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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
IALT: lateral antennal lobe tract

LH: lateral horn

mMALT: 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



General introduction

Olfactory system of terrestrial animals must deigh not only a large ensemble of odors but
also complex spatio-temporal distribution patteshedor, because an odor plume, spreading into the
air, is broken up into concentrated filaments safgar by pockets of very low odor concentration
(Huston et al., 2015). Although how olfactory systeccomplishes those highly complex tasks has been
unknown, terrestrial animals such as mammals asgtis have evolved similar nervous systems at the
circuitry level (Hildebrand and Shepherd, 1997; Kay and Stopfer, 2006), perhaps to perform
sophisticated olfactory processing with a limitedmber of neurons. A remarkable example of
convergent evolution is spherical neuropils caligidmeruli” seen in the first-order olfactory cente
the olfactory bulb in mammals and the antennal lokiesects. In insects, each glomerulus offeri¢ea s
where incoming axons of olfactory sensory neuroxgressing cognate receptors converge upon
dendrites of projection neurons (PNs; functional homolog of mammalian mitral/tufted cells) that relay
information to the protocerebrum. These glomertdi laterally interconnected by excitatory circuits
(Shang et al., 2007; Olsen et al., 2007; Huang et al., 2010) and inhibitory circuits (e.g., Wilson and
Mainen, 2006) formed by local interneurons, equmato granule cells in mammals (Hildebrand and
Shepherd, 1997; Kay and Stopfer, 2006). Odor-driven circuit interactions mediated by local imeurons
coordinate PNs into widespread oscillatory synchirand transform representations of any odor into
specific and temporally complex patterns of acfiotentials. PNs are, therefore, generally morediyoa
tuned to odors than are olfactory sensory neurons (Wilson et al. 2004; Wilson and Laurent, 2005; Olsen
and Wilson, 2008).

Growing evidence now suggests that the circuitnjlarity is extended to higher-order centers.
In both the mammalian piriform cortex (olfactoryrex) and insect mushroom bodies (MBs), odor
representation is sparse (Pef@zve et al., 2002; Szyszka et al., 2005; Ito et al., 2008; Poo and Isaacson,
2009; Lin et al., 2014). In MBs, several hundred PNs synapse onto 2500 intrinsic neurons (Kenyon cells,

KCs) in fruit flies (Balling et al., 1987) and appimately 170,000 intrinsic neurons in honey bees
(Witthoft, 1967). Despite apparent divergence fileNs to KCs, their synaptic connections are generall

convergent: multiple PNs make synaptic connections with single KCs (Jortner et al., 2007; Turner et al.,



2008). KCs act as coincidence detectors to sumsuddtareshold, synchronized synaptic input (Perez-
Orive et al.,, 2002, 2004). The sparse odor reptatgen in KCs results from intrinsic membrane
properties that show a high input threshold (Turner et al., 2008; Denmar and Kloppenburg, 2009; Froese

et al., 2014). This situation is similar to thattie rat olfactory cortex in which odors evoke spik
activity that is sparse across the cortical popatatPoo and Isaacson, 2009).

Sparse codes enable neural representation witigha degree of specificity, conversely
expanding memory capacity (Olshausen and Field4R0herefore, the higher order olfactory center
is equipped with neural mechanisms to maintaisprse activities in addition to intrinsic membrane
properties of neurons. One example is widespreddbamadly tuned inhibition. In the MB of insect
brain, large MB extrinsic neurons are responsibtetiat inhibition(Papadopoulou et al., 2011; Lin et
al., 2014). In the locusichistocerca americana, for example, a single giant gamma-aminobutyrid ac
(GABA)-ergic nonspiking neuron (GGN) interconnelsedween MB output sites (lobes) and input sites
(calyces), and provides powerful feedbagkibition to KCs (Papadopoulou et al., 2011; Gupta and
Stopfer, 2014); this inhibition prevents lengthy temporal integrationhtelp KCs to detect coincident
spikes from the PN population (Assisi et al., 2007; Kee et al., 2015). The functional analogue of this
MB feedback neuron identified in the fruit fly (@nior paired lateral neuron: APL, Tanaka et alQ&0
exhibits decreased activity to trained odor but twotontrol odor, thereby facilitating formation of
“memory trace”in the MB (Liu and Davis, 2009; Pitman et al., 2011; Wu et al., 2012). In insects with
larger and more complex MBs (Farris, 2005), theeeraultiple feedback neurons per hemispheae:

60 neurons in honey be@ifinewald, 1999b; Haehnel and Menzel, 2010; Boitard et al., 2015) andca.

150 neurons in tobacco hawk md@Bicker et al., 1985; Homberg et al., 1987). Roles of those multiple
feedback neurons appear not confined to the fumetdescribed above. However, detailed study on
functional segregation of individual feedback n&grbas not been performed.

The American cockroacReriplaneta americana, with well-developed MB comparable to
those of social hymenoptera (Farris, 2005), has tpant GABA-immunoreactive neurons in the
hemibrain. Those neurons, termed “calycal giant&q)C' are among the largest neurons in the

cockroach brairiWeiss, 1974; Yamazaki et al., 1998). Because CGs widely innertta¢ MB calyces,



they were assumed to provide inhibitory feedback onto MB calyces (Nishino and Mizunami, 1998;
Strausfeld and Li, 1999a). Consistent with extem@imervation of CGs to the entire MB calyces, both
GABA and GABAs receptors expressed intensely in the entire MBces! ofP. americana (Sattelle

et al., 2000; Blankenburg et al., 2015).

CGs have been classified into at least two sulstggeording to their termination areas in the
calyces (Stwusfeld and Li, 1999a; Nishino et al., 2012). Interestingly, these two distinct termination
areas well correspond to those of two distinct fatien of uniglomerular PNs, type 1 and type 2 PNs
(Strausfeld and Li, 1999a; Nishino et al., 2012). Recently, Watanabe et al. (2017) proposedtypa 1
and type 2 PNs @® americana code different odor aspects: the former codes migmtity and the latter
codes spatio-temporal odor distribution and corre¢ion. Thus, clarifying the functional segregation
among four CGs in the cockroach brain will leaditalerstand how different kinds of olfactory inputs
are processed in the MB, providing valuable insghtthe neural mechanisms of the olfactory system.
Unfortunately, the lack of information on morphoyoand identity of individual CGs has interferediwit
in-depth analysis. Further, CGs, different from N#gdback neurons in other insects, do not have
dendrites in the lobes of the MB. Rather, it hasrbepeculated that CGs receive signals from MB
extrinsic (output) neurons, which have dendriteh@lobes of MB, but no studies have been perfdrme
to confirm it.

The purpose of this study is to clarify detailedttires of putative MB feedback circuits in the
cockroach brain in terms of morphological and pblggjical properties of individual CGs to establish
the foundation of further analysis on functionajregation of each feedback circuit. In Chapterfitst
unambiguously identified four CGs based on theirphologies and physiologies by intracellular
recording and staining of individual CGs. In aduiti differential staining of a CG and a MB extrinsi
(output) neuron showed potent synaptic connectawdéen them. In Chapter 2, | investigated synaptic
connections between CGs and MB extrinsic (outpetirons by paired intracellular recording of these
neurons. The results of this study demonstrateallphfeedback circuits of the MB corresponding lwel
to parallel olfactory inputs from two populationsRNs, which is important first step to furtherriia

parallel odor processing in the MB.



Chapter 1: Identification of four giant interneuron S

supplying mushroom body calyces in the cockroach br ain.



Introduction

The American cockroactPeriplaneta americana has been traditionally favored for
investigation of olfactory processing (Boeckh amdgE 1987). The cockroach retains simplicity @& th
nervous system as an evolutionally basal neoptenaexhibits excellent odor discrimination (Sakura
et al., 2002) and associative learning (Watanadévdimunami, 2007) due to heavy reliance on olfactio
to search for resources. In fact, the cockroaabgisipped with a pair of well-developed mushroom
bodies (MBs) comparable to social insects (Fig. 1A; Farris, 2005), and the principal input to the MB is
olfactory (Strausfeld and Li, 1999a; Nishino et al., 2012), although there is evidence that the MB also
participates in multisensory processing (Li and Strausfeld, 1997; Mizunami et al., 1998c, 1998d; Okada
et al., 1999).

The overall olfactory circuits of cockroaches resemble those of other insects (Fig. 1A,B;
Galizia and Rossler, 2010; Martin et al., 2011). Olfactory signals are processed in 205 readily identifiable
glomeruli in the antennal lobe (Watanabe et all(@0Usually one uniglomerular projection neuron
(PN) exits from a single sexually isomorphic gloaias, relaying olfactory signals ipsilaterally teet
concentric MB calyces and the lateral horn (LH) in the protocerebrum (Ernst and Boeckh, 1983; Malun
et al., 1993). Each MB d?. americana contains about 175,000 Kenyon cells (KCs; Neder, 1959), the
dendrites of which receive direct input from PNsd axons bifurcate into the vertical lobe (VL) and
the medial lobe (ML; Mizunami et al., 1998b; Strausfeld and Li, 1999b). More than one hundred MB
extrinsic neurons with dendrites in particular cegi of the lobes project primarily to neuropils
surrounding the LH in the lateral protocerebrumjolvhare thought to participate in the formation of
innately meaningful signals for behavioral con{idland Strausfeld, 1997, 1999).

Putative feedback neurons, calycal giants (CGs)aasumed to receive signal inputs from
those MB extrinsic neurons and provide feedbaclkbitibn to KCs in the MB calyces. In this chapter,
with the use of single/multiple intracellular redorgs and stainings from different combination€&fs,
| succeeded in unambiguous identification of ther f6Gs. All CGs supply axon terminals to the MB
calyces and usually exhibited robust and dynanspaeses to every odor tested, which provide basis

to discuss functional roles of feedback inhibitinrolfactory processing.



Materials and methods

Animals

Adult male cockroache$ériplaneta americana) raised in the laboratory colony under a 12
h-12 h (light-dark) cycle at 27 °C were used. Ptiggjical recordings were performed in the subjexctiv
night (during the 12-hour dark cycle). More tharD3bckroaches were used for the experiments.
Morphological and physiological data are basedesulis from 70 type 1 CGs, 22 nonspiking CGs, 17
type 2a CGs and 11 type 2b CGs which are succissfabrded 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, intlatal recordings, and odor stimulation were
almost the same as those described by Nishino €G03). Briefly, a glass microelectrode was fllle
with either 8% Lucifer Yellow (LY, Sigma-Aldrich,tSLouis, MO) dissolved in 1 M LiCl or 2% Alexa
Fluor 568 hydrazide dissolved in 400 mM KCI. Unlesiserwise stated, the electrode was inserted into
the junction of the MB calyces in the right hemigphof the brain to record from individual axons of
CGs. Odor stimuli were delivered through a glassdwiinnel (ID: 2 cm) covering the right antenna. |
used four categories of odors: 1) organic alcohdiexanol (Wako, Osaka, Japan), 2) fatty alcohol: 1
octanol (Wako), 3) fatty acid: n-caproic acid (Sayldrich), and 4) food odors: orange essence (John
Wagner and Sons, lvyland, PA) and green apple esgdfikoya Kosyo, Tokyo, Japan). An air current
(0.125l/min) was passed through a cartridge containifitiex paper (5 x 40 mm) soaked with 5 pl of
n-caproic acid or 20 pl of other odorant solutioftse flow speed in the wind tunnel was adjusteldeto
20 cm/s. The residual air in the recording cage eadinuously removed with a vacuum. Due to the
distance of the wind tunnel and the odor-contairgagridge, there was a delay between the onset of
odor stimulation monitored by the solenoid valvel &#ime the odor reached the antenna. The latency
and the rise-time of odor (apple) delivery afteg thpening of the valve was measured by a photo-
ionization detector (Model 200B, Aurora Scientific., ON, Canada) in the center of the wind tunnel,

at which the antenna is situated. The latencyttimbdor reached the antenna was approximatelys85 m



(the half value of the peak concentration) andithe that the odor concentration reached the peek w
158 ms from the onset of valve opening.

A visual stimulus was applied by illuminating tbempound eyes with a light guide. Tactile
stimuli to the ipsilateral antenna were appliechvetwooden needle. Timing of tactile and light stim

was monitored by narration into a microphone coteteto the DAT recorder.

Morphological observation of recorded neurons

Immediately after physiological recordings, a ¢anshyperpolarizing current (-1 to -5 nA)
was applied for 5-60 minutes to stain neurons. déeapitated head was incubated in a humidified
chamber at 5 °C for 5-10 h to let dye diffuse tigitmut the neurons. In some specimens in which a CG
had been labeled with LY, micro-Ruby (dextran, aetethylrhodamine, and biotin, 3000 MW,
ThermoFisher Scientific, MA) was injected into thietennal lobe or VL to label PNs and KCs/CGs,
respectively. The head was incubated in a humdliflbamber at 5 °C for 12-16 h to facilitate dye
diffusion. The brain was dissected out and fixed% formaldehyde in phosphate buffer (pH = 7.4) at
4 °C for 6-12 h, dehydrated in an ascending ethearags (from 50% to 100%), and cleared in methyl
salicylate.

The cleared brain was observed under a confosat kcanimg microscope (LSM 5 Pascal;
Carl Zeiss, Jena, Germany) equipped with argonhatidm-neon lasers. Single neurons labeled with
LY were visualized with an argon laser (458 nm)evdas those labeled with Alexa Fluor 568 were
visualized with a helium-neon laser (543 nm). Spexis in which neurons were differentially labeled
with LY and Alexa Fluor 568 (or micro-Ruby) weresualized with an argon laser with a 505-530-nm
bandpass filter and a helium-neon laser with apasg filter (>560 nm), respectively. Images were
obtained using three objective lenses: Plan-Apaohatol0x/0.75 and Plan-Apochromat 20x/0.8 for
low-magnification images and oil-immersion Plan-Hiear 40x/1.3 for high-magnification images. The
thicknesses of optical sections were 5tbi-intervals for low-magnification images and 1.@-for
high-magnification images. The resolution of optisactions was at 1024 x 1024 pixels. Optical

sections were reconstructed two-dimensionally usingge-processing software incorporated in the
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confocal microscop€L.SM Image Browser; Carl Zeiss). Reconstructed images were processed in
Photoshop CS3 (Adobe Systems, San Jose, CA) tetabpir brightness and contrast.

For three-dimensional reconstruction, opticalisestwere converted to TIFF-formatted files
using the LSM Image Browser (Carl Zeiss). TIFF imagvere processed with image processing
software (Amira ver. 3.1, Visage imaging, Berlingréhany). Surface rendering of MB neuropils was
achieved by outlining each optical section manuallplume rendering was applied for 3D

reconstruction of neuronal branches.

Antibody characterization

To label putative GABAergic neurons in the brainFoamericana, | used a commercially
available polyclonal antibody (Table 1, A2052, Sgrthat was raised against a GABA-bovine serum
albumin conjugate in rabbits. The resulting stajnirattern was identical to that obtained in presiou
immunocytochemical studies in the protocerebrummi{&zaki et al., 1998) and in the antennal lobe of
P. americana (Distler, 1990; Fusca et al., 2013). According to the manufacturer's data sheet, the antibody
showed positive binding with GABA and GABA-KLH indot blot assay, and negative binding with
BSA. To check the specificity of the GABA antibodyjouble-checked control experiments made by
Fusca et al. (2013). First, the antibody was preincubated with several doses of GABA (A5835; Sigma),
and dose-dependent elimination of the antibody wlaserved. The GABA immunoreactivity was
abolished when the antibody was preincubated wittm® GABA. There were no signals when the
primary antibody was omitted.

For synapsin immunohistochemistry, | used a coroialy available monoclonal antibody
directed againddrosophila synapsin | isoform (SYNORF1, Table 1, 3C11, DSHBya). The antibody
was generated against a fusion protein consistirgiutathione-S-transferase and synapsin protein in
the mouse. Its cross-reactivity with synapsii.iamericana has been identified by Western blots of the
cockroach brains and salivary glands (Baumann.e2@04). It has been shown that the anti-synapsin
detects a broad band of proteins=&0 kDa in cockroach brain homogenates, which spoeds to 70,

74, and 80 kDa dD. melanogaster synapsin isoforms and suggests that an orthologymegpsin protein

11



is expressed in the cockroa®aumann et al. (2004) also revealed that anti{ssindmmunoreactivity
was highly concentrated at presynaptic sites, gaities, inP. americana. In the cockroach brain, the
staining patterns in this study were identicahiose obtained in previous immunohistochemical studi
using the same argimapsin antibody (Wei et al., 2010; Groh and Roéssler, 2011). There were no signals

when the anti-synapsin antibody was omitted.

Immunohistochemical stainings

Immediately after a brief morphological check wfracellularly stained CGs, the brain was
rehydrated in a descending ethanol series (from4l@® 50%) and then kept in phosphate-buffered
saline (PBS: 0.14 M NaCl in 0.01 M sodium phospHaiffer, pH 7.4). Immunohistochemistry was
modified from that performed in a previous studyngsP. americana (Watanabe et al., 2014). After
washing the brain in PBS, each specimen was embdeddé.5% aqueous solution of agarose. Each
brain was cut into 80-prthick slices with a vibrating blade microtome (Linearslicer PRO 7; DSK,
Kyoto, Japan). Sections were then washed with P@Baming 1% Triton Xt00 (X100RS, Sigma;
PBST) and blocked for 1 hour using 2% normal geatim (S26, Chemicon, Temecula, CA) in PBST
with 0.25% bovine serum albumin (PBST-BSA). Thetises were then incubated with a mixture of
anti-synapsin monoclonal antibody generated in a mouse (Table 1, 3C11, DSHB; diluted 1:50 in PBST-
BSA) and anti-GABA polyclonal antibodsenerated in a rabbit (Table 1, A2052, Sigma; diluted 1:1000
in PBST-BSA) at 4 °C for 4 days. On the followingygthe sections were washed again in PBST-BSA
and then incubated with a mixture of Alexa Fluob8abeled secondary anti-mouse IgG antibody
(A21422, ThermoFisher Scientific; diluted 1:1000 in PBST-BSA) and Alexa Fluor 647-labeled
secondary antiabbit IgG antibody generated in a goat (A21245, Invitrogen; diluted 1:1000 in PBST-
BSA) at 4 °C for 4 days. Then the sections weralfjrvashed in PBST-BSA, and cleared in a mounting
medium (Vectashield, VECTOR, Burlingame, CA).

To identify the distribution patterns of GABAergieurons in the lateral protocerebrum (Fig.
2), immunohistochemistry was performed using thelefmount brain after PNs had been stained by

micro-Ruby injection into the AL. To facilitate ambdy penetration, the brains were treated with
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collagenase/dispase (10269638001, Roche; diluted 1 mg/ml in 0.05M Tris buffer) at 40 °C for 10 min.
The brains were then washed and blocked by theatdmprotocol described above and incubated with
a rabbit anti-GABA antibody (1:1000) in PBS with S5%ton X-100 containing 2% normal goat serum
at 4 °C for 7 days. On the following day, the bsaivere washed again in PBST-BSA and then incubated
with an Alexa Fluor 488-labeled secondary anti-ralbgpG antibody generated in a goat (A11034,
ThermoFisher Scientific; diluted 1:1000 in PBS with 5% Triton X-100) at 4 °C for 7 days. Then the
brains were finally washed in PBST-BSA, dehydratedn ascending ethanol series (from 50% to
100%), and cleared in methyl salicylate.

The cleared specimens were observed with a canfszEr scanning microscope (LS50,
Carl Zeiss) equipped with argon and helium-neosriasNeurons labeled by Lucifer yellow or Alexa
Fluor 488 secondary antibody were visualized uaimgrgon laser (458 nm) with a band-pass emission
filter (505-550 nm), whereas neurons labeled byalEluor 647 secondary antibody were visualized
by a helium-neon laser (633 nm) with a long-passsion filter (>650 nm). In addition, neuropils
labeled by Alexa Fluor 555 secondary antibody weseaalized by a different helium-neon laser (543
nm) with a band-pass emission filter (560-615 images were obtained using three different objectiv
lenses: a Plan-Apochromat 20%/0.8 for low-magniftsa images and oil-immersion Plan-Neofluar
40x%/1.3 and Plan-Apochromat 63x/1.4 objectiveshfgh magnification images. Optical sections were

captured at 0.5-2.0-um intervals with a resolutb©024 x1024 pixels.

Analysis of physiological data

Physiological data and odor stimulus timings stave DAT tapes were digitized at 10 kHz
using the CED micro 1401 mkll interface (Cambridglectronic Design Ltd., Cambridge, UK) and
Spike2 ver. 6.0-6.18 software (CED). The digitizéata were exported as text format to the free
programming software R ver. 2.15.1 (R FoundatiarSfatistical Computing, Vienna, Austria) and then
plotted as PDF format using ggplot2 package v8t3Ql in R. The plots were processed in Illustrator
CS3 (Adobe Systems) to edit document size, linghyiahd letterings.

To compare the shape of action potentials betwe@ntypes, linear mixed models were

13



constructed, in which a response variable was@kmmplitude of action potential or (ii) fallinglage
change (mV/ms) from the peak to the half value aifoa potential recorded at the junction of MB
calyces. CG types and individual differences weseduas fixed effect and random effect, respectively
The constructed model was compared to the null medsgch ignores fixed effect, by likelihood ratio

chi-square test with one degree of freedom. Thatres&as considered to be significant wHer 0.05.

Terminology

| referred to Strausfeld and Li (1999a) for thenireg of projection neurons and to Ito et al.
(2014) for the naming of neuropils and tracts ia linain. Dendrites and axon terminals were defined
on the basis of morphological, physiological, angmunocytochemical criteria. Morphologically,
branches that exhibit spiny processes and thogeeutndbit swollen, varicosity-rich processes were
assumed to be dendrites and axon terminals, regplgc{Okada et al., 2003). The physiological
criterion is based on the shape of action potentiatause dendritic spikes exhibit small amplif@de-

40 mv) accompanied by higher excitatory postsymnaptitentials (EPSPs), whereas axonal spikes
exhibit higher amplitude (50—60 mv) followed by @nshoots (Nishino and Mizunami, 1998). Finally,
co-localization of synapsin-immunoreactive vesidiesa CG intracellularly stained was checked to
define axon terminals. In this study, defined breascfulfilled all three criteria.

The LH is compartmentalized into three regionsngular-shaped antero-dorsal (a-d) LH,
oval-shaped antero-ventral (a-v) LH and triangslaaped posterior (p) LH (Nishino et al., 2003). The
“calycal neuropil”of the MB is defined as dendritic fields of KCs (Weiss, 1974; Strausfeld and Li,
1999b). The calycal neuropil has been divided fotor zones (I-1l1, IlIA) from the periphery to the
base (Strausfeld and Li, 1999a). Since MB extrimgarons projecting to the LH have typical spiny
processes in lobes and varicose processes in the tgim them “mushroom body output neurons
(MBON)” to facilitate understanding. Anatomical faees of neurons are given with reference to the

body axis (Strausfeld and Li, 1999a; Nishino et al., 2012).
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Results

Distribution of GABA-immunoreactive neurons in the lateral protocerebrum

When | performed intracellular recording and stagnof CGs, | used two criteria to identify
CGs: (i) wide innervation in the MB calyces andl Igication and large size of the cell body in tiefal
protocerebrum following previous reports (Yamazaki et al., 1998; Strausfeld and Li, 1999a). To confirm
the validity of the criteria (ii), | examined theABA-immunoreactive cell clusters in the neighbordoo
of four CG cell bodies located in postero-ventegjion of the lateral protocerebrum.

GABA-immunoreactive neurons in wholemount preparest revealed five GABA-
immunoreactive neuronal clusters in the cell badg of the anterior to posterior lateral protoceteh
(1-5 encircled by white lines in Fig. 2A:-@umber of cell bodies in each cluster is summdriadable
2). Cell cluster 1 is located in the anterior scef@f the lateral protocerebrum (Fig. 2A). Thissoés
contains the large cell body (diameter > 30 unf}tué type 1 olfactory input neuron” with dendrites
part of the LH and axon terminals in the base of 8&B/ces (see Fig. 5 in Nishino et al., 2012). Cell
cluster 3 is located in the antero-dorsal regiotmefoptic lobe (OL) base, comprising small- andate-
sized neurons (diameter < 30 pkig. 2C). Cell cluster 4 is located in the postesurface just beneath
the lateral calyx, comprising small- and middleesineurons (diameter < 3@Fig. 2C). Cell clusters
2 and 5 are located in the antero-ventral regidg. (BB) and postero-ventral region of the OL base,
respectively (Fig. 2C). The former contains largd eniddle cell bodies (diameter > 15 um) of “type 2
olfactory input neurons” with dendrites throughthe LH and axon terminals in the entire MB calyces
(see Fig. 6 in Nishino et al., 2012) and the lattamtains four conspicuously large cell bodies GfsC
(outlined by white lines in Fig.@2 diameter > 30 p; Yamazaki et al., 1998; Strausfeld and Li, 1999a).
The four CG cell bodies are so large that theresanee gaps between them, and the gaps are occupied
by smaller GABA-immunoreactive cell bodies (diammete30 pum). Since the four large cell bodies of
CGs were so far away from other GABA-immunoreaclarge cell bodies that | concluded the validity
of defining a neuron as CG by its cell body sizd ktation.

GABA-immunolabeling in wholemount preparationstfiar revealed neurites of the four CGs

dissociating antero-posteriorly in the base of MiByces (arrowheads, Fig. 2F) different from tightly
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bundled neurites in the a-v LH and a satellite opiliraround the VL (arrowheads, Fig. 2D,By
pinpointing the recording sites to those dissoegtbranches instead of the bundle in the lateral

protocerebrum, | succeeded in recording and sigiofrindividual CGs.

Gross morphology of the four CGs

Intracellular staining of individual CGs and suipsent GABA-immunoreactive neuronal
staining revealed that the four CGs are indeed GARBfunoreactive (Figs. 3-6D—F). Moreover,
Intracellular staining of individual CGs and suhseqt synapsin immunolabeling in wholemount
specimens showed that synapsin-immunoreactive lessace localized in branches in the MB calyces
but not in other areas (Figs. 3-6C), suggesting tha four CGs supply axon terminals almost
exclusively to MB calyces.

The trajectories of primary dendrites and axonahbhes are conserved among the four CGs
(Figs. 3-6A,B,G-J). | concluded that the LH and #agellite neuropil around the VL are the input
regions of CGs because the dendritic branches spihy processes typical of dendrites are mainly
arborized in the boundary of the LH (Fig. 7) andhia satellite neuropil around the VL. The dendrite
in the LH are branched off from the cell body stabkienting medio-dorsally while those in the daeel
neuropil around the VL from the primary dendritigrtks running antero-medially.

The three axonal branches, the anterior, ceranal posterior branches are diverged from the
cell body stalk at the fork point (indicated byed ccircle, Figs. 3-6A). The axonal branches ofiutial
CGs, ramify at the base of the MB calyces (Fig. &k supply axon terminals to different peripheral-
basal regions of the concentric calyces with sopadia overlap (Figs. 3-6A, 8). The anterior branch
runs tangentially along calyces and gives riseet@gal branches that terminate in the periphei@l (I
region of the calyces. The central and posteriantines, bifurcated at the fork point, terminatenprily
in the central region (base) and the postero-bagabn of the calyces, respectively. The terminal
specializations in the calyces are decorated vatuHike, often en route, varicosities (Nishikawale

1998; Strausfeld and Li, 1999a).
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Morphological features of individual CGs

Despite a large overlap of primary neurites, the f6Gs had unique morphological and physiological
characteristics conserved across individuals. Tivese therefore assigned to different types aevid|
although each type contained only one neuron. Mgsbrtant differences in innervation patterns ia th

input and output regions are summarized in TaldetBe last of this chapter.

Type 1 CG The mean cell body diameter is 43.9 um (n = 4|eTah the largest among the four types
of CGs (Fig. 3A,B,D-F). Immediately after leavitgetcell body, the medially oriented branches (@, Fi
7B), unique to the type 1 CG, run postero-mediaiigd supply dense dendritic processes in the ventral
to medial boundaries of the triangular-shaped p The ventrally oriented thick branch (b, Fig. 7A)
provides dendritic processes profusely along thdiahdoundary of the a-v LH and p LH, and distal
fibers penetrate into the posterior slope (Figs. A#). The two laterally oriented branches (c aniig.
7A) arborize along the lateral boundary of the BHi The dorsally oriented branch (e, Fig. 7A,B)
arborizes in the a-d LH and the dorsal region efgliH. The medially oriented thin branch (f, Figg)
arborizes in the medio-dorsal boundary of the p Tt primary dendritic trunks arborize in the ditel
neuropil antero-lateral and medial to the basdeML (Fig. 3G,H). A small number of fine processes
run anteriorly along the antero-lateral surfacéhef VL (Fig. 9A). Dendritic processes divergingrfro
the primary dendritic trunk loop along the postedarface of the VL to innervate sparsely the sigfa
of the “lobelet” made by axons of class Ill KCsgF®B; Farris and Strausfeld, 2003).

The anterior axonal branch does not innervat@#ngheral-most region of the calyces (zone
I) but innervates a more basal region (Figs. 84, Thus, three axonal branches collectively inat
zones lI-lIlIA, where type 1 uniglomerular PNs pmeiaxon terminals (Fig. 8ks Strausfeld and Li,
1999a). Some collaterals diverging from the cemtxahal branch sparsely innervate the accessoyy cal
(ACA, Fig. 9C,D) that contains dendrites of clalsKICs (Farris and Strausfeld, 2003). The long
processes of axon terminals across calycal layendde numerous collaterals in the outer half layer
(Figs. 3l, 8E) but provide only few in the inneifrlayer, resulting in denser terminal arborizagan

the outer half layer (Fig. 3l, 8E). The distal aabprocesses also sparsely cover dendritic buradles
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developmentally newer class 1 KCs (Figs 3I, 8E, Qtrausfeld and Li, 1999b; Farris and Strausfeld,
2001), also termed KC1 by Mizunami et al. (1998aTle terminal specializations contain only thick

bead-like processes of 1~2 um in width (inset, Big),

Nonspiking (NS) CG The mean cell body diameter is the second lar§&st, um (n = 3, Table 3).
The ventrally oriented dendritic branch is feebie arborizes only sparsely in the medial boundéry o
the a-v LH (b, Fig. 7C). The two laterally orientedanches (c and d, Fig. 7C) provide dendritic
processes in the lateral boundary of the a-v LH ddrsally oriented branch (e, Fig. 7C,D) arborires
the a-d LH and the dorsal region of the p LH. Theglrally oriented branch (f, Fig. 7D) arborizes sgdy

in the medio-dorsal boundary of the p LH. The priyr@dendritic trunks around the VL are located more
dorsally than those of other types of CGs (Fig.H)G,

The axonal branches just below the calyces arthibleest among the four types of CGs (14.2
um in width, n = 3, Table 3), and they provide atemminals profusely in zone | of the MB calyces
(Figs. 41,3, 8B), where type 2 uniglomerular PNppy axon terminals (Fig.I8 Strausfeld and Li,
1999a). Additional terminals sparsely innervateitimer half layer of zones IlI-111A (Fig. 8F), butdre
are few in the outer half layer of zones II-llIAéxed area, Fig. 8F). The axon terminals exhibé fi
mesh-like arborizations (Fig. 8B,F), reminiscenttudse in a GGN o americana (Papadopoulou et
al., 2011). The axonal specializations comprise digtinct processes: thick, bead-like processeg (1~
um in width) and thin, tapered (ca. 0.5 pum in wjditocesses (indicated by arrowheads in inset, Fig.

8F).

Type 2a CG The mean cell body diameter is 30.2 um (n = 4,d8Dl The ventrally oriented branch
(b, in Fig. 7E,F) arborizes in the dorsal boundafryhe a-v LH and the ventro-medial region of the p
LH. The laterally oriented thin branch (d, Fig. 7ppovides dendritic processes along the lateral
boundary of the a-v LH. The dorsally oriented brae, Fig. 7E) arborizes in the a-d LH. The megiall
oriented branch (f, Fig. 7E,F) arborizes in therdaltboundary of the p LH. The primary dendritienks

arborize in the satellite neuropil anterior aneétat to the VL (Fig. 5G,H).
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The axon terminals profusely innervate zone Ihef talyces but less densely innervate the
inner most layer of zones II-IlIA (Figs. 51,J, 8Q,G&he outer half layer of zones II-IlIA is almatvoid
of innervation (shaded area, Fig. 8G). These cheniatics are evident in cross sections at theraknt
region of the calyces (Fig. 8G) but are not cleahe three-dimensional reconstruction of wholenako
branches (Fig. 51,J) due to the profuse terminal®ng the most peripheral region of the calydties (
zone 1) (Fig. 8C). As in the NS CG, the axon tersrcontain both thick and thin processes (inditate
by arrowheads in inset, Fig. 8G), but the proceatmsy layers are short and clawed-shaped, regultin

in more sparse arbors compared to type 1 and NS(EIGs8C,G).

Type 2b CG The mean cell body diameter is 31.9 pm (n = 4,88l The dendritic branches (b-f, Fig.
7G,H) run closely to those of the type 2a CG armide dendritic processes in the boundary of the LH
and around the lobes (Figs. 6G,H, 7G,H). Despitalar thicknesses of primary dendritic trunks to
those in type 2a, dendritic processes become inatedditapered after diverging from the trunks,
resulting in finer arborizations (Figs. 6G,H, 7G,Hhis is manifested by one of the thickest derrit
trunks in the anterior surface of the lateral pcetebrum (indicated by black arrows, Fig. 6G,H)ickh

is the hallmark of type 2b CG. The axon terminalghie calyces contain both thick and thin processes
(indicated by arrowheads in inset, Fig. 8H) buteroa slightly more basal region in zone | than ¢hos
of type 2a CG (Figs. 61,J, 8D,H). The outer hayeliaof the zones II-IlIA is almost devoid of innation

(shaded area, Fig. 8H).

Double labeling of CGs and associated interneurons

Different types of CGs Double labeling of CGs in the same individuals aubsequent three-
dimensional reconstruction more clearly demongiratgbtle morphological differences of CGs (Fig.
10). In a specimen in which the type 1 CG (magesta)the NS CG (green) were differentially labeled
with Alexa Fluor 568 and LY, respectively (Fig. 10Ahe two cell bodies abut from each other (Fig.
10A), although their relative locations in GABA-inmmoreactive cell cluster 5 (Fig. 2C) differed

between individuals. Dendrites of the type 1 CQoede broadly in the medial and ventral boundaries
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of the p LH, whereas those of the NS CG arborizmamily in the dorso-medial region (Fig. 10B,C).
Around the VL, dendrites of the NS CG arborize imare dorsal region than those of the type 1 CG
(Fig. 10F,G). The axon terminals of the type 1 G€&ady occupy a more basal region than do those of
the NS CG throughout the calyces (Fig. 10D,H, e Timer half layer of calyces (zones lI-llIA) is-co
innervated by the type 1 CG and NS CG (Fig. 10iE)more densely by the NS CG, while the outer
half layer is innervated almost exclusively by thge 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 weneibaneously stained at different intensities
(Fig. 10M), primary neurites were readily disceteilising different threshold settings (Fig. 10J-L).
Dendritic neurites of type 2a and type 2b CGs withilar thicknesses cover spatially similar regions
around the VL (Fig. 10J,K) but occupy slightly @ifént basal-proximal regions of the calycal nedropi

(Fig. 10L).

CG vs MBONs MBONSs, which receive synaptic inputs from MB insic neurons KCs (Fig. 1B), are
one of the candidate neurons making synaptic infpu@Gs because they have axon terminals in the
lateral protocerebrum where the dendrites of CGerivate. In order to estimate potential synaptic
connections between axon terminals of MBONSs andidis of CGs, | performed differential labeling
of MBONSs with LY and type 1 CG with Alexa Fluor 5@8ig. 11C—F). When one of the largest MBONs
with dendrites in the ML tip (Fig. 14, see Fig. 1 in Okada et al., 1999) was differentially stained with
the type 1 CG (Fig. 11C,D), blebby axon termindlshe medial lobe output neuron (MLON, green)
spatially overlapped largely with fine dendriticabches of the type 1 CG (magenta, Fig. 11C,D)
suggesting synaptic contacts and supporting thatigpatMB feedback function of the CG. However,
when an MBON with dendrites in the VL tip (Fig. I1Bas differentially stained with the type 1 CG,
the extent of overlapping between axon terminalhefvertical output neuron (VLON) and dendrites
of the type 1 CG was much less than that betweemHhON and type 1 CG (Fig. 11E,F). The results

suggest that a specific subset of MBONs makes sinegnnection to a given CG.
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CG vs PNs PNs transmitting olfactory information from the Ah the MB calyces (Fig. 1B) are also
one of the candidates for the direct input soufd@@s because they have axon terminals in the LH as
well as the MB calyces. Intracellular labeling béttype 1 CG with LY combined with local injection
of micro-Ruby into the antennal lobe revealed thexidrites of the type 1 CG have little overlap with
termination fields made by uniglomerular PNs (RityG) but have significant overlap with termination
fields made by a population of multiglomerular Rise inset for single neuron, Fig. 11H) with axons
in the lateral antennal lobe tract (IALT) (previbuseferred to as the outer antenno-cerebral togict
Malun et al., 1993) in the p LH (Fig. 11H). Thosetgmt synaptic inputs from a population of
multiglomerular PNs to CGs suggest a possibilitiiaf feedforward inhibition made by CGs (see also

Discussion).

Physiological properties of the four types of CGs

Among the four types of CGs, three types (typde 2a, and type 2b) exhibited endogenous
activity comprising episodic bursts of action pdigis of instantaneous frequencies at 10-15 Hzs(Fig
3K-R, 5K-R, 6KR; Nishino and Mizunami, 1998; Strausfeld and Li, 1999a). Action potentials
recorded at the junction of the MB calyces exhibitgpical “axonal spikes” followed by prominent
undershoots (Figs. 3M, 5M, 6M). On the other hahd,NS CG never produced action potentials even
when the membrane potential was depolarized bys#iy® current injection (Fig. 4K) or by post
inhibitory rebound followed by a negative curremection plus odor stimulation (FigL4Mizunami
et al., 1987).

Every odor stimuli tested usually elicited exaitgtresponses (Figs. 3N-R, 4K,0-R, 5N-R,
6N-R) in all types of CGs. The response latences/iéen time the odor reached the antenna and the
start of change in the membrane potential werenestid to be 145-165 ms for type 1 CGs, 85-115 ms
for nonspiking CGs, 125-175 ms for type 2a CGs201d-215 ms for type 2b CGs. Transient inhibition
occasionally preceded the excitatory responseshwhére more prominent when the odor stimuli were
applied during large EPSPs or during bursts obaqgpiotentials (arrowheads, Figs. 30,Q, 4-60,R).

| also investigated responsiveness to other sgmaodalities because there is evidence that
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the MB also participates in multisensory processing (Li and Strausfeld, 1997; Mizunami et al., 1998c,
1998d; Okada et al., 1999). Tactile stimuli to the ipsilateral antenna ocoasily elicited brief excitatory
responses except for type 2a CGs (Figs. 3K, 4M,@4, though the responses to tactile stimuli were
weaker than those to the odor stimuli and sometimgistinguishable from spontaneous activity. No
prominent responses to light stimuli were deteatedny type of CG (Figs. 3L, 4N, 5L, 6L). Thus, |

concluded that CGs are mainly involved in olfactprgcessing of the MB.

Type 1 CG The resting membrane potential was -60 to -70 nné @xcitatory responses to odor stimuli
consisted of two phases: transient increase mmgfirate and subsequent oscillatory firing interpdsg
inhibitory inputs (Fig. 3N-R). The instantaneousnfjy reached 150-180 Hz followed by fluctuating
rates (Fig. 12A—E). Tactile stimuli to the ipsilatkantenna elicited brief bursts of action pot&st{Fig.

3K).

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

Only fluctuations of membrane potential composeidiobitory postsynaptic potential (IPSP) and EPSP
were recorded from neurites in the LH, around th® Mbes, and the junction of the calyces. The
nonspiking CG usually exhibited graded excitatogsponses to all odor stimuli with a peak
depolarization of 5-10 mV above rest even in thekthxonal branches at the junction of the calyces
(Figs. 40-R, 12P-T). The membrane potential sonestimyperpolarized before returning to the resting
level, being especially prominent in responsesppleaodor or orange odor. Tactile stimuli to the

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

Type 2a CG The resting membrane potential was -40 to -60 ne¢drdings of the type 2a CG made
from neurites at the junction of the calyces exbibbiarge EPSPs (Fig. 5N-R). However, the amplitude
of action potentials (Fig. 5M) were smaller thaogh of the type 1 CQP(< 0.05; type 2a, 45.7 £ 9.49

mV, N =9; type 1, 67.6 £ 8.29 mV, N = 5). In response to odor stimuli, thetantaneous firing rate

reached a plateau (70-90 Hz) and was sustainéiD@¥760 msec before returning to the pre-stimulus
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level (from the first bin exceeding one third oétbeak firing rate to the last bin of consecutive bins

below it in PSTHs; Figs. 5SN-R, 12F-J). Responses to tactile stimutevmet detectable (Fig. 5K).

Type 2b CG The resting membrane potential was -40 to -50 Tiné amplitudes of action potentials
were similar to those of the type 2a CG (Fig. 6NDwever, falling voltage change from the peak ® th
half value of action potentials were slightly smainh type 2b CG than type 2a CB< 0.05; type 2a,
32.8 £ 11.7 mV/ms, N = 9; type 2b, 19.7 + 9.3 mV/m¥N = 4; 17-20 action potentials per individual
were used for analysis). That meant action potisntiitype 2b CG were slightly blunt than those of
type 2a CG. The difference was detectable on oscitipe during recording. Both types of action
potentials were often observed in the same indalidlihe excitatory responses to odor stimuli were
also similar to those of the type 2a CG (Fig. 6N4RK—0). The instantaneous firing rate reached a
plateau (50-70 Hz) and was sustained for 480-5%¢ Iffisg. 12K—0). Tactile stimuli to the ipsilateral

antenna elicited brief bursts of action potent{&ig. 6K).

Inhibitory responses of CGs

In some recording sessions from the type 1 CQI{2DH22 recordings) and the NS CG (3 out
of 25 recordings), | observed inhibitory respontgeall of the odor and tactile stimuli to the ipsédral
antenna (Fig. 13). This inhibition was not dueiféedent recording sites because recordings werema
from calycal junctions of the MB as in other redogs$. Without a positive current injection into the
neuron, the type 1 CG in “inhibitory mode” showegibstaneous spike activity at relatively regular
frequencies (15-30 Hz, Fig. 13 A—E), in contrasepisodic bursts in spontaneous activity of CGs in
“excitatory mode”. The inhibition occurred in ardimidual-specific manner, and no transition from
excitatory to inhibitory responses, axide versa, was observed during the same recording session,
suggesting that powerful IPSPs from other neursadgminate sensory responses in these cases. The
membrane fluctuations in spontaneous activity wemailar for NS CGs that exhibited inhibitory
responses and excitatory responses. The membr&adipts of NS CGs were hyperpolarized 5-10 mV

below the resting potential in response to odortantle stimuli (Fig. 13F—K). Neither type 1 CGdan
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NS CG in “inhibitory mode” showed a change fromigatory to inhibitory responses w@ice versa by
a steady depolarizing or hyperpolarizing currefgdtion. Inhibitory responses in the type 2a CG and

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

I demonstrated that four closely located calydahginterneurons (CGs) show distinct but
partly overlapping morphologies, suggesting that thur neurons are not redundant iteration of
identical units but are functionally segregatedurMoGs projecting to the MB have been recognized fo
more than two decades by histological studies @kiamches (Weiss, 1974) and have been assigned as
the largest GABA-immunoreactive neurons in the mr@amazaki et al., 1998; Strausfeld and Li,
1999a). However, physiological and subsequent naogfical characterization had been challenging
because of the tight bundling of neurites of CGs.

It is very likely that samplings of CGs in prevgostudies were strongly biased toward type 1
CGs upon recording from the lateral protocerebruxisiino and Mizunami, 1998) because
maneuvering of an electrode into thinner neurifeS®Gs closely attached to thick dendritic neuriés
the type 1 CG was extremely difficult. By pinpoidithe recording sites to the junction of two cakyc
where the four CGs neurites dissociate, | succegdextording from individual CGs. All of these CGs
originate from a GABA-immunoreactive cluster lochie the posterior base of the OL. Together with
results of multiple labelings of CGs in the samdividuals, | concluded that the four CGs have smil
but different morphologies and physiologies andthezefore assigned to different types: type 1, NS,
type 2a, and type 2b CGs, based partly on theitefirby Strausfeld and Li (1999a).

As Strausfeld and Li (1999a) insightfully pointedt, MB calyces are subdivided into the
peripheral region (zone |) and the basal regiomézdI-111A) according to input from two populatisn
of uniglomerular PNs: type 1 and type 2 uniglomarNs with dendrites in postero-ventral and antero
dorsal group glomeruli, respectively (Watanabd.e2812). Accordingly, the four CGs were classlfie
into type 1 of which axon terminals cover all zorgsept zone | and type 2 of which axon terminals
cover predominantly zone I. From morphological ghgsiological characteristics, | surmise that the
type 1 calycal giant afferent and the type 2 cdlhgiant afferent (Strausfeld and Li, 1999a) are

morphologically equivalent to the type 1 CG andet@a CG, respectively, in my study.

Properties of CGs as MB feedback neuron
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Consistent with results of previous studies (Nishino and Mizunami, 1998; Strausfeld and Li,
1999a), all of the CGs possessed dendrites inatezal protocerebrum and axon terminals almost
exclusively in MB calyces. The four CGs had no déitdprocesses in the MB lobes where KCs send
axonal processes. Instead, the dendrites of CGaated axon terminals of MBONSs, as exemplified by
double labelings of these neurons. These results collectively support the previous view (Weiss, 1974;
Nishino and Mizunami, 1998; Strausfeld and Li, 1999a) that CGs participate predominantly in feedback
inhibition of the MB input site (calyces) by reciig synaptic input from MBONs. Two important
guestions, whether there are monosynaptic conmechietween MB output terminals and CG dendrites
and whether CGs postsynaptically inhibit KC derdriand/or presynaptically inhibit PN terminals,
await further investigation. In honeybees (Ganeshimd Menzel, 2001) and fruit flies (Yasuyama gt al
2002), GABA-immunoreactive profiles are known tenfosynapses onto both KC dendrites and PN
terminals.

Although morphological data suggest that feedbablbition from CGs onto MB calyces is
prevailing, the possibility of feed-forward inhiloibh mediated by CGs is also plausible. CGs have no
dendrites in the center of the a-v LH and centehefp LH, where uniglomerular PNs supply abundant
axon terminals, but axon terminals of multiglomard®Ns with primary axons in the IALT appeared to
overlap largely with dendritic processes of typdybe 2a and type 2b CGs in the medial and ventral
boundary of the p LH. For having dendrites broadlynterglomerular regions and projecting directly
to the inferior lateral protocerebrum (Malun et 4993), these PNs may be suited for transmitting
olfactory signals to MB calyces via CGs before algrnprocessed by uniglomerular PNs reach MB
calyces.

Responses of CGs to sensory stimuli matched tdqare reports on olfactory processing in
the MB. All CGs responded to all kinds of odor silirused in this studyodor specificity was not
observed. The broadly tuned odor responsivene8ssafis consistent with previous views of inhibition
in the higher-order center of locusts (Papadopoeloal., 2011) and rats (Poo and Isaacson, 2009). |
also investigated responses to other sensory nypdalttile and visual, because there is evidehae t

the MB also participates in multisensory processing (Li and Strausfeld, 1997; Mizunami et al., 1998c,
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1998d; Okada et al., 1999) although lie principal input to the MB is olfactory (Strausfeld and Li, 1999a;
Nishino et al., 2012). Type 1 CG, NS CG, and type&C& occasionally showed excitatory responses to
tactile stimuli to the ipsilateral antenna weak@rt those to odor stimuli. Therefore, | concludeat t

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

Functional implication of individual CGs

The terminal organizations of CGs strongly reflead parallel calycal inputs in which type 1
and type 2 uniglomerular PNs participate. The t¢p@G supplies axon terminals to the termination
fields of type 1 PNs (zones II-1lIA). On the otHeand, the other three types of CGs provide dense
terminals in the termination fields of type 2 uwmiglerular PNs (zone 1) with additional terminalghe
inner half layer of zones II-1lIA (Table 3). At doser look, type 2b CG terminals are biased toward
slightly more basal regions than are type 2a tesitgirNS CGs evenly cover both regions (Table 3).
Thus, the type 1 CG and NS CGltype 2a/type 2b @Esgptement projection fields from each other to
cover the whole calycal neuropil and, converséiged calycal regions receive inhibitory controlnfro
different combinations of CGs: (i) zone | receidesse innervations from NS, type 2a and type 2b, CGs
(ii) the inner half layer of zones Il-1IA receiveparse innervations from the four CGs, and (iig) dliter
half layer of zones II-llIA receives dense inneroas from the type 1 CG (Table 3). Therefore, fine
gain control including graded transmitter (GABA)e@se by the NS CG according to the membrane
potential (Burrows and Siegler, 1978; Papadopoulou et al., 2011) could occur primarily on synapses
between type 2 uniglomerular PNs and KCs.

The calycal subdivision defined by CGs is intriggiiconsidering the distinct physiological
and anatomical properties of type 1 and type 2lamgrular PNs. Type 2 uniglomerular PNs generally
exhibit on-phasic response to odors (Watanabe.eP@12 Watanabe et al., 2017) and those from
approximately 100 glomeruli provide convergent input to small zone I (Strausfeld and Li, 1999a;
Watanabe et al., 2012). In contrast, type 1 PNgbéxinore odor specific response patterns intergose
by IPSPs (Watanabe et al., 20Wtanabe et al., 2017) and those from the other 100 glomeruli provide

divergent input to specific layers and/or zonesbinad zones II-IlIA (Strausfeld and Li, 1989
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Watanabe et al., 2012). Some degree of inhibitaip gontrol of type 1 uniglomerular PNs therefore
already occurs in the antennal lobe in which humermonosynaptic connections are formed between
PNs and GABA-immunoreactive local interneurons {Bisct al., 1998); hence, zones II-11IA of the
calyx appear to be more appropriate than zone Ififa discrimination of odors. The response
differences between the type 1 CG and other C@dptimer exhibiting fast adapting responses to®dor
and the latter exhibiting slowly adapting resporthas are sustained even after the stimulus offsay,
reflect different odor coding strategies (see farttiscussion in General discussion).

The calyx projection patterns of CGs also proddensight into the functional subdivision of
KCs. In cockroaches, class | KCs are newly addest tive course of nymphal development in the
calycal cup (base) region, concurrent with axoeetuitment posterior to the pre-existinyer formed
by class Il KC axons (Farris and Strausfeld, 20&I)ce the locations of KC axons strongly suggest
that calycal zone | is formed in the early nympétalge and other zones are formed in a later nymphal
stage (Strausfeld and Li, 1999b; Farris and Strausfeld, 2001), my results lead to a straightforward
assumption that the type 1 CG makes synaptic coionscwith developmentally newer class | KCs,
while other CGs make synaptic connections with tgreentally older class | KCs in addition to pre-
existing class Il KCs. The former assumption ispgufed by the type 1 CG’s innervation to dendritic
neurites of developmentally newer KCs (Mizunami et al., 1998b; Farris and Strausfeld, 2001). The type
1 CG’s innervation to the accessory calyx, whiabcpsses gustatory signals from mouth parts (Farris,
2008), implies some functional link between olfagtmput via type 1 PNs and gustatory processing.
Since KCs receiving input from type 2 uniglomeruRiXs comprise two wide layers in MB lobes
(Strausfeld and Li, 1999b), it is tempting to sdataithat type 2a,b CGs provide inhibitory feedbtack
distinct subpopulations of KCs, whereas the NS @tvides feedback to both subpopulations.

In contrast to the ordered subdivision of outpiess of CGs, knowledge about the
morphological subdivision of their input sites @lation to axon terminals to MBONSs is fragmental (L
and Strausfeld, 1997, 1999). Type 1 CG dendrite® waiquely characterized by extensive dendritic
processes in satellite neuropils anterior to thedvWitl antero-lateral to the VL. The dendrites ofdtieer

three CGs in the satellite neuropil are generadiyfined to the region antero-lateral to the VL. dak
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together with the finding that axon collateralsMBONSs tend to be localized closely to the region of
dendrites possessed by given output neurons (LBarsdisfeld, 1997, 1999), | surmise that the type 1
CG receives input more preferentially from MLONdjile NS/type 2a/type 2b CGs may receive input

more preferentially from VLONSs.

Global functions of CGs from comparative viewpoints

The anatomical feature of CGs suggests a globatifumof CGs not only for sparsening KC output in
fine odor discrimination but also for long-term igaiontrol depending on learning or on circadian
rhythms. In this context, prominent inhibitory resges to any odor occasionally seen in CG recosding
are important because such responses suggesttexcitantrol of the MB through inhibition of CG
activity, broadening the dynamic range of the MR istate-dependent fashion. The source of inhipitor
input to CGs has not yet been identified, but MBCiMe candidates because a certain number of
MBONSs exhibit GABA-immunoreactivity (Yamazaki et ,a1998). The possibility of artifacts such as
injury activity due to electrode maneuvering origcuitry deficit due to anesthetization cannot be
entirely ruled out, though | never observed a clkedrmym excitatory to inhibitory responsesvore versa

by a steady depolarizing or hyperpolarizing curiajgction.

Although | recorded neural activity from animalgake under subjective night, the active state
characterized by locomotor activity in subjectivight is occasionally interposed by resting states i
naturally behaving cockroaches (Tobler, 1983). Titusould be intriguing if a non-episodic, condtan
spike discharge of CGs represents a “resting statefockroaches. | need to confirm whether the
transition from episodic activity to constant spietivity naturally occurs during longer recordings
from CGs and whether such a state change can Heialty reproduced by pharmacological
applications.

It is also important that feedback neurons arecoatrolled solely by KCs but are influenced
by other neurons via inhibitory connections, a®rggg in locusts (Papadopoulou et al., 2011).

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

the circuitry level.
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Figure 1. A: Schematic of the right hemisphere of the cockrdaren. The mushroom body (MB)
consists of two calyces (lateral and medial calyasshe input region and two lobes (vertical ardiial
lobes) as the output region. The lateral horn (IsHompartmentalized into three regions: triangular
shaped antero-dorsal LH (blue), oval-shaped antentral LH (green) and triangular-shaped posterior
LH (yellow). B: The olfactory system of the cockroach. Olfactoayhpvays involved in this study are
schematized. The pathway connecting the LH andMBecalyces includes calycal giants (CGs),
putative MB-feedback inhibitory neurons. Protoceveb includes the neuropils surrounding the
mushroom body (MB). AN, antennal nerve; AL, antennal lobe; CA, calyx; LH, lateral hon; MB,

mushroom body; ML, medial lobe; OL, optic lobe; VL, vertical lobe.
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Table 1. Primary antibodies used.

Antibody Immunogen . Source, Dilution RRID
species, type, cat. no.
1 GABA linked tobovine Sigma, )
GABA serum albumin rabbit polyclonal, #A2052 1:1000 AB_477652
Synapsin GST - synapsin fusion DSHPB?, _
"SYNORF1" protein mouse monoclonal, #3C11 1:50 AB_528479

! GABA: gamma-aminobutyric acid.
2 Developmental Studies Hybridoma Bank
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Figure 2. Distribution of GABA-immunoreactive neurons andhpeiry neurites of CG#—C: Labeling

of GABA-immunoreactive neurons (green) showing f@&BA-immunoreactive cell clusters in the
cell body rind of the anterior to posterior latguedtocerebrum (1-5, outlined by a white line).jBeotion
neurons (PNs, magenta) were labeled at the sareddimake the brain structures viewed clearly. Cell
cluster 1 is located in the mid-anterior surfacg, @ell cluster 2 is located in the antero-ventegjion

of the optic lobe (OL) base (B), cell cluster 3dasated in the antero-dorsal region of the OL bas#,
cluster 4 is located in the posterior surface lpgsteath the lateral calyx, and cell cluster 5¢sted in

the postero-ventral region of the OL base (C). €leter 5 contains four large cell bodies belogdm
CGs (each encircled by a white lin®-F: Neurites of CGs running in the antero-ventralrigtéorn
(a-v LH) (D), satellite neuropils around the veatitobe (VL) (E), and calyces (F). Other than CG
neurites, bundles of PN axons were also stainedusecmass staining dye was injected from the MB
calyces. Asterisks in D and F indicate location®kehthe widths of dendrites (D) and axons (F) were
measured (see Table 3). Number and depth of cdnfeeetions used for two-dimensional
reconstructions are as follows. A: 16 sections in 45.0 um; B: 4 sections in 3.0 pm; C: 23 sections in 66.0

um; D: 131 sections in 130.0 um; E: 130 sections in 129 um; F: 7 sections in 6.0 um. a-v LH, antero-
ventral laeral horn; CA, calyx; OL, optic lobe; PNs, projection neurons; VL, vertical lobe. Scale bars =

100 pm in A€; 50 um in D—F. Immunolabeling images in A—C,F were generopstyided by Dr. H.

Watanabe.
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Middle

small (< 15 pm) (15-30 pm) large (> 30 um) total cell bodies

Cluster 1 46.7 £ 111 10.7 £ 2.6 23 £ 1.2 59.7 + 10.7
2 109.0 + 2.9 3.7 £ 09 1.0 + 0.0 113.7 + 2.1

3 780 + 12.8 4.7 + 05 0.0 £ 0.0 82.7 £+ 12.6

4 600 + 14 23 £ 1.2 0.0 £ 0.0 62.3 + 2.1

5 317 £ 3.9 33+ 05 40 £ 0.0 39.0 + 43

Table 2. Cell bodies in five GABA-immunoreactive clustetsog/n in Fig. 2A—C. Number of cell
bodies in each cluster is shown as means = SD indtieee wholemount preparations of the brain. Cell
bodies were classified into small, middle, and ¢aby diameter measured as the mean of major and

minor axes. Four large cell bodies in cluster Sen@6Gs.
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Figure 3. Morphology and physiology of the type 1 C&,B: Diagram of the type 1 CG (A),
reconstructed from confocal sections (B), viewetéaaorly. In this figure and figures 4-6B, the wdit
broken line indicates the midline of the bral. Double labeling of a type 1 CG and synapsin-
immunoreactive vesicles, showing co-localizatiohbath signals (indicated by white arrowheads) in
the MB calycesD-F: Double labeling of a type 1 CG (D) and GABA-immueactive neurons (EG—

J: Three-dimensional reconstructions of primary d#itdtrunks around the VL (G,H) and axon
terminals in the lateral calyx (1,J). The axon tgrabs innervate the whole calyx except in zoneHere
type 2 uniglomerular PNs supply axon terminalsg®feld and Li, 1999aK: Response to a tactile
stimulus to the ipsilateral antenna. Spike activity during lighting on compound ey&4. Time-
stretched action potentials recorded at the junaifanushroom body (MB) calyce—R: Rastar plots
of responses to various odor stimuli (n = 5). Numéed depth of confocal sections used for two-
dimensional reconstructions are as follows. Arroadee indicate transient inhibitory potentials
preceding excitatory responses. B: 41 sections in 416.0 um; C: 15 sections in 14.0 pm. a-d LH, antero-
dorsal lateral horn; a-v LH, anteroventral lateral horn; CA, calyx; ML, medial lobe; p LH, posterior
lateral horn; VL, vertical lobe. Scale bars = 100 pm in A,B; 10 um in C; 20 um in D—F; 50 pm in G-J.

Immunolabeling images in C—F were generously predidy Dr. H. Watanabe.
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Figure 4. Morphology and physiology of the nonspiking (NS3.@Q\,B: Diagram of the NS CG (A),
reconstructed from confocal sections (B), vieweteaorly. C: Double labeling of an NS CG and
synapsin-immunoreactive vesicles (magenta), showoipcalizations of both signals (indicated by
white arrowheads) in the MB calyceB—F: Double labeling of an NS CG (D) and GABA-
immunoreactive neurons (E—J: Three-dimensional reconstructions of primary déindirunks
around the VL (G,H) and axon terminals in the laltealyx (1,J).K,L: Current injections (+2.0 nA, K,
—4.0 nA, L) failed to elicit action potentials in &S CGM,N: Membrane potentials to a tactile stimulus
to the ipsilateral antenna (M) and lighting on compd eyes (N)O-R: Rastar plots of responses to
various odor stimuli (n = 3). Arrowheads indicatentsient inhibitory potentials preceding excitatory
responses. Number and depth of confocal sectioed g two-dimensional reconstructions are as
follows. B: 178 sections in 389.4 um; C: 16 sections in 12.0 um. a-d LH, anterdersal lateral horn; a-v
LH, anteroventral lateral horn; CA, calyx; ML, medial lobe; p LH, posterior lateral horn; VL, vertical
lobe. Scale bars = 100 um in A,B; 10 um in C; 20 um in D—F; 50 um in G—=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 C&B: Diagram of the type 2a CG (A),
reconstructed from confocal sections (B), viewettaorly. C: Double labeling of a type 2a CG and
synapsin-immunoreactive vesicles (magenta), showoipcalizations of both signals (indicated by
white arrowheads) in the MB calyceB—F: Double labeling of a type 2a CG (D) and GABA-
immunoreactive neurons (E—J: Three-dimensional reconstructions of primary déiedirunks
lateral to the VL (G,H) and axon terminals in th&efal calyx (1,J)K: Response to a tactile stimulus to
the ipsilateral antennd.: Spiking activity during lighting on the compounges. M: Time-stretched
action potentials recorded at the junction of MB/cas.N-R: Rastar plots of responses to various odor
stimuli (n = 3). Arrowheads indicate transient bitdry potentials preceding excitatory responses.
Number and depth of confocal sections used fordimeensional reconstructions are as follows. B: 178
sections in 371.7 um; C: 12 sections in 11.0 um. a-d LH, anterodorsal lateral horn; a-v LH, antero-
ventral lateral horn; CA, calyx; ML, medial lobe; p LH, posterior lateral horn; VL, vertical lobe. Scale
bars = 100 um in A,B; 10 um in C; 20 um in D-F; 50 pm in G-J. Immunolabeling images in C—F were

generously provided by Dr. H. Watanabe.
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Figure 6. Morphological and physiological properties of thpe 2b CGA,B: Diagram of the type 2b
CG (A), reconstructed from confocal sections (B@wed anteriorly. The large cell body (about 30 um
in diameter) is situated in the postero-ventrakhaisthe OL.C: Double labeling of a type 2b CG and
synapsin-immunoreactive vesicles (magenta), showowpcalizations of both signals (indicated by
white arrowheads) in the MB calyceB—F: Double labeling of a type 2b CG (D) and GABA-
immunoreactive neurons (Es—J: Three-dimensional reconstructions of primary déindirunks
around the VL (G,H) and axon terminals in the laltealyx (1,J). One of the thickest branches ends
close to the anterior surface of the lateral pretelorum (indicated by a black arrow, G,H), charastie

to type 2b CGK: Response to a tactile stimulus to the ipsilataraénnal : Spiking activity during
lighting on the compound eyell: Time-stretched action potentials recorded at timetjan of MB
calycesN-R: Rastar plots of responses to various odor stifnui 4). Arrowheads indicate transient
inhibitory potentials preceding excitatory respanddumber and depth of confocal sections used for
two-dimensional reconstructions are as follows. B: 48 sections in 423.0 um; C: 23 sections in 22.0 pm.

a-d LH, anteradorsal lateral horn; a-v LH, anteroventral lateral horn; CA, calyx; ML, medial lobe; p

LH, posterior lateral horn; VL, vertical lobe. Scale bars = 100 um in A,B; 10 um in C; 20 um in D-F;

50 um in G=J. Immunolabeling images in C—F wereegaumsly provided by Dr. H. Watanabe.
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Figure 7. Dendritic arborizations of the four types of C@ghe anterior half (A,C,E,G) and posterior
half (B,D,F,H) of the LH. The five dendritic braresh (b-f) are conserved in all CGs except the branch
possessed only by the type 1 CG f8B: Type 1 CG. Arborizations are more abundant inntleelial

and ventral boundary of the a-v LH and posterigrigd. C,D: NS CG. Arborizations are abundant in
the dorsal region of the a-v LH and p LELF: Type 2a CG. Arborizations are primarily in the riaéd
boundary of the a-v LH and p Li&,H: Type 2b CG. Branching patterns in the LH are iysidentical

to those of the type 2a CG, but dendritic proceasesnore slender than those of type 2a. Number and
depth of confocal sections used for two-dimensio@ebnstructions are as follows. A: 6 sectionsAr5
um; B: 7 sections in 62.4 um; C: 35 sections in 71.4 um; D: 26 sections in 52.5 pm; E: 8 sections in

63.7 um; F: 5 sections in 36.4 um; G: 100 sections in 118.8 um; H: 68 sections in 88.4 um. a-d LH,
antero-dorsal latel horn; a-v LH, anteroventral lateral horn; p LH, posterior lateral horn. Scale bars =

50 pm.
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Figure 8. Axon terminals of the four types of CGs (A-H) andiglomerular PNs (I-L) in the
anteriormost region (A-D) and the antero-centrgioe (E-L) of the MB lateral calyA,E: Type 1 CG.
Zone | of the calyx (Strausfeld and Li, 1999a) évaid of axon terminals (A). Axonal branches are
dense in the outer half layer of zones II-1IA (8steld and Li, 1999a) but less dense in the inadfr h
layer (E) and the axonal layer of KCs (outlinedsblid line).B,F: NS CG. Axon terminals are abundant
in the zone | (B), but there are few in the outelf kayer of zones II-llIA (shaded area, F). The
arborizations are fine mesh-like,G: Type 2a CG. Axon terminals are abundant in thperal most
region of zone | (C) but there are few in the ouif layer of zones II-111A (shaded area, G)H: Type

2b CG. The axon terminals are abundant in the wagain of zone | (D) but few in the outer half éay
of zones II-IllA (shaded area, H). Insets in F-Hbwstfine, tapered processes (indicated by arrowheads
intermingled in thick blebby processésd.: Type 1 uniglomerular PNs with dendrites in thengdoulus
G22 (1), 102 (J), F17 (K) and multiple type 2 PNghndendrites in B33 B36 and C31 (L), showing that
PN terminals occupy different basal-peripheraloagi(l-K vs L) and inner-outer layers (I-K). Number
and depth of confocal sections used for two-dinmraireconstructions are as follows. A-D: 5 sedion
in 4.8 um; E—H: 3 sections in 2.4 pm; I: 20 sections in 22.8 pm; J: 14 sections in 15.6 um;. K: 10 sections

in 10.8 pm; L: 29 sections in 33.6 um. VL, vertical lobe. Scale bars = 50 um; 20 um in insets.
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Figure 9. Extensive dendritic and axonal innervations uniguthe type 1 CGA: Dendritic collaterals
ascending along the antero-lateral surface of the(&frow). B: Dendritic collaterals that loop
posteriorly and innervate the surface of the “lefeformed by axons of class Il KCs (Farris and
Strausfeld, 2003)C,D: Axon collaterals decorated with bead-like varitiesi(C) sparsely innervate the
accessory calyx (ACA, Farris and Strausfeld, 2088jined by double labeling of KCs and PNs from
the tritocerebrum (D)E: Double labeling of the type 1 CG and KCs showlmag tixon terminals of the
type 1 CG specifically cover the dendritic bundimsned by developmentally newer KC1 (Mizunami
et al., 1998b; Farris and Strausfeld, 2001). Number and deptleonifocal sections used for two-
dimensional reconstructions are as follows. A: 6 sections in 15 pm; B: 24 sections in 66 um; C: 11
sections in 10 pm; D: 11 sections in 30 um; E 33 sections in 38 um. Scale bars = 50 pm in A,B,D,E; 20

pmin C.
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Figure 10. Two types of CGs labeled in the same brAinConfocal image of the type 1 CG (magenta)
labeled with Alexa568 and the NS CG (green) labsl@d LY. B,C: Dendritic arborizations in the
anterior half (B) and posterior half (C) of the LPAE: Axon terminals in the central region of the latera
MB calyx at low magnification (D) and high magndi@on (E). Arrowheads in E indicate fine tapered
processes possessed only by the NS FE&. Three-dimensional reconstructions of primary déiadr
trunks around the VL (F,G) and axon terminals mltteral calyx (H,)J-M: Type 2a (green) and type
2b (magenta) CGs stained at different intensitse® (M for somata) showing largely overlapping but
distinct branching patterns around the VL (J,K) andthe medial calyx (L). Only thick, clearly
identifiable dendrites and axons were three-dinmaradly reconstructed. Arrows in J and K indicate th
dendritic branch uniquely possessed by the typ@@bNumber and depth of confocal sections used for
two-dimensional recottructions are as follows. A: 15 sections in 350.0 um; B: 61 sections in 72.0 pm;

C: 40 sections in 46.8 um; D: 12 sections in 11.0 um; E: 4 sections in 3.6 um. a-d LH, antero-dorsal
lateral horn; a-v LH, anteroventral lateral horn; CA, calyx; ML, medial lobe; p LH, posterior lateral

horn; VL, vertical lobe. Scale bars = 100 pm in A; 50 pm in B,C,E-L; 20 um in D,M.
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Figure 11. Differential labeling of the type 1 CG (magentajdarelated neuron (sA,B: Low-
magnification confocal images of a medial lobe attpeuron (MLON: C,D) and a vertical lobe output
neuron (VLON: E,F) stained differentially with thgoe 1 CGC,D: Large overlap of axon terminals of
the MLON and dendrites of the type 1 (&F: Little overlapping of axon terminals of the VLONd
dendrites of the type 1 C@&,H: Differential labeling of the type 1 CG and all puened PNs showing
that dendritic processes of the type 1 CG do nade the center of the a-v LH, where uniglomerular
PNs supply abundant terminals (G), but some ovpitapis evident in the p LH, where multiglomerular
PNs with axons in the lateral antennal lobe tré&tT) supply axon terminals (see inset for a single
IALT PN, H). Number and depth of confocal sectiased for two-dimensional reconstructions are as
follows. A: 11 sections in 60.0 um; B: 17 sections in 90.0 pm; C: 91 sections in 90.0 um; D: 55 sections

in 54.0 um E: 100 sections in 120 pm; F: 47 sections in 56.4 um. a-d LH, anterodorsal lateral horn; a-

v LH, anteroventral lateral horn; 1ALT, lateral antennal lobe tract; ML, medial lobe; p LH, posterior

lateral horn; VL: vertical lobe. Scale bars = 100 um in inset; 50 pm in A—F.
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Figure 12. Typical excitatory responses during various odionidi. A—O: Averaged firing activities
of spiking CGs (bin = 10 mspP—T: Averaged membrane potentials of NS CGs (n = 8ria%). Dark

gray-shaded areas show the 95% confidence intervals
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Figure 13. Inhibitory responses to various odors [8F¥-J) and tactile stimuli (E,K) in type 1 and NS

CGs, which were not common but occurred in a feseming sessions.

56



CG types type 1 NS type 2a type 2b

cell body diameter (um) 43.9 +10.9 33.7+15 30.2+3.0 31.9+28
branch width (um)
dendrites 149+23 6.8+24 10.0+24 9.6+3.0
axons 83+1.5 142+1.0 58+1.0 6.8+1.2

arborization pattern

a-d LH § \\\
a-d LH and
a-v LH \ _ a-
A*§§§§§i\ pLH :\ :;
AN N N
\
p LH \ N N

)

R R

zone |
calyx
zone |
schematized waveform of synaptic potential

_/\/\/\J__/\/_/\_/\_

Kenyon cell
axonal layer

Table 3. Morphological and physiological characteristicstiof four types of CGs. Morphological
measurements expressed as means + SD were made iyde 1 CGs, three NS CGs, four type 2a CGs,
and four type 2b CGs. Cell body diameter is represkas the mean of major and minor axes. Dendritic
width and axonal width were measured at the lonatindicated by asterisks in Fig. 2D and in Fig. 2F

respectively.



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, | succeeded in unambiguous ideatifio of four tightly bundled gamma-
aminobutyric acid (GABA)-immunoreactive giant irmeurons, calycal giants (CGs). Consistent with
putative feedback roles onto the mushroom body (M8galization of synapsin-immunoreactive
vesicles indicated that all CGs supply axon terisiaimost exclusively to the input region of the MB
calyces. In the calyces, axon terminals of eachit@®rvate different peripheral-basal regions with
some spatial overlap one another. Those termirgdnizations of CGs correspond with the calycal
zonation made by axon terminals of two populatiohgniglomerular projection neurons (PNs): type 1
PNs and type 2 PNs. The four CGs, therefore, caasbigned to one type of type 1 CG, the largest
spiking neuron, and other three types of type 2 @@sding a nospiking neuron (NS CG, type 2a CG,
and type 2b CG) based on the definition by Stradiséed Li (1999a). That suggests functional
segregation among CGs to make different formstubition on two parallel olfactory inputs to the MB
It needs investigation, however, whether axon teafsi of each CG provide sufficient inhibition to a
population of MB intrinsic neurons, Kenyon cellsG¥), during odor response.

Further investigation is also needed on inpussiteCGs. Despite their putative roles of MB
feedback inhibition, CGs have no dendrites in tHe &hd it remains unknown what kinds of neurons
are intervened between CGs and the MB. One of th&t-tikely input sources of CGs is mushroom
body output neurons (MBONS). Their dendrites inpotitregion of the MB, lobes, are considered to
receive convergent input from a population of KDsuble labeling in Chapter 1 showed anatomical
contacts between dendrites of type 1 CG and axanirtals of one type of MBON at the level of optical
sections. Do those anatomical contacts mean sysdijmsa the MBON to the type 1 CG? In addition,
are there similar contacts between other combinatis a CG and a MBON?

In this Chapter, | performed paired intracellutacordings from a CG and a MBON and
demonstrated CGs indeed comprise inhibitory feddbacuits. Each CG appears to receive excitatory
synaptic inputs from a subset of MBONSs and, coretgractivation 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 fosiplygical experiment and morphological
observation of CGs and/or MBONSs. Animals were mhisethe same manner as described in Chapter 1.
| succeeded simultaneous recording from a CG akB@N in 14 animalsTable 4 summarizes the

recording details.

Simultaneous recording

The procedures for animal preparation and inthaleelrecordings were almost the same as
those described in Chapter 1. The neural sheathsoftened by Actinase E (Kaken Seiyaku, Tokyo,
Japan) and was removed mechanically with fine fuscié needed. The recording electrodes were
inserted into the right hemisphere of the brairesslotherwise stated. Activities of CGs were resdrd
from the dendrites in the lateral horn (LH) or &x®nal branches in the junction of the lateral zuedlial
MB calyces while activities of MBONs were recordeaim the dendrites in the MB lobes or the axonal
branches running medio-laterally in the anteriafage of the brain. Neural activities were amptifie
and low-pass filtered at 30 kHz using amplifierp&iamp 2B (Axon Instruments Inc., Union City, CA,
USA) in bridge mode or MEZ-8301 (Nihon Kohden, Tokyapan), and then stored in a PC with a 10-
or 20-kHz sampling rate using A/D converter, Mict01-3 (Cambridge Electronic Design [CED],
Cambridge, UK) and software, Spike2 ver. 6.18 (CED)

During recording, odor stimuli were delivered teetright antenna by continuous airflow
system described in Chapter 1. A filter paper @&0xmm) soaked with 15 pl of odorants, diluted 100
times by mineral oil (Wako, Osaka, Japan), wereqddn a cartridge as an odor source. 1-hexar®l, 1,
cineol, 1-hexanal, and hexanoic acid were usedlasats (all odorants from Wako). The latency and
the time-course of the odor delivery from the opgndf solenoid valve wad measured by a photo-
ionization detector (PID, Model 200B, Aurora Sciiatinc., ON, Canada) positioned in the center of
the wind tunnel, at which the antenna is situaliethok approximately 71 ms from the onset of valve

opening for PID voltage averaged over 3 trials edeel 0 mV for 5 ms straight, so the value 71 ms was
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added to the onset of valve opening when consigehia latency of odor responses of neurons.
Some odor stimulations were accompanied by a hypeatepolarized current injection into a

CG through the recording electrode (duration: amsplitude: 10-15 nA). Injection was triggered by

electric stimulator (SEN-8203Nihon Kohden). Injection timing was stored in a R@h a 1-kHz

sampling rate.

Morphological observations

| used four types of dye for labeling recordedroes: 1) 8% Lucifer Yellow (LY, Sigma-
Aldrich, St. Louis, MO) in 1 M LiCl, 2) 2% Alexa Bbr 568 hydrazide (ThermoFisher Scientific,
Pittsburgh, PA) in 1 M KCI, 3) 0.67% Alexa Fluor®bydrazide (ThermoFisher Scientific) in 1 M KCI
and 4) 10% micro-Ruby (dextran, tetramethylrhodamniand biotin, 3000 MW, ThermoFisher
Scientific) in cockroach saline. Lucifer Yellow atibn and Alexa Fluor 568 solution was used as
described in chapter 1. Alexa Fluor 555 solutiors igected by constant hyperpolarizing current (-1
to =5 nA) for 5-60 minutes while 10% micro-Rubydspolarized current pulses (+ 10 to +20 nA) at 2
Hz for 10—-20 minutes.

After experiments, the brain was incubated, digskout, fixed, dehydrated, cleared, and
observed under a confocal laser scanning microstdid 5 Pascal (Carl Zeiss, Jena, Germany) in the
same way as described in Chapter 1. Images wea@eldtusing two objective lenses: Plan-Apochromat
10x/0.75 and oil-immersion Plan-Neofluar 40x/1.8 fiigh-magnification images. The laser and the
filter set to visualize neurons filled with Alexduer 568 was also applied for those filled with ®de
Fluor 555 or micro-Ruby. Optical sections were restoicted two-dimensionally using image-
processing software, LSM Image Browser (Carl Zeigspaddition, highly-magnified optical sections
were captured on LSM 880 with Airyscan Fast (CarisZ) with a Plan-Apochromat 40x/1.3 objective
lens. LY-labeled branches were visualized by 458laser with a 495-550-nm bandpass filter while
micro-Ruby-labeled branches by a 561-nm laser avBi@0-nm longpass filter. The sections were three-
dimensionally reconstructed using image processaityvare, Imaris ver. 9.0.0 (Bitplane AG, Zurich,

Switzerland) to measure the distance between teches. Two- or three-dimensionally reconstructed
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images were processed in free photo-editing sow@nNU Image Manipulation Program ver. 2.8.18

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

Physiological data analysis
Spike timing was extracted from waveform data gsirfeature detection script on software
Spike2 ver. 6.18. The following analysis were domnea free programming software R ver. 3.4.2 (R

Foundation for Statistical Computing, Vienna, Aigstt

Determination of odor responses

To determine whether a spiking neuron exhibitstatary response to odor stimuli, | defined
a response period as 300 ms from 200 + 71 msth#tegolenoid valve opened, where the value 71 ms
was added to correct the delay of the odor stimadching the antenna (see Simultaneous recording
section above). When [the averaged firing rateandard deviation (SD)] during the response period
exceeded the baseline rate, it was considered &m lexcitatory odor response. The baseline rate was
measured as the averaged firing rate over thermamis 20-35-s data. Odor response was evaluated
without distinction of odor types because both @8d MBONs showed similar responses to all odors
used in this study. Odor stimuli accompanied byramirinjection into the CG were excluded from
analysis. Following this criterion, MBONSs in thdtlaemisphere (N = 3) had no excitatory responses t
odor stimulation to the right antenna. In this stuntor response of a NS CG was not able to define
because its activities varied among odors, triatg] 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 int6@ on spike activities of a MBON, generalized
linear models (GLMs) were constructed with Poissstribution. The response variable was spike
counts of a MBON during current injection to a C@ile fixed effect was current types injected into

the CG [no injection (0), hyperpolarizing (=) opadarizing (+)]. The constructed model was compared
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to the null model by likelihood ratio chi-squarsttevith one degree of freedom. When the effect of
current injection was considered to be signifiodghk 0.05), Wald test was performed to coefficients
estimated for each type of current (-, +) to examwihich type of current had significant effeBt<
0.05). When the data were obtained from multipldiviiduals, generalized linear mixed models
(GLMMs) with random effects of individual differees were constructed instead of GLMs.

In one paired recording of a type 1 CG and a nhémli@ output neuron (MLON), depolarizing
current was injected into the MLON, to examine vhleetaction potentials of the MBON caused
excitatory post synaptic potentials (EPSPs) inraddé&c branch of CG. It was not feasible to indace
single spike by injecting a brief depolarizing @ntinto the MLON, so | injected 300-ms depolarigin
current (+3 nA) to cause burst activities of the@®NL For the analysis, | used cases in which themct
potentials of the MLON accompanied no immediateigcpding or following action potentials (from
-5 ms to +10 ms relative to the peak timing ofgpike), and the membrane potential of CG generated
no spikes. In paired recordings, action potentialsne neuron caused small cross-talk artifacthién
other. To cancel out the artifact, differentiatetian potential of the MLON was subtracted from the

averaged membrane potential of the CG.

Cross-covariance analysis

The cross-covariance was measured based on lEpiéy sequences to quantify correlation
levels between a type 1 CG and a MBON during tepisntaneous and odor response activities.
Continuous data without odor stimuli were used @@ntaneous activity. The continuous data were
divided into 1-s trials without no intervals foretlanalysis. As odor response activity, 1-s frommél
after the solenoid valve opened were used as @ie@dor stimuli accompanied by current injection
into a CG were excluded from analysis.

Each trial was divided into 1-ms bins represenfingr 0 depending on whether it includes a
spike or not. Whe represents the total trial number, arahdz represent time as number of 1-ms

bins, the cross-covarian&r) was written as follows according to Brody (1988y Bair et al. (2001)
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C(1) = = TM 180, (Oyi(t + 1) - B80T (OF (¢ + 1) &)

wherex;(t) andyi(t) are the averaged firing ratettit bin inith trial whilex andy are the averaged firing
rate over the data. The first and second termsh&eaw cross-correlation and the shuffle corrector
respectively. | dividedC(z) by the geometric mean firing rates (per sec)eiranx and neurory to
obtain COV(z), which is used to compare the cross-covariancengndifferent recordings. For
convenience, the term “covariance” is used@@V(z) in this study. The correlation level between two
neurons’ activities was considered to be significaimnenCOV(z) exceeded more than two times of SD.

Wheno(z) represent SD ath bin, SD was written as follows according to Br¢@999).

a(r) = \/(2;%22" 0 (D20, (t +1)2 + 212 %2 0, (t + 7)% + 212 6, (t)%52) /M 2)

whereoy(t) anday(t) represent SD of(t) andy(t) among trials.
The auto-covariance was also measured in the s@ye@s the cross-covariance assigning the

same neuron to both neuron x and neuron vy.
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Results

Effect of CG activities on spike frequency of MBONs

Intracellular staining of individual CGs and sutpsent synapsin-immunolabeling in Chapter
1 revealed localization of synapsin-immunoreactigsicles in branches in the MB calyces but not in
other areas, suggesting that the four CGs suppyn éerminals almost exclusively to MB calyces. In
addition, CGs responded to all odors used in Chdpterganic alcohol, fatty alcohol, fatty acid,dan
food odors) usually with excitatory activities,.j.an increase in the firing rate (type 1, 2a, 2bGs)
or depolarization of the membrane potential (NS .C&hce CGs are GABA-immunoreactive, their
excitatory responses to odors are considered tbifrthe activities of KCs, MB intrinsic neuronsath
are thought to play critical roles in odor discm@iion and learning.

In order to obtain evidence that activation of @Cindeed inhibit activities of KCs, |
manipulated the activities of CGs by current infatthrough an intracellular electrode, simultarsypu
recording the activities of MBON, which are knowmnreceive synapses from population of KCs (Fig.
14A). | injected a 1-s pulse current into a CG radid to the onset of a 500-ms odor stimulation. The
duration of the current injection completely covktbe time range of the odor response (Fig. 14B,D).
Spike frequency of the CG changed from O to 80 thing) 10—15 nA hyperpolarizing or depolarizing
current injection into a type 1 CG (Fig. 14C). Bpéke frequency of a simultaneously recorded MBON
that innervate the tip of the medial lobe (ML) wasll fitted by Poisson regression when spike
frequency of type 1 CG during 1-s current injectisas used as explanatory variable [Fig. 1BG;
0.05 when it was compared to the model without axglory variable (the null model) by likelihood
ratio chi-square test]. It indicates that depoktian and hyperpolarization of the type 1 CG lecto
excitation or inhibition of a population of KCs,dthis effect was detected as an increase or dexrea
of spike frequency of the MLON.

Most of experiments in this chapter was perforrmecah MLON with the dendrites in the tip
of the ML (ML tip ON) due to the following reasorfarst, a ML tip ON had the thickest axons and the
most characteristic overall morphology among MB@RNg. 15A,B), making it easier to identify among

different individuals. In addition, when | injectdgie into the ML for mass-staining of MBONSs, | ajyga
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observed only one cell body of the ML tip ON thé#fets from surrounding cell bodies with different
morphologies and with different axonal trajector{®g. 15C,D), suggesting one ML tip ON per
hemisphere. Further, the ML tip ON exhibited resgmanto odor stimuli that were relatively consistent
among different animals, allowing averaging of daban different animals.

Fig. 14E shows the spike activities of a ML tip @Nring 1-s current injection into a type 1
CG in four animals including the one shown in FigC. Current injection into a CG significantly
changed the spike frequency of the ML tip ON (N, 2 £ 0.05). Type 1 CG of one animal (grey symbol)
and ML tip ON of two animals (open symbol) did sbiow excitatory odor responses, according to the
criteria of this study described in Materials andthods. Although what caused the different odor
response was unknown, whether or not to includeamsuwith no odor responses into the data did not
change the statistical results. A CG depolarizatigrsignificantly decreased the spike frequencthef
ML tip ON (P < 0.05) while CG hyperpolarization (=) did notmifgcantly increased it > 0.05, table
5). However, when the neurons with no odor respomgere excluded from the analysis, significant
effect of CG hyperpolarization on the spike frequyeof the ML tip ON was detecte® & 0.05). Current
injection into a type 1 CG also significantly affied the spike frequency of another type of MBONSs,
output neurons at the junction of the lob#3N; Fig. 14F, N = 1P < 0.05). In this pair, only CG
depolarization had significant effect on the sgilegiuency of the JONP(< 0.05, table 5). Conversely,
no significant effect was detected on spike fregyeaf a ML tip ON in the contralateral (left)
hemisphere of the brain, which did not responddorstimuli to the right antenna (Fig. 14G, N =P1,
> 0.05), indicating that the effect of the CG isfined to KCs of ipsilateral MB, as predicted frais
morphology.

| also manipulated the activities of another tyfeCGs, NS CG. Since NS CG does not
generate spikes, it responds to odor with gradesh@ds in the membrane potential. Its typical odor
responses are excitatory, in other words, tranglepblarization, which are sometimes followed by
hyperpolarization. | noted that the amplitude dredduration of depolarization varied among indiwldu
and in even within an individual. The current irfjen into a NS CG significantly affected the spike

frequency of a vertical lobe output neuron (VLON; Fig. 14l, N = 1,P < 0.05). In this pair, only CG
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hyperpolarization had significant effect on thekeprequency of VLONR < 0.05, table 5). In contrast
to the results of current injection into a type G,&owever, current injection into a NS CG induoed
significant effect on spike frequency of a ML tifNCregardless of whether or not to include ML tiN O
with no excitatory odor responses (Fig. 14H, N £3%,0.05). Current injection into a NS CG induced
no significant effect on a ML tip ON in the contittdral hemisphere of the brain, either (Fig. 14% N
1, P > 0.05). The results suggest that a CG inhibitsynbuat not all, KCs and this effect is found as

changes of spike frequency in many, but not all,OR&.

Double labeling of a CG and a MBON

So far, direct input source of the CGs has beénawn, but one of the most-likely candidates
is MBONSs. As shown in Chapter 1, blebby axon teatsrof a ML tip ON spatially overlapped largely
with fine dendritic branches of a type 1 CG in thi¢. Here, | performed additional double labeling
experiments to further examine such overlaps. Dolddbeling of a type 1 CG and a ML tip ON in
another individual (Fig. 15E) showed those overlampthe LH (Fig. 15G) and the satellite neuropils
anterior to the vertical lobe of MB (Fig. 15K). Rarkable extents of overlaps were observed in Fig.
15G,K despite of the thinness of stack (4 sectinrg&3um for both). With higher magnification image
captures and three-dimensional reconstructionsetluwerlaps in the LH were estimated as contact
between branches of the two neurons, strongly siiggesynaptic connection (Fig. 15F, shaded points
indicated by black arrowheads).

| also investigated the overlaps in the two-dinn@mally reconstructed view in pairs of a type
2a or a 2b CG and a ML tip ON (Fig. 151,J,M,N).dserved slight overlaps in those pairs, although
extents of overlaps were slightly less than thddgpe 1 CG. Dendrites of a NS CG, on the otherdhan
had few overlaps with a ML tip ON (Fig. 15H,L) hethded to overlap with axonal branches of a VLON
(Fig. 15Q,R). Together with much less extent ofrtagping of type 1 CG to VLON than to a ML tip
ON (chapterl, Fig. 150,P), the observation inde#tat 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 MBONseaHPSPs in the membrane potential of
a CG, a depolarizing current was injected into a ML ON thorough the recording electrode
simultaneously recording the membrane potentialadfype 1 CG from the dendrites (N = 1).
Depolarizing current injectio800 ms; +3 nA) into the dendrites of the ML tip ON caused bupmks
activities (Fig. 16A). EPSPs were not clearly olsedrin single traces of the type 1 CG membrane
potential aligned to the peak of action potentidithe ML tip ON (Fig. 16B,C) due to large fluctiaat
of the CG membrane potential possibly by spontasi&RSPs and inhibitory postsynaptic potentials
(IPSPs). However, when 250 traces were averagsdyall amount of depolarization was observed
following the cross-talk artifact caused by the@tpotential of the ML tip ON (Fig. 16D, black)oT
partially cancel out the artifact | subtracted diféerentiated action potential of ML tip ON (Fi@6D,
red) from the averaged CG membrane potential. Aesalt, the depolarization of CG membrane
potential was more remarkable (Fig. 16E). The @eaglitude of depolarization was +0.238 mV 3.6 ms
after the peak of the action potential of the ML@N. This is no doubt EPSPs caused by action paten
of the ML tip ON, indicating synaptic input fromMBON to a CG. Unfortunately, similar experiments
were not feasible in other pairs of a CG and a MBIDN to large membrane fluctuations and/or frequent

spike bursts of the CG.

Cross-covariance analysis

As shown in Chapter 1, type 1 CG usually exhibéadogenous activities comprising episodic
bursts of spikes even without a specific stimulktemally and showed excitatory responses to odor
stimuli. ML tip ON also exhibited endogenous adies and excitatory responses to every odor stimuli
used in this study. Interestingly, timing of buesdtivities seemed well coincident between the two
neurons recorded simultaneously, although someedpiksts and solitary spikes seen in ML tip ON
were occasionally absent in type 1 CG. To quarmtifyrelation levels of spike timings between the two
neurons, cross-covariance was measured from lasybgpike sequence data divided into 1-ms bins.

Cross-covariance represented shuffle-correcteds-aroselation, in which shuffling allows to remove
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the effect of firing rate changes induced by exdesensorygtimuli (see Material and methods; Brody,
1999). One recording was excluded because onlytiiais of odor stimuli was done without current
injection into a type 1 CG (Table 4).

During spontaneous spike activities where no ationuli were applied, cross-covariograms
had broad peak, with significant level of covariarfe 2 SD, gray area in Fig. 17) being in the -80 t
+30 ms time-lag range and with the peak at —27 n& ms. On the other hand, cross-covariograms
measured during odor responses had an extremely ghak with significant level of covariance being
in the —4 to 0 ms time-lag range and with the psak?or —1 ms. The occurrence of the peak at -1 ms
delay time to the spikes of ML tip ONs from thodetlte CG support that the ML tip ONs makes
monosynaptic connections with the type 1 CG, algfothe possibility of common synaptic input to
both neurons should also be considered (see Diso)sdNotice that the broad peak of cross-
covariograms in the spontaneous activities diddisappear in those of odor responses. It was just
obscured in the process of dividi@fz) by the geometric mean firing rates of neurons (daterials
and methods). Cross-covariogramas not divided éyiting rate are shown in Fig. 18. Here, the sharp
peak and the broad peak (half value of the shagi)peoexisted during odor response although the
broad one was difficult to see in the pairs withyanfew trials available for the analysis.

In another pair (pair #3) of a type 1 CG and antMLON, the type 1 CG fired less frequently
during spontaneous activities than typical typed (@set in Fig. 17C). Its excitatory responsesdor
stimuli consisted of spikes of less than ten. lqfient spike bursts and occasional solitary spik€3)
however, seemed to coincident with those of thetflON. During spontaneous activities, the cross-
covariance of spike counts occasionally exceededsignificant level in the —15 to +30 ms time-lag
range, but a broad peak observed in pair #1 anda#&2absent. This may partly reflect the calculation
method of this study, which tends to estimate |lags of cross-covariance when the data consited o
very few spikes. During odor responses, these msupooduced only a few more spikes than during
spontaneous activities. On account of this, thesrmvariogram had a sharp peak similar to those of
pair #1 and #2. In pair #4, an ML tip ON showediigjinduced high-frequency spike activities, making

odor responses undetectable (inset in Fig. 17D)him pair, cross-covariogram fluctuated below the
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non-significant level (Fig. 171). In pair #5, a /A CG and a ML tip ON showed spontaneous actsvitie
typical of these neurons but showed no excitatepponses to odor stimuli (inset in Fig. 17E,J). As
expected, cross-covariogram had a broad peak flegaraf the presence or absence of odor stimukation
(Fig. 17E,J) .

Another type of MBON, a JON was recorded simultarsty with a type 1 CG (pair #6). The
JON had dendrites in the junction between the cartaind the medial lobes of the MB and axon
terminals in the LH and the satellite neuropilseaior to the lobes. The JON exhibited spontaneous
burst activities and excitatory responses to odornsi with transient increases in firing rate @s in
Fig. 19A,D) as a ML tip ON. Cross-covariogram ofstipair was broad with significant level of
covariance in the =70 to +60 ms time-lag rangerduspontaneous activities and sharp with signitican
covariance at the -3 ms time-lag point during agsponses (Fig. 19A,D). This was similar to those
observed in pairs of a type 1 CG and an ML tip ON.

| happened to record from an ML tip ON in the calsiteral (left) hemisphere of the brain
simultaneously with a type 1 CG in two pairs (p&rsand #8), and examined cross-covariance between
them as control (Fig. 19B,C,E,F). AML tip ON iretleft hemisphere had no dendrites of axon terminal
in the right hemisphere and, as expected, it shaveeexcitatory response to odor stimuli to the trigh
antenna (insets in Fig. 19E,F). The two neuronsvidies did not seem to correlate with each otler.
accordance with this, cross-covariance was belayifgtant level in almost all time-lag range.
Although there was a significant level of covariameak, it was much smaller and far away from zero
time-lag point, in contrast to robust cross-coiielawith its peak near zero point found betwedypa
1 CG and a ML tip ON of the same side. The resnligcate no physiological connections between a
type 1 CG and a contralateral ML tip ON, providiagontrol to show that robust cross-correlations
between a type 1 CG and an ipsilateral ML tip Otleied reflects signal transmission in neural ciscuit
in the same hemisphere.

In locusts, MB extrinsic neurons exhibit oscillatspike activities (Gupta and Stopfer, 2012).
If the same is the case in cockroaches, they shuaglily influence synaptic transmission from the

MBONSs to CGs. | thus measured auto-covariancesacol @euron in pair #1. Both type 1 CG (Fig.
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20A,C) and the ML tip ON (Fig. 20B,D) showed autm+ariance with an extremely sharp peak (> +0.8)
at time-lag 0O typical of white noise, independerdfypresence or absence of odor stimuli but they
exhibited no periodic covariance peaks, thus thejcate no evidence of oscillatory spike activifies

both neurons.

Discussion

In Chapter 1, | reported four types of CGs that@ABA-ergic and supply axon terminals to
the calyces while dendrites to the LH and the #&tprotocerebrum. Those dendrites appear to be
overlapped with axon terminals of the MBONSs. Instlwhapter, | performed paired intracellular
recordings from CGs and MBONs and investigatedthdreit is feasible to show CGs are indeed
feedback neurons of the MB, namely these neurdribitractivities of MB intrinsic neurons KCs and

receive synaptic inputs from MBONSs.

CGs inhibits KCs in the MB calyces during odor resp onse

My paired recordings from a CG and a MBON showeggladarizing or hyperpolarizing current
injection into a CG decrease or increase spikeviie8 of some MBONs, demonstrating that axon
terminals of CGs in the calyces make inhibitoryagyses to control activities of KCs. Inhibitory effe
of the CGs is confined to KCs of the ipsilateral M8 predicted from its morphology. It remains to be
studied whether CGs provide inhibitory input to detes of KCs or to axon terminals of PNs. The
former possibility is supported by the finding tleackroach KCs possess GABA receptors (Sattelle et
al., 2000; Blankenburg et al., 2015) but the latter possibility cannot easily be derbedause inhibitory
synapses onto PN terminals have been observed hotieybee (Ganeshina and Menzel, 2001) and the
fruit fly (Yasuyama et al., 2002).

In other paired recordings, however, | observeefifiect of current injection into the NS CG
to spike activities of the ML tip ON, suggestingtleach type of CGs inhibit not all KCs but a sfieci
subset of KCs. This agrees with the morphologiteeovation in Chapter; hxon terminals of each

type of CGs cover partly overlapped but differenateeof the calyces. Together with segregationrgkta
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KCs, there may be redundancy to make up for theatape® of inhibition other CGs provide.
Hyperpolarizing current injection into a type 1 @&d modest effect on spike activities of a ML tiN O
compared to depolarizing current and had no sicpnifi effect on that of JON (Table 5, absolute value
of estimated coefficient and the results of Walsk)teThis is best explained if a different level of
inhibitory synaptic transmission is maintained frother CGs to KCs that make synaptic connections
with the ML tip ON and JON. More studies are neettedarify this.

In contrast to pairs of a type 1 CG and a ML tip/@ON, only hyperpolarizing current
injection to a NS CG had significant effect on gpéctivities of a VLON. Although | did not measure
how much the membrane potential of the NS CG waeipolarized by current injection, the results
suggest the importance of hyperpolarization sonesdifollowing depolarization in odor responses of
NS CGs (Fig. 12R,S in Chapter 1). This disinhilmitadlows the MB to transmit the olfactory input kit
a specific time interval (100~ ms) more effectiveBecause the antennae receive odor with an
intermittent pattern of odor filament (Huston ef 2D15), disinhibition with a specific time intetmay

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 proximitfiy axon terminals of MBONs and
dendrites of the CGs both in the LH and the s#elieuropils anterior to the VL. (Fig. 15G,I-K,MR,
Three-dimensional reconstruction of high-magnifmatmages of branches of a type 1 CG and those
of a ML tip ON detected occasional contacts betwbaem (Fig. 15F). | found that the possible corgtact
between a MBON and a CG are rather rare, posfllgcting convergent input from many MBONS to
a CG.

My physiological investigation provided a consigteiew to those morphology. In one paired
recording of a type 1 CG and a ML tip ON, | obsen&PSPs in the type 1 CG following the action
potentials of the ML tip ON (Fig. 16). The peak ditojgle of post synaptic potential, however, wadeui
small (0.238 mV). It probably reflects (i) a highnwergence ratio from MBONSs to a given CG, (ii) CG

membrane potentials continuously fluctuated by sutd supra-threshold activities, and (iii) possibly
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inputs from neurons other than MBONSs. Although &miexperiments should be done in more
combinations of a CG and a MBON to confirm whetiersame results are obtained from only specific
pairs with anatomical overlaps, EPSPs observedis éxperiment are strong evidence supporting
synaptic inputs from MBONSs to a CGs.

Cross-covariance analysis also supports synapticection between them. Significant cross-
covariances of spike activities were observed betwgairs of type 1 CG and a ML tip ON/a JON.
Control experiment with paired recordings from petiyl CG and a ML tip ON in the left hemisphere
showed no observable covariances in their actssitie general, covariances between the activities o
two neurons are considered to be caused by synaptitections between them and/or common input
source to them. It can be argued, however, thétowitassuming synaptic connections from MBONSs to
CGs, it is very difficult to account for a sharpagen the cross-covariograms during olfactory stimu
(Figs. 17F,G,H, 19D). First, there have been nocomepf neurons with possible monosynaptic
connections both to CGs and MBONSs in the cockro&eltond, when we consider the possibility that
PNs are common input source, it should be poirttatithere are no PNs make direct synapses with both
neurons (blue pathway in Fig. 20) and thus unlikielyproduce sharp peak cross-covariance. For
example, MBONS receive inputs from uniglomerularsRid some types of multiglomerular PNs via
MB intrinsic neurons KCs in the MB. Dendrites of €& the LH, though, do not invade the area where
those type of PNs supply abundant terminals (Figs th Chapter 1), thus some interneurons need to
be assumed to intervene between them. Another datedis olfactory sensory neurons on the antenna
further upstream of PNs, because potent synaptimexsiions are observed between CGs and
multiglomerular neurons without axon terminalshie MB calyces (Fig. 11H in Chapter 1). It is almost
unlikely that those segregated pathways could teaithe -3 to —1 ms time-lag range in the cross-
covariogram between spike activities of CGs andgéhaf MBONSs during odor responses. Therefore,
the sharp peak of cross-covariance observed istindty is a strong evidence supporting direct stioap

connection from MBONSs to CGs together with otheutts.

Synchronized spike activities at the onset of odor responses in atype 1 CG and a MBON
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Cross-covariograms of spike activities betweeypa tL CG and a MBON had the peak broad
in the delay-time range (=80 to +30 ms) duringrtkpontaneous activities. During odor responsg, tha
broad peak was obscured by an extremely narrow (@efgw milliseconds in the time-lag range) at -3
to -1 ms. The amplitude of the peak during odopoese was twice as large as that of spontaneous
activities when the covariance was not correctethbyfiring rate of the neurons. What caused diffier
covariances between a type 1 CG and a MBON in speous activities and odor response? In locusts,
the follower neurons of KCs, including the giant B®ergic neuron GGN, exhibit activities phase-
locked with those of MB oscillating synaptic acties of KCs at 15-30 Hz (Gupta and Stopfer, 2011).
That is enough to make spike activities of multikiés synchronized (Gupta and Stopfer, 2012) but
spike activities of type 1 CGs and MBONSs recordethis study in cockroaches did not show osciltatio
(see auto-covariograms typical of white noise ig. 20). Therefore, other neural mechanism is needed
to describe the significant covariance observetthig study. There also remains to be studied whethe
spike activities of different MBONS are temporaiynchronized with one another and whether actsvitie

of type 2 spiking CGs and NS CG also synchronizid those of MBONS.
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firing rate (Hz)

current injection

respon
CG/MBON  SPonta- odor se to CG to MBON  cross-covariance
neous (Fig. 14)
type 1 7.2 16.3
- Fig. 16 pair #1
ML tip 9.7 21.5
type 1 9.2 37.3
/P - - 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 ( ©)
. purpie - -
ML tip 50.9 40.7 -
NS - -
H (red) - -
VL 15.8 28.9
NS — -
| (red) - -
ML tip (left) 18.9 23.7 -
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Table 4. Paired recordings used for the analysis. Firirtg veas the averaged rate estimated from the
data for cross-covariance analysis. The same puoeesdas performed for the neurons not used for

cross-covariance analysis. —: impossible to caleutzo odor response, or not used for the analysis.
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Figure 14. Effects of current injection into a calycal giamturon (CG) on spike activities of a
mushroom body output neuron (MBON) during odor station. A: Schematic diagram of paired
recording. Electrodes were inserted in either theddites or the axonal branches of the neurBns.
Examples of 1-s depolarizing (top) or hyperpolatzf{bottom) current injection into a type 1 CG (app
traces, scale bars = 50 mV). A medial lobe outmutron (ML tip ON) was recorded simultaneously
(lower traces, scale bars = 10 mV). Gray rectanghesv 500-ms odor stimuli. Asterisks indicate
artifacts caused by current injectidd. Spike frequency of a ML tip ON during the currémjection
into a type 1 CG is plotted against that of theetypCG in a paired recording. Differently colored
symbols represent depolarizing (+: orange), hydarfng (—: green), or no current (0: gray) was
injected into the CG. The most-likely-fitting curestimated by Poisson regression is shaws 0.05
when it was compared to the null model by likelidaatio chi-square testp: Firing rate change of a
ML tip ON during current injection into a CG in tpair shown in C. Gray rectangles show 500-ms odor
stimuli. Three lines represent firing rate duringpdlarizing (+: orange-dashed), hyperpolarizing (-:
green-dotted), or no current (0: black-solid) iti@e into the CGE-J: Spike frequency of a MBON
during odor stimulation plus current injection irgdype 1 CG (E-G) or a nonspiking (NS) CG (H-J).
Differently colored symbols in each panel represeatrdings from different individuals. Red symbols
in E correspond to the data shown in C. MBONSs atypa 1 CG without excitatory responsiveness to
odors are represented by open and black symbapgectvely. Results of likelihood ratio test to
examine the significant effect of current injecteme shown at the bottom of each plot. See alde &b

summarizing the statistical results of currentétifn experiments.
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CG MBON pair I|ke'||hood +/-  coef SE Wald
ratio test test
+ -0.760 0.089 -8.564 *
ML tip N=4 *
- 0.040 0.059 0.674 n.s.
+ -0.852 0.103 -8.302 *
(odor-response ., _ 5 .
pairs only) a _
type 1 0.090 0.074 1.224 *
+ -1.031 0.112 -9.229 *
J N=1 *
- 0.109 0.077 1.420 n.s.
ML tip (left) N=2 n.s. \
ML tip N=3 n.s.
(odqr-response N =2 s,
pairs only)
NS + -0.073 0.098 -0.743 n.s.
VL N=1 *
- 0.235 0.088 2.684 *
ML tip (left) N=1 n.s. \

Table 5. Effects of current injection into a CG on spikeiates of a MBON. + / —, depolarizing- or

hyperpolarizing current (10—20 nAef, coefficient; SE, standard error. * P <0.05; n.s. not significant.
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Figure 15. An occasional close apposition of axonal brancliddBONs and dendrites of CGA-D:

All ML tip ONs recorded and stained in this studadhthe dendrites in the tip of the ML (A, whole
morphology; B, sagittal section of the ML viewed medially).[@ye injection into the ML revealed three
cell bodies (white arrowhead), one of which is e ML tip ON (C, ML tip ONs in the left hemisphere
stained) the other is of a MBON with dendrites nixthe tip of the ML (D, intracellularly stained i
another individual) and the remaining is that ofinems with dendrites in contralateral ME: A low
magnification confocal image of a type 1 CG (magganhd a ML tip ON (green) labeled with different
dyes. White rectangles represent the posteriaiaiatern (p LH, left) and the satellite neuropitgexior

to the vertical lobe (VL, right), which are mageidiin the following panels$:: 3D view of branches of

a ML tip ON (green) and a type 1 CG (magenta) i phLH reconstructed from high-magnification
optical sections. Shaded points indicated by blackwheads show possible contacts between the
branches of two neurons, overlapping images detdgtémage processing software, indicating possible
contracts of branches between the two neur@rsi: Differently labeled branches of a largest ML tip
ON (green) and a CG (magenta) in the p LH (A—D) thedsatellite neuropils anterior to the VL (E-H).
The axonal branches of the ML tip ON overlappedenwith the dendrites of type 1 CG than those of
a NS CGO-R: Differently labeled branches of a VLON (green) angpe 1 CG (magenta, P) or a NS
CG (magenta, R). The overall morphologies of VLONPiand R are shown in O and Q, respectively.
Unlike ML tip ON, axonal branches of the VLON haess overlap with dendrites of type 1 CG than
those of NS CG. White dashed lines indicate thelMigs in all panels except those in G-J indicating
the p LH. Magenta vertical lines indicate the nmdlof the brain. Number and depth of confocal sasti
used for 2D or 3D reconstructions are as followsl@{l sections in 368mt B: 115 sections in 114 um;

C. 90 sections in 267, D: 38 sections in 185 pum; E: 49 sections in 364 pum; F: 83 sections in 18.1

pm; G: 4 sections in 3.3um; H: 6 sections in 5.5 pm; I: 4 sections in 3.3 pm; J: 6 sections in 5.5 pm; K:

4 sections in 3.3q; L: 7 sections in 6.6 pm; M: 4 sections in 3.3pum; N: 4 sections in 3.3 pm; O: 50
sections in 294 m; P: 10 sections in 54 pm; Q: 11 sections in 200 pm; R: 7 sections in 7.2 pm. Scale

bars =100 um in A,;0,Q; 50 um in B,G-J,P,R; 20 um in K—N; 5 pm in F.
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Figure 16. Depolarization of a CG follows action potentialsadfiL tip ON. Data were obtained from
250 events in one paired recording of a type 1 @6GaaML tip ON.A: A burst spike activity of the ML

tip ON caused by depolarizing current injectionsifows artifacts caused by current injectin.
Averaged action potentials of the ML tip ON usedtfee analysis. Vertical dashed line shows the peak
timing of action potentialC: Typical traces of membrane potential of a CG atyto the peak of the
action potentials of the ML tip ON. * shows artifaacaused by cross talk between the recording
electrodesD: Averaged membrane potential of the CG (black)cdincel out the artifact of the CG, the
averaged action potential of the ML tip ON (A) vei§erentiated and subtracted from the artifactef
CG, with its amplitude fitted to the artifact (refl) Remainder after subtracting the differentiatedbact
potential of the ML tip ON from the averaged menmg@otential of the CG. Although the artifact was
not completely canceled out, a small amount of tefaation of CG (< 0.25 mV) was clearly detected
depolarization peak was 3.6 ms after the peak todrapotential of the ML tip ON. Horizontal dashed

line shows the baseline of the membrane potentidleoCG.
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Figure 17. Cross-covariograms between a type 1 CG and a MDNp A—E: During spontaneous
activities.F—J: During odor stimulation. Cross-covariarn€®V(z) was measured by adding time lag to
the activities of ML tip ON. Two cross-covariogramseach row show a single pair. In two pairs at th
bottom, type 1 CG and/or ML tip ON had no excitatoesponsiveness to odor. Gray area covers two
times of standard deviation (SD) range. Wha@\(z)| > 2 x SD, the maximum value and the time lag
to obtain it were indicated in the cross-covariogr&ed vertical line shows time lag 0 ms. Inseés ar
the part of neural activities used for analysis; top: CG, bottom: ML tip ON. Gray rectangles in insets in
F-J represent 500-ms odor stimulation after beargected the delay for the odor stimuli to reaah th

right antenna. Scale bars in insets are 10 mVi¢atytand 1 s (horizontal).
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Figure 18. Cross-covariograms not divided by the geometriamfe@ing rates of neuron8—C,E-G:
ML tip ON. D,H: Junction output neuron (JON). Covariograms arevshin the same way as in Fig.

17. The higher the firing rate of neurons is, #rgér cross-covariance of spike activities is.
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Figure 19. Cross-covariograms between type 1 CG and other NBB@,D: JON.B,C,E,F: ML tip

ON in the left hemisphere. Covariograms are showtheé same way as in Fig. 17.
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Figure 20. Typical examples of auto-covariograms obtainednftbe spike activities of type 1 CG
(A,C) and ML tip ON (B,D). Covariograms are shownthe same way as in figure 17. The neurons
belonged to pair #1. The auto-covariograms hadx&eraely sharp peak at time lag O typical of white

noise. Auto-covariances were measured to all githiged-recorded neurons and showed similar results.
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Figure 21. Possible in the cockroach pathways to account fogla covariance between the activities
of CGs and the activities of MBONs during odor stimGreen pathway assumes synaptic connection
from MBONSs to CGs. In this case, the input soutwd produces a high covariance is KCs that make
synaptic connection with MBONSs. Alternatively, itub pathway, it is assumed that MBONs have no
synaptic connection with CGs and both neurons veceommon synaptic input originated from (i)
olfactory sensory neurons (OSNS) in the antenriad lar (ii) uniglomerular PNs (UPNSs) in case when
some interneurons intervening between uniglomeRiNg and CGs (shown as unknown neuron in the
diagram). In the blue pathway, different internewsrantervene between the common input source to
CGs and MBONSs and thus unlikely to account for arsfil—-3ms) time range of cross-covariogram

observed between the two neurons.
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General discussion

| succeeded in classifying four calycal giants §Ltato four subtypes according to the results
of my intracellular recording and staining (Chagteand demonstrating that the mushroom body (MB)
feedback circuits formed by CGs are intervened W ditput neurons (MBONS), which is unique to
the cockroach MB circuit (Chapter 2). Because &kGhowed responses to all odor used in this study,
functional segregation among CGs are not simplecgssing of different odors” but should be more

complicated.

Arrangement of feedback loop

Results of paired intracellular recording in teiady provide supporting evidence that a CG
receive direct synaptic connections from some MBON® results confirm previous speculations that
CGs, which are GABAergic and terminate in inputioagof the MB, might receive synapses from
MBONSs and thus serve as feedback neurons in th¢Mikhino and Mizunamil 998; Yamazaki et al.,
1998; Strausfeld and Li, 1999a). The arrangement of CGs differs from that of GABkefeedback
neurons of the MB of other insects, in which feadkiaeurons have dendrites in the lobes, where they
receive synaptic connections with axon terminald&ehyon cells (KCs), and they terminate in the
calyces, where they make synapses with dendrité€ef(locust: Papadopoulou et al., 20fl§: Lin et
al., 2014 honeybee: Griinewald, 1999a; b).

What is the possible functional meaning of thamgement of feedback circuit unique to the
cockroach MB? The arrangement would attribute torédference level for adjusting the activities of
KCs. In MB feedback circuits previously reportedther insects, an inhibitory neuron receives stinap
inputs from output sites of KCs as mentioned ak{lack neuron in Fig. 22) and thus the feedback is
considered to inhibit the excessive activities @¥Kand maintain the sparse representation of KCs
(Gupta and Stopfer, 2011). In the MB feedback dirofithe cockroach, on the other hand, CGs inhibit
the activities of KCs according with those of MBON&zunami et al. (1998c) and Okada et al. (1999)
reported movement-related activities of some of NN\BOdemonstrating their contribution to behavioral

control. Together with that MBONS project into napifs surrounding the lateral horn (LH) in the tale
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protocerebrum, which are thought to participatdaformation of control signals for innately-ineukc
behavior (Li and Strausfeld, 1997, 1999), CGsifady to adjust the activities of KCs to the lewabre

suitable for orientation behavior toward odor sestc

Parallel pathways in the MB

Four CGs are classified into two subtypes, nanghe 1 class and type 2 class [nonspiking
(NS), type 2a, and type 2b], according to theieimation patterns in the calyces, which well masche
the calycal zonation formed by axon terminals af populations of uniglomerular projection neurons
(PNs): type 1 PNs and type 2 PNs. The resultsisfdtudy also showed that distinction between the
types extends to input sites of CGs, in other waitts dendrites of type 1 CG have more overlapls wit
the axonal branches of a medial lobe output ne(MirON) than those of a vertical lobe output neuron
(VLON) while the dendrites of NS CG have more oapd with the axonal branches of a VLON than
those of a MLON. Inhibition of a type 1 CG by curténjection affected the MLON but that of NS CG
did not, which matches the idea that type 1 CGtgpd 2 CGs form two parallel feedback pathways.

What are the possible functional roles of pardéebdback pathways? Type 1 PNs show more
odor-specific activities than type 2 PNs and tlaus, suitable for coding odor identity (Watanabalgt
2017). Strong inhibition from type 1 CG (see thghteist peak of firing rate during odor responseign F
12 in Chapter 1) may inhibit excessive activitiéthe KCs and help to improve odor identificatiorda
odor discrimination, which are critical for decisimaking for behavioral response to the odor. In
addition, as described in Chapter 1, a type 1 Qt&riates the accessory calyx, which processes
gustatory signals from mouth parts (Farris, 20a8mplies that a type 1 CG modulates inhibitionde
based on gustatory input. In this situation, pafddéedback pathways enable control of odor identif
not interrupting processing of other aspects ofr atiuli.

| observed no inhibitory effect of type 1 CG on ®Ns as discussed in Chapter 2. Future
investigation of the plasticity of CGs and MBONSidg olfactory learning will also be needed to iflar

the validity of the hypothesis about two parale#dback pathways in the MB.
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Conclusion

Roles of MB feedback circuits consisting of muiimhibitory neurons appear not confined
to maintain sparse activities of KCs but are relateparallel processing of different aspects ajrod
information such as odor identity and spatio-terapdistribution of odors. Since CGs are sufficigntl
large to endure long-time intracellular recordintpgy will be useful for probing the dynamic

functions of the higher olfactory center for olf@gt learning and odor tracking behavior.
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Figure 22. Mushroom body (MB) feedback circuits in insect hgiSchematic shows two types of MB
feedback circuits at the same time in one hemigpbkthe brain. Colors of Kenyon cells (KCs), pobjen
neurons (PNs), and mushroom body output neuronsONH) corresponding with the cockroach circuits and
should be disregarded when considering the cirguit¢her insects. In the locust and fly, a giaABaergic
neuron (black) feedback the activities of KC pofiales into input region of KCs. That inhibits exse®
activities of KCs into the optimal level for odapresentation. In the cockroach brain, on the dthed,
giant GABAergic neurons (light blue/red) receive tictivities of MBONSs in the LH and give them back

into input sites of KCs. That makes the level of E&ivities optimal for orientation behavior towardor

sources.
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