GABA-bovine serum 

albumin conjugate in rabbits. The resulting staining pattern was identical to that obtained in previous 

immunocytochemical studies in the protocerebrum (Yamazaki et al., 1998) and in the antennal lobe of 

P. americana (�����������������������������������������������������������������’s data sheet, the antibody 

showed positive binding with GABA and GABA-KLH in a dot blot assay, and negative binding with 

BSA. To check the specificity of the GABA antibody, I double-checked control experiments made by 

�����������������������������������������������������������������������������������������������������

and dose-dependent elimination of the antibody was observed. The GABA immunoreactivity was 

abolished when the antibody was preincubated with 50 mM GABA. There were no signals when the 

primary antibody was omitted.  

 For synapsin immunohistochemistry, I used a commercially available monoclonal antibody 

directed against Drosophila synapsin I isoform (SYNORF1, Table 1, 3C11, DSHB, Iowa). The antibody 

was generated against a fusion protein consisting of glutathione-S-transferase and synapsin protein in 

the mouse. Its cross-reactivity with synapsin in P. americana has been identified by Western blots of the 

cockroach brains and salivary glands (Baumann et al., 2004). It has been shown that the anti-synapsin 

detects a broad band of proteins of ≈ 80 kDa in cockroach brain homogenates, which corresponds to 70, 

74, and 80 kDa of D. melanogaster synapsin isoforms and suggests that an orthologous synapsin protein 
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is expressed in the cockroach. Baumann et al. (2004) also revealed that anti-synapsin immunoreactivity 

was highly concentrated at presynaptic sites, varicosities, in P. americana. In the cockroach brain, the 

staining patterns in this study were identical to those obtained in previous immunohistochemical studies 

using the same anti-������������������������������������������������������������������������������������

when the anti-synapsin antibody was omitted. 

 

Immunohistochemical stainings 

 Immediately after a brief morphological check of intracellularly stained CGs, the brain was 

rehydrated in a descending ethanol series (from 100% to 50%) and then kept in phosphate-buffered 

saline (PBS: 0.14 M NaCl in 0.01 M sodium phosphate buffer, pH 7.4). Immunohistochemistry was 

modified from that performed in a previous study using P. americana (Watanabe et al., 2014). After 

washing the brain in PBS, each specimen was embedded in 7.5% aqueous solution of agarose. Each 

brain was cut into 80-µm-������ ������������ ���������������������������� ��������������������������

Kyoto, Japan). Sections were then washed with PBS containing 1% Triton X-��������������������

PBST) and blocked for 1 hour using 2% normal goat serum (S26, Chemicon, Temecula, CA) in PBST 

with 0.25% bovine serum albumin (PBST-BSA). The sections were then incubated with a mixture of 

anti-��������������������������������������������������������������������������������������������-

BSA) and anti-GABA polyclonal antibody �������������������������������������������������������������

in PBST-BSA) at 4 ˚C for 4 days. On the following day, the sections were washed again in PBST-BSA 

and then incubated with a mixture of Alexa Fluor 555-labeled secondary anti-mouse IgG antibody 

(A������� ������������� ������������ �������� ������� ��� ����-BSA) and Alexa Fluor 647-labeled 

secondary anti-�����������������������������������������������������������������������������������-

BSA) at 4 ̊ C for 4 days. Then the sections were finally washed in PBST-BSA, and cleared in a mounting 

medium (Vectashield, VECTOR, Burlingame, CA). 

 To identify the distribution patterns of GABAergic neurons in the lateral protocerebrum (Fig. 

2), immunohistochemistry was performed using the wholemount brain after PNs had been stained by 

micro-Ruby injection into the AL. To facilitate antibody penetration, the brains were treated with 
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�������������������������������������������������������������������������������������Ȁ��������������

The brains were then washed and blocked by the standard protocol described above and incubated with 

a rabbit anti-GABA antibody (1:1000) in PBS with 5% Triton X-100 containing 2% normal goat serum 

at 4 ˚C for 7 days. On the following day, the brains were washed again in PBST-BSA and then incubated 

with an Alexa Fluor 488-labeled secondary anti-rabbit IgG antibody generated in a goat (A11034, 

���������������������������������������������������������������-100) at 4 ˚C for 7 days. Then the 

brains were finally washed in PBST-BSA, dehydrated in an ascending ethanol series (from 50% to 

100%), and cleared in methyl salicylate. 

 The cleared specimens were observed with a confocal laser scanning microscope (LSM-�����

Carl Zeiss) equipped with argon and helium-neon lasers. Neurons labeled by Lucifer yellow or Alexa 

Fluor 488 secondary antibody were visualized using an argon laser (458 nm) with a band-pass emission 

filter (505-550 nm), whereas neurons labeled by Alexa Fluor 647 secondary antibody were visualized 

by a helium-neon laser (633 nm) with a long-pass emission filter (>650 nm). In addition, neuropils 

labeled by Alexa Fluor 555 secondary antibody were visualized by a different helium-neon laser (543 

nm) with a band-pass emission filter (560-615 nm). Images were obtained using three different objective 

lenses: a Plan-Apochromat 20×/0.8 for low-magnification images and oil-immersion Plan-Neofluar 

40×/1.3 and Plan-Apochromat 63×/1.4 objectives for high magnification images. Optical sections were 

captured at 0.5–2.0-µm intervals with a resolution of 1024 ×1024 pixels. 

 

Analysis of physiological data 

 Physiological data and odor stimulus timings stored on DAT tapes were digitized at 10 kHz 

using the CED micro 1401 mkII interface (Cambridge Electronic Design Ltd., Cambridge, UK) and 

Spike2 ver. 6.0–6.18 software (CED). The digitized data were exported as text format to the free 

programming software R ver. 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria) and then 

plotted as PDF format using ggplot2 package ver. 0.9.3.1 in R. The plots were processed in Illustrator 

CS3 (Adobe Systems) to edit document size, line width, and letterings. 

 To compare the shape of action potentials between CG types, linear mixed models were 
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constructed, in which a response variable was (i) peak amplitude of action potential or (ii) falling voltage 

change (mV/ms) from the peak to the half value of action potential recorded at the junction of MB 

calyces. CG types and individual differences were used as fixed effect and random effect, respectively. 

The constructed model was compared to the null model, which ignores fixed effect, by likelihood ratio 

chi-square test with one degree of freedom. The result was considered to be significant when P < 0.05. 

 

Terminology 

 I referred to Strausfeld and Li (1999a) for the naming of projection neurons and to Ito et al. 

(2014) for the naming of neuropils and tracts in the brain. Dendrites and axon terminals were defined 

on the basis of morphological, physiological, and immunocytochemical criteria. Morphologically, 

branches that exhibit spiny processes and those that exhibit swollen, varicosity-rich processes were 

assumed to be dendrites and axon terminals, respectively (Okada et al., 2003). The physiological 

criterion is based on the shape of action potentials because dendritic spikes exhibit small amplitude (30–

40 mv) accompanied by higher excitatory postsynaptic potentials (EPSPs), whereas axonal spikes 

exhibit higher amplitude (50–60 mv) followed by undershoots (Nishino and Mizunami, 1998). Finally, 

co-localization of synapsin-immunoreactive vesicles in a CG intracellularly stained was checked to 

define axon terminals. In this study, defined branches fulfilled all three criteria.  

 The LH is compartmentalized into three regions: triangular-shaped antero-dorsal (a-d) LH, 

oval-shaped antero-ventral (a-v) LH and triangular-shaped posterior (p) LH (Nishino et al., 2003). The 

“calycal neuropil” ��� ������� ������������������������ �������������� ���������������������������������

1999b). The calycal neuropil has been divided into four zones (I–III, IIIA) from the periphery to the 

base (Strausfeld and Li, 1999a). Since MB extrinsic neurons projecting to the LH have typical spiny 

processes in lobes and varicose processes in the LH, I term them “mushroom body output neurons 

(MBON)” to facilitate understanding. Anatomical features of neurons are given with reference to the 

�����������������������������������������������������������  
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Results 

Distribution of GABA-immunoreactive neurons in the lateral protocerebrum 

 When I performed intracellular recording and staining of CGs, I used two criteria to identify 

CGs: (i) wide innervation in the MB calyces and (ii) location and large size of the cell body in the lateral 

�����������������������������������������������������������������Strausfeld and Li, 1999a). To confirm 

the validity of the criteria (ii), I examined the GABA-immunoreactive cell clusters in the neighborhood 

of four CG cell bodies located in postero-ventral region of the lateral protocerebrum. 

 GABA-immunoreactive neurons in wholemount preparations revealed five GABA-

immunoreactive neuronal clusters in the cell body rind of the anterior to posterior lateral protocerebrum 

(1–5 encircled by white lines in Fig. 2A–C� number of cell bodies in each cluster is summarized in table 

2). Cell cluster 1 is located in the anterior surface of the lateral protocerebrum (Fig. 2A). This cluster 

contains the large cell body (diameter > 30 µm) of “the type 1 olfactory input neuron” with dendrites in 

part of the LH and axon terminals in the base of MB calyces (see Fig. 5 in Nishino et al., 2012). Cell 

cluster 3 is located in the antero-dorsal region of the optic lobe (OL) base, comprising small- and middle-

sized neurons (diameter < 30 µm� Fig. 2C). Cell cluster 4 is located in the posterior surface just beneath 

the lateral calyx, comprising small- and middle-sized neurons (diameter < 30 µ���Fig. 2C). Cell clusters 

2 and 5 are located in the antero-ventral region (Fig. 2B) and postero-ventral region of the OL base, 

respectively (Fig. 2C). The former contains large and middle cell bodies (diameter > 15 µm) of “type 2 

olfactory input neurons” with dendrites throughout the LH and axon terminals in the entire MB calyces 

(see Fig. 6 in Nishino et al., 2012) and the latter contains four conspicuously large cell bodies of CGs 

(outlined by white lines in Fig. 2���diameter > 30 µ�� ��������������������������������������������������

The four CG cell bodies are so large that there are some gaps between them, and the gaps are occupied 

by smaller GABA-immunoreactive cell bodies (diameter < 30 µm). Since the four large cell bodies of 

CGs were so far away from other GABA-immunoreactive large cell bodies that I concluded the validity 

of defining a neuron as CG by its cell body size and location. 

 GABA-immunolabeling in wholemount preparations further revealed neurites of the four CGs 

dissociating antero-posteriorly in the base of MB calyces (arrowheads, Fig. 2F) different from tightly 
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bundled neurites in the a-v LH and a satellite neuropil around the VL (arrowheads, Fig. 2D,E). By 

pinpointing the recording sites to those dissociating branches instead of the bundle in the lateral 

protocerebrum, I succeeded in recording and staining of individual CGs. 

 

Gross morphology of the four CGs 

 Intracellular staining of individual CGs and subsequent GABA-immunoreactive neuronal 

staining revealed that the four CGs are indeed GABA-immunoreactive (Figs. 3-6D–F). Moreover, 

Intracellular staining of individual CGs and subsequent synapsin immunolabeling in wholemount 

specimens showed that synapsin-immunoreactive vesicles are localized in branches in the MB calyces 

but not in other areas (Figs. 3-6C), suggesting that the four CGs supply axon terminals almost 

exclusively to MB calyces. 

 The trajectories of primary dendrites and axonal branches are conserved among the four CGs 

(Figs. 3-6A,B,G–J). I concluded that the LH and the satellite neuropil around the VL are the input 

regions of CGs because the dendritic branches with spiny processes typical of dendrites are mainly 

arborized in the boundary of the LH (Fig. 7) and in the satellite neuropil around the VL. The dendrites 

in the LH are branched off from the cell body stalks orienting medio-dorsally while those in the satellite 

neuropil around the VL from the primary dendritic trunks running antero-medially. 

 The three axonal branches, the anterior, central, and posterior branches are diverged from the 

cell body stalk at the fork point (indicated by a red circle, Figs. 3-6A). The axonal branches of individual 

CGs, ramify at the base of the MB calyces (Fig. 2F) and supply axon terminals to different peripheral-

basal regions of the concentric calyces with some spatial overlap (Figs. 3-6A, 8). The anterior branch 

runs tangentially along calyces and gives rise to several branches that terminate in the peripheral (lip) 

region of the calyces. The central and posterior branches, bifurcated at the fork point, terminate primarily 

in the central region (base) and the postero-basal region of the calyces, respectively. The terminal 

specializations in the calyces are decorated with bead-like, often en route, varicosities (Nishikawa et al., 

�������������������������������� 
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Morphological features of individual CGs 

Despite a large overlap of primary neurites, the four CGs had unique morphological and physiological 

characteristics conserved across individuals. These were therefore assigned to different types as follows, 

although each type contained only one neuron. Most important differences in innervation patterns in the 

input and output regions are summarized in Table 3 at the last of this chapter. 

 

Type 1 CG The mean cell body diameter is 43.9 µm (n = 4, Table 3), the largest among the four types 

of CGs (Fig. 3A,B,D–F). Immediately after leaving the cell body, the medially oriented branches (a, Fig. 

7B), unique to the type 1 CG, run postero-medially and supply dense dendritic processes in the ventral 

to medial boundaries of the triangular-shaped p LH. The ventrally oriented thick branch (b, Fig. 7A) 

provides dendritic processes profusely along the medial boundary of the a-v LH and p LH, and distal 

fibers penetrate into the posterior slope (Figs. 3A, 7B). The two laterally oriented branches (c and d, Fig. 

7A) arborize along the lateral boundary of the a-v LH. The dorsally oriented branch (e, Fig. 7A,B) 

arborizes in the a-d LH and the dorsal region of the p LH. The medially oriented thin branch (f, Fig. 7B) 

arborizes in the medio-dorsal boundary of the p LH. The primary dendritic trunks arborize in the satellite 

neuropil antero-lateral and medial to the base of the VL (Fig. 3G,H). A small number of fine processes 

run anteriorly along the antero-lateral surface of the VL (Fig. 9A). Dendritic processes diverging from 

the primary dendritic trunk loop along the posterior surface of the VL to innervate sparsely the surface 

of the “lobelet” made by axons of class III KCs (Fig. 9�������������������������������� 

 The anterior axonal branch does not innervate the peripheral-most region of the calyces (zone 

I) but innervates a more basal region (Figs. 3I,J, 8A). Thus, three axonal branches collectively innervate 

zones II-IIIA, where type 1 uniglomerular PNs provide axon terminals (Fig. 8I–����������������������

1999a). Some collaterals diverging from the central axonal branch sparsely innervate the accessory calyx 

(ACA, Fig. 9C,D) that contains dendrites of class III KCs (Farris and Strausfeld, 2003). The long 

processes of axon terminals across calycal layers provide numerous collaterals in the outer half layer 

(Figs. 3I, 8E) but provide only few in the inner half layer, resulting in denser terminal arborizations in 

the outer half layer (Fig. 3I, 8E). The distal axonal processes also sparsely cover dendritic bundles of 
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developmentally newer class 1 KCs (Figs 3I, 8E, 9����������������������������������������������������

2001), also termed KC1 by Mizunami et al. (1998a,b). The terminal specializations contain only thick 

bead-like processes of 1~2 µm in width (inset, Fig, 8E). 

 

Nonspiking (NS) CG The mean cell body diameter is the second largest, 33.7 µm (n = 3, Table 3). 

The ventrally oriented dendritic branch is feeble and arborizes only sparsely in the medial boundary of 

the a-v LH (b, Fig. 7C). The two laterally oriented branches (c and d, Fig. 7C) provide dendritic 

processes in the lateral boundary of the a-v LH. The dorsally oriented branch (e, Fig. 7C,D) arborizes in 

the a-d LH and the dorsal region of the p LH. The medially oriented branch (f, Fig. 7D) arborizes sparsely 

in the medio-dorsal boundary of the p LH. The primary dendritic trunks around the VL are located more 

dorsally than those of other types of CGs (Fig. 4G,H).  

 The axonal branches just below the calyces are the thickest among the four types of CGs (14.2 

µm in width, n = 3, Table 3), and they provide axon terminals profusely in zone I of the MB calyces 

(Figs. 4I,J, 8B), where type 2 uniglomerular PNs supply axon terminals (Fig. 8����������������������

1999a). Additional terminals sparsely innervate the inner half layer of zones II-IIIA (Fig. 8F), but there 

are few in the outer half layer of zones II-IIIA (shaded area, Fig. 8F). The axon terminals exhibit fine 

mesh-like arborizations (Fig. 8B,F), reminiscent of those in a GGN of S. americana (Papadopoulou et 

al., 2011). The axonal specializations comprise two distinct processes: thick, bead-like processes (1~2 

µm in width) and thin, tapered (ca. 0.5 µm in width) processes (indicated by arrowheads in inset, Fig. 

8F). 

 

Type 2a CG The mean cell body diameter is 30.2 µm (n = 4, Table 3). The ventrally oriented branch 

(b, in Fig. 7E,F) arborizes in the dorsal boundary of the a-v LH and the ventro-medial region of the p 

LH. The laterally oriented thin branch (d, Fig. 7E) provides dendritic processes along the lateral 

boundary of the a-v LH. The dorsally oriented branch (e, Fig. 7E) arborizes in the a-d LH. The medially 

oriented branch (f, Fig. 7E,F) arborizes in the lateral boundary of the p LH. The primary dendritic trunks 

arborize in the satellite neuropil anterior and lateral to the VL (Fig. 5G,H). 
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 The axon terminals profusely innervate zone I of the calyces but less densely innervate the 

inner most layer of zones II-IIIA (Figs. 5I,J, 8C,G). The outer half layer of zones II-IIIA is almost devoid 

of innervation (shaded area, Fig. 8G). These characteristics are evident in cross sections at the central 

region of the calyces (Fig. 8G) but are not clear in the three-dimensional reconstruction of whole axonal 

branches (Fig. 5I,J) due to the profuse terminals covering the most peripheral region of the calyces (the 

zone I) (Fig. 8C). As in the NS CG, the axon terminals contain both thick and thin processes (indicated 

by arrowheads in inset, Fig. 8G), but the processes along layers are short and clawed-shaped, resulting 

in more sparse arbors compared to type 1 and NS CGs (Fig. 8C,G).  

 

Type 2b CG The mean cell body diameter is 31.9 µm (n = 4, Table 3). The dendritic branches (b-f, Fig. 

7G,H) run closely to those of the type 2a CG and provide dendritic processes in the boundary of the LH 

and around the lobes (Figs. 6G,H, 7G,H). Despite similar thicknesses of primary dendritic trunks to 

those in type 2a, dendritic processes become immediately tapered after diverging from the trunks, 

resulting in finer arborizations (Figs. 6G,H, 7G,H). This is manifested by one of the thickest dendritic 

trunks in the anterior surface of the lateral protocerebrum (indicated by black arrows, Fig. 6G,H), which 

is the hallmark of type 2b CG. The axon terminals in the calyces contain both thick and thin processes 

(indicated by arrowheads in inset, Fig. 8H) but cover a slightly more basal region in zone I than those 

of type 2a CG (Figs. 6I,J, 8D,H). The outer half layer of the zones II-IIIA is almost devoid of innervation 

(shaded area, Fig. 8H). 

 

Double labeling of CGs and associated interneurons 

Different types of CGs Double labeling of CGs in the same individuals and subsequent three-

dimensional reconstruction more clearly demonstrated subtle morphological differences of CGs (Fig. 

10). In a specimen in which the type 1 CG (magenta) and the NS CG (green) were differentially labeled 

with Alexa Fluor 568 and LY, respectively (Fig. 10A), the two cell bodies abut from each other (Fig. 

10A), although their relative locations in GABA-immunoreactive cell cluster 5 (Fig. 2C) differed 

between individuals. Dendrites of the type 1 CG arborize broadly in the medial and ventral boundaries 
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of the p LH, whereas those of the NS CG arborize primarily in the dorso-medial region (Fig. 10B,C). 

Around the VL, dendrites of the NS CG arborize in a more dorsal region than those of the type 1 CG 

(Fig. 10F,G). The axon terminals of the type 1 CG clearly occupy a more basal region than do those of 

the NS CG throughout the calyces (Fig. 10D,H,I). The inner half layer of calyces (zones II-IIIA) is co-

innervated by the type 1 CG and NS CG (Fig. 10D,E) but more densely by the NS CG, while the outer 

half layer is innervated almost exclusively by the type 1 CG (Fig. 10D). Only the NS CG has thin spiny 

processes in calyces (Fig. 10E).  

 In a specimen in which type 2a and type 2b were simultaneously stained at different intensities 

(Fig. 10M), primary neurites were readily discernible using different threshold settings (Fig. 10J-L). 

Dendritic neurites of type 2a and type 2b CGs with similar thicknesses cover spatially similar regions 

around the VL (Fig. 10J,K) but occupy slightly different basal-proximal regions of the calycal neuropil 

(Fig. 10L). 

 

CG vs MBONs MBONs, which receive synaptic inputs from MB intrinsic neurons KCs (Fig. 1B), are 

one of the candidate neurons making synaptic inputs to CGs because they have axon terminals in the 

lateral protocerebrum where the dendrites of CGs innervate. In order to estimate potential synaptic 

connections between axon terminals of MBONs and dendrites of CGs, I performed differential labeling 

of MBONs with LY and type 1 CG with Alexa Fluor 568 (Fig. 11C–F). When one of the largest MBONs 

with dendrites in the ML tip (Fig. 11������������������������������������������ifferentially stained with 

the type 1 CG (Fig. 11C,D), blebby axon terminals of the medial lobe output neuron (MLON, green) 

spatially overlapped largely with fine dendritic branches of the type 1 CG (magenta, Fig. 11C,D) 

suggesting synaptic contacts and supporting the putative MB feedback function of the CG. However, 

when an MBON with dendrites in the VL tip (Fig. 11B) was differentially stained with the type 1 CG, 

the extent of overlapping between axon terminals of the vertical output neuron (VLON) and dendrites 

of the type 1 CG was much less than that between the MLON and type 1 CG (Fig. 11E,F). The results 

suggest that a specific subset of MBONs makes synaptic connection to a given CG. 
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CG vs PNs PNs transmitting olfactory information from the AL to the MB calyces (Fig. 1B) are also 

one of the candidates for the direct input source of CGs because they have axon terminals in the LH as 

well as the MB calyces. Intracellular labeling of the type 1 CG with LY combined with local injection 

of micro-Ruby into the antennal lobe revealed that dendrites of the type 1 CG have little overlap with 

termination fields made by uniglomerular PNs (Fig. 11G) but have significant overlap with termination 

fields made by a population of multiglomerular PNs (see inset for single neuron, Fig. 11H) with axons 

in the lateral antennal lobe tract (lALT) (previously referred to as the outer antenno-cerebral tract by 

Malun et al., 1993) in the p LH (Fig. 11H). Those potent synaptic inputs from a population of 

multiglomerular PNs to CGs suggest a possibility of MB feedforward inhibition made by CGs (see also 

Discussion). 

 

Physiological properties of the four types of CGs 

 Among the four types of CGs, three types (type 1, type 2a, and type 2b) exhibited endogenous 

activity comprising episodic bursts of action potentials of instantaneous frequencies at 10-15 Hz (Figs. 

3K–R, 5K–R, 6K–��� �������� ���� ���������� ������ ����������� �nd Li, 1999a). Action potentials 

recorded at the junction of the MB calyces exhibited typical “axonal spikes” followed by prominent 

undershoots (Figs. 3M, 5M, 6M). On the other hand, the NS CG never produced action potentials even 

when the membrane potential was depolarized by a positive current injection (Fig. 4K) or by post 

inhibitory rebound followed by a negative current injection plus odor stimulation (Fig. 4������������

et al., 1987). 

 Every odor stimuli tested usually elicited excitatory responses (Figs. 3N–R, 4K,O–R, 5N–R, 

6N–R) in all types of CGs. The response latencies between time the odor reached the antenna and the 

start of change in the membrane potential were estimated to be 145–165 ms for type 1 CGs, 85–115 ms 

for nonspiking CGs, 125–175 ms for type 2a CGs and 205–215 ms for type 2b CGs. Transient inhibition 

occasionally preceded the excitatory responses, which were more prominent when the odor stimuli were 

applied during large EPSPs or during bursts of action potentials (arrowheads, Figs. 3O,Q, 4-6O,R). 

 I also investigated responsiveness to other sensory modalities because there is evidence that 
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������������������������������������������������������������������������������������������������������

��������������������������. Tactile stimuli to the ipsilateral antenna occasionally elicited brief excitatory 

responses except for type 2a CGs (Figs. 3K, 4M, 5K, 6K), though the responses to tactile stimuli were 

weaker than those to the odor stimuli and sometimes indistinguishable from spontaneous activity. No 

prominent responses to light stimuli were detected in any type of CG (Figs. 3L, 4N, 5L, 6L). Thus, I 

concluded that CGs are mainly involved in olfactory processing of the MB. 

 

Type 1 CG The resting membrane potential was -60 to -70 mV. The excitatory responses to odor stimuli 

consisted of two phases: transient increase in firing rate and subsequent oscillatory firing interposed by 

inhibitory inputs (Fig. 3N–R). The instantaneous firing reached 150–180 Hz followed by fluctuating 

rates (Fig. 12A–E). Tactile stimuli to the ipsilateral antenna elicited brief bursts of action potentials (Fig. 

3K). 

 

NS CG The resting membrane potential was -30 to -40 mV. This type exhibited no action potentials. 

Only fluctuations of membrane potential composed of inhibitory postsynaptic potential (IPSP) and EPSP 

were recorded from neurites in the LH, around the MB lobes, and the junction of the calyces. The 

nonspiking CG usually exhibited graded excitatory responses to all odor stimuli with a peak 

depolarization of 5–10 mV above rest even in the thick axonal branches at the junction of the calyces 

(Figs. 4O–R, 12P–T). The membrane potential sometimes hyperpolarized before returning to the resting 

level, being especially prominent in responses to apple odor or orange odor. Tactile stimuli to the 

ipsilateral antenna elicited a transient hyperpolarization and subsequent depolarization (Fig. 4M). 

 

Type 2a CG The resting membrane potential was -40 to -60 mV. Recordings of the type 2a CG made 

from neurites at the junction of the calyces exhibited large EPSPs (Fig. 5N–R). However, the amplitude 

of action potentials (Fig. 5M) were smaller than those of the type 1 CG (P ����������������������± 9.49 

������������������������± 8.29 mV, N = 5). In response to odor stimuli, the instantaneous firing rate 

reached a plateau (70–90 Hz) and was sustained for 500–760 msec before returning to the pre-stimulus 
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level (from the first bin exceeding one third of the peak firing rate to the last bin of consecutive five bins 

�������������������Figs. 5N–R, 12F–J). Responses to tactile stimuli were not detectable (Fig. 5K). 

 

Type 2b CG The resting membrane potential was -40 to -50 mV. The amplitudes of action potentials 

were similar to those of the type 2a CG (Fig. 6M). However, falling voltage change from the peak to the 

half value of action potentials were slightly smaller in type 2b CG than type 2a CG (P ��������type 2a, 

��������������������������type 2b, 19.7 ± 9.3 mV/ms���������17–20 action potentials per individual 

were used for analysis). That meant action potentials of type 2b CG were slightly blunt than those of 

type 2a CG. The difference was detectable on oscilloscope during recording. Both types of action 

potentials were often observed in the same individual. The excitatory responses to odor stimuli were 

also similar to those of the type 2a CG (Fig. 6N–R, 12K–O). The instantaneous firing rate reached a 

plateau (50–70 Hz) and was sustained for 480–590 msec (Fig. 12K–O). Tactile stimuli to the ipsilateral 

antenna elicited brief bursts of action potentials (Fig. 6K). 

 

Inhibitory responses of CGs 

 In some recording sessions from the type 1 CG (3 out of 22 recordings) and the NS CG (3 out 

of 25 recordings), I observed inhibitory responses to all of the odor and tactile stimuli to the ipsilateral 

antenna (Fig. 13). This inhibition was not due to different recording sites because recordings were made 

from calycal junctions of the MB as in other recordings. Without a positive current injection into the 

neuron, the type 1 CG in “inhibitory mode” showed spontaneous spike activity at relatively regular 

frequencies (15–30 Hz, Fig. 13 A–E), in contrast to episodic bursts in spontaneous activity of CGs in 

“excitatory mode”. The inhibition occurred in an individual-specific manner, and no transition from 

excitatory to inhibitory responses, and vice versa, was observed during the same recording session, 

suggesting that powerful IPSPs from other neurons predominate sensory responses in these cases. The 

membrane fluctuations in spontaneous activity were similar for NS CGs that exhibited inhibitory 

responses and excitatory responses. The membrane potentials of NS CGs were hyperpolarized 5–10 mV 

below the resting potential in response to odor and tactile stimuli (Fig. 13F–K). Neither type 1 CG and 
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NS CG in “inhibitory mode” showed a change from excitatory to inhibitory responses or vice versa by 

a steady depolarizing or hyperpolarizing current injection. Inhibitory responses in the type 2a CG and 

2b CG were not detectable, though this may be due to the small sample sizes.  
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Discussion 

 I demonstrated that four closely located calycal giant interneurons (CGs) show distinct but 

partly overlapping morphologies, suggesting that the four neurons are not redundant iteration of 

identical units but are functionally segregated. Four CGs projecting to the MB have been recognized for 

more than two decades by histological studies in cockroaches (Weiss, 1974) and have been assigned as 

the largest GABA-immunoreactive neurons in the brain (��������� ��� ����� ������ ����������� ���� ����

1999a). However, physiological and subsequent morphological characterization had been challenging 

because of the tight bundling of neurites of CGs.  

 It is very likely that samplings of CGs in previous studies were strongly biased toward type 1 

CGs upon recording from the lateral protocerebrum (Nishino and Mizunami, 1998) because 

maneuvering of an electrode into thinner neurites of CGs closely attached to thick dendritic neurites of 

the type 1 CG was extremely difficult. By pinpointing the recording sites to the junction of two calyces 

where the four CGs neurites dissociate, I succeeded in recording from individual CGs. All of these CGs 

originate from a GABA-immunoreactive cluster located in the posterior base of the OL. Together with 

results of multiple labelings of CGs in the same individuals, I concluded that the four CGs have similar 

but different morphologies and physiologies and are therefore assigned to different types: type 1, NS, 

type 2a, and type 2b CGs, based partly on the definition by Strausfeld and Li (1999a).  

 As Strausfeld and Li (1999a) insightfully pointed out, MB calyces are subdivided into the 

peripheral region (zone I) and the basal region (zones II-IIIA) according to input from two populations 

of uniglomerular PNs: type 1 and type 2 uniglomerular PNs with dendrites in postero-ventral and antero-

dorsal group glomeruli, respectively (Watanabe et al., 2012). Accordingly, the four CGs were classified 

into type 1 of which axon terminals cover all zones except zone I and type 2 of which axon terminals 

cover predominantly zone I. From morphological and physiological characteristics, I surmise that the 

type 1 calycal giant afferent and the type 2 calycal giant afferent (Strausfeld and Li, 1999a) are 

morphologically equivalent to the type 1 CG and type 2a CG, respectively, in my study.  

 

Properties of CGs as MB feedback neuron  
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 ������������������������������������������������������������������������������������������, 

1999a), all of the CGs possessed dendrites in the lateral protocerebrum and axon terminals almost 

exclusively in MB calyces. The four CGs had no dendritic processes in the MB lobes where KCs send 

axonal processes. Instead, the dendrites of CGs contacted axon terminals of MBONs, as exemplified by 

������������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������������

inhibition of the MB input site (calyces) by receiving synaptic input from MBONs. Two important 

questions, whether there are monosynaptic connections between MB output terminals and CG dendrites 

and whether CGs postsynaptically inhibit KC dendrites and/or presynaptically inhibit PN terminals, 

await further investigation. In honeybees (Ganeshina and Menzel, 2001) and fruit flies (Yasuyama et al., 

2002), GABA-immunoreactive profiles are known to form synapses onto both KC dendrites and PN 

terminals. 

 Although morphological data suggest that feedback inhibition from CGs onto MB calyces is 

prevailing, the possibility of feed-forward inhibition mediated by CGs is also plausible. CGs have no 

dendrites in the center of the a-v LH and center of the p LH, where uniglomerular PNs supply abundant 

axon terminals, but axon terminals of multiglomerular PNs with primary axons in the lALT appeared to 

overlap largely with dendritic processes of type 1, type 2a and type 2b CGs in the medial and ventral 

boundary of the p LH. For having dendrites broadly in interglomerular regions and projecting directly 

to the inferior lateral protocerebrum (Malun et al., 1993), these PNs may be suited for transmitting 

olfactory signals to MB calyces via CGs before signals processed by uniglomerular PNs reach MB 

calyces. 

 Responses of CGs to sensory stimuli matched to previous reports on olfactory processing in 

the MB. All CGs responded to all kinds of odor stimuli used in this study���������������������������

observed. The broadly tuned odor responsiveness of CGs is consistent with previous views of inhibition 

in the higher-order center of locusts (Papadopoulou et al., 2011) and rats (Poo and Isaacson, 2009). I 

also investigated responses to other sensory modality, tactile and visual, because there is evidence that 

������������������������������������������������������������������������������������������������������
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�������������������������� although t���������������������������������������������������������������������

Nishino et al., 2012). Type 1 CG, NS CG, and type 2b CG occasionally showed excitatory responses to 

tactile stimuli to the ipsilateral antenna weaker than those to odor stimuli. Therefore, I concluded that 

inhibition provided by CGs is mainly involved in olfactory processing of the MB. 

 

Functional implication of individual CGs  

 The terminal organizations of CGs strongly reflect two parallel calycal inputs in which type 1 

and type 2 uniglomerular PNs participate. The type 1 CG supplies axon terminals to the termination 

fields of type 1 PNs (zones II-IIIA). On the other hand, the other three types of CGs provide dense 

terminals in the termination fields of type 2 uniglomerular PNs (zone I) with additional terminals in the 

inner half layer of zones II-IIIA (Table 3). At a closer look, type 2b CG terminals are biased toward 

slightly more basal regions than are type 2a terminals. NS CGs evenly cover both regions (Table 3). 

Thus, the type 1 CG and NS CG/type 2a/type 2b CGs complement projection fields from each other to 

cover the whole calycal neuropil and, conversely, three calycal regions receive inhibitory control from 

different combinations of CGs: (i) zone I receives dense innervations from NS, type 2a and type 2b CGs, 

(ii) the inner half layer of zones II-IIA receives sparse innervations from the four CGs, and (iii) the outer 

half layer of zones II-IIIA receives dense innervations from the type 1 CG (Table 3). Therefore, fine 

gain control including graded transmitter (GABA) release by the NS CG according to the membrane 

���������� ������������������������������������������������������ could occur primarily on synapses 

between type 2 uniglomerular PNs and KCs.  

 The calycal subdivision defined by CGs is intriguing considering the distinct physiological 

and anatomical properties of type 1 and type 2 uniglomerular PNs. Type 2 uniglomerular PNs generally 

exhibit on-phasic response to odors (Watanabe et al., 2012����������� ��� ����� ����) and those from 

�������������� ���� ���������� �������� ����������� ������ ��� ������ ����� �� ������������ ���� ���� �������

Watanabe et al., 2012). In contrast, type 1 PNs exhibit more odor specific response patterns interposed 

by IPSPs (Watanabe et al., 2012�����������������������) and those from the other 100 glomeruli provide 

divergent input to specific layers and/or zones in broad zones II-IIIA (Strausfeld and Li, 1999���
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Watanabe et al., 2012). Some degree of inhibitory gain control of type 1 uniglomerular PNs therefore 

already occurs in the antennal lobe in which numerous monosynaptic connections are formed between 

PNs and GABA-immunoreactive local interneurons (Distle��������������������������������-IIIA of the 

calyx appear to be more appropriate than zone I for fine discrimination of odors. The response 

differences between the type 1 CG and other CGs, the former exhibiting fast adapting responses to odors 

and the latter exhibiting slowly adapting responses that are sustained even after the stimulus offset, may 

reflect different odor coding strategies (see further discussion in General discussion). 

 The calyx projection patterns of CGs also provide an insight into the functional subdivision of 

KCs. In cockroaches, class I KCs are newly added over the course of nymphal development in the 

calycal cup (base) region, concurrent with axonal recruitment posterior to the pre-existing γ layer formed 

by class II KC axons (Farris and Strausfeld, 2001). Since the locations of KC axons strongly suggest 

that calycal zone I is formed in the early nymphal stage and other zones are formed in a later nymphal 

������ ������������ ���� ���� ������� ������� ���� ������������ ������ my results lead to a straightforward 

assumption that the type 1 CG makes synaptic connections with developmentally newer class I KCs, 

while other CGs make synaptic connections with developmentally older class I KCs in addition to pre-

existing class II KCs. The former assumption is supported by the type 1 CG’s innervation to dendritic 

������������������������������������������������������������������������������������������������������

1 CG’s innervation to the accessory calyx, which processes gustatory signals from mouth parts (Farris, 

2008), implies some functional link between olfactory input via type 1 PNs and gustatory processing. 

Since KCs receiving input from type 2 uniglomerular PNs comprise two wide layers in MB lobes 

(Strausfeld and Li, 1999b), it is tempting to speculate that type 2a,b CGs provide inhibitory feedback to 

distinct subpopulations of KCs, whereas the NS CG provides feedback to both subpopulations.  

 In contrast to the ordered subdivision of output sites of CGs, knowledge about the 

morphological subdivision of their input sites in relation to axon terminals to MBONs is fragmental (Li 

and Strausfeld, 1997, 1999). Type 1 CG dendrites were uniquely characterized by extensive dendritic 

processes in satellite neuropils anterior to the ML and antero-lateral to the VL. The dendrites of the other 

three CGs in the satellite neuropil are generally confined to the region antero-lateral to the VL. Taken 
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together with the finding that axon collaterals of MBONs tend to be localized closely to the region of 

dendrites possessed by given output neurons (Li and Strausfeld, 1997, 1999), I surmise that the type 1 

CG receives input more preferentially from MLONs, while NS/type 2a/type 2b CGs may receive input 

more preferentially from VLONs.  

 

Global functions of CGs from comparative viewpoints  

The anatomical feature of CGs suggests a global function of CGs not only for sparsening KC output in 

fine odor discrimination but also for long-term gain control depending on learning or on circadian 

rhythms. In this context, prominent inhibitory responses to any odor occasionally seen in CG recordings 

are important because such responses suggest excitatory control of the MB through inhibition of CG 

activity, broadening the dynamic range of the MB in a state-dependent fashion. The source of inhibitory 

input to CGs has not yet been identified, but MBONs are candidates because a certain number of 

MBONs exhibit GABA-immunoreactivity (Yamazaki et al., 1998). The possibility of artifacts such as 

injury activity due to electrode maneuvering or a circuitry deficit due to anesthetization cannot be 

entirely ruled out, though I never observed a change from excitatory to inhibitory responses or vice versa 

by a steady depolarizing or hyperpolarizing current injection.  

 Although I recorded neural activity from animals awake under subjective night, the active state 

characterized by locomotor activity in subjective night is occasionally interposed by resting states in 

naturally behaving cockroaches (Tobler, 1983). Thus, it would be intriguing if a non-episodic, constant 

spike discharge of CGs represents a “resting state” of cockroaches. I need to confirm whether the 

transition from episodic activity to constant spike activity naturally occurs during longer recordings 

from CGs and whether such a state change can be artificially reproduced by pharmacological 

applications.  

 It is also important that feedback neurons are not controlled solely by KCs but are influenced 

by other neurons via inhibitory connections, as reported in locusts (Papadopoulou et al., 2011). 

Physiological investigation of the connectivity between CGs and MBONs and between different CGs 
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will be an urgent subject to unravel the central mechanism underlying synaptic plasticity of the MB at 

the circuitry level.  
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Figure 1.  A:  Schematic of the right hemisphere of the cockroach brain. The mushroom body (MB) 

consists of two calyces (lateral and medial calyces) as the input region and two lobes (vertical and medial 

lobes) as the output region. The lateral horn (LH) is compartmentalized into three regions: triangular-

shaped antero-dorsal LH (blue), oval-shaped antero-ventral LH (green) and triangular-shaped posterior 

LH (yellow). B:  The olfactory system of the cockroach. Olfactory pathways involved in this study are 

schematized. The pathway connecting the LH and the MB calyces includes calycal giants (CGs), 

putative MB-feedback inhibitory neurons. Protocerebrum includes the neuropils surrounding the 

��������� ����� ���������� ��������� ����������� ��������� ����� ���� ������� LH, lateral hor�� MB, 

������������������������������������������������VL, vertical lobe.
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Table 1.  Primary antibodies used. 

1 GABA: gamma-aminobutyric acid. 
2 Developmental Studies Hybridoma Bank 

 
 
  

Antibody Immunogen Source, 
species, type, cat. no. Dilution  RRID 

GABA1 
GABA linked to bovine 

serum albumin 
Sigma, 

rabbit polyclonal, #A2052 
1:1000 AB_477652 

Synapsin 
"SYNORF1" 

GST – synapsin fusion 
protein 

DSHB2, 
mouse monoclonal, #3C11 

1:50 AB_528479 
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Figure 2.  Distribution of GABA-immunoreactive neurons and primary neurites of CGs. A–C:  Labeling 

of GABA-immunoreactive neurons (green) showing five GABA-immunoreactive cell clusters in the 

cell body rind of the anterior to posterior lateral protocerebrum (1-5, outlined by a white line). Projection 

neurons (PNs, magenta) were labeled at the same time to make the brain structures viewed clearly. Cell 

cluster 1 is located in the mid-anterior surface (A), cell cluster 2 is located in the antero-ventral region 

of the optic lobe (OL) base (B), cell cluster 3 is located in the antero-dorsal region of the OL base, cell 

cluster 4 is located in the posterior surface just beneath the lateral calyx, and cell cluster 5 is located in 

the postero-ventral region of the OL base (C). Cell cluster 5 contains four large cell bodies belonging to 

CGs (each encircled by a white line). D–F: Neurites of CGs running in the antero-ventral lateral horn 

(a-v LH) (D), satellite neuropils around the vertical lobe (VL) (E), and calyces (F). Other than CG 

neurites, bundles of PN axons were also stained because mass staining dye was injected from the MB 

calyces. Asterisks in D and F indicate locations where the widths of dendrites (D) and axons (F) were 

measured (see Table 3). Number and depth of confocal sections used for two-dimensional 

�����������������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������-v LH, antero-

ventral la������������������������������������������������������������������������������������������������

100 µm in A–�������������–F. Immunolabeling images in A–C,F were generously provided by Dr. H. 

Watanabe. 
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Table 2.  Cell bodies in five GABA-immunoreactive clusters shown in Fig. 2A–C. Number of cell 

bodies in each cluster is shown as means ± SD made in three wholemount preparations of the brain. Cell 

bodies were classified into small, middle, and large by diameter measured as the mean of major and 

minor axes. Four large cell bodies in cluster 5 were CGs.  

   small (< 15 µm)  Middle 
(15–30 µm) large (> 30 µm)   total cell bodies 

Cluster 1  46.7 ± 11.1 10.7 ± 2.6 2.3 ± 1.2  59.7 ± 10.7 

2  109.0 ± 2.9 3.7 ± 0.9 1.0 ± 0.0  113.7 ± 2.1 

3  78.0 ± 12.8 4.7 ± 0.5 0.0 ± 0.0  82.7 ± 12.6 

4  60.0 ± 1.4 2.3 ± 1.2 0.0 ± 0.0  62.3 ± 2.1 

5  31.7 ± 3.9 3.3 ± 0.5 4.0 ± 0.0  39.0 ± 4.3 
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Figure 3.  Morphology and physiology of the type 1 CG. A,B:  Diagram of the type 1 CG (A), 

reconstructed from confocal sections (B), viewed anteriorly. In this figure and figures 4-6B, the white 

broken line indicates the midline of the brain. C: Double labeling of a type 1 CG and synapsin-

immunoreactive vesicles, showing co-localizations of both signals (indicated by white arrowheads) in 

the MB calyces. D–F: Double labeling of a type 1 CG (D) and GABA-immunoreactive neurons (E). G–

J:  Three-dimensional reconstructions of primary dendritic trunks around the VL (G,H) and axon 

terminals in the lateral calyx (I,J). The axon terminals innervate the whole calyx except in zone I, where 

type 2 uniglomerular PNs supply axon terminals (Strausfeld and Li, 1999a). K:  Response to a tactile 

stimulus to the ipsilateral antenna. L: Spike activity during lighting on compound eyes. M: Time-

stretched action potentials recorded at the junction of mushroom body (MB) calyces. N–R: Rastar plots 

of responses to various odor stimuli (n = 5). Number and depth of confocal sections used for two-

dimensional reconstructions are as follows. Arrowheads indicate transient inhibitory potentials 

����������������������������������������������������������������������������������������-d LH, antero-

����������������������-v LH, antero-������������������������������������������������������������������

�����������������������������������������������������������������������������������–�������������–J. 

Immunolabeling images in C–F were generously provided by Dr. H. Watanabe. 
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Figure 4.  Morphology and physiology of the nonspiking (NS) CG. A,B:  Diagram of the NS CG (A), 

reconstructed from confocal sections (B), viewed anteriorly. C: Double labeling of an NS CG and 

synapsin-immunoreactive vesicles (magenta), showing co-localizations of both signals (indicated by 

white arrowheads) in the MB calyces. D–F: Double labeling of an NS CG (D) and GABA-

immunoreactive neurons (E). G–J:  Three-dimensional reconstructions of primary dendritic trunks 

around the VL (G,H) and axon terminals in the lateral calyx (I,J). K,L:  Current injections (+2.0 nA, K, 

–4.0 nA, L) failed to elicit action potentials in an NS CG. M,N: Membrane potentials to a tactile stimulus 

to the ipsilateral antenna (M) and lighting on compound eyes (N). O–R: Rastar plots of responses to 

various odor stimuli (n = 3). Arrowheads indicate transient inhibitory potentials preceding excitatory 

responses. Number and depth of confocal sections used for two-dimensional reconstructions are as 

������������������������������������������������������� 12.0 µm. a-d LH, antero-����������������������-v 

LH, antero-���������������������������������������������������������������������������������������������

��������������������������������������������������������–�������������–J. Immunolabeling images 

in C–F were generously provided by Dr. H. Watanabe.  
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Figure 5.  Morphology and physiology of the type 2a CG. A,B:  Diagram of the type 2a CG (A), 

reconstructed from confocal sections (B), viewed anteriorly. C: Double labeling of a type 2a CG and 

synapsin-immunoreactive vesicles (magenta), showing co-localizations of both signals (indicated by 

white arrowheads) in the MB calyces. D–F: Double labeling of a type 2a CG (D) and GABA-

immunoreactive neurons (E). G–J:  Three-dimensional reconstructions of primary dendritic trunks 

lateral to the VL (G,H) and axon terminals in the lateral calyx (I,J). K:  Response to a tactile stimulus to 

the ipsilateral antenna. L: Spiking activity during lighting on the compound eyes. M: Time-stretched 

action potentials recorded at the junction of MB calyces. N–R: Rastar plots of responses to various odor 

stimuli (n = 3). Arrowheads indicate transient inhibitory potentials preceding excitatory responses. 

Number and depth of confocal sections used for two-dimensional reconstructions are as follows. B: 178 

��������������������������������������������������-d LH, antero-����������������������-v LH, antero-

�����������������������������������������������������������������������������������������cal lobe. Scale 

��������������������������������������������–�������������–J. Immunolabeling images in C–F were 

generously provided by Dr. H. Watanabe. 
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Figure 6.  Morphological and physiological properties of the type 2b CG. A,B:  Diagram of the type 2b 

CG (A), reconstructed from confocal sections (B), viewed anteriorly. The large cell body (about 30 µm 

in diameter) is situated in the postero-ventral base of the OL. C: Double labeling of a type 2b CG and 

synapsin-immunoreactive vesicles (magenta), showing co-localizations of both signals (indicated by 

white arrowheads) in the MB calyces. D–F: Double labeling of a type 2b CG (D) and GABA-

immunoreactive neurons (E). G–J:  Three-dimensional reconstructions of primary dendritic trunks 

around the VL (G,H) and axon terminals in the lateral calyx (I,J). One of the thickest branches ends 

close to the anterior surface of the lateral protocerebrum (indicated by a black arrow, G,H), characteristic 

to type 2b CG. K:  Response to a tactile stimulus to the ipsilateral antenna. L: Spiking activity during 

lighting on the compound eyes. M: Time-stretched action potentials recorded at the junction of MB 

calyces. N–R: Rastar plots of responses to various odor stimuli (n = 4). Arrowheads indicate transient 

inhibitory potentials preceding excitatory responses. Number and depth of confocal sections used for 

two-���������������������������������������������������������������������������������������������������

a-d LH, antero-����������������������-v LH, antero-����������������������������������������������������

�������������������������������������������������������������������������������������������������–���

50 µm in G–J. Immunolabeling images in C–F were generously provided by Dr. H. Watanabe. 
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Figure 7.  Dendritic arborizations of the four types of CGs in the anterior half (A,C,E,G) and posterior 

half (B,D,F,H) of the LH. The five dendritic branches (b-f) are conserved in all CGs except the branch 

possessed only by the type 1 CG (a). A,B:  Type 1 CG. Arborizations are more abundant in the medial 

and ventral boundary of the a-v LH and posterior (p) LH. C,D: NS CG. Arborizations are abundant in 

the dorsal region of the a-v LH and p LH. E,F: Type 2a CG. Arborizations are primarily in the medial 

boundary of the a-v LH and p LH. G,H: Type 2b CG. Branching patterns in the LH are nearly identical 

to those of the type 2a CG, but dendritic processes are more slender than those of type 2a. Number and 

depth of confocal sections used for two-dimensional reconstructions are as follows. A: 6 sections in 52.0 

�����������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������-d LH, 

antero-dorsal late�����������-v LH, antero-�����������������������������������������������������������������

50 µm. 
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Figure 8.  Axon terminals of the four types of CGs (A-H) and uniglomerular PNs (I-L) in the 

anteriormost region (A-D) and the antero-central region (E-L) of the MB lateral calyx. A,E:  Type 1 CG. 

Zone I of the calyx (Strausfeld and Li, 1999a) is devoid of axon terminals (A). Axonal branches are 

dense in the outer half layer of zones II-IIA (Strausfeld and Li, 1999a) but less dense in the inner half 

layer (E) and the axonal layer of KCs (outlined by solid line). B,F:  NS CG. Axon terminals are abundant 

in the zone I (B), but there are few in the outer half layer of zones II-IIIA (shaded area, F). The 

arborizations are fine mesh-like. C,G: Type 2a CG. Axon terminals are abundant in the peripheral most 

region of zone I (C) but there are few in the outer half layer of zones II-IIIA (shaded area, G). D,H: Type 

2b CG. The axon terminals are abundant in the basal region of zone I (D) but few in the outer half layer 

of zones II-IIIA (shaded area, H). Insets in F-H show fine, tapered processes (indicated by arrowheads) 

intermingled in thick blebby processes. I–L:  Type 1 uniglomerular PNs with dendrites in the glomerulus 

G22 (I), I02 (J), F17 (K) and multiple type 2 PNs with dendrites in B33 B36 and C31 (L), showing that 

PN terminals occupy different basal-peripheral regions (I-K vs L) and inner-outer layers (I-K). Number 

and depth of confocal sections used for two-dimensional reconstructions are as follows. A–D: 5 sections 

������������–�����������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������� 
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Figure 9.  Extensive dendritic and axonal innervations unique to the type 1 CG. A:  Dendritic collaterals 

ascending along the antero-lateral surface of the VL (arrow). B:  Dendritic collaterals that loop 

posteriorly and innervate the surface of the “lobelet” formed by axons of class III KCs (Farris and 

Strausfeld, 2003). C,D: Axon collaterals decorated with bead-like varicosities (C) sparsely innervate the 

accessory calyx (ACA, Farris and Strausfeld, 2003), defined by double labeling of KCs and PNs from 

the tritocerebrum (D). E: Double labeling of the type 1 CG and KCs showing that axon terminals of the 

type 1 CG specifically cover the dendritic bundles formed by developmentally newer KC1 (Mizunami 

��� ����� ������ Farris and Strausfeld, 2001). Number and depth of confocal sections used for two-

������������ ����������������������� ����������������������� ������������������������� ����������������

������������������������������������������������������������������������������������������������������

µm in C. 
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Figure 10.  Two types of CGs labeled in the same brain. A:  Confocal image of the type 1 CG (magenta) 

labeled with Alexa568 and the NS CG (green) labeled with LY. B,C:  Dendritic arborizations in the 

anterior half (B) and posterior half (C) of the LH. D,E: Axon terminals in the central region of the lateral 

MB calyx at low magnification (D) and high magnification (E). Arrowheads in E indicate fine tapered 

processes possessed only by the NS CG. F–I: Three-dimensional reconstructions of primary dendritic 

trunks around the VL (F,G) and axon terminals in the lateral calyx (H,I). J–M:  Type 2a (green) and type 

2b (magenta) CGs stained at different intensities (see M for somata) showing largely overlapping but 

distinct branching patterns around the VL (J,K) and in the medial calyx (L). Only thick, clearly 

identifiable dendrites and axons were three-dimensionally reconstructed. Arrows in J and K indicate the 

dendritic branch uniquely possessed by the type 2b CC. Number and depth of confocal sections used for 

two-dimensional recon����������������������������������������������������������������������������������

��������������������������������������������������������������������������������-d LH, antero-dorsal 

���������������-v LH, antero-��������������������������������������������������������������������������

�����������������������������������������������������������������–���������������� 
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Figure 11.  Differential labeling of the type 1 CG (magenta) and related neuron (s). A,B:  Low-

magnification confocal images of a medial lobe output neuron (MLON: C,D) and a vertical lobe output 

neuron (VLON: E,F) stained differentially with the type 1 CG. C,D: Large overlap of axon terminals of 

the MLON and dendrites of the type 1 CG. E,F: Little overlapping of axon terminals of the VLON and 

dendrites of the type 1 CG. G,H: Differential labeling of the type 1 CG and all presumed PNs showing 

that dendritic processes of the type 1 CG do not invade the center of the a-v LH, where uniglomerular 

PNs supply abundant terminals (G), but some overlapping is evident in the p LH, where multiglomerular 

PNs with axons in the lateral antennal lobe tract (lALT) supply axon terminals (see inset for a single 

lALT PN, H). Number and depth of confocal sections used for two-dimensional reconstructions are as 

fo�������������������������������������������������������������������������������������������������������

������������������������������������������������������������������-d LH, antero-����������������������-

v LH, antero-������������������������������������������������������������������������������������������

�������������������������������������������������������������������������–F.  
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Figure 12.  Typical excitatory responses during various odor stimuli. A–O:  Averaged firing activities 

of spiking CGs (bin = 10 ms). P–T: Averaged membrane potentials of NS CGs (n = 8, 14 trials). Dark 

gray-shaded areas show the 95% confidence intervals. 
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Figure 13.  Inhibitory responses to various odors (A–����–J) and tactile stimuli (E,K) in type 1 and NS 

CGs, which were not common but occurred in a few recording sessions. 
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Table 3.  Morphological and physiological characteristics of the four types of CGs. Morphological 

measurements expressed as means ± SD were made in four type 1 CGs, three NS CGs, four type 2a CGs, 

and four type 2b CGs. Cell body diameter is represented as the mean of major and minor axes. Dendritic 

width and axonal width were measured at the locations indicated by asterisks in Fig. 2D and in Fig. 2F, 

respectively. 
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Chapter 2: Investigation of the mushroom body feedb ack 

circuit formed by calycal giants in the cockroach b rain. 
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Introduction 

 In Chapter 1, I succeeded in unambiguous identification of four tightly bundled gamma-

aminobutyric acid (GABA)-immunoreactive giant interneurons, calycal giants (CGs). Consistent with 

putative feedback roles onto the mushroom body (MB), localization of synapsin-immunoreactive 

vesicles indicated that all CGs supply axon terminals almost exclusively to the input region of the MB, 

calyces. In the calyces, axon terminals of each CG innervate different peripheral-basal regions with 

some spatial overlap one another. Those terminal organizations of CGs correspond with the calycal 

zonation made by axon terminals of two populations of uniglomerular projection neurons (PNs): type 1 

PNs and type 2 PNs. The four CGs, therefore, can be assigned to one type of type 1 CG, the largest 

spiking neuron, and other three types of type 2 CGs including a nospiking neuron (NS CG, type 2a CG, 

and type 2b CG) based on the definition by Strausfeld and Li (1999a). That suggests functional 

segregation among CGs to make different forms of inhibition on two parallel olfactory inputs to the MB. 

It needs investigation, however, whether axon terminals of each CG provide sufficient inhibition to a 

population of MB intrinsic neurons, Kenyon cells (KCs), during odor response. 

 Further investigation is also needed on input sites of CGs. Despite their putative roles of MB 

feedback inhibition, CGs have no dendrites in the MB and it remains unknown what kinds of neurons 

are intervened between CGs and the MB. One of the most-likely input sources of CGs is mushroom 

body output neurons (MBONs). Their dendrites in output region of the MB, lobes, are considered to 

receive convergent input from a population of KCs. Double labeling in Chapter 1 showed anatomical 

contacts between dendrites of type 1 CG and axon terminals of one type of MBON at the level of optical 

sections. Do those anatomical contacts mean synapses from the MBON to the type 1 CG? In addition, 

are there similar contacts between other combinations of a CG and a MBON? 

 In this Chapter, I performed paired intracellular recordings from a CG and a MBON and 

demonstrated CGs indeed comprise inhibitory feedback circuits. Each CG appears to receive excitatory 

synaptic inputs from a subset of MBONs and, conversely, activation of each CG inhibited activities of 

MBON by inhibiting activities of KCs.  
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Materials and methods 

Animals  

 Total 218 adult male cockroaches were used for physiological experiment and morphological 

observation of CGs and/or MBONs. Animals were raised in the same manner as described in Chapter 1. 

I succeeded simultaneous recording from a CG and a MBON in 14 animals�������������������������

recording details. 

 

Simultaneous recording 

 The procedures for animal preparation and intracellular recordings were almost the same as 

those described in Chapter 1. The neural sheath was softened by Actinase E (Kaken Seiyaku, Tokyo, 

Japan) and was removed mechanically with fine forceps if needed. The recording electrodes were 

inserted into the right hemisphere of the brain unless otherwise stated. Activities of CGs were recorded 

from the dendrites in the lateral horn (LH) or the axonal branches in the junction of the lateral and medial 

MB calyces while activities of MBONs were recorded from the dendrites in the MB lobes or the axonal 

branches running medio-laterally in the anterior surface of the brain. Neural activities were amplified 

and low-pass filtered at 30 kHz using amplifier, Axoclamp 2B (Axon Instruments Inc., Union City, CA, 

USA) in bridge mode or MEZ-8301 (Nihon Kohden, Tokyo, Japan), and then stored in a PC with a 10- 

or 20-kHz sampling rate using A/D converter, Micro1401-3 (Cambridge Electronic Design [CED], 

Cambridge, UK) and software, Spike2 ver. 6.18 (CED). 

 During recording, odor stimuli were delivered to the right antenna by continuous airflow 

system described in Chapter 1. A filter paper (5 × 40 mm) soaked with 15 µl of odorants, diluted 100 

times by mineral oil (Wako, Osaka, Japan), were placed in a cartridge as an odor source. 1-hexanol, 1,8-

cineol, 1-hexanal, and hexanoic acid were used as odorants (all odorants from Wako). The latency and 

the time-course of the odor delivery from the opening of solenoid valve wad measured by a photo-

ionization detector (PID, Model 200B, Aurora Scientific Inc., ON, Canada) positioned in the center of 

the wind tunnel, at which the antenna is situated. It took approximately 71 ms from the onset of valve 

opening for PID voltage averaged over 3 trials exceeded 0 mV for 5 ms straight, so the value 71 ms was 
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added to the onset of valve opening when considering the latency of odor responses of neurons. 

 Some odor stimulations were accompanied by a hyper- or depolarized current injection into a 

CG through the recording electrode (duration: 1 s, amplitude: 10–15 nA). Injection was triggered by 

electric stimulator (SEN-8203� Nihon Kohden). Injection timing was stored in a PC with a 1-kHz 

sampling rate. 

 

Morphological observations 

 I used four types of dye for labeling recorded neurons: 1) 8% Lucifer Yellow (LY, Sigma-

Aldrich, St. Louis, MO) in 1 M LiCl, 2) 2% Alexa Fluor 568 hydrazide (ThermoFisher Scientific, 

Pittsburgh, PA) in 1 M KCl, 3) 0.67% Alexa Fluor 555 hydrazide (ThermoFisher Scientific) in 1 M KCl 

and 4) 10% micro-Ruby (dextran, tetramethylrhodamine, and biotin, 3000 MW, ThermoFisher 

Scientific) in cockroach saline. Lucifer Yellow solution and Alexa Fluor 568 solution was used as 

described in chapter 1. Alexa Fluor 555 solution was injected by constant hyperpolarizing current (–1 

to –5 nA) for 5–60 minutes while 10% micro-Ruby by depolarized current pulses (+ 10 to +20 nA) at 2 

Hz for 10–20 minutes. 

 After experiments, the brain was incubated, dissected out, fixed, dehydrated, cleared, and 

observed under a confocal laser scanning microscope, LSM 5 Pascal (Carl Zeiss, Jena, Germany) in the 

same way as described in Chapter 1. Images were obtained using two objective lenses: Plan-Apochromat 

10×/0.75 and oil-immersion Plan-Neofluar 40×/1.3 for high-magnification images. The laser and the 

filter set to visualize neurons filled with Alexa Fluor 568 was also applied for those filled with Alexa 

Fluor 555 or micro-Ruby. Optical sections were reconstructed two-dimensionally using image-

processing software, LSM Image Browser (Carl Zeiss). In addition, highly-magnified optical sections 

were captured on LSM 880 with Airyscan Fast (Carl Zeiss) with a Plan-Apochromat 40×/1.3 objective 

lens. LY-labeled branches were visualized by 458-nm laser with a 495–550-nm bandpass filter while 

micro-Ruby-labeled branches by a 561-nm laser with a 570-nm longpass filter. The sections were three-

dimensionally reconstructed using image processing software, Imaris ver. 9.0.0 (Bitplane AG, Zurich, 

Switzerland) to measure the distance between the branches. Two- or three-dimensionally reconstructed 
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images were processed in free photo-editing software, GNU Image Manipulation Program ver. 2.8.18 

(GIMP Development Team, San Jose, CA), to adjust their brightness and contrast. 

 

Physiological data analysis 

 Spike timing was extracted from waveform data using a feature detection script on software 

Spike2 ver. 6.18. The following analysis were done on a free programming software R ver. 3.4.2 (R 

Foundation for Statistical Computing, Vienna, Austria).. 

 

Determination of odor responses 

 To determine whether a spiking neuron exhibits excitatory response to odor stimuli, I defined 

a response period as 300 ms from 200 + 71 ms after the solenoid valve opened, where the value 71 ms 

was added to correct the delay of the odor stimuli reaching the antenna (see Simultaneous recording 

section above). When [the averaged firing rate − standard deviation (SD)] during the response period 

exceeded the baseline rate, it was considered to be an excitatory odor response. The baseline rate was 

measured as the averaged firing rate over the continuous 20–35-s data. Odor response was evaluated 

without distinction of odor types because both CGs and MBONs showed similar responses to all odors 

used in this study. Odor stimuli accompanied by current injection into the CG were excluded from 

analysis. Following this criterion, MBONs in the left hemisphere (N = 3) had no excitatory responses to 

odor stimulation to the right antenna. In this study, odor response of a NS CG was not able to define 

because its activities varied among odors, trials, and animals. It was difficult to set a criterion of 

responses applicable to all data. 

 

Analysis of current injection experiment 

 To examine the effect of current injection into a CG on spike activities of a MBON, generalized 

linear models (GLMs) were constructed with Poisson distribution. The response variable was spike 

counts of a MBON during current injection to a CG while fixed effect was current types injected into 

the CG [no injection (0), hyperpolarizing (−) or depolarizing (+)]. The constructed model was compared 
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to the null model by likelihood ratio chi-square test with one degree of freedom. When the effect of 

current injection was considered to be significant (P < 0.05), Wald test was performed to coefficients 

estimated for each type of current (−, +) to examine which type of current had significant effect (P < 

0.05). When the data were obtained from multiple individuals, generalized linear mixed models 

(GLMMs) with random effects of individual differences were constructed instead of GLMs. 

 In one paired recording of a type 1 CG and a medial lobe output neuron (MLON), depolarizing 

current was injected into the MLON, to examine whether action potentials of the MBON caused 

excitatory post synaptic potentials (EPSPs) in a dendritic branch of CG. It was not feasible to induce a 

single spike by injecting a brief depolarizing current into the MLON, so I injected 300-ms depolarizing 

current (+3 nA) to cause burst activities of the MLON. For the analysis, I used cases in which the action 

potentials of the MLON accompanied no immediately preceding or following action potentials (from 

−5 ms to +10 ms relative to the peak timing of the spike), and the membrane potential of CG generated 

no spikes. In paired recordings, action potentials in one neuron caused small cross-talk artifacts in the 

other. To cancel out the artifact, differentiated action potential of the MLON was subtracted from the 

averaged membrane potential of the CG. 

 

Cross-covariance analysis 

 The cross-covariance was measured based on binary spike sequences to quantify correlation 

levels between a type 1 CG and a MBON during their spontaneous and odor response activities. 

Continuous data without odor stimuli were used as spontaneous activity. The continuous data were 

divided into 1-s trials without no intervals for the analysis. As odor response activity, 1-s from 71 ms 

after the solenoid valve opened were used as one trial. Odor stimuli accompanied by current injection 

into a CG were excluded from analysis. 

 Each trial was divided into 1-ms bins representing 1 or 0 depending on whether it includes a 

spike or not. When M represents the total trial number, and t and τ represent time as number of 1-ms 

bins, the cross-covariance C(τ) was written as follows according to Brody (1999) and Bair et al. (2001)� 
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���� = �
�Ȃ Ȃ 	
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 Ȃ 	̀������� ������� + ��    (1) 

 

where xi(t) and yi(t) are the averaged firing rate at tth bin in ith trial while x̅ and y̅ are the averaged firing 

rate over the data. The first and second terms are the raw cross-correlation and the shuffle corrector, 

respectively. I divided C(τ) by the geometric mean firing rates (per sec) of neuron x and neuron y to 

obtain COV(τ), which is used to compare the cross-covariance among different recordings. For 

convenience, the term “covariance” is used for COV(τ) in this study. The correlation level between two 

neurons’ activities was considered to be significant when COV(τ) exceeded more than two times of SD. 

When σ(τ) represent SD at τth bin, SD was written as follows according to Brody (1999). 

 

���� = ��Ȃ ������������� ���� + ��� + Ȃ 	̀�������� ���� + ��� + Ȃ ���������������� � ��  (2) 

 

where σx(t) and σy(t) represent SD of x(t) and y(t) among trials. 

 The auto-covariance was also measured in the same way as the cross-covariance assigning the 

same neuron to both neuron x and neuron y. 
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Results 

Effect of CG activities on spike frequency of MBONs  

 Intracellular staining of individual CGs and subsequent synapsin-immunolabeling in Chapter 

1 revealed localization of synapsin-immunoreactive vesicles in branches in the MB calyces but not in 

other areas, suggesting that the four CGs supply axon terminals almost exclusively to MB calyces. In 

addition, CGs responded to all odors used in Chapter 1 (organic alcohol, fatty alcohol, fatty acid, and 

food odors) usually with excitatory activities, i.e., an increase in the firing rate (type 1, 2a, and 2b CGs) 

or depolarization of the membrane potential (NS CG). Since CGs are GABA-immunoreactive, their 

excitatory responses to odors are considered to inhibit the activities of KCs, MB intrinsic neurons that 

are thought to play critical roles in odor discrimination and learning. 

 In order to obtain evidence that activation of a CGs indeed inhibit activities of KCs, I 

manipulated the activities of CGs by current injection through an intracellular electrode, simultaneously 

recording the activities of MBON, which are known to receive synapses from population of KCs (Fig. 

14A). I injected a 1-s pulse current into a CG aligned to the onset of a 500-ms odor stimulation. The 

duration of the current injection completely covered the time range of the odor response (Fig. 14B,D). 

Spike frequency of the CG changed from 0 to 80 Hz during 10–15 nA hyperpolarizing or depolarizing 

current injection into a type 1 CG (Fig. 14C). The spike frequency of a simultaneously recorded MBON 

that innervate the tip of the medial lobe (ML) was well fitted by Poisson regression when spike 

frequency of type 1 CG during 1-s current injection was used as explanatory variable [Fig. 14C, P < 

0.05 when it was compared to the model without explanatory variable (the null model) by likelihood 

ratio chi-square test]. It indicates that depolarization and hyperpolarization of the type 1 CG led to an 

excitation or inhibition of a population of KCs, and this effect was detected as an increase or decrease 

of spike frequency of the MLON. 

 Most of experiments in this chapter was performed on a MLON with the dendrites in the tip 

of the ML (ML tip ON) due to the following reasons. First, a ML tip ON had the thickest axons and the 

most characteristic overall morphology among MBONs (Fig. 15A,B), making it easier to identify among 

different individuals. In addition, when I injected dye into the ML for mass-staining of MBONs, I always 
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observed only one cell body of the ML tip ON that differs from surrounding cell bodies with different 

morphologies and with different axonal trajectories (Fig. 15C,D), suggesting one ML tip ON per 

hemisphere. Further, the ML tip ON exhibited responses to odor stimuli that were relatively consistent 

among different animals, allowing averaging of data from different animals. 

 Fig. 14E shows the spike activities of a ML tip ON during 1-s current injection into a type 1 

CG in four animals including the one shown in Fig. 14C. Current injection into a CG significantly 

changed the spike frequency of the ML tip ON (N = 4, P < 0.05). Type 1 CG of one animal (grey symbol) 

and ML tip ON of two animals (open symbol) did not show excitatory odor responses, according to the 

criteria of this study described in Materials and methods. Although what caused the different odor 

response was unknown, whether or not to include neurons with no odor responses into the data did not 

change the statistical results. A CG depolarization (+) significantly decreased the spike frequency of the 

ML tip ON (P < 0.05) while CG hyperpolarization (−) did not significantly increased it (P > 0.05, table 

5). However, when the neurons with no odor responses were excluded from the analysis, significant 

effect of CG hyperpolarization on the spike frequency of the ML tip ON was detected (P < 0.05). Current 

injection into a type 1 CG also significantly affected the spike frequency of another type of MBONs, 

output neurons at the junction of the lobes (�����Fig. 14F, N = 1, P < 0.05). In this pair, only CG 

depolarization had significant effect on the spike frequency of the JON (P < 0.05, table 5). Conversely, 

no significant effect was detected on spike frequency of a ML tip ON in the contralateral (left) 

hemisphere of the brain, which did not respond to odor stimuli to the right antenna (Fig. 14G, N = 1, P 

> 0.05), indicating that the effect of the CG is confined to KCs of ipsilateral MB, as predicted from its 

morphology. 

 I also manipulated the activities of another type of CGs, NS CG. Since NS CG does not 

generate spikes, it responds to odor with graded changes in the membrane potential. Its typical odor 

responses are excitatory, in other words, transient depolarization, which are sometimes followed by 

hyperpolarization. I noted that the amplitude and the duration of depolarization varied among individuals 

and in even within an individual. The current injection into a NS CG significantly affected the spike 

��������������������������������������������������������4I, N = 1, P < 0.05). In this pair, only CG 
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hyperpolarization had significant effect on the spike frequency of VLON (P < 0.05, table 5). In contrast 

to the results of current injection into a type 1 CG, however, current injection into a NS CG induced no 

significant effect on spike frequency of a ML tip ON, regardless of whether or not to include ML tip ON 

with no excitatory odor responses (Fig. 14H, N = 3, P > 0.05). Current injection into a NS CG induced 

no significant effect on a ML tip ON in the contralateral hemisphere of the brain, either (Fig. 14J, N = 

1, P > 0.05). The results suggest that a CG inhibits many, but not all, KCs and this effect is found as 

changes of spike frequency in many, but not all, MBONs. 

 

Double labeling of a CG and a MBON 

 So far, direct input source of the CGs has been unknown, but one of the most-likely candidates 

is MBONs. As shown in Chapter 1, blebby axon terminals of a ML tip ON spatially overlapped largely 

with fine dendritic branches of a type 1 CG in the LH. Here, I performed additional double labeling 

experiments to further examine such overlaps. Double labeling of a type 1 CG and a ML tip ON in 

another individual (Fig. 15E) showed those overlaps in the LH (Fig. 15G) and the satellite neuropils 

anterior to the vertical lobe of MB (Fig. 15K). Remarkable extents of overlaps were observed in Fig. 

15G,K despite of the thinness of stack (4 sections in 3.3µm for both). With higher magnification image 

captures and three-dimensional reconstructions, those overlaps in the LH were estimated as contact 

between branches of the two neurons, strongly suggesting synaptic connection (Fig. 15F, shaded points 

indicated by black arrowheads). 

 I also investigated the overlaps in the two-dimensionally reconstructed view in pairs of a type 

2a or a 2b CG and a ML tip ON (Fig. 15I,J,M,N). I observed slight overlaps in those pairs, although 

extents of overlaps were slightly less than those of type 1 CG. Dendrites of a NS CG, on the other hand, 

had few overlaps with a ML tip ON (Fig. 15H,L) but tended to overlap with axonal branches of a VLON 

(Fig. 15Q,R). Together with much less extent of overlapping of type 1 CG to VLON than to a ML tip 

ON (chapter1, Fig. 15O,P), the observation indicates that the extent of contacts varies among types of 

CGs and MBONs. 
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Depolarization of CG membrane potential follows the  action potentials of a MBON 

 To examine whether action potentials of a MBON cause EPSPs in the membrane potential of 

a CG, a depolarizing current was injected into a ML tip ON thorough the recording electrode 

simultaneously recording the membrane potential of a type 1 CG from the dendrites (N = 1). 

Depolarizing current injection ��������������� into the dendrites of the ML tip ON caused burst spike 

activities (Fig. 16A). EPSPs were not clearly observed in single traces of the type 1 CG membrane 

potential aligned to the peak of action potentials of the ML tip ON (Fig. 16B,C) due to large fluctuation 

of the CG membrane potential possibly by spontaneous EPSPs and inhibitory postsynaptic potentials 

(IPSPs). However, when 250 traces were averaged, a small amount of depolarization was observed 

following the cross-talk artifact caused by the action potential of the ML tip ON (Fig. 16D, black). To 

partially cancel out the artifact I subtracted the differentiated action potential of ML tip ON (Fig. 16D, 

red) from the averaged CG membrane potential. As a result, the depolarization of CG membrane 

potential was more remarkable (Fig. 16E). The peak amplitude of depolarization was +0.238 mV 3.6 ms 

after the peak of the action potential of the ML tip ON. This is no doubt EPSPs caused by action potential 

of the ML tip ON, indicating synaptic input from a MBON to a CG. Unfortunately, similar experiments 

were not feasible in other pairs of a CG and a MBON due to large membrane fluctuations and/or frequent 

spike bursts of the CG. 

 

Cross-covariance analysis 

 As shown in Chapter 1, type 1 CG usually exhibited endogenous activities comprising episodic 

bursts of spikes even without a specific stimulus externally and showed excitatory responses to odor 

stimuli. ML tip ON also exhibited endogenous activities and excitatory responses to every odor stimuli 

used in this study. Interestingly, timing of burst activities seemed well coincident between the two 

neurons recorded simultaneously, although some spike bursts and solitary spikes seen in ML tip ON 

were occasionally absent in type 1 CG. To quantify correlation levels of spike timings between the two 

neurons, cross-covariance was measured from 1-s binary spike sequence data divided into 1-ms bins. 

Cross-covariance represented shuffle-corrected cross-correlation, in which shuffling allows to remove 
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the effect of firing rate changes induced by external sensory ������������������������������������������

1999). One recording was excluded because only two trials of odor stimuli was done without current 

injection into a type 1 CG (Table 4). 

 During spontaneous spike activities where no odor stimuli were applied, cross-covariograms 

had broad peak, with significant level of covariance (> 2 SD, gray area in Fig. 17) being in the −80 to 

+30 ms time-lag range and with the peak at −27 ms or 0 ms. On the other hand, cross-covariograms 

measured during odor responses had an extremely sharp peak with significant level of covariance being 

in the −4 to 0 ms time-lag range and with the peak at −2or −1 ms. The occurrence of the peak at −1 ms 

delay time to the spikes of ML tip ONs from those of the CG support that the ML tip ONs makes 

monosynaptic connections with the type 1 CG, although the possibility of common synaptic input to 

both neurons should also be considered (see Discussion). Notice that the broad peak of cross-

covariograms in the spontaneous activities did not disappear in those of odor responses. It was just 

obscured in the process of dividing C(τ) by the geometric mean firing rates of neurons (see Materials 

and methods). Cross-covariogramas not divided by the firing rate are shown in Fig. 18. Here, the sharp 

peak and the broad peak (half value of the sharp peak) coexisted during odor response although the 

broad one was difficult to see in the pairs with only a few trials available for the analysis. 

 In another pair (pair #3) of a type 1 CG and an ML tip ON, the type 1 CG fired less frequently 

during spontaneous activities than typical type 1 CG (inset in Fig. 17C). Its excitatory responses to odor 

stimuli consisted of spikes of less than ten. Infrequent spike bursts and occasional solitary spikes of CG, 

however, seemed to coincident with those of the ML tip ON. During spontaneous activities, the cross-

covariance of spike counts occasionally exceeded the significant level in the −15 to +30 ms time-lag 

range, but a broad peak observed in pair #1 and #2 was absent. This may partly reflect the calculation 

method of this study, which tends to estimate low values of cross-covariance when the data consisted of 

very few spikes. During odor responses, these neurons produced only a few more spikes than during 

spontaneous activities. On account of this, the cross-covariogram had a sharp peak similar to those of 

pair #1 and #2. In pair #4, an ML tip ON showed injury-induced high-frequency spike activities, making 

odor responses undetectable (inset in Fig. 17D). In this pair, cross-covariogram fluctuated below the 
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non-significant level (Fig. 17I). In pair #5, a type 1 CG and a ML tip ON showed spontaneous activities 

typical of these neurons but showed no excitatory responses to odor stimuli (inset in Fig. 17E,J). As 

expected, cross-covariogram had a broad peak regardless of the presence or absence of odor stimulations 

(Fig. 17E,J) . 

 Another type of MBON, a JON was recorded simultaneously with a type 1 CG (pair #6). The 

JON had dendrites in the junction between the vertical and the medial lobes of the MB and axon 

terminals in the LH and the satellite neuropils anterior to the lobes. The JON exhibited spontaneous 

burst activities and excitatory responses to odor stimuli with transient increases in firing rate (insets in 

Fig. 19A,D) as a ML tip ON. Cross-covariogram of this pair was broad with significant level of 

covariance in the −70 to +60 ms time-lag range during spontaneous activities and sharp with significant 

covariance at the −3 ms time-lag point during odor responses (Fig. 19A,D). This was similar to those 

observed in pairs of a type 1 CG and an ML tip ON.  

 I happened to record from an ML tip ON in the contralateral (left) hemisphere of the brain 

simultaneously with a type 1 CG in two pairs (pairs #7 and #8), and examined cross-covariance between 

them as control (Fig. 19B,C,E,F). A ML tip ON in the left hemisphere had no dendrites of axon terminals 

in the right hemisphere and, as expected, it showed no excitatory response to odor stimuli to the right 

antenna (insets in Fig. 19E,F). The two neurons’ activities did not seem to correlate with each other. In 

accordance with this, cross-covariance was below significant level in almost all time-lag range. 

Although there was a significant level of covariance peak, it was much smaller and far away from zero 

time-lag point, in contrast to robust cross-correlation with its peak near zero point found between a type 

1 CG and a ML tip ON of the same side. The results indicate no physiological connections between a 

type 1 CG and a contralateral ML tip ON, providing a control to show that robust cross-correlations 

between a type 1 CG and an ipsilateral ML tip ON indeed reflects signal transmission in neural circuits 

in the same hemisphere. 

 In locusts, MB extrinsic neurons exhibit oscillatory spike activities (Gupta and Stopfer, 2012). 

If the same is the case in cockroaches, they should highly influence synaptic transmission from the 

MBONs to CGs. I thus measured auto-covariances of each neuron in pair #1. Both type 1 CG (Fig. 
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20A,C) and the ML tip ON (Fig. 20B,D) showed auto-covariance with an extremely sharp peak (> +0.8) 

at time-lag 0 typical of white noise, independently of presence or absence of odor stimuli but they 

exhibited no periodic covariance peaks, thus they indicate no evidence of oscillatory spike activities in 

both neurons. 

 

Discussion 

 In Chapter 1, I reported four types of CGs that are GABA-ergic and supply axon terminals to 

the calyces while dendrites to the LH and the lateral protocerebrum. Those dendrites appear to be 

overlapped with axon terminals of the MBONs. In this chapter, I performed paired intracellular 

recordings from CGs and MBONs and  investigated whether it is feasible to show CGs are indeed 

feedback neurons of the MB, namely these neurons inhibit activities of MB intrinsic neurons KCs and 

receive synaptic inputs from MBONs. 

 

CGs inhibits KCs in the MB calyces during odor resp onse  

 My paired recordings from a CG and a MBON showed depolarizing or hyperpolarizing current 

injection into a CG decrease or increase spike activities of some MBONs, demonstrating that axon 

terminals of CGs in the calyces make inhibitory synapses to control activities of KCs. Inhibitory effects 

of the CGs is confined to KCs of the ipsilateral MB as predicted from its morphology. It remains to be 

studied whether CGs provide inhibitory input to dendrites of KCs or to axon terminals of PNs. The 

former possibility is supported by the finding that cockroach KCs possess GABA receptors (Sattelle et 

������������������������������������ but the latter possibility cannot easily be denied because inhibitory 

synapses onto PN terminals have been observed in the honeybee (Ganeshina and Menzel, 2001) and the 

fruit fly (Yasuyama et al., 2002). 

 In other paired recordings, however, I observed no effect of current injection into the NS CG 

to spike activities of the ML tip ON, suggesting that each type of CGs inhibit not all KCs but a specific 

subset of KCs. This agrees with the morphological observation in Chapter 1�������������������������

type of CGs cover partly overlapped but different area of the calyces. Together with segregation of target 
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KCs, there may be redundancy to make up for the shortage of inhibition other CGs provide. 

Hyperpolarizing current injection into a type 1 CG had modest effect on spike activities of a ML tip ON 

compared to depolarizing current and had no significant effect on that of JON (Table 5, absolute value 

of estimated coefficient and the results of Wald test). This is best explained if a different level of 

inhibitory synaptic transmission is maintained from other CGs to KCs that make synaptic connections 

with the ML tip ON and JON. More studies are needed to clarify this. 

 In contrast to pairs of a type 1 CG and a ML tip ON/JON, only hyperpolarizing current 

injection to a NS CG had significant effect on spike activities of a VLON. Although I did not measure 

how much the membrane potential of the NS CG was hyperpolarized by current injection, the results 

suggest the importance of hyperpolarization sometimes following depolarization in odor responses of 

NS CGs (Fig. 12R,S in Chapter 1). This disinhibition allows the MB to transmit the olfactory input with 

a specific time interval (100~ ms) more effectively. Because the antennae receive odor with an 

intermittent pattern of odor filament (Huston et al., 2015), disinhibition with a specific time interval may 

be an efficient way to get close the odor source. 

 

Evidence to support direct synaptic inputs from MBO Ns to CGs 

 My anatomical investigation showed close proximity of axon terminals of MBONs and 

dendrites of the CGs both in the LH and the satellite neuropils anterior to the VL. (Fig. 15G,I–K,M,N,R). 

Three-dimensional reconstruction of high-magnification images of branches of a type 1 CG and those 

of a ML tip ON detected occasional contacts between them (Fig. 15F). I found that the possible contacts 

between a MBON and a CG are rather rare, possibly reflecting convergent input from many MBONs to 

a CG. 

 My physiological investigation provided a consistent view to those morphology. In one paired 

recording of a type 1 CG and a ML tip ON, I observed EPSPs in the type 1 CG following the action 

potentials of the ML tip ON (Fig. 16). The peak amplitude of post synaptic potential, however, was quite 

small (0.238 mV). It probably reflects (i) a high convergence ratio from MBONs to a given CG, (ii) CG 

membrane potentials continuously fluctuated by sub- and supra-threshold activities, and (iii) possibly 
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inputs from neurons other than MBONs. Although similar experiments should be done in more 

combinations of a CG and a MBON to confirm whether the same results are obtained from only specific 

pairs with anatomical overlaps, EPSPs observed in this experiment are strong evidence supporting 

synaptic inputs from MBONs to a CGs. 

 Cross-covariance analysis also supports synaptic connection between them. Significant cross-

covariances of spike activities were observed between pairs of type 1 CG and a ML tip ON/a JON. 

Control experiment with paired recordings from a type 1 CG and a ML tip ON in the left hemisphere 

showed no observable covariances in their activities. In general, covariances between the activities of 

two neurons are considered to be caused by synaptic connections between them and/or common input 

source to them. It can be argued, however, that without assuming synaptic connections from MBONs to 

CGs, it is very difficult to account for a sharp peak in the cross-covariograms during olfactory stimuli 

(Figs. 17F,G,H, 19D). First, there have been no report of neurons with possible monosynaptic 

connections both to CGs and MBONs in the cockroach. Second, when we consider the possibility that 

PNs are common input source, it should be pointed that there are no PNs make direct synapses with both 

neurons (blue pathway in Fig. 20) and thus unlikely to produce sharp peak cross-covariance. For 

example, MBONs receive inputs from uniglomerular PNs and some types of multiglomerular PNs via 

MB intrinsic neurons KCs in the MB. Dendrites of CGs in the LH, though, do not invade the area where 

those type of PNs supply abundant terminals (Fig. 11G in Chapter 1), thus some interneurons need to 

be assumed to intervene between them. Another candidate is olfactory sensory neurons on the antenna 

further upstream of PNs, because potent synaptic connections are observed between CGs and 

multiglomerular neurons without axon terminals in the MB calyces (Fig. 11H in Chapter 1). It is almost 

unlikely that those segregated pathways could lead to the −3 to −1 ms time-lag range in the cross-

covariogram between spike activities of CGs and those of MBONs during odor responses. Therefore, 

the sharp peak of cross-covariance observed in this study is a strong evidence supporting direct synaptic 

connection from MBONs to CGs together with other results. 

 

Synchronized spike activities at the onset of odor responses in a type 1 CG and a MBON  
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 Cross-covariograms of spike activities between a type 1 CG and a MBON had the peak broad 

in the delay-time range (−80 to +30 ms) during their spontaneous activities. During odor response, that 

broad peak was obscured by an extremely narrow peak (a few milliseconds in the time-lag range) at −3 

to −1 ms. The amplitude of the peak during odor response was twice as large as that of spontaneous 

activities when the covariance was not corrected by the firing rate of the neurons. What caused different 

covariances between a type 1 CG and a MBON in spontaneous activities and odor response? In locusts, 

the follower neurons of KCs, including the giant GABAergic neuron GGN, exhibit activities phase-

locked with those of MB oscillating synaptic activities of KCs at 15–30 Hz (Gupta and Stopfer, 2011). 

That is enough to make spike activities of multiple KCs synchronized (Gupta and Stopfer, 2012) but 

spike activities of type 1 CGs and MBONs recorded in this study in cockroaches did not show oscillation 

(see auto-covariograms typical of white noise in Fig. 20). Therefore, other neural mechanism is needed 

to describe the significant covariance observed in this study. There also remains to be studied whether 

spike activities of different MBONs are temporally synchronized with one another and whether activities 

of type 2 spiking CGs and NS CG also synchronized with those of MBONs.  
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 firing rate (Hz) respon
se 

current injection  

CG/MBON sponta-
neous odor to CG 

(Fig. 14) to MBON cross-covariance 

type 1 7.2 16.3  
– Fig. 16 pair #1 

ML tip 9.7 21.5  
       

type 1 9.2 37.3  
– – pair #2 

ML tip 8.2 14.8  
       

type 1 0.3 5.7  
C,D (red) – pair #3 

ML tip 4.5 19.1  
   

 
   

type 1 9.7 26.5  
D (purple) – pair #4 

ML tip 54.5 44.3 – 
   

 
   

type 1 4.0 6.2 – 
D (grey) – pair #5 

ML tip 22.6 22.2 – 
   

 
   

type 1 1.2 6.0  
D (blue) – – (not enough trials) 

ML tip 14.8 22.8  
   

 
   

type 1 13.3 28.8  
E (red) – pair #6 

J 30.1 53.6  
   

 
   

type 1 3.5 18.4  
F (red) – pair #7 

ML tip (left) 18.8 16.3 – 
   

 
   

type 1 1.3 19.3  
F (blue) – pair #8 

ML tip (left) 20.6 4.4 – 
   

 
      

 
   

NS – –  
G (red) – – 

ML tip 21.4 28.7  
   

 
   

NS – –  
G (blue) – – 

ML tip 2.1 15.5  
   

 
   

NS – –  
G (purple) – – 

ML tip 50.9 40.7 – 
   

 
   

NS - –  
H (red) – – 

VL 15.8 28.9  
   

 
   

NS – –  
I (red) – – 

ML tip (left) 18.9 23.7 – 
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Table 4.  Paired recordings used for the analysis. Firing rate was the averaged rate estimated from the 

data for cross-covariance analysis. The same procedure was performed for the neurons not used for 

cross-covariance analysis. –: impossible to calculate, no odor response, or not used for the analysis. 
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Figure 14.  Effects of current injection into a calycal giant neuron (CG) on spike activities of a 

mushroom body output neuron (MBON) during odor stimulation. A:  Schematic diagram of paired 

recording. Electrodes were inserted in either the dendrites or the axonal branches of the neurons. B: 

Examples of 1-s depolarizing (top) or hyperpolarizing (bottom) current injection into a type 1 CG (upper 

traces, scale bars = 50 mV). A medial lobe output neuron (ML tip ON) was recorded simultaneously 

(lower traces, scale bars = 10 mV). Gray rectangles show 500-ms odor stimuli. Asterisks indicate 

artifacts caused by current injection. C: Spike frequency of a ML tip ON during the current injection 

into a type 1 CG is plotted against that of the type 1 CG in a paired recording. Differently colored 

symbols represent depolarizing (+: orange), hyperpolarizing (−: green), or no current (0: gray) was 

injected into the CG. The most-likely-fitting curve estimated by Poisson regression is shown (P < 0.05 

when it was compared to the null model by likelihood ratio chi-square test). D: Firing rate change of a 

ML tip ON during current injection into a CG in the pair shown in C. Gray rectangles show 500-ms odor 

stimuli. Three lines represent firing rate during depolarizing (+: orange-dashed), hyperpolarizing (−: 

green-dotted), or no current (0: black-solid) injection into the CG. E–J:  Spike frequency of a MBON 

during odor stimulation plus current injection into a type 1 CG (E–G) or a nonspiking (NS) CG (H–J). 

Differently colored symbols in each panel represent recordings from different individuals. Red symbols 

in E correspond to the data shown in C. MBONs and a type 1 CG without excitatory responsiveness to 

odors are represented by open and black symbols, respectively. Results of likelihood ratio test to 

examine the significant effect of current injection are shown at the bottom of each plot. See also table 5 

summarizing the statistical results of current injection experiments. 
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CG MBON pair likelihood  
ratio test + / − coef SE z Wald 

test 

type 1 

ML tip N = 4 * 
+ -0.760 0.089 -8.564 * 

− 0.040 0.059 0.674 n.s. 

(odor-response 
pairs only) 

N = 2 * 
+ -0.852 0.103 -8.302 * 

− 0.090 0.074 1.224 * 
        

        

J N = 1 * 
+ -1.031 0.112 -9.229 * 

− 0.109 0.077 1.420 n.s. 
        

        

ML tip (left) N = 2 n.s.  
         

         

NS 

ML tip N = 3 n.s.  

(odor-response 
pairs only) 

N = 2 n.s.  
        

        

VL N = 1 * 
+ -0.073 0.098 -0.743 n.s. 

− 0.235 0.088 2.684 * 
        

        

ML tip (left) N = 1 n.s.  

 

Table 5.  Effects of current injection into a CG on spike activities of a MBON. + / −, depolarizing- or 

hyperpolarizing current (10–20 nA)�������������������������������������������P ����������������������������� 
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Figure 15.  An occasional close apposition of axonal branches of MBONs and dendrites of CGs. A–D:  

All ML tip ONs recorded and stained in this study had the dendrites in the tip of the ML (A, whole 

������������B, sagittal section of the ML viewed medially). C, Dye injection into the ML revealed three 

cell bodies (white arrowhead), one of which is of one ML tip ON (C, ML tip ONs in the left hemisphere 

stained) the other is of a MBON with dendrites next to the tip of the ML (D, intracellularly stained in 

another individual) and the remaining is that of neurons with dendrites in contralateral ML. E: A low 

magnification confocal image of a type 1 CG (magenta) and a ML tip ON (green) labeled with different 

dyes. White rectangles represent the posterior lateral horn (p LH, left) and the satellite neuropils anterior 

to the vertical lobe (VL, right), which are magnified in the following panels. F: 3D view of branches of 

a ML tip ON (green) and a type 1 CG (magenta) in the p LH reconstructed from high-magnification 

optical sections. Shaded points indicated by black arrowheads show possible contacts between the 

branches of two neurons, overlapping images detected by image processing software, indicating possible 

contracts of branches between the two neurons. G–H: Differently labeled branches of a largest ML tip 

ON (green) and a CG (magenta) in the p LH (A–D) and the satellite neuropils anterior to the VL (E–H). 

The axonal branches of the ML tip ON overlapped more with the dendrites of type 1 CG than those of 

a NS CG. O–R: Differently labeled branches of a VLON (green) and a type 1 CG (magenta, P) or a NS 

CG (magenta, R). The overall morphologies of VLON in P and R are shown in O and Q, respectively. 

Unlike ML tip ON, axonal branches of the VLON have less overlap with dendrites of type 1 CG than 

those of NS CG. White dashed lines indicate the MB lobes in all panels except those in G–J indicating 

the p LH. Magenta vertical lines indicate the midline of the brain. Number and depth of confocal sections 

used for 2D or 3D reconstructions are as follows. A: 161 sections in 368 µ������������������������������

C: 90 sections in 267 µ�������������������������µ�������������������������µ��������������������������

µ�����������������������µ�������������������������������������������������µ������������������������µ������

4 sections in 3.3 µ������������������������µ��������������������3.3µ����������������������������������

sections in 294 µ������������������������µ�������������������������µ������������������������µm. Scale 

bars = 100 µm in A,C–�������������������–�����������������–�������������
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Figure 16.  Depolarization of a CG follows action potentials of a ML tip ON. Data were obtained from 

250 events in one paired recording of a type 1 CG and a ML tip ON. A:  A burst spike activity of the ML 

tip ON caused by depolarizing current injection. * shows artifacts caused by current injection. B:  

Averaged action potentials of the ML tip ON used for the analysis. Vertical dashed line shows the peak 

timing of action potential. C: Typical traces of membrane potential of a CG aligned to the peak of the 

action potentials of the ML tip ON. * shows artifacts caused by cross talk between the recording 

electrodes. D: Averaged membrane potential of the CG (black). To cancel out the artifact of the CG, the 

averaged action potential of the ML tip ON (A) was differentiated and subtracted from the artifact of the 

CG, with its amplitude fitted to the artifact (red). E: Remainder after subtracting the differentiated action 

potential of the ML tip ON from the averaged membrane potential of the CG. Although the artifact was 

not completely canceled out, a small amount of depolarization of CG (< 0.25 mV) was clearly detected��

depolarization peak was 3.6 ms after the peak of action potential of the ML tip ON. Horizontal dashed 

line shows the baseline of the membrane potential of the CG.  
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Figure 17.  Cross-covariograms between a type 1 CG and a ML tip ON. A–E:  During spontaneous 

activities. F–J:  During odor stimulation. Cross-covariance COV(τ) was measured by adding time lag to 

the activities of ML tip ON. Two cross-covariograms in each row show a single pair. In two pairs at the 

bottom, type 1 CG and/or ML tip ON had no excitatory responsiveness to odor. Gray area covers two 

times of standard deviation (SD) range. When |COV(τ)| > 2 × SD, the maximum value and the time lag 

to obtain it were indicated in the cross-covariogram. Red vertical line shows time lag 0 ms. Insets are 

�������������������������������������������������������������������� tip ON. Gray rectangles in insets in 

F–J represent 500-ms odor stimulation after being corrected the delay for the odor stimuli to reach the 

right antenna. Scale bars in insets are 10 mV (vertical) and 1 s (horizontal). 
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Figure 18.  Cross-covariograms not divided by the geometric mean firing rates of neurons. A–C,E–G:  

ML tip ON. D,H: Junction output neuron (JON). Covariograms are shown in the same way as in Fig. 

17. The higher the firing rate of neurons is, the larger cross-covariance of spike activities is. 
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Figure 19.  Cross-covariograms between type 1 CG and other MBONs. A,D:  JON. B,C,E,F:  ML tip 

ON in the left hemisphere. Covariograms are shown in the same way as in Fig. 17. 
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Figure 20.  Typical examples of auto-covariograms obtained from the spike activities of type 1 CG 

(A,C) and ML tip ON (B,D). Covariograms are shown in the same way as in figure 17. The neurons 

belonged to pair #1. The auto-covariograms had an extremely sharp peak at time lag 0 typical of white 

noise. Auto-covariances were measured to all other paired-recorded neurons and showed similar results. 
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Figure 21.  Possible in the cockroach pathways to account for a high covariance between the activities 

of CGs and the activities of MBONs during odor stimuli. Green pathway assumes synaptic connection 

from MBONs to CGs. In this case, the input source that produces a high covariance is KCs that make 

synaptic connection with MBONs. Alternatively, in blue pathway, it is assumed that MBONs have no 

synaptic connection with CGs and both neurons receive common synaptic input originated from (i) 

olfactory sensory neurons (OSNs) in the antennal lobe or (ii) uniglomerular PNs (uPNs) in case when 

some interneurons intervening between uniglomerular PNs and CGs (shown as unknown neuron in the 

diagram). In the blue pathway, different interneurons intervene between the common input source to 

CGs and MBONs and thus unlikely to account for a short (1–3ms) time range of cross-covariogram 

observed between the two neurons. 
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General discussion 

 I succeeded in classifying four calycal giants (CGs) into four subtypes according to the results 

of my intracellular recording and staining (Chapter 1) and demonstrating that the mushroom body (MB) 

feedback circuits formed by CGs are intervened by MB output neurons (MBONs), which is unique to 

the cockroach MB circuit (Chapter 2). Because all CGs showed responses to all odor used in this study, 

functional segregation among CGs are not simple “processing of different odors” but should be more 

complicated.  

 

Arrangement of feedback loop 

 Results of paired intracellular recording in this study provide supporting evidence that a CG 

receive direct synaptic connections from some MBONs. The results confirm previous speculations that 

CGs, which are GABAergic and terminate in input region of the MB, might receive synapses from 

MBONs and thus serve as feedback neurons in the MB (Nishino and Mizunami�������������������������

����������������� ��������������. The arrangement of CGs differs from that of GABAegic feedback 

neurons of the MB of other insects, in which feedback neurons have dendrites in the lobes, where they 

receive synaptic connections with axon terminals of Kenyon cells (KCs), and they terminate in the 

calyces, where they make synapses with dendrites of KCs (locust: Papadopoulou et al., 2011�������Lin et 

al., 2014�������������������������������). 

 What is the possible functional meaning of the arrangement of feedback circuit unique to the 

cockroach MB? The arrangement would attribute to the reference level for adjusting the activities of 

KCs. In MB feedback circuits previously reported in other insects, an inhibitory neuron receives synaptic 

inputs from output sites of KCs as mentioned above (black neuron in Fig. 22) and thus the feedback is 

considered to inhibit the excessive activities of KCs and maintain the sparse representation of KCs 

(Gupta and Stopfer, 2011). In the MB feedback circuit of the cockroach, on the other hand, CGs inhibit 

the activities of KCs according with those of MBONs. Mizunami et al. (1998c) and Okada et al. (1999) 

reported movement-related activities of some of MBONs, demonstrating their contribution to behavioral 

control. Together with that MBONs project into neuropils surrounding the lateral horn (LH) in the lateral 
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protocerebrum, which are thought to participate in the formation of control signals for innately-induced 

behavior (Li and Strausfeld, 1997, 1999), CGs are likely to adjust the activities of KCs to the level more 

suitable for orientation behavior toward odor sources. 

 

Parallel pathways in the MB 

 Four CGs are classified into two subtypes, namely, type 1 class and type 2 class [nonspiking 

(NS), type 2a, and type 2b], according to their innervation patterns in the calyces, which well matches 

the calycal zonation formed by axon terminals of two populations of uniglomerular projection neurons 

(PNs): type 1 PNs and type 2 PNs. The results of this study also showed that distinction between the 

types extends to input sites of CGs, in other words, the dendrites of type 1 CG have more overlaps with 

the axonal branches of a medial lobe output neuron (MLON) than those of a vertical lobe output neuron 

(VLON) while the dendrites of NS CG have more overlaps with the axonal branches of a VLON than 

those of a MLON. Inhibition of a type 1 CG by current injection affected the MLON but that of NS CG 

did not, which matches the idea that type 1 CG and type 2 CGs form two parallel feedback pathways. 

 What are the possible functional roles of parallel feedback pathways? Type 1 PNs show more 

odor-specific activities than type 2 PNs and thus, are suitable for coding odor identity (Watanabe et al., 

2017). Strong inhibition from type 1 CG (see the highest peak of firing rate during odor response in Fig. 

12 in Chapter 1) may inhibit excessive activities of the KCs and help to improve odor identification and 

odor discrimination, which are critical for decision-making for behavioral response to the odor. In 

addition, as described in Chapter 1, a type 1 CG innervates the accessory calyx, which processes 

gustatory signals from mouth parts (Farris, 2008). It implies that a type 1 CG modulates inhibition level 

based on gustatory input. In this situation, parallel feedback pathways enable control of odor identify 

not interrupting processing of other aspects of odor stimuli. 

 I observed no inhibitory effect of type 1 CG on VLONs as discussed in Chapter 2. Future 

investigation of the plasticity of CGs and MBONs during olfactory learning will also be needed to clarify 

the validity of the hypothesis about two parallel feedback pathways in the MB. 
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Conclusion 

 Roles of MB feedback circuits consisting of multiple inhibitory neurons appear not confined 

to maintain sparse activities of KCs but are related to parallel processing of different aspects of odor 

information such as odor identity and spatio-temporal distribution of odors. Since CGs are sufficiently 

large to endure long-time intracellular recordings, they will be useful for probing the dynamic 

functions of the higher olfactory center for olfactory learning and odor tracking behavior. 
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Figure 22.  Mushroom body (MB) feedback circuits in insect brains. Schematic shows two types of MB 

feedback circuits at the same time in one hemisphere of the brain. Colors of Kenyon cells (KCs), projection 

neurons (PNs), and mushroom body output neurons (MBONs) corresponding with the cockroach circuits and 

should be disregarded when considering the circuits in other insects. In the locust and fly, a giant GABAergic 

neuron (black) feedback the activities of KC populations into input region of KCs. That inhibits excessive 

activities of KCs into the optimal level for odor representation. In the cockroach brain, on the other hand, 

giant GABAergic neurons (light blue/red) receive the activities of MBONs in the LH and give them back 

into input sites of KCs. That makes the level of MB activities optimal for orientation behavior toward odor 

sources. 
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