. HOKKAIDO UNIVERSITY

Title Studies on the multisensory integration in cricket’ s auditory system
Author (s) 3R, BEE
Degree Grantor biEEKE
Degree Name Bt (EafRz)
Dissertation Number FA$8133335
Issue Date 2018-09-25
DOI https://doi.org/10.14943/doctoral. k13333
Doc URL https://hdl. handle.net/2115/71919
Type doctoral thesis

File Information

Makoto Someya. pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




a2 AT

Studies on the multisensory integration in cricket’s
auditory system

(24 o FEERRICBIT 2LETMAE T HHF5E)

Makoto Someya

AL E KPR A e

ER% 30 4 9 A






SRRSO D
MEORL B oL Wt (Eaky) KRa ke BE
SN A SCEA
Studies on the multisensory integration in cricket’s auditory system

(2 R BRI 51T 5 BRI AN BT HHF%)

IR DEBEREE CTXBEINTEHEOES U T ¢ DR OE & A T
R THET D, T OWMBIIZERA & ML, ZHUC K D HRRIEE) DA
BIZIRO M ESLCHLIZ L > THRE SN DITEOBMZ b= 67, ZEEHRE
(I EFH ORHEE O B0, X0 B/ ECERORIZICERTH Y, 447
DD ORI TENC b RS E b2 b EHEHlI SN D, B RO AR R I
BHEOHETICHEE L2 RHT 20 < oD =a—a U RREESNTND
N, ITNHLO=a—arPNEEREL VT ODERANEHRE L D D ONIEARH
Thol, REMGH LTI, MREETHL VT NETHEEE T 2 —|J0E
THaAARXORMTE=a—a 2 AN2 25 L LT, 00TV iRH O 2 M
T 2RI A Thd DRI D OMEWURTE A T) & A SIRGE T 2> O DR AT
DEBERFEAICER L, ZOMBEICEY AT,

BT, AN2 28 0E = o — o U NRIED D OKRIRE A 2521 5
MERGE LT, BEITZERIMOEIZ L > THEZOE L Z R L, 241 F|Z
WG TEN A Bl Xk 2 F, FF, SEHEMHOES O Ol RRERIC L 0, FHK
B X OGRS E T D FATHEARRISE) 2 MGEE L, RISHBENFLERIEIZ LV
AR B I D B 2 —a U R ER LT, ZOFE, T IR ==
—n L LTRIEENTWVS AN2, ON1 250 O DORIME= 22—
VRIS R L CARA VB Z R LTz, [RIRISEITREZYIRRT 5 &gk
L7zZ D, BIREGE CZRINTEREREAN & RE TSR SNT-RAMERA
JIH3, R PN O R LB O WIHI BB I B W TS S D T L AR
=iz,

HoETE, ERERB I ORI A AN2 O Z 31 738 KI25 2 5 25 2%
MEE L7z, 5 & KRN O R RN 5h 3 B I8 1 E - o FilEg o Bm



R T DINE LV ABEICKREL, ZEERAICE > TUSERHEREND Z

EMbhotz, LnL, FRFERICRT 2851, BRI EMEERICRTT 56
BEOMITIFIFFELL, AN2 [TH L QURA N EZHIBITINE L CTWe, BMERERIS
BOBIER LD RE2IMENL, A8 7 BEIZE T8 O FIl% % [F) REE
RULEBEAICORBEINT, LIRS T, AN2 OZEEREICBIT 5 IERE
INELL, B T A% EA (EPSP) 23D A/SA 7~ 5 B RRE & X
LD THDLEEZEZXOBND,

AN2 [ZHEWRONE, SEBIOEFORES LW o ERE FHED A A 73
KON—=A MR THEALT S Z ERMEIN TN D, FLRIMORIFEERIT,
HMIERED bREWBEHE TNAN—ZX MEAZFHERLIZZ L0 b, ZEERAILE
BHERA~LEET L LN RB SN, L L, BMIER LS O E %
R LEGAICHREBRIC AN —A FRKITHE AL, RBREORE SORANRAL JIE
BCE EA D= A NUTHMIE TR & RIRFRICEWVT A O Lo Tz, LTz
Mo T, N—A FREKONINIEIZ A, 7 IEEDOHERICE D b DT, ZEFEHK
BRERNILOTIEH W EEZEZBND, LEEB-T, AN2 (TR OESX Y 7 4
ICEOTHBEBMEANEZRELTRY, ZORABERIE N2 F7AATM
BOAN=ZALNIEDHDOTHD EHEH ST,

BB TIE, AN2 1B 58— MK E G 72 DI iR g 2 AR 5 T3
N ELT, RAMOEZ Y 7 4, BILUVN—R MK L BIELL T OEENIS
EOBAHE A FREE L 7=, AIENGRER L7 AN2 OBSENINE DD ASA 7 %47 % B
DR, BIETOBEN 77 A%EM (EPSP) ZH#E Lz, B _FEITBW\T
ZEAEDNR—Z FRKIT B OIEFNENMIZHNTELTWTD, Z0f)
B ANRA 7% 0 EPSP ICIER Lz 24, [RIRHE RIS 2 a2 L B4
AT DINE LD BB KV R LTz, 2 o MR o sy fi o &
& DOFRHERENL, WT b AN—Z FRKOIFEAEL L2 D/8—2 KD
RESEHBEEZRLIER, ZOBGBREICHMES V7 12X 2B WNTA LN
Dolz, LLEDORERN G, BELL T OREEMZEITNN—Z FORBEB L RZEDKR
XIBRETHEERER TH D0, ZHIUTxET DB ATIRE OHRIC &
5D TH Y ZERMAFFRATIIRNZ &R bhoTz,

AN2 (Fa 4 XOHEETHI v NI IHBEBEREZ2HBEL, TO/—



A D FEKITTRATH O 2 A 1 FTHFPR & SO TTNITRIT S 2 Bl TEh 2 5| S i
TILED, HBEHRE=a—r L LTI EBZA BN TV D, ABFZEIZ L -
T, AN2 DNRESOKFRFLIIRT L THIEEDISE 2R L, 3D B OREE
ATTERBIGTINGFE LIZ AN TN 235 Z LIk > TAA—R MREAZHRS
HD I EDNDh o T, AU RIL, EEFHRLBE O =2 —n NT
BEOEX VT 4 ORERFEAD DRSS S, EEATENIHHE ST R4
TTHEDTH D,






Contents

General Introduction

Chapter I. Identification of Multimodal Neurons of Crickets
1.1 Introduction

1.2 Materials and Methods

1.3 Results

1.4 Discussion

1.5 Figures

Chapter II. Multisensory Integration in an Auditory Neuron AN2
2.1 Introduction

2.2 Materials and Methods

2.3 Results

2.4 Discussion

2.5 Figures

Chapter II. Neural Mechanisms Underlying Multisensory Enhancement
in AN2

3.1 Introduction

3.2 Materials and Methods
3.3 Results

3.4 Discussion

3.5 Figures

General Discussion
References
Acknowledgment
List of Publication






10

11

12

13

14

15

16

17

18

19

20

21

22

General Introduction

The central nervous systems of animals integrate various modalities of
signals detected by distinct sensory organs in a process known as
multisensory integration (Pouget et al., 2002; Fetsch et al., 2013).
Multisensory integration modulates the neural activity, which leads to
improvement of sensory perception and enhancement of the behavioral
responses to cross-modal stimuli compared to those of unimodal stimuli (Stein
et al., 1988; Alais and Burr, 2004; Gu et al., 2008; McMeniman et al., 2014).
For example, Human accurately perceives an object by integrating the visual
and tactile signals (Ernst and Banks, 2002).

Thus, multisensory integration offers some advantages in detection of
predators and in successful escaping because the attack of predator gives rise
to multiple sensory cues. Several sensory interneurons in insects have been
identified as detectors of predators’ signals, and their activity elicits
avoidance behaviors. For example, the visual interneurons, such as LPLC2 in
fruit flies and DCMD in locusts are sensitive to looming motion stimuli that
are perceived as an approaching predator. If the spiking responses of these
neurons exceed a certain threshold, escape behavior is triggered (Fotowat and
Gabbiani, 2007; Herberholz and Marquart, 2012; Klapoetke et al., 2017). The
several identified auditory interneurons in crickets, moths, and mantids are
also sensitive to ultrasound, such as the echolocation call of bats that prey on

these insects, and activity of these neurons evoked by these stimuli elicits
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defensive steering in flight (Hoy et al., 1989; Pollack, 2015). However, it
remains unknown whether these key neurons are sensitive to multiple
sensory cues relevant to a predator’s attack. If these neurons have
multimodal sensitivity, how are their spiking outputs altered by
simultaneous sensory inputs of different modalities? To address these
questions, which are main concerns of my dissertation, I testes multimodal
sensitivity in prothoracic auditory neurons in the crickets, and focused on the
auditory neuron 2 (AN2) that was identified as one of the multimodal neurons

sensitive to both ultrasound and airflow.
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1.1 Introduction

Crickets process information on aero dynamics with two distinct sensory
systems, cercal and auditory systems, which have the distinctly different
sensory organs and frequency ranges of aero dynamics (Fig. 1-1A). Both
sensory systems provide crucial signals of the predator attack and trigger the
escape behavior.

The cerci are abdominal appendages covered with 500-750 filiform hairs
that sense surrounding air particle displacement (Palka and Olberg, 1977;
Miller et al., 2011). Information about airflow dynamics is processed by a local
circuit within the terminal abdominal ganglion and transmitted by several
ascending giant interneurons (GIs) (Fig. 1-1B) (Miller et al., 1991; Theunissen
and Miller, 1991). The airflow signals detected by cerci are considered to be
perceived as a sign of a predator’s attack for crickets standing on the ground,
because short air puff stimuli elicit running or jumping escapes (Tauber and
Camhi, 1995; Oe and Ogawa, 2013; Sato et al., 2017).

On the other hand, sound with the higher frequency than 3 kHz
(Imaizumi and Pollack, 1999) is detected by auditory receptor neurons of
tympanal organ located at tibia of the front legs. The auditory receptor
neurons project their afferent axons into the prothoracic ganglion (Hennig,
1988; Imaizumi and Pollack, 1999, 2005). Several prothoracic neurons
directly receive excitatory synaptic inputs from auditory receptor afferents

(Hennig, 1988). Sound information is conveyed by several kinds of ascending
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projection neurons to brain (Hennig, 1988). The acoustic signals mediated by
the ascending auditory neurons elicit escape steering during the flight (Nolen
and Hoy, 1984; Schildberger and Horner, 1988; Hedwig, 2006; Marsat and
Pollack, 2012).

The cercal GIs project large long axon to brain and have axon collaterals
arborizing into each segmental ganglion including the prothoracic ganglion
(Hirota et al., 1993), suggesting the possibility that prothoracic auditory
neurons are also sensitive to the airflow via the cercal system. Acually, it has
been revealed that some prothoracic auditory neurons respond to wind
stimuli (Atkins and Pollack, 1987). However, the wind sensitivity of auditory
neurons related to avoidance behaviors has not been tested.

In this chapter, I explored whether the auditory neurons, which play key
roles in the sensory coding relevant to biologically important events, receive
the airflow inputs from cerci without the neural pathways through

protocerebrum.
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1.2 Materials and Methods

Animals

Adult female crickets (Gryllus bimaculatus) were used for the experiments.
The crickets were bred and housed on a 12-h light/dark cycle at a constant

temperature of 28°C.

Extracellular recording
For preparation of the extracellular recording, crickets were pinned dorsal
side up on a silicone platform after removing the middle and hind legs. The
connective nerve cords between the prothoracic and subesophageal ganglia
were exposed by removing the gut and surrounding fat and were surgically
cut to block the descending signals from the cephalic ganglia. Ascending
spikes were extracellularly recorded using glass suction electrodes filled with
isotonic saline placed proximally on the cut end of the nerve cord (Fig. 1-1A).
For recording all ascending signals as multiple spike units, the whole nerve
cord was suctioned by a glass micro-pipettes, while a part of ascending
activities was recorded from a piece of split nerve cord for the single-unit
recording. Signals were digitized at 20 kHz with a Powerlab 4/30 analog-
digital converter (ADInstruments) and filtered with a 150-3,000 Hz band
pass implemented in Chart version 7 software (ADInstruments).

Recorded spikes were sorted using a commercially available software

(Spike Taro, Chinou Jouhou Shisutemu), which uses a sorting algorithm
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based on the following two criteria: peak detection to separate individual
units from a compound spike, and classification based on the correlation
between separated units in terms of spike waveform and height. This
algorithm has been used to analyze extracellular recordings of insect
receptors (Kidokoro-Kobayashi et al., 2012). Spikes with heights in the range
of £ 35% and waveforms with a correlation coefficient of >0.90 were
considered to be generated by a single neuron. Units that fired more than
once on average in a trial were selected for analysis. In the extracellular

recording of the whole nerve cord, 134 units were sorted from 4 recordings.

Stimulation for extracellular recording experiments

The airflow stimulus consisted of short puffs of nitrogen gas from a nozzle
connected to a PV820 pneumatic picopump (World Precision Instruments,
Sarasota, FL, USA). Eight nozzles were arranged around the cerci on the
same horizontal plane with their ends positioned 45° apart at a distance of 40
mm from the cerci. The velocity of airflow was 1.12 m/s as measured at the
cerci. The duration of the airflow stimulus was 200 ms.

For sound stimulation, a 10-kHz pure tone was generated by RPvdsEx
software (Tacker Davis Technologies, Alachua, FL, USA) and presented
through 1.5 inch full-range sealed loudspeaker (MM-SPS2, Sanwa Supply,
Okayama, Japan). Eight speakers were arranged around the cerci on the

same horizontal plane with their ends positioned 45° apart. The duration of
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sound pulses was 200 ms with symmetrical rise and fall times of 2 ms. The
sound intensity was 70 dB SPL in the recording from whole nerve cord and
76 dB SPL in the recording from a split nerve cord.

Single airflow or sound stimulus was provided independently from
various directions for multi-unit recording or from ipsilateral side to the nerve
cord for single-unit recording. To confirm whether the airflow was not
detected by the tympanum, responses to airflow and sound stimuli were
collected again after both frontal legs were ablated or both tympanums were

gummed up by adhesion bond.

Intracellular recording
For preparation of the intracellular recording, the wings and hind legs were
removed and the crickets were positioned ventral side-up on a block of clay
and restrained with small metal clamps. The prothoracic ganglion was
exposed and stabilized on a stainless-steel platform using a silver wire ring.
To eliminate descending signals from the cephalic ganglion, the connective
nerve cords between the prothoracic and subesophageal ganglia were cut. In
the ablation experiment, both cerci were removed to confirm that the auditory
neurons received the sensory signals from the cerci.

Glass microelectrodes (40-60 MQ) were filled with 8% Lucifer yellow CH
lithium salt (Sigma-Aldrich, RRID:SCR_008988) in 200-mM LiCl or 2-mM

Oregon Green BAPTA-1 hexapotassium salt in 200-mM potassium acetate.
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Lucifer yellow was used for most of the recordings and both kinds of the
electrode solution have no influence on the spontaneous activities and neural
responses. Glass microelectrode was inserted into dendrites or axons of
auditory neurons and membrane potentials of recorded neurons were
measured with current clamp mode. Electrophysiological signals were
digitized at 20 kHz with a Powerlab 4S analog-to-digital converter
(ADInstruments) and recorded with Chart version 7 software
(ADInstruments). To load the fluorescent dye, a hyperpolarizing current of —1
to —2 nA was injected during recording. To identify the recorded neuron, the
prothoracic ganglion was dissected after recording, fixed in 4%
paraformaldehyde in 200-mM phosphate buffer over night, dehydrated for 15
min each in a series of 50, 70, 90, 100, and 100% ethanol, and cleared in

methyl-salicylate.

Stimulation in the intracellular recordings

The airflow stimulus consisted of short puffs of nitrogen gas from a nozzle
connected to an IM-300 microinjector (Narishige, Japan). For stimulation, the
nozzle ends were positioned 15 mm away from the cerci on either side of the
cricket. The duration of the airflow stimulus was 200 ms. The velocity of
airflow was from 0.17 to 0.43 m/s (see each figure legend). For finding the

auditory neurons, 5- or 15-kHz pure tone was generated by RPvdsEx software
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(Tacker Davis Technologies) and presented through an ATH-CM707
headphone speaker (audio-technica, Tokyo, Japan). A pair of speakers were
positioned 25 mm away from the tympanum on either side. The duration of

sound pulses was 30 ms with symmetrical rise and fall times of 2 ms. The

sound intensity was 60 dB SPL.

Data analysis

Spike traces were binned at 20-ms resolution through all figures in this
chapter. To analyze subthreshold voltage traces, raw traces of the recordings
were filtered by a median filter with a 5-ms window (Shi et al., 2017). Then,
the resting level of membrane potential was subtracted from the filtered
potentials to indicate the stimulus-evoked postsynaptic potentials. The
latency of EPSP was defined as the duration from the stimulus onset to the
points when the filtered potential exceeded 3 mV, which corresponded to 2 SD
(2.89 mV) of the spontaneous fluctuation in the resting potentials of AN2 and
omega neuron 1, from the resting potential.

MATLAB software (MathWorks, RRID:SCR_001622) was used for data
processing and analysis, and R programming software v3.4.0 (R Core Team
2013) was used for statistical analysis. To avoid pseudoreplication, the data
obtained from the same samples were averaged for each individual. All values
are reported as mean + standard error of the mean. A p-value of < 0.05 was

considered to be statistically significant.
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1.3 Results
1.3.1 Exploring multimodal neurons by extracellular recordings
First, I examined existence of ascending multimodal neurons in the thoracic
or abdominal ganglia that responded to the acoustic and airflow stimuli. The
spiking responses of the ascending neurons to the sound stimulus applied to
tympanums and the airflow stimuli applied to cerci were extracellularly
recorded from the distal cut end of a nerve cord between the subesophageal
and prothoracic ganglia (Fig. 1-2A, B). Individual spikes were sorted into
multiple units based on their wave shapes of spikes (see Methods). I found
multi-modal units which showed firing responses to both sound and airflow
stimuli (Fig. 1-3A, B). These multimodal units accounted for 46% of all sorted
units (Fig. 1-3C). Thirty percent of units were sensitive to only airflow stimuli,
but no units responded to only sound stimuli. The multimodal units showed
remarkable increase in spiking activity in responses to the both stimuli (Fig.
1-3D). The auditory responses completely disappeared after the tympanums
were removed (Fig. 1-3D). After the tympanum removal, 96% of them showed
no significant increase in spiking responses to sound (unpaired t-test). These
results indicate that a part of ascending neurons is sensitive to both airflow
and sound stimuli.

However, the multi-modal units might contain multiple cellular
activities derived from auditory-specific and cercal-specific neurons or

activity of a single cell might split into multiple units. To confirm the
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existence of multimodal neurons, single unit recording was performed from a
split nerve cord (Fig. 1-4A). In the single unit recording, the multimodal spike
unit was recorded, which showed spiking responses to both sound and airflow
stimuli (Left 2 panels in Fig. 1-4B, C). After both tympanums were covered
with adhesion bond, the units showed no response to the sound while it still
responded to the airflow. This result also supported the existence of ascending

multimodal neurons in the thoracic or abdominal ganglia.

1.3.2 Multimodal neurons in the prothoracic ganglion

To identify the multimodal neurons observed with extracellular recordings, I
performed intracellular recording in the prothoracic ganglion to monitor the
membrane potential responses to auditory and airflow stimuli and to stain
the recorded neuron with fluorescent dye. I found that ascending neuron
identified as AN2 and local interneuron identified as omega neuron 1 (ON1),
both of which have been identified as the auditory ascending neuron (Wohlers
and Huber, 1982), were sensitive to the airflow stimuli to cerci (Fig. 1-5A, B).
Their responses to the airflow were significantly larger in the firing rate than
the spontaneous activities (Fig. 1-5C). In addition to AN2 and ON1, omega
neurons 2 (ON2), T-shape neuron 1 (TN1) and descending neuron 1 (DN1)
also showed distinct spiking responses to airflow stimuli. However, their
airflow-evoked responses were no significance statistically because of small

size of samples. In contrast, the auditory ascending neuron 1 (AN1) showed
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no response to the airflow stimuli (Fig. 1-6A, B), of which firing rate and
membrane potential during the airflow stimulation were not different from
their spontaneous activity (Fig. 1-6C, D). My results demonstrated that
certain types of auditory neurons including ascending, descending, and local

interneurons have bi-modal sensitivity.

1.3.3 Response property of the auditory neurons to airflow stimulation
Next, I examined the response properties of AN2 and ON1 to airflow stimuli
(Fig. 1-7A). In both AN2 and ON1, the airflow stimulus evoked transient
firing (Fig. 1-7B). The latency from stimulus onset to the first spike in AN2
was shorter than that in ON1 although this time difference was not
significant (Fig. 1-7C). I observed no difference in their firing rate in the
transient spiking responses (Fig. 1-7D) and during the later phase following
the transient response (Fig. 1-7E).

There was significant difference in the time course of the subthreshold
membrane potential changes between AN2 and ON1 (Fig. 1-8A). Both AN2
and ON1 showed transient depolarization of their membrane potential in
response to airflow stimuli. In AN2, the depolarized membrane potential
quickly returned to the resting level. In contrast, ON1’s membrane potential
depolarization was sustained even after the stimulus termination. The
latency of EPSP of AN2 was shorter than that of ON1 (Fig. 1-8B). There was

no difference in EPSP amplitude during the transient phase (Fig. 1-8C),
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whereas the EPSP during the later phase following the transient
depolarization was larger in ON1 than AN2 (Fig. 1-8D). Therefore, although
both AN2 and ON1 show transient depolarization in response to airflow
stimuli, ON1’s EPSP was longer lasting and evoked sustained firing. This
difference in time course of the responses suggests that different neural
pathways convey the airflow signals to the ascending and local interneurons.

ON1 shows directional selectivity for the auditory stimulus and plays a
prominent role in producing the directionality of AN1 and AN2 (Selverston et
al., 1985; Horseman and Huber, 1994). Thus, I investigated the directional
selectivity for airflow stimulus in ON1. ON1 tended to generate more spikes
in response to the airflow stimuli from ipsilateral to its soma than to the
contralateral stimuli (Fig. 1-9A, B). There was no difference in the latency
from stimulus onset to the first spike between the stimulus directions (Fig. 1-
9C). Since ON1 prefers the ipsilateral stimulus to its soma in its auditory
response (Wohlers and Huber, 1978), the directional preference in the airflow
response coincided with that for auditory stimuli.

Finally, I examined whether the cercal system mediated the airflow-evoked
excitatory synaptic inputs to AN2 and ON1. As shown in Fig. 1-7A and 1-8A,
AN2 and ON1 showed remarkable EPSPs and spiking responses to airflow
stimuli. In the individuals of which both cerci were ablated, both AN2 and
ON1 showed no change in their membrane potential in response to the airflow

stimuli (Fig. 1-10), meaning that the mechanosensory signals to AN2 and
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1.4 Discussion

In this study, I demonstrated that certain types of prothoracic auditory
neurons including AN2 were sensitive to mechanosensory stimuli received via
the cercal organ. On the other hand, AN1 considered to be a key neuron to
elicit positive phonotaxis (Schildberger and Hérner, 1988) was insensitive to
the airflow. AN1 responds to calling songs of male crickets, of which carrier
frequency is about 5 kHz (Horseman and Huber, 1994), and induces oriented
walking behavior in female attracted by the male’s song (Schildberger and
Hoérner, 1988). In contrast, AN2 responds to ultrasound like echolocation call
of bats that prey on the crickets. Thus, our results suggest that the airflow
signals would influence the processing of auditory information relevant not
to mating but to predators. Further, I revealed that ON1 was also sensitive
to mechanosensory stimuli. This local interneuron inhibits activities of the
contralateral ON1, AN1 and ANZ2, resulting in the enhancement of the
directional selectivity in AN1 and AN2 (Selverston et al., 1985; Horseman
and Huber, 1994). The airflow-driven activity of ON1 might modulate the
directional selectivity of AN1 and AN2.

The interneurons AN2, ON1, ON2, TN1 and DN1, which were examined
in this study, have been identified as auditory neurons in the prothoracic
ganglion (Wohlers and Huber, 1982). Some previous studies have reported
that these auditory interneurons are also affected by other modalities of

sensory inputs. For example, AN2 and ON1 receive inhibitory inputs from
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mechanoreceptors within the subgenual organ of legs which detects
mechanical vibration (Wiese, 1981; Kiihne et al.,, 1984). TN1 and DNI1
responds to wind stimuli (Atkins and Pollack, 1987). In addition to these
interneurons, certain T-shaped neurons, which extend both ascending and
descending axons, and descending neurons are sensitive to sound, wind and
light stimuli (Atkins and Pollack, 1987). These findings indicate that the
auditory information is not processed by modality-specific pathways. Rather,
the sensory systems within the prothoracic ganglion process multiple sensory
modalities. Notably, AN2 directly receive excitatory inputs from receptor
neurons in the tympanum (Hennig, 1988). Considering this previous finding
and my results together, inputs from multiple sensory modalities are
integrated in the early stage of sensory processing.

I demonstrated that the airflow inputs to AN2 and ON1 was mediated
by the cercal system. Neural pathways from the cerci to wind sensitive
auditory interneurons remain unclear. However, the wind-sensitive giant
interneurons (GIs), which project their ascending axons to the brain, arborize
their axon-collaterals into the thoracic ganglion (Hirota et al., 1993). Most of
the GIs show directional selectivity and prefer airflow from ipsilateral side to
their axons (Jacobs et al., 2008). ON1 also had directional preference for the
airflow from ipsilateral side to its soma, which suggests that Gls with their

axons ipsilateral to ON1’s cell body provide airflow inputs to ON1.
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312 Fig. 1-1.

A Cercus

Tympanum

Auditory
receptor cell

ANs

= Tympanum

Prothoracic ganglion

Terminal abdominal

Gls ganglion
/thnechanosensow
Filiform hair afferent

on cercus

18



313  Figure 1-1. Auditory and cercal sensory systems of crickets. A) Two sensory
314 organs, tympanum and cercus. B) Diagram indicating the auditory and
315 cercal-sensory pathways. Gls, wind-sensitive giant interneurons; ANs,

316 auditory ascending neurons.
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Figure 1-2. Extracellular recordings of ascending neurons. A) Experimental
setup for extracellular recording and stimulation. B) Typical ascending
activities evoked by sound (left panel) and airflow (middle). Right panel shows
sound-evoked response after both frontal legs were removed. Lower

rectangular traces indicate the stimulation.
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324  Figure 1-3
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Figure 1-3. Ascending spike units responding to airflow and sound stimuli. A)
Raster plot of a typical multimodal unit sensitive to sound and airflow. Each
dot indicates individual spike for sound (left), airflow (middle) and sound
stimulations after the frontal legs were removed (right). B) Time course of
firing rates of the unit shown in A. Stimulation in each column corresponds
to that in Fig. 1-3A. C) Fraction of multimodal, airflow-specific, and non-
responsive spike units in all recorded units. Each unit was labeled whether
its firing rate during the stimulation was significantly different from
spontaneous firing rate (paired t-test and Holm-Bonferroni correction). D)
Time course of mean firing rate of all multimodal units for sound (blue),

airflow (red), and sound stimulation after leg removal (black).

23



337 Figure 1-4
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Figure 1-4. Single-unit recording of ascending neurons from the split nerve
cord. A) Raw traces of typical ascending activities for sound and airflow
stimulations in naive (left two panels) and auditory-blocked (right two panels)
crickets in which both tympanums were gummed up. B), C) Raster plots (B)
and time course of the firing rate (C) of typical multimodal unit shown in Fig.

1-4B. Stimulation for each column corresponds to that in Fig. 1-4A.
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345  Figure 1-5
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Figure 1-5. Airflow-evoked membrane-potential responses in identified
auditory neurons. A) Fluorescent images of auditory neuron AN2, ON1, ON2,
TN1 and DN1 recorded intracellularly. Scale bars indicate 100 um. B) Typical
traces of membrane potential during the airflow stimulation. Lower
rectangular traces indicate the airflow stimulation. Vertical and horizontal
scale bars indicate 20 mV and 50 ms, respectively. C) Mean firing rate during
the spontaneous activity (Spont) and airflow stimulation (Stim), each of
which was measured as mean value for 200 ms before or during the airflow
stimulation. Sample sizes were 11 AN2s, 8 ON1s, 2 ON2s, 3 TN1s and 3 DN1s
(paired t-test, pay; = 0.06 X 1071, pyy1 = 0.04, pry; = 0.16 and ppy; = 0.18).
The cell type in each row corresponds to that in Figure 1-5A. Velocity of

airflow stimulus was from 0.17 to 0.43 m/s.
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Figure 1-6. Neural response of AN1 to airflow stimulus. A) Fluorescent image
of AN1. Scale bar indicates 100 pm. B) Typical trace of membrane potential
in AN1 for airflow stimulation. Vertical and horizontal scale bars indicate 10
mV and 50 ms, respectively. C) Firing rate during spontaneous activity
(Spont) and stimulation (Stim) (n = 2 AN1s). D) Subthreshold change in the
membrane potential in AN1. After action potentials were removed using a
median filter with 5-ms window, the difference in the filtered membrane
potential from the average of resting potentials before stimulation was
calculated. Velocity of airflow stimulus was 0.43 m/s, and stimuli were

delivered from contralateral side to AN1’s soma.
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Figure 1-7. Firing-response properties of AN2 and ON1 for airflow
stimulation. A) Typical traces of membrane potentials in AN2 and ONT1.
Vertical and horizontal scale bars indicate 10 mV and 50 ms, respectively. B)
Time course of firing rate in AN2 and ON1 (n = 5 neurons respectively
through Fig. 1-7). C) Latency from stimulus onset to the evoked first spike
(Wilcoxon rank sum test, p = 0.10). D) Firing rates in the earlier phase within
200 ms after the stimulus onset (unpaired t-test, p = 0.77). E) Firing rates in
the later phase which was time period from 200 to 300 ms after the stimulus
onset (unpaired t-test, p = 0.24). Velocity of airflow stimulus was 0.18 m/s.
Stimuli were delivered from ipsilateral side to ON1’s soma and from

contralateral side to AN2’s soma.
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Figure 1-8. Subthreshold membrane-potential response properties of AN2
and ON1 for airflow stimulation. A) Time courses of subthreshold activity in
ANZ2 (black; n = 5 neurons) and ON1 (blue; n = 3 neurons). Gray line indicates
the airflow stimulation. B) Latency of EPSPs evoked by airflow stimulus
(sample size was the same as shown in A through B-D; Wilcoxon rank sum
test, p = 0.04). C) Mean postsynaptic potentials in the earlier phase within
200 ms after the stimulus onset (unpaired t-test, p =0.78). D) Mean
potentials in the later phase which was time period from 200 to 300 ms after
the stimulus onset (unpaired t-test, p = 0.04). Velocity and direction of

stimulus are the same as shown in Fig. 1-7.
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394  Figure 1-9

A B

Ipsi lateral

N
o

Spike /sec (Hz)
N
o

Contra Ipsi
Cc
= 80
Contra lateral £
>
e
J g 40
J\/\/\J\”J\J\I\’J\[\'j\N\JJ\H\'\N\ :
o
=
&
Contra Ipsi

34



398

399

400

401

402

403

404

Figure 1-9. Directional selectivity to airflow stimulation in ON1. A) Typical
traces of membrane potentials in ON1 during airflow stimuli from ipsil-
(upper) or contralateral (lower) side to its soma. B) Mean firing rates in
responses to ipsil- (Ipsi) or contralateral (Contra) stimulation (n = 3 neurons;
paired t-test, p = 0.29). C) Latency from the stimulus onset to the first spike
for ipsil- or contralateral stimulation (n = 3 neurons; Wilcoxon signed-rank

test, p = 0.75). Velocity of airflow stimulus was 0.18 m/s.
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407  Figure 1-10. Airflow-evoked responses in AN2 and ON1 without cerci. Time
408 courses of difference in the raw membrane potentials in AN2 and ON1 for
409 airflow stimulation after the both cerci were ablated. Velocity of airflow

410 stimulus was 0.17 m/s.

37



411  Chapter II
412  Multisensory Integration in an Auditory Neuron AN2
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2.1 Introduction

In the previous chapter, I demonstrated that AN2 was sensitive to airflow
stimuli to cerci. AN2 is one of the primary auditory interneurons that receives
direct synaptic inputs within the prothoracic ganglion from auditory receptor
neurons of the tympanal organ located in the tibia of the front legs (Wohlers
and Huber, 1982; Hennig, 1988). This neuron is sensitive to high-frequency
sounds (Wohlers and Huber, 1978; Popov and Markovich, 1982), and its high-
frequency firing responses can trigger an avoidance steering response in
flying crickets (Nolen and Hoy, 1986). Therefore, AN2 is considered to be a
neuron that detects the presence of bats. The location of the sound source and
its intensity and duration are encoded by ‘burst firing’ of AN2 with short
inter-spike intervals, the behavioral functions of which have been well
studied (Marsat and Pollack, 2005, 2006, 2010). My previous finding of the
airflow-sensitivity of AN2 suggests that AN2 could detects other modality of
sensory clue of a bat’s attack, such as strong turbulent airflow caused by the
bat’s wingbeats.

It has been reported that the simultaneous presentation of different
modal stimuli, termed as cross-modal stimulation, elicits enhancement or
depression of spiking responses comparing to those responses to each
component stimulus (Meredith and Stein, 1983). Furthermore, enhancement
in cross-modal stimulation results in nonlinear (supra- or sub-linear) or linear

summation of unimodal responses (Stein and Stanford, 2008). In this chapter,
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I examined multisensory integration in the spiking outputs of AN2 in
response to the cross-modal stimulus combining the sound and airflow.

In addition, cluster of spikes in short intervals, called bursts, plays an
1mportant role in the sensory signaling by AN2. The burst firing of AN2 can
1mprove the detection of sound stimuli and the representation of sound-source
location (Marsat and Pollack, 2006). The fine temporal structure of the burst
firing represents additional stimulus-related information such as intensity
and duration of sound (Marsat and Pollack, 2010). Thus, I also examined

effect of the multisensory integration on burst firings in AN2.
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2.2 Materials and Methods
See the method in Chapter I about Animals and Intracellular recordings.
Throughout the experiment in this chapter, 4 or 8% Lucifer yellow CH lithium

salt in 200-mM LiCl was used for intracellular recordings.

Stimulation
See Methods in Chapter I about the apparatuses for airflow and sound
stimulations. The velocity of airflow was 0.17 m/s at the position of cerci and
the duration was 200 ms. For sound stimulation, only 15-kHz pure tone was
used.

For unimodal stimulation of the cerci, single air puffs were used (Fig. 2-
1). Different manners of stimulation were used for experiments with
repetitive stimulation or various auditory intensities. In the repetitive-
stimulation experiments that were performed to test multisensory
integration, 9 sound pulses at 60 dB were given with 500-ms inter-stimulus
interval, and airflow was provided coincident with the 4th sound pulse. To
analyze multisensory effects, I compared the responses to the 3rd sound pulse
with those to the combined stimuli. All responses to sound pulses (1st-3rd and
5th-9th) were used for comparing burst firing with non-burst firing. In the
experiments with varying auditory intensities that were performed to test the
effects of input amplitude, single sound pulses of 50, 60, 70, 80, or 90 dB were

applied for the unimodal stimulation, and a single air puff combined with
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various Intensities of sound pulses was applied for the cross-modal
stimulation. All stimuli were delivered contralateral to the soma of the
recorded AN2. For the cross-modal stimuli with both types of stimulation,
differences in the stimulus onset between the sound pulse and airflow were <
15 ms, and the onset of the sound stimulus was defined as the stimulus onset

for cross-modal stimuli.

Data analysis

In the repetitive stimulation experiments, neural responses to sound pulses,
airflow, and combined stimuli were recorded from 8 neurons in different
crickets. In the various intensities experiments, the responses to sound pulses
were recorded from 4 neurons in different crickets, and those to airflow and
combined stimuli were obtained from 3 out of these 4 neurons. In addition to
these experiments, responses to airflow stimuli were also recorded from 5
neurons. In the cerci ablation experiments, neural responses to airflow
stimuli were recorded from 2 neurons in 2 crickets. Spikes were detected
using custom-written MATLAB routines (R2016a, MathWorks,
RRID:SCR_001622). Raw traces of membrane potential were filtered with a
150-Hz high-pass filter, and spike peaks were detected based on the filtered
traces using the findpeaks function in MATLAB. To analyze the time course
of the firing rate, spike trains were binned at a size of 1 ms and convolved

with a moving-average filter with a 20-ms window. Summation of the
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responses (ry,,) to the uni-modal stimulus was defined as

Tsum = Tsound t Tairflow
where 750ynq and 7410, 1ndicate the firing rate in response to sound or
airflow stimulus, respectively. Linearity of the multisensory integration was

defined as

rCTOSS

Linearity =
Tsum

where 7., indicates the firing rate in the response evoked by the cross-
modal stimulus. Histogram of inter-spike intervals (ISI) was fitted to a kernel
probability distribution using normal kernel smoothing with a 0.3-ms
bandwidth. To test the ISI distribution results from a Poisson process, the ISI
histogram was also fitted to a single exponential curve. A burst was defined
as a cluster of spikes separated by short intervals (< 6.5 ms; Marsat and
Pollack 2006). The first and last spike within a burst were defined as the
onset and offset of the burst, respectively. Size of the burst was defined as a
product of the burst duration and the number of spikes within the burst

(Marsat and Pollack, 2010).
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2.3 Results

2.3.1 Multisensory enhancement in AN2 spiking activity

To examine the multisensory effects of simultaneous inputs with different
modalities on the spiking activities of AN2, I compared neural responses to
single air puffs, the 3rd sound pulses, and cross-modal stimulation combining
an air puff with the 4th sound pulse (Fig. 2-2A). Cross-modal stimuli elicited
significantly larger numbers of spikes than unimodal stimuli did, but the
amplitudes of the responses to the cross-modal stimuli were similar to the
arithmetic sum of the responses to the 3rd sound pulse and air puff that were
separately presented (Fig. 2-2A, B). The linearity of the responses to cross-
modal stimuli was examined using various intensities of sound combined with
airflow, the velocity of which was constant (Fig. 2-2C). Higher intensities of
sound stimuli elicited greater spiking responses in both uni- and bimodal
stimulus conditions, but the responses to cross-modal stimuli were close to
the arithmetic sum of the responses to airflow and to sound pulses regardless
of the sound intensity. To verify the effects of the sound intensity on the
linearity of the summation in the cross-modal responses, I examined the
relationship between the linearity of summation and firing rates in the
summed responses to unimodal stimuli (Fig. 2-2D). Linearity depended on
the magnitude of the summed responses, and supra-linear summation was
observed only in small responses in which the firing rate was lower than 10

Hz. This suggests that AN2 linearly and additively integrates auditory and
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mechanosensory input, and supra-linear summation occurred in the
integration of small sensory inputs evoked by stimuli around the threshold.
The linearity of summation in the cross-modal responses could depend
on the stimulus intensity (Meredith and Stein, 1986; Stein and Stanford,
2008) but also on the latency from stimulus onset (Rowland and Stein, 2007;
Rowland et al.,, 2007). Thus, I examined the temporal profile of the
summation linearity. The cross-modal responses were larger in their firing
rate than sound-evoked responses (Fig. 2-3A) and the arithmetic sum of
unimodal responses (Fig. 2-3B) during the period of 30-60 ms after stimulus
onset. However, there was no significance in the firing rates in this period
between the cross-modal and summed responses (n = 8 neurons, paired t-test,
p = 0.07, the firing rates were 85.05 + 10.44 Hz for cross-modal and 66.61 +
13.00 Hz for the summed responses, respectively). In addition, even if I
focused on this period, the supra-linear summation occurred only in the small
cross-modal responses (Fig. 2-3C). The supra-linear summation would simply
result from the fact that summed inputs of the subthreshold unimodal stimuli
were larger than the spike threshold and evoked action potentials. Our
results suggest that AN2 linearly sums auditory and mechanosensory inputs

and that supra-linearity cross-modal summation would arise from the spike

threshold.

2.3.2 Multisensory enhancement in burst firing of AN2
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In previous studies (Marsat and Pollack, 2006, 2007), the responses of AN2
to 30-kHz long-duration tones with Gaussian amplitude envelopes showed a
characteristic distribution of inter-spike intervals (ISI), with a peak at short
intervals and broad tail of longer intervals. Based on this ISI distribution, the
spike trains with intervals shorter than 6.5 ms are classified into ‘bursts,’
which are used for encoding precise ultrasound information (Marsat and
Pollack 2006, 2010). In the current study, ISI distribution of the multiple
spikes that were evoked in 58% of responses (170/294 in 17 individuals) to 15-
kHz tone pulses at 60 dB showed similar features, which included a peak at
short intervals and a peaky but broad tail at longer intervals (Fig. 2-4A). In
addition, the bimodal peaks in ISI distribution in our data could be also
separated at 6.5 ms intervals. To confirm that the peak at the shorter
intervals indicated the distribution of the burst firing, I fitted a single
exponential curve to the whole ISI histogram. If the peaks surpass this curve,
these activities were considered to be burst firings different from the ISI
distribution expected by Poisson process (Bastian and Nguyenkim, 2001;
Marsat and Pollack, 2012). The distinct peak at the intervals shorter than 6.5
ms was higher than the exponential curve, indicating that the 15-kHz tone
pulse stimulus enabled AN2 to generate the burst firings, which could be
separated from the isolated spikes using the same criteria as in previous
studies.

I examined effects of cross-modal stimuli on generation of burst firing.
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Burst firing responses were more frequently evoked by cross-modal stimuli
than by unimodal stimuli (Fig. 2-5A). To clarify whether this enhancement of
burst firing activity was specific to multisensory integration or simply
resulted from increased firing rates due to linear summation, I evaluated the
effects of response magnitude on the probability of burst occurrence among
cross- and unimodal responses. The larger the spiking responses were, the
higher the probability of burst occurrence was regardless of the sensory
modality (Fig. 2-5B). Further, there was little difference among the uni- and
cross-modal responses in the dynamic ranges of the curves, that indicated a
relationship between the response magnitude and the bursting probability.
This means that multisensory integration does not specifically affect the
generation of burst firing. Rather, more frequent burst firing would result
simply from an increase in spiking responses via linear summation of
auditory and mechanosensory inputs.

I also focused on temporal aspects of burst generation (Fig. 2-5C). Most
of the bursts occurred following the first action potentials evoked by the
auditory and cross-modal stimuli. In contrast, the bursts evoked by the
airflow stimuli followed several isolated spikes to appear in the middle of
spike trains. Taken together, these results illustrate that AN2 integrates
sound and airflow inputs and enhances the response magnitude, resulting in
burst firing activity at the beginning of responses. However, the bursts were

also enhanced by stronger unimodal stimuli, and no difference in the timing
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of burst generation was observed between the auditory and cross-modal

responses.

2.3.3 Effect of temporal coincidence of the stimuli on the burst firing

In multisensory integration, the neural responses to the cross-modal
stimulus were enhanced when the stimuli were presented at the same time
and/or provided from the same location (Holmes and Spence, 2005). This
spatio-temporal coincidence detection i1s considered as a mechanism to
precisely detect a single event or object presenting multiple sensory cues. To
examine whether AN2 responses to the cross-modal stimulus depended on
the timing of stimulus presentation, the sound and airflow stimuli were
provided in various intervals between them (Fig. 2-6A). The number of spikes
evoked by stimulus did not depend on the temporal difference in the stimulus
onset (Fig. 2-6B). However, the cross-modal stimuli elicited a single burst
when the airflow and sound stimuli were presented at approximately the
same time (Fig. 2-6C). When the stimulus onsets separated over 40 ms, AN2
generated multiple bursts. To focus on the temporal structure of burst, I
measured the duration and size, which is product of number of spikes within
burst and duration of burst and is positively correlated with magnitude of the
behavioral response (Marsat and Pollack, 2010). Figures 2-6D and 2-6E show
the relationships between the time lag between sound and airflow stimuli and

the maximum duration or maximum size of the burst, both of which were
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measured from the largest burst in the response if multiple bursts were
evoked. Both duration and size became larger as the difference of stimulus
interval was shorter (Fig. 2-6D, E). Not only the maximum duration and size
of the individual burst, but the summation of size in all bursts elicited by a
single stimulation also depended on the difference of stimulus onset (Fig. 2-
6F, G). These results suggest that AN2 represents the coincidence of the

stimulus onsets by using the temporal structure of burst.
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2.4 Discussion

I demonstrated that the cross-modal stimulation enhanced the magnitude of
firing activity. Further, simply put, the spike outputs evoked in AN2 by cross-
modal stimuli were equal to linear summation of those evoked by the
respective unimodal stimuli. Supra-linear summation in spiking activity was
observed only when the unimodal stimuli were as weak as the threshold for
generating spikes, suggesting that supra-linear summation would result from
the non-linear transduction from graded potentials to action potentials by
threshold properties of voltage-gated channels (Holmes and Spence, 2005).
Our result that supra-linear summation was observed only around spike
threshold is consistent with that in recent studies of the MSTd (dorsal medial
superior temporal) area of macaques (Morgan et al. 2008) and the superior
colliculus of cats (Perrault et al., 2003, 2005; Stanford, 2005). Because the
supra-linearity of the spike threshold is based on intrinsic active membrane
properties, the supra-linear summation of spike responses of AN2 would not
be specific to multisensory integration.

As well as the mean firing rate of the response, the burst firing was also
enhanced by the cross-modal stimulation. Considering that AN2 uses bursts
to encode the sound information such as intensity, duration, and location
(Marsat and Pollack, 2006, 2010), airflow stimulus would have some impacts
on acoustic representation in AN2. Although it is unclear the role of cercal

signals on the acoustic representation in AN2, multisensory integration may
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643 improve neural representation of the component stimulus (Ibrahim et al.,

644 2016; Atilgan et al., 2018).
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Figure 2-1. Experimental setup (left) and stimulation protocol of repetitive-
stimulation experiments (right). Single short durations of airflow were
delivered separately (upper). Nine tone pulses were repetitively applied and

single airflow stimuli were combined with the 4th pulse (lower).
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Figure 2-2. Multisensory enhancement of AN2 firing activity. A) Typical
responses to sound and cross-modal stimuli in the repetitive stimulation
experiments (A1), and the enlarged views of the responses to the 3rd sound
pulse and cross-modal stimulus combining the 4th sound pulse with airflow
(A2). B) Firing rates of responses to 3rd sound, airflow, and cross-modal
stimuli for 200 ms after stimulus onset. Cross-modal stimuli caused
significant increases in the firing rate than unimodal stimuli (n = 8 neurons,
one-way repeated measures ANOVA, p =0.02; paired t-tests and Holm-
Bonferroni correction, cross vs. sound, p = 0.03; cross vs. airflow, p =
0.09 X 1072; sound vs. air, p = 0.91). Right bar indicates the arithmetic sum
(Sum) of the firing responses to sound and airflow. There was no significant
difference in the firing rate between the sum of the unimodal responses and
the cross-modal responses (n = 8 neurons, paired t-test, p = 0.39). C) Sound
intensity-dependent curves of the responses to the sound (blue, n = 4 neurons),
cross-modal stimuli (black, n = 3 neurons excluding the point at 80 dB [n = 2
neurons]) and those predicted from the arithmetic sum of the unimodal
responses (green, n = 3 neurons). For cross-modal stimulation, the constant
velocity (0.17 m/s) airflow was combined with sound at various intensities (50
to 90 dB). D) Relationship between linearity of the cross-modal response and
the firing rate in summation of the unimodal responses to sound and airflow.
Filled circles indicate the mean value of data measured from repetitive

stimulation experiments for each individual (n = 8 neurons). Open circles
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678

indicate the data of the response measured from various intensities of
stimulation experiments (n = 14 data points from 3 neurons). ‘Linearity = 1’
shown by a dashed line indicates that the cross-modal response was equal to
the linear summation of the unimodal responses. 'Linearity > 1’ or < 1’

indicates supra- or sub-linear summation, respectively.
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Figure 2-3. Dependency of linearity on latency from stimulus onset. A)
Variation in the mean firing rate over time in response to cross-modal (black),
sound (blue), and airflow (red) stimuli in the repetitive stimulation
experiments (n = 8 neurons). B) Difference in firing rate between cross-modal
responses and the summation of auditory and cercal responses (n = 8 neurons).
C) Relationship between linearity of the cross-modal response and the firing
rates in the summation of unimodal responses during the period of 10—60 ms
after the stimulus onset, which corresponds to the period of 30—60 ms shown

in F.
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Figure 2-4. Distribution of ISIs measured from all spiking responses to 15-

kHz sound pulses of 60 dB (black; n = 424 ISIs from 16 neurons). A single

—-X

exponential curve was fitted to the whole distribution (red; f(x|u) = %67,

u = 11.87). Dashed line indicates 6.5 ms ISI that was used for criterion of the

burst.
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Figure 2-5. Multisensory enhancement of bursting. A) Probability of burst
occurrence in the unimodal and cross-modal responses in the repetitive-
stimulation experiments (n = 8 neurons, Friedman test, p = 0.04; Wilcoxon
signed-rank test, cross vs. sound, p = 0.13; cross vs. air, p = 0.06; air vs.
sound, p = 1.00). B) Dependency of the probability of burst generation on the
firing rate in uni- and cross-modal responses. The data of both uni- and cross-
modal responses were obtained from all samples in the repetitive stimulation
and various intensities stimulation experiments (n = 11 neurons for sound
and cross'modal) and the single airflow stimulation (n = 16 neurons for
airflow). The firing rates were measured for 200 ms after the stimulus onset.
C) Timing of burst firing in response to sound (left), cross-modal (upper right),
and airflow (lower right) stimuli. Red and black lines indicate bursting and
isolated spikes for individual trials, respectively. Each trial was sorted by the

latency of the first spike. The same samples as in C were used.
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Figure 2-6. Dependency of the burst structures on temporal coincidence of
stimulus. A) Traces of membrane potentials in AN2 in response to the
combination of sound (blue) and airflow (red) stimuli with various inter-
stimulus intervals. Positive value means that the onset of sound precedes the
onset of airflow. B-F) Relationships between the time lag between the sound
and airflow stimulus onset and firing rates normalized as Z-score (B), number
of bursts (C), maximum burst duration (D), or maximum burst size (E). The
values of the burst structure in (E) and (E) were measured from the largest
burst in the response if multiple bursts were evoked. F, G) Summation of
duration (F) and size (G) of all evoked bursts. Color indicates the data
recording from different individuals through Fig. 2-6 from B to G. The max.

duration and size of the burst were normalized as Z-score through D to G.
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726  Neural Mechanisms Underlying Multisensory Enhancement in AN2

65



727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

3.1 Introduction
In the previous chapter, I demonstrated the effect of multisensory integration
on the spiking outputs of AN2. The cross-modal stimulus combining the sound
pulse and airflow enhanced spiking activities including bursting activity. And,
the linearity of summation of the multisensory integration depended on the
magnitude of the evoked responses. As discussed in the previous chapter, it
was possible that supra-linear summation would result from the non-linear
transduction from graded potentials to action potentials. To reveal the
cellular mechanisms relevant to multisensory enhancement in AN2, I focused
on sub-threshold changes in the membrane potential evoked by uni- and
cross-modal stimuli. Also, I examined the modulation of spike threshold that
affects spike outputs. In several sensory neurons, fast membrane
depolarization lowers the spike threshold, which is known as a dynamic
threshold (Azouz and Gray, 2003; Wilent, 2005; Jeanne and Wilson, 2015).
The dynamic threshold helps neurons to detect a coincidence of inputs (Azouz
and Gray, 2003; Jeanne and Wilson, 2015).

In this chapter, I investigated the difference of subthreshold activity
among modalities, and between bursting and isolated spikes. And I showed

the modulation of spike threshold by temporal pattern of action potentials.

66



747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

3.2 Materials and Methods
Data, which was obtained by the experiments shown in Chapter II, was used
for the analysis. See Methods in Chapter I about Animals, Intracellular

recordings and Stimulation.

Data analysis

A burst was defined as a cluster of spikes separated by short intervals (< 6.5
ms; Marsat and Pollack, 2006). This criterion was applicable to my data as
shown by figure 2-4. The first and last spike within a burst were defined as
the start and end of the burst, respectively. To analyze subthreshold voltage
traces, raw traces of the recordings were filtered by a median filter with a 5-
ms window (Shi et al., 2017). To focus on the time variation of EPSPs, the
extracted post-synaptic potentials were normalized by the potentials at the
peak time of the first spike.

I adopted the following procedure to detect spike thresholds (Jeanne and
Wilson, 2015). After filtering using a moving-average filter with 150-um
window, the spike threshold was defined as the membrane potential
immediately preceding a spike that was detected as the inflection point in the
plot of membrane potential and the slope of the potential, dV/dt. The
inflection point was defined as the point where the @2 V/d¢? fell below the 10%
maximum of dZV/dt? in the stereotypical spike trajectory. The rate of

depolarization was calculated as the slope of the filtered voltage trace for 1.5
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ms before the spike threshold. The inter-spike interval (ISI) of the n'* spike
within a spike train was calculated from the interval between the (n — 1)%"
and n'" spike.

MATLAB software (MathWorks, RRID:SCR_001622) was used for data

processing and computation. All values are reported as mean + standard error

of the mean. A p-value of < 0.05 was considered to be statistically significant.
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3.3 Results

3.3.1 Cross-modal stimulation maintains depolarization following initial
spiking

First, I compared evoked EPSPs in response to cross- and unimodal stimuli.
It was technically difficult to suppress the spike generation of AN2 by
injecting minus current through a sharp electrode because of cell size and
geometry. Instead, the EPSPs were extracted from traces of membrane
potential changes using a 5-ms median filter (Fig. 3-1A). For EPSPs evoked
by airflow, the membrane potential was transiently depolarized with longer
latency and decreased for 150 to 200 ms after stimulus onset even though
airflow was continuously applied (Fig. 3-1B). Cross-modal stimuli evoked
larger EPSPs than either unimodal stimulus types did (Fig. 3-1B), but there
was no significant difference in the peak value of EPSPs among the stimulus
modalities (peak potentials for cross-modal, sound, and airflow stimulation
were 16.04 + 2.11, 13.10 + 2.28, and 12.78 + 1.60 mV, respectively; n = 8
neurons, one-way repeated measures ANOVA, p = 0.31). In contrast, the
EPSPs evoked by cross-modal stimuli were significantly larger in their mean
during the transient elevation (0-150 ms after the stimulus onset) than those
evoked by the sound and airflow stimuli (Fig. 3-1C). However, EPSP evoked
by the cross-modal stimuli were much smaller in both peak and mean of
potential changes than the arithmetic sum of the EPSPs evoked by sound and

airflow stimuli, implying that the subthreshold potentials were sub-linearly
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summed in AN2.

As shown in figure 2-5C, the cross-modal stimuli enhanced spiking
activity to evoke burst firing more frequently at the beginning of responses
compared to unimodal stimuli, suggesting differences in depolarization
following the first spikes in response to cross-modal versus unimodal stimuli.
To examine this possibility, I aligned the EPSP traces with the peak of their
first spikes and found that EPSPs evoked by cross-modal stimuli lasted longer
and had more sustained depolarization compared to EPSPs evoked by sound
or airflow alone (Fig. 3-2A). To quantify this, I measured the average value of
normalized changes in membrane potential over 6.5 ms following the first
spike (Fig. 3-2B). This corresponded to a border line of ISIs for separating
bursts and isolated spikes and probably affected the burst firing and offset of
the sustained peak (Fig. 3-2C), defined as the time required EPSPs to
decrease from 100% to 90% of the normalized potential at the first spike
(shown by the dashed line in Fig. 3-2A). Cross-modal stimuli evoked slightly
larger depolarizations after the first spike compared to unimodal stimuli, but
this difference was not significant (Fig. 3-2B). In contrast, the offset of peak
for cross-modal stimuli was significantly delayed compared to those for
unimodal stimuli (Fig. 3-2C). These results demonstrate that cross-modal
stimuli evoke longer-lasting EPSPs than unimodal stimuli.

The followings two factors could be considered as causes resulting in the

elongation of EPSP following the first spikes: the first was the time lag in the
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response latency to the sound and airflow, the other was mechanical
fluctuation of the stimulus onsets of the airflow. To test the first possibility, I
measured the latency of the first spikes for each type of unimodal stimuli. The
latency of the airflow-evoked spike was significantly longer than sound- and
cross-modal stimulus-evoked spikes (Fig. 3-3A), meaning that the airflow
responses were delayed to the auditory response. From this quantification of
the response latencies, the time shift between the sound-evoked and airflow-
evoked responses was 24.10 + 15.81 ms (n = 6 neurons), which was longer
than the offset of peak in EPSP evoked by the cross-modal stimuli (13.88 +
3.61 ms shown in 4F, n = 8 neurons), but no significance (Wilcoxon rank sum
test, p = 0.57). In addition, the variance of the peak offsets in the cross-modal
responses was much smaller than that of the time shift between the auditory-
and airflow-evoked first spikes (104.31 ms for the peak offset and 1500.18 ms
for the time lag, respectively). These facts suggest that the long-lasting peak
of the cross-modal responses would be partly resulted from the time difference
of auditory and cercal inputs, but this would not be all cause for the EPSP
elongation. In regard to the second possibility, I found no relationship
between the time lag between the sound and airflow stimulus onsets and the
depolarization size (Fig. 3-3B) or peak offset (Fig. 3-3C) in the EPSP evoked
by cross-modal stimuli, indicating that mechanical lag of the unimodal

stimuli had no effects on the EPSP shape.
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3.3.2 Subthreshold activity accounts for burst firing in response to cross-
modal stimuli in AN2.
Our results revealed differences in the time course of depolarization following
the first spike in response to cross-modal and unimodal stimuli. However, it
was unclear whether differences in EPSPs accounted for differences in burst
firing. To investigate this hypothesis, I compared EPSPs accompanied by
burst firing and by non-burst firing (isolated spikes). In responses to
unimodal (sound) and cross-modal stimuli, both of which evoked bursts at the
beginning of their responses (Fig. 2-5C), EPSPs accompanying bursts were
larger than those accompanying isolated spikes (Fig. 3-4A1, A2). As shown in
Fig. 3-2A, subthreshold potentials were normalized to the voltage at the base
of the first spike and aligned with the peak time of the first spike (Fig. 3-4B1,
B2), and the mean potentials over 6.5 ms following the first spike as well as
the peak offset were measured. There were significant differences in mean
potential changes between burst firing and isolated spikes evoked by
unimodal and cross-modal stimuli (Fig. 3-4C). The peak offset for burst firing
was also significantly delayed compared to that for isolated spikes in response
to the unimodal and cross-modal stimuli (Fig. 3-4D). These results suggest
that longer-lasting depolarization following the first spike accounted for the
generation of burst firing regardless of sensory modality.

I further tested whether these parameters of the subthreshold potential

are also correlated with the temporal size of bursts. Both the mean potential
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change after the first spike and the peak offset were significantly correlated
with burst duration. The correlation coefficient between the peak offset and
the burst duration was higher (0.71) than that between the mean potential
change and burst duration (0.33) (Fig. 3-5A, B). However, distribution of the
plots for auditory and cross-modal stimuli overlapped each other. These
results indicated that the size and persistence of the depolarization after
individual spikes were key factors in determining burst generation, and that
the persistence of depolarization could affect the duration of the burst firing.
Further, both the size and persistence of EPSPs were enhanced not only by
multisensory integration but also by higher stimulus intensity regardless of

sensory modality.

3.3.3 Inter-spike interval modulates spike threshold but modality don’t.

Spike output depends on the spike threshold in addition to the magnitude of
EPSPs. It has been reported that in some sensory systems such as Drosophila
olfactory neurons and mammalian visual cortical neurons, rapid membrane
depolarization decreases the spike threshold, creating a dynamic threshold
(Azouz and Gray, 2000, 2003; Jeanne and Wilson, 2015). To examine whether
cross-modal stimuli modulates the spike threshold in AN2, I compared spike
thresholds between the cross-modal and uni-modal stimulus conditions. I
found that the spike threshold was dynamically altered, especially during

burst firing (Fig. 3-6A, B); however, there was no difference in first spike
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thresholds among the different stimulus modalities (Fig. 3-6C). Next, I
examined which factors are related to the spike threshold. The rate of
depolarization immediately preceding individual spikes was poorly correlated
with the spike threshold (Fig. 3-6D). In contrast, inter-spike interval (ISI)
was negatively correlated with the spike threshold regardless of the
stimulation modality (Fig. 3-6E). In summary, spike threshold was
dynamically altered in accordance with ISI in AN2, whereas the sensory

modality had no effect on the spike threshold.
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3.4 Discussion

I demonstrated that bimodal stimuli combining sound and airflow evoked
linearly or supra-linearly summed spike outputs. In contrast, different
modalities of sensory inputs were sub-linearly summed as reflected by EPSPs.
Many studies on linearity in synaptic responses to cross-modal stimulation
have revealed various types of computation including supra-linear, sub-linear,
and linear summations. In neurons in the optic tectum of Xenopus,
multimodal inputs are supra-linearly summed in the evoked EPSPs that
result from NMDA receptor activation (Truszkowski et al., 2017). The linear
summation of EPSPs is observed in the superior colliculus of rats (Skaliora et
al., 2004), and sub-linear summation has been reported in the lamprey optic
tectum and mouse neocortex (Olcese et al., 2013; Kardamakis et al., 2016).
Thus, linearity of summation of EPSPs evoked by multimodal stimulation
varies among the brain regions and animals. In previous studies, linear
summation was observed as changes in membrane potential of a few
millivolts from resting potentials (Skaliora et al. 2004), whereas sub-linear
summation has been observed when multimodal stimuli evoke larger EPSPs
close to the spike threshold (Olcese et al. 2013). In the present study, the
analyzed EPSPs that were extracted from spiking responses were ‘over-
threshold’ depolarizations by over 10 mV. Therefore, sub-linear summation in
the synaptic potentials of AN2 might result from active properties of the cell

membrane, which are mediated by voltage-gated cation channels.
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In addition, I found the elongation of EPSP evoked by cross-modal
stimuli that might result from time difference of auditory- and cercal-sensory
mputs. AN2 receives direct excitatory inputs from the auditory receptor
afferents (Hennig 1988) whereas cercal sensory inputs are mediated by at
least 2 synapses that include synapses from mechanoreceptor afferents to
cercal projection neurons such as Gls and that from those projection neurons
to AN2. It is possible that the cercal sensory pathway may involve in other
prothoracic interneurons. AN2 might apply the time difference of
multisensory inputs to elongate the compound EPSP generating the burst
firings.

The modulation of spike threshold has been observed in some sensory
neurons (Azouz and Gray, 2003; Wilent, 2005). In these neurons, the rate of
depolarization modulates the spike threshold. In AN2, the rate of
depolarization and sensory modality did not affect the spike threshold
whereas the spike threshold was modulated by the inter-spike interval. This

intrinsic property might prevent the generation of inappropriate bursts.
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Figure 3-1. Excitatory post-synaptic potentials (EPSPs) evoked by cross-
modal and unimodal stimuli. A) Extracted PSPs. Action potentials were
removed from the raw trace of membrane potential (black trace) using a 5-ms
median filter to estimate the graded potential of PSPs (red trace). B) Time
variation in the membrane potential changes in EPSPs evoked by cross-modal
(black), sound (blue), and airflow (red) stimuli in repetitive stimulation
experiments (n = 8 neurons). C) Mean changes of membrane potential in
EPSPs for 150 ms after the stimulus onset (n = 8 neurons, Friedman test,
p = 0.01; Wilcoxon signed-rank test with Holm-Bonferroni correction, cross vs.

sound, p = 0.47 X 107%; cross vs. air, p = 0.02; sound vs. air, p = 0.84).

78



943

Figure 3-2

A

Normalized A potential

1.2

0.9 [-----1g"--2k----

0.6

03 — Cross
— Sound
— Air

0
-20 0 20 40
Time from first spike (ms)

Normalized A potentiatial

1.2
1.0
0.8
0.6
0.4
0.2

H

n.s.

HH

—

Sound Air Cross

79

O
S

Offset of peak (ms)

-
(8]

-
o

n

Sound Air Cross



944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

Figure 3-2. EPSPs relevant to first spike for stimulus. A) Time variation in
graded potential changes in EPSPs following the first spike. EPSP traces
were temporally aligned to peak time of the first spike and normalized in
magnitude by a value of the graded potentials at that moment (n =8, 7, and
7 neurons for cross-modal, sound, and airflow, respectively). The dashed line
indicates 90% of the EPSP at the time of the first spike (0 ms). E, F) Mean
values of the normalized changes in membrane potential over 6.5 ms
following the first spike (E; n = 8, 7, and 7 neurons for cross-modal, sound,
and airflow, respectively. Kruskal-Wallis test, p = 0.14) and the offset of peak
EPSPs (F; n = 8, 7, and 7 neurons for cross-modal, sound, and airflow,
respectively, One-way factorial ANOVA, p = 0.01; unpaired t-test with Holm-
Bonferroni correction, cross vs. sound, p = 0.02; cross vs. air, p = 0.02; sound
vs. air, p = 0.47) evoked by different modalities of stimuli. The offset of peak
was measured as the time when EPSPs were > 90% of the normalized EPSP

indicated by the broken line in D.
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Figure 3-3. Effects of the time difference in response latency and in stimulus
onset on EPSP’s properties. A) Latency of the first spikes evoked by different
types of stimulation from the stimulus onset. The spike latency of the airflow
response was significantly longer than those of sound and cross-modal
responses (n = 7, 7, and 8 neurons for sound, airflow and cross-modal
stimulations, respectively, Kruskal-Wallis test, p = 0.04 x 10~!; Wilcoxon
rank sum test with Holm-Bonferroni correction, sound vs. air, p = 0.04; cross
vs. air, p =0.04 x 107%; sound vs. cross, p =0.28). B, C) Relationships
between the time lag between the sound and airflow stimulus onset and the
normalize membrane potentials within 6.5 ms after the 1st spike peak (B) or
the offset of peak (C) in EPSPs evoked by cross-modal stimuli (n = 19
responses from 8 neurons, Spearman’s rank correlations, r = —0.32, p = 0.18
for B, r = —0.04, p = 0.89 for C). Negative value of the time lag indicates

that the airflow preceded the combined sound stimulus onset.
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Figure 3-4. Excitatory post-synaptic potential (EPSP) characteristics
affecting burst firing. A) Extracted EPSPs accompanied by isolated spikes
(black) or burst firing (blue) in response to sound (A1) and cross-modal (A2)
stimuli. All data used for Figure 3-4 were obtained from the responses to uni-
and cross-modal stimuli using 60-dB sound in both the repetitive stimulation
and various intensities of stimulation experiments. Sample sizes used for A
to D were n = 8 and 5 neurons for isolated spikes and bursts evoked by sound
stimuli, and n = 9 and 7 neurons for isolated spikes and bursts evoked by
crosssmodal stimulation, respectively. B) Time variation of the graded
potential changes in EPSPs following the first spike evoked by sound (B1) or
cross-modal (B2) stimuli. Colors of lines correspond to those in A. C, D) Mean
values of the normalized changes in membrane potential for 6.5 ms after the
first spike (C; Wilcoxon rank sum test, isolated vs. burst for sound stimuli,
p = 0.03 X 1071; isolated vs. burst for cross-modal stimuli, p = 0.05 x 1071)
and of the offset of peak in EPSPs (D; unpaired t-test, isolated vs. burst for
sound stimuli, p = 0.01; isolated vs. burst for cross-modal stimuli, p = 0.01)
accompanied by isolated spikes or bursts in response to sound and cross-

modal stimuli.
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Figure 3-5
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Figure 3-5. EPSP characteristics relevant to structure of burst. A, B)
Relationship between the duration of burst firing and the mean of normalized
potential changes (A; n = 46 burst responses from 10 neurons, Spearman’s
rank correlation, r = 0.33, p = 0.02) or the offset of peak EPSPs (B; sample
size was the same as in A, Spearman’s rank correlation, r =0.71; p =
0.03 x 107°). Blue open circles represent data for sound stimuli and gray filled

circles represent data for cross-modal stimuli.
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Figure 3-6
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Figure 3-6. Modulation of the spike threshold in AN2. A) Trace of a typical
firing response and estimated spike threshold potentials. Blue, red, and green
circles indicate the threshold for the first, second, and third spikes,
respectively. B) Phase portraits (dV/dt versus V) for the 3 spikes shown in A.
Colors of traces correspond to those in A. C) Thresholds of the first spikes
evoked by different modalities of stimuli (n = 7, 7 and 8 neurons; One-way
factorial ANOVA, p = 0.81). Delta potentials of spike thresholds were the
differences between the threshold potential and resting membrane potential
before stimuli. D, E) Relationship between spike threshold and the preceding
depolarization rate (D; Spearman’s rank correlation, 7, oss = —0.20, Tsouna =
—0.07, and Tgirriow = 0.055 Deross = 0.08, Dsouna = 0.22, and puirriow = 0.73) or
inter-spike interval (E; Spearman’s rank correlation, 7., = —0.84, Tsouna =
—0.92, and 7girpiow = —0.685 Peross = 1.59 X 10721, pgoyng = 1.98 X 107119, and
Pairfiow = 4.00 X 1077). Sample size shown in D was the same as shown in E
(n = 293, 44 and 78 spike thresholds from 8, 7 and 8 neurons in sound, air
and cross-modal stimulations respectively). The depolarization rate was
measured as the slope of the change in membrane potential for 1.5 ms prior
to each spike-threshold point. Delta (A) potential from first spike threshold
was measured as the difference between the threshold potential and the first
spike threshold. Colors of dots in D and E indicate data for cross-modal (black),

sound (blue), and airflow (red) stimuli.
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General Discussion

Multisensory integration is fundamental computation observed in various
sensory systems and different brain regions (Meredith and Stein, 1986;
Ghazanfar and Schroeder, 2006; Deeg et al., 2009; Zahar et al., 2009;
Kardamakis et al., 2016). Multisensory integration is performed in not only
higher processing stage for association but also earlier stages close to sensory
surface such as the primary auditory cortex of macaque and the primary
visual cortex of mouse (Schroeder and Foxe, 2005; Ghazanfar and
Chandrasekaran, 2007; Lakatos et al., 2007; Ibrahim et al., 2016). In
Drosophila larvae, certain sensory neurons directly receive sensory inputs
from receptor cells of different modalities (Ohyama et al., 2015). The
prothoracic auditory circuit of crickets is also such a sensory system to
integrate various modalities in the early stage as discussed in Chapter I.
These findings imply that multisensory integration is fundamental
mechanisms in early stage of sensory processing.

Finally, I refer to the behavioral relevance of multisensory integration
in AN2. AN2 is considered to play a crucial role in the detection of predatory
bats, because it 1s sensitive to ultrasound-like echolocation calls of bats, and
its firing activity is necessary and sufficient to trigger avoidance steering in
the opposite direction of the sound source (Nolen and Hoy, 1984, 1986).
Notably, bursting of AN2 correlates with abdominal movement in the

avoidance steering behavior (Marsat and Pollack 2006, 2010). I demonstrated
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that AN2 generates bursting in response to 15-kHz tone pulses of which the
carrier frequency was lower than that used in previous studies (Marsat and
Pollack 2006, 2007, 2010), and that cross-modal stimuli combining the tone
pulse with airflow enhanced the generation of bursting. AN2 represents
directionality, intensity, and duration of sound stimuli with its bursting
(Marsat and Pollack, 2006, 2010). Our results, therefore, suggest that
multisensory integration in AN2 may enable quicker and more precise
identification of alert signals via simultaneous detection of the searching echo
and air flow caused by flying bats.

The avoidance steering driven by the bursts of the AN2 are observed
only in response to ultrasound during flight. So, it remains unclear whether
flying crickets use wind stimuli as a sign of a bat’s attack. Several types of
insects, such as mantids and cockroaches, detect the predator’s attack by
their cercal organs and execute avoidance steering during flight (Ganihar et
al., 1994; Triblehorn and Yager, 2006). It is possible that the wind sensitivity
of AN2 might be useful for successful escape via multisensory integration
with auditory inputs. On the other hand, crickets standing on the ground
exhibit escape behaviors such as running or jumping in response to wind
stimuli (Tauber and Camhi, 1995; Oe and Ogawa, 2013; Sato et al., 2017).
ANZ2 is also involved in the phonotaxis via detection of conspecific calls
(Schildberger and Hérner, 1988), meaning that AN2 could respond to

ultrasound and also to airflow in standing crickets. Recently, I reported that
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1069  10- or 15-kHz pure tones that will activate AN2 modulate wind-elicited escape
1070  behavior in crickets (Fukutomi et al., 2015; Fukutomi and Ogawa, 2017).
1071 Taken together, the findings in this study suggest that AN2 is an excellent
1072 model for understanding the neuroethological significance of multisensory

1073 integration.
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