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Abstract



Animals change their behavior in response to sensory cues in the environment as well as their

physiological status of their own. However, the neural mechanisms on how such information from

the environment and the intrinsic physiological status of the animal are integrated and modulate

their behaviors still remain unknown. It is generally accepted that such changes in behaviors are

induced by modulations of neural activities in the brain. Although neural activities are modulated

by various molecules, neuropeptides have been suggested to play important roles in such

modulation. Therefore, | assumed that peptidergic neurons may play a key role in the integration

of information from the environment and the physiological status, and the regulation of such

changes in behaviors accordingly. To analyze the mechanisms of such behavioral modulation, |

focused on the terminal nerve gonadotropin releasing hormone neurons (TN-GnRH3) neurons.

The TN-GnRH3 neurons have been suggested to show many characteristic morphological and

physiological properties relevant for a neuromodulator; they show spontaneous regular

pacemaker activity and project widely in the brain. In the present thesis, | aimed at understanding

neuromodulatory functions of TN-GnRH3 neurons in the following three chapters. First, in

Chapter 1, | examined inputs to the TN-GnRH3 neurons and found a novel modulator of

spontaneous activity, RFRP. | showed that RFRP suppresses the frequency of pacemaker activities

of TN-GnRH3 neurons directly via multiple ion channels and thus may modify neuromodulatory

actions of the TN-GnRH3 neurons. Second, in Chapter 2, | found that the TN-GnRH3 neurons in



both adult and juvenile are capable of firing at high frequency and thus of releasing neuropeptide

such as GnRH3 in response to glutamatergic and GABAergic synaptic inputs, both of which are

excitatory to the TN-GnRH3 neurons. This can be the basis for the trigger of effective GhnRH3

neuromodulatory peptide release. Finally, in Chapter 3, | examined the output of TN-GnRH3

neurons to know how the GnRH3 peptides, which is expressed in TN-GnNRH3 neurons, modulate

neurons in the target brain region. | demonstrated that GhnRH3 modulates the retino-tectal

neurotransmission in the optic tectum, which is important for visual processing. Here, GnRH3

was suggested to induce neuromodulation by suppressing postsynaptic neuron for the retino-tectal

neurotransmission in the optic tectum via activating a kind of K* channels, called BK channel.

Thus, in my thesis | have demonstrated 1) a novel type of modulation by RFRP of spontaneous

firing activities of TN-GnRH3 neuron, which is important for their neuromodulatory functions,

2) the mechanism of synaptically evoked high-frequency firing of TN-GnRH3 neuron that should

be sufficient for triggering the neuromodulatory GnRH3 peptide release, and 3) the mechanisms

of subsequent GnRH3-induced neuromodulation in the target brain region. From the results of the

present thesis, the TN-GnRH3 peptidergic neurons are suggested to play an important role in the

integration of sensory information from the environment and the intrinsic physiological status of

the animal, modulate neural activities in the target brain regions, and bring about adaptive changes

in behaviors.



General introduction



Animals change their behavior in response to sensory cues in the environment as well as the

physiological status of their own. For example, various behaviors are modulated by stress (de

Kloet et al. 2005), and some social behaviors such as schooling and sexual behaviors (lwamatsu

2006) are modulated by various sensory cues in the environment, such as the temperature, day

length, and so on. However, the neural mechanisms on how such information from the

environment and the intrinsic physiological status of the animal are integrated and modulate their

behaviors still remain debatable. It is generally accepted that such behavioral changes are induced

by modulations of neural activities in the brain (generally called “neuromodulation”). Although

neural activities are known to be modulated by various molecules (generally called

“neuromodulators”), it has been proposed by various literature that neuropeptides play important

roles in such “neuromodulation” (Argiolas and Melis 2013; Dornan and Malsbury 1989; van den

Pol 2012). In the processes of such modulations, especially, physiological mechanism of

neuromodulation through neuropeptide remains unknown.

To analyze the neural mechanisms of behavioral modulation through peptidergic neurons, |

focused on the terminal nerve gonadotropin releasing hormone neurons (TN-GnRH3) neurons.

The reasons are the following: 1) TN-GnRH3 neurons show spontaneous pacemaker activities in

low frequency and fire in synchrony with each other through gap junctions and auto/paracrine

release of neuropeptide (GNRH3, NPFF) (Abe and Oka 2011; Karigo and Oka 2013). 2) Each TN-



GnRH3 neuron projects broadly to brain regions related to behaviors and sensory system. Thus,

TN-GnRH3 neurons may modulate multiple neural activities extensively at the same time (Abe

and Oka 2011; Karigo and Oka 2013). 3) TN-GnRH3 neurons have been rather well studied as a

peptidergic neuromodulator in their projection areas. For example, GnRH3 peptide has been

suggested to show neuromodulatory effects on the olfactory receptor neurons and the synaptic

transmission in the olfactory bulb (Eisthen et al. 2000; Kawai et al. 2010). 4) TN-GnRH3 neurons

receive various inputs from sensory processing areas such as olfactory, visual, and somatosensory

(‘YYamamoto et al., 2000). Based on these previous studies, | assumed that TN-GnRH3 neuron is

an excellent model for the study of functions of the “peptidergic modulatory neurons”. |

hypothesized that the TN-GnRH3 neurons receive multimodal sensory information from the

environment and the intrinsic physiological status, which changes the spontaneous activity of the

TN-GnRH3 neurons and release GnRH3 peptides accordingly. The GnRH3 peptide thus released

modulates activities of neurons in the target brain regions including sensory information

processing areas such as the optic tectum, olfactory bulb, etc., and finally changes the behavioral

pattern generator circuit. Thus, animals can change their behavior adaptively in response to

sensory cues in the environment as well as the physiological status of their own by the neural

mechanisms, and the TN-GnRH3 neurons play pivotal roles during this process (Fig. 0).

In the present thesis, | aimed at comprehensive understanding of the mechanisms of



neuromodulation by TN-GnRH3 neuron in the brain, which is one of peptidergic neurons that can

induce modulation of behaviors depending on surrounding environment and physiological status.

I chose teleost animal models in my thesis because of the wealth of literature on TN-GnRH3

neurons in teleost fishes and their advantage for experiments in which we can keep the neural

circuit almost intact by using the whole-brain in vitro preparations. Toward this goal, | organized

my thesis in the following three Chapters. In Chapter 1, | focused on the neural inputs to the TN-

GnRH3 neurons that should change their spontaneous pacemaker activities, which are important

for their neuromodulatory functions, and found a novel inhibitory peptidergic neuromodulator,

RFRP. | examined the mechanisms of its action in detail by electrophysiological methods. In

Chapter 2, | analyzed the relationship between neural activities and neuropeptide release of TN-

GnRH3 neurons and found that the TN-GnRH3 neurons in both adult and juvenile medaka are

capable of firing at high frequency and thus of releasing neuropeptide in response to various

synaptic inputs, such as glutamate and GABA. Finally, In Chapter 3, | examined the output of

TN-GnRH3 neurons in the target brain region, the optic tectum, to understand how GnRH3

peptides, which is expressed in TN-GnRH3 neurons, modulate neurons in the target brain regions.

I showed that GnRH3 modulates retino-tectal neurotransmission in the optic tectum, which is

important for visual processing.



Figure legend

Figure 0 Working hypothesis for the present study. The TN-GnRH3 neurons receive multimodal
sensory information from the environment and the intrinsic physiological status and release
GnRH3 peptides accordingly, modulate activities of neurons in the target brain regions including

behavior pattern generator circuit, and finally induce changes in behaviors.
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Chapter 1
A novel modulator of spontaneous firing activities of

TN-GnRH3 neurons
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Abstract

The terminal nerve gonadotropin-releasing hormone 3 (TN-GnNRH3) neurons receive various

sensory and other information from a variety of neurons and express GnRH3 peptides, which are

suggested to modulate neural activities in wide areas of the brain. GnRH3 has been suggested to

be released, depending on the spontaneous firing activities of TN-GnRH3 neurons. Therefore, to

understand the neuromodulatory action of TN-GnRH3 neuron, it is important to know the

regulatory mechanisms of the spontaneous firing activities of TN-GnRH3 neurons. Previous

studies have identified several different neural inputs to TN-GnRH3 neurons: excitatory

modulators, GnRH3 (autocrine/ paracrine), glutamate and GABA (synaptic), or inhibitory

modulators, NPFF (autocrine/ paracrine) and ACh (synaptic). In Chapter 1, | newly found that

neuropeptide RFRP functions as an inhibitory synaptic modulator.

RFamide-related peptide (RFRP) is a member of the RF amide (Arg-Phe-amide) family of

peptides. Neuroanatomical evidence has demonstrated that RFRP neurons in the hypothalamus

project to the close vicinity of TN-GnRH3 neurons in medaka. Therefore, RFRP was suggested

to be a candidate new neuromodulator of TN-GnRH3 neurons. In the present study, | examined

the effects of RFRP peptide on the firing activity of TN-GnRH3 neurons by using whole cell patch

clamp recording. | showed that RFRP inhibits the firing activities of TN-GnRH3 neurons by

changing conductances for K* and Na*, which may arise from the closure of TRPC channels and

the opening of voltage-independent (leak) K* channels. This novel pathway may be considered
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as a negative regulator of reproductive behaviors.
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Introduction

The TN-GnRH3 neurons receive various sensory information such as physiological status of

the animal (Kawai et al. 2013; Yamamoto and Ito 2000) and express GnRH3 peptide (Oka and

Matsushima 1993). Previous studies have suggested that the quantity of GnRH3 peptide released

in the brain is closely related to the firing rate of the TN-GnRH3 neurons (Ishizaki et al. 2004).

GnRH peptide has been reported to modulate the opening of ion channels such as K* channels in

the dorsal root ganglia (Adams and Brown 1980) and the activity of voltage-gated sodium currents

in the olfactory epithelium (Eisthen et al. 2000), as well as ionotropic glutamate receptors in the

hippocampus (Yang et al. 1999). Taken together, these cellular physiological and behavioral

studies suggest that the firing rate of TN-GnRH3 neurons regulates the release of GnRH3 peptide,

changings the excitability of the target neurons and therefore modulating animal’s behavior by

controlling motivational or arousal state (Abe and Oka 2006; Oka 2002).

Previous studies have identified several neural inputs that modulate spontaneous firing of TN-

GnRH3 neurons: excitatory modulators, GnRH3 (autocrine/ paracrine) (Abe and Oka 2000),

glutamate (Kiya and Oka 2003), and GABA (synaptic) (Nakane and Oka 2010), or inhibitory

modulators, neuropeptide FF (NPFF) (autocrine/ paracrine) (Saito et al. 2010), and ACh

(synaptic) (Kawai et al. 2013). In Chapter 1, | newly found that neuropeptide RFRP functions as

an inhibitory synaptic modulator.

RFRP is a member of the RF amide (Arg-Phe-amide) family of peptides. Neuroanatomical
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evidence has demonstrated that RFRP neurons in the hypothalamus project to the close vicinity

of TN-GnRH3 neurons in medaka (Matsumoto et al. 2006). The metastin (=Kisspeptin)

immunoreactive neurons and fibers described therein were recently identified as RFRP-

immunoreactive. However, it has not been clarified yet whether RFRP affects the activity of non-

hypophysiotropic or modulatory GnRH neurons such as TN-GnRH3 neurons. In the present

Chapter, | examined the effects of RFRP peptide on the pacemaker activity of TN-GnRH3 neurons

by using whole cell patch clamp recording. | showed that RFRP inhibits the pacemaker activities

of TN-GnRH3 neurons by changing K* and Na* conductances, which may arise from the closure

of TRPC channels and the opening of voltage-independent (leak) K* channels.
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Material and Methods

Adult male and female dwarf gouramis (Trichogaster lalius; n = 200 fish), ~4 cm in standard

length, were purchased from a local dealer. Each aquarium containing ~20 fish was maintained at

27°C on a 14:10 light:dark cycle. The fish were fed with worms daily. All procedures were

performed in accordance with the guideline principles for the care and use of experimental

animals established by the Physiological Society of Japan and the University of Tokyo.

Electrophysiology

For the electrophysiological experiments, the fish were chilled by immersing them in crushed

ice and quickly killed by decapitation. After careful removal of ventral meningeal membranes,

the olfactory bulbs and telencephalons were separated from the rest of the brain, and the dorsal

telencephalon was manually cut out with razor blades in an artificial cerebrospinal fluid (ACSF)

consisting of (in mM) 140 NaCl, 5.0 KCI, 1 MgCl;, 1.5 CaCl;, 10 HEPES, and 10 glucose (pH

7.4 adjusted with NaOH). This ‘brain block’ containing the olfactory bulb and ventral

telencephalon was then placed ventral side up in a hand-made recording chamber and

continuously perfused with ACSF. All the experiments were performed at room temperature (20—

24°C). Patch pipette solution contained (in mM) 130 KCI, 3 MgCl,, 10 HEPES, 0.4 EGTA, and

2 Nap-ATP (pH 7.4 adjusted with KOH). Patch electrodes were made of borosilicate glass (G-1.5,

Narishige, Tokyo, Japan) using a Flaming-Brown micropipette puller (P-97; Sutter Instruments,

Novato, CA). The tip resistance of patch electrodes in ACSF was 4—7 MQ. Because the liquid
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junction potential was so small and negligible (c.a. 1.2 mV), I did not compensate for it. In my

preparations, TN-GnRH3 neurons of dwarf gouramis form a morphologically distinct neuronal

cluster immediately beneath the ventral meningeal membrane (Oka and Ichikawa 1991), and they

can be easily identified under a dissecting microscope or microscopes equipped with differential

interference optics (Abe and Oka 2006; Abe and Oka 2009; Oka 2002; Oka and Matsushima

1993). The patch pipette was visually guided to the cluster of TN-GnRH3 neurons, located on the

ventral surface of the transitional area between the olfactory bulb and the telencephalon under an

upright microscope (E-600FN, Nikon, Tokyo, Japan) equipped with a 40x water-immersion

objective lens (0.8 numerical aperture), infrared (IR) differential interference contrast optics, and

an IR-CCD camera (C3077-78, Hamamatsu photonics, Hamamatsu, Japan). All recordings were

performed with an Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA).

Whole cell voltage- and current-clamp recordings were digitized (2 k and 10 kHz, respectively)

and stored on a computer using the Digidata 1322A and pCLAMP 9.2 software (Molecular

Devices, Sunnyvale, CA). After gigaohm seal formation and “break in” for whole cell recording,

characteristic spontaneous pacemaker activities were confirmed in current-clamp mode. The

membrane resistance and capacitance of these neurons measured 83.0 £ 25.3 MQ and 184.1 +

53.2 pF, respectively (n = 5). During the whole recording periods of ramp stimulation experiment

procedures, the baseline changes of the current responses were also monitored at 1 kHz using
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MiniDigi 1A and pCLAMP 9.2 software (Molecular Devices, Sunnyvale, CA). | assessed the

quality and stability of all recordings by applying hyperpolarizing step pulses (from -60 mV to -

80 mV, 1.5s) before each ramp protocol to confirm that the membrane conductance had not

changed.

Drugs

Drugs were dissolved in ACSF and used as follows: RF9 (10 uM, Sigma-Aldrich, St. Louis,

MO), tetrodotoxin (TTX; 0.75 uM, Sigma-Aldrich, St. Louis, MO), 4-aminopyridine (4-AP; 5

mM, Wako, Osaka, Japan), Tetraethylammonium (TEA; 20mM, Sigma-Aldrich, St. Louis, MO),

LaCI3 (100 uM, Wako, Osaka, Japan), and 2-aminoethoxydiphenyl borate (2-APB; 100uM,

Merck KGaA, Darmstadt, Germany). Peptides corresponding to medaka RFRP1

(SLDLESFNIRVTPTSSKLNLPTIKLYPPTAKPLHMHANMPLRF-NH,), RFRP2  (VSNSSPNMPQRFNH,),

and RFRP3 (SVREAPSPVLPQRF-NH,) were synthesized by GL Biochem. (Shanghai, China)

and used at 0.01 to 2.5 pM. Prior to RFRP applications, bovine serum albumin (0.1 %, 1 ~ 2 min;

Sigma-Aldrich, St. Louis, MO) was perfused over the cells to prevent nonspecific binding of the

peptides.

Statics

Statistical analyses were performed by the Kyplot5 software (Kyence, Tokyo, Japan) and the

18



Igor Pro 6 software (WaveMetrics Inc., Lake Oswego, OR, USA) with Taro tool (Igor macro set
written by Dr. Taro Ishikawa, Jikei University School of Medicine). Different statistical tests were
used for different experiments, as described in the Results and Figure legends. All data in the

present study are presented as mean = S.E.M
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Results

RFRP2 inhibits the pacemaker activity of TN-GnRH3 neurons

The regular spontaneous pacemaker activity of TN-GnRH3 neurons was inhibited by bath

application of RFRP2 peptide. Fig. 1-1A illustrates the inhibition of pacemaker activity by RFRP2

(1 uM). In normal ACSF, TN-GnRH3 neurons showed regular pacemaker activity (6.3 + 0.4 Hz,

n = 5). The firing frequency of this pacemaker activity was gradually decreased by bath

application of RFRP2, and firing was completely inhibited about 2 min after the onset of RFRP2

application. This inhibitory effect of RFRP2 on the pacemaker activity was accompanied by

hyperpolarization of membrane potentials (-20.7 + 0.3 mV, n = 5). After the end of RFRP2

perfusion, the pacemaker activity of TN-GnRH3 neuron showed an almost complete recovery to

its original level.

Many vertebrates possess three forms of RFRP (RFRP1-3), and the three kinds of RFRP

peptides in teleosts are processed from the same precursor molecule (Hinuma et al. 2000). To

identify the RFRP peptide that inhibits the pacemaker activity of TN-GnRH3 neurons, | compared

the normalized decrease in firing frequency of pacemaker activity by each kind of RFRP peptide

at a concentration of 1 uM (Fig. 1-1B). The normalized decrease in firing frequency was defined

as

Frequency rre+) / Frequency wrre-) x 100 (%).
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The frequency was calculated from the number of spikes during 0.4 min periods, counted around

1.5 min before and after the onset of RFRP application (RFRP- and RFRP+, respectively). In

Fig.1B, lower normalized frequency indicates stronger inhibition of the pacemaker activity.

Among the three types of RFRPs, only RFRP2 application significantly decreased the firing

frequency of TN-GnRH3 neurons [100.1 £ 2.0 % (vehicle; n =5) versus 102.8 + 1.8 % (+RFRP1;

n==6;n.s.),33.6 £ 12.7 % (+RFRP2; n = 9; P < 0.001), and 83.3 £ 8.1 % (+RFRP3; n = 7; n.s.);

Dunnet’s multiple comparison test]. I therefore, focused on the effects of RFRP2 in the analysis

below. Next, the normalized decrease in firing frequency of pacemaker activity was plotted

against the concentration of RFRP2 (Fig. 1-1C). This concentration response curve (Fig. 1C solid

line) can be well fitted by the equation

R = [RFRP2]"/ (ECso" +[RFRP2]")

where R is the normalized decrease in the firing frequency. The ECso of RFRP2 was determined

to be 839 nM, and n was 2.07. Since the n value for Hill’s equation indicates cooperativity, n =

2.07 here demonstrates that the ligand binding reaction is positively cooperative. Once RFRP2 is

bound to the receptor, its affinity for the other RFRP2 molecules may increase. For NPFF binding

to GPR74 (NPFFR2), on the other hand, Hill’s n is c.a. 1, which suggests that NPFF does not

show cooperativity (Gouarderes et al. 1997; Zeng et al. 2003). RFRPs are thus considered to be

different from NPFF in not only the binding affinity but also the mode of binding, although they
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do bind to the same receptor.

RFRP2 directly inhibits the pacemaker activity of TN-GnRH3 neurons via specific
receptors

To elucidate possible mechanisms underlying the RFRP2-induced decrease in firing frequency,

I next examined whether RFRP2 directly inhibits pacemaker activities of TN-GnRH3 neurons

after blockage of action potential-dependent synaptic inputs from other neurons by TTX

application. In the presence of TTX (0.75 uM), RFRP2 reversibly induced hyperpolarization of

the membrane potential (-21.3 £ 1.9 mV, n = 6; Fig. 1-2). This result suggests that RFRP2 directly

modulates the pacemaker activity of TN-GnRH3 neurons.

To further understand the possible mechanisms of RFRP2-induced inhibition of pacemaker

activity, | next examined the effect of RF9, a potent antagonist of GPR147/74, which have been

identified as candidate NPFF and RFRP receptors (Simonin et al. 2006). Pretreatment with RF9

(10 uM) blocked the inhibitory action of RFRP2 peptide (1 uM) on the pacemaker activity of TN-

GnRH3 neurons (Fig. 1-3A and B). In normal ACSF, TN-GnRH3 neurons showed a regular

beating discharge pattern (5.5 + 0.4 Hz; Fig. 1-3Ba). Prior perfusion of RF9 alone did not affect

firing activity (Fig. 1-3Bb). In the presence of RF9 (10 uM), the inhibitory effect of RFRP2 (1

uM) was clearly diminished (Fig. 1-3Bc). The decrease in firing frequency was significantly

diminished by RF9 [Fig. 1-3C; 71.4 + 6.0 % (n = 6) by RFRP2 with RF9 vs. 100.1 + 2.0 % (n =
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5) by vehicle; n.s.]. RF9 alone did not decrease the firing frequency of TN-GnRH3 neurons [98.0

+ 2.9 %, n = 6, vs. vehicle; n.s.]. These results suggest that the inhibitory effects of RFRP2 on

pacemaker activity of TN-GnRH3 neurons are mediated by GPR 147/74.

RFRP2 modifies multiple ion conductances in TN-GnRH3 neurons

To examine the ionic mechanisms of RFRP2-induced hyperpolarization of TN-GnRH3

neurons, | recorded changes in the membrane current at a holding potential of -60 mV in the

presence of TTX using whole-cell patch-clamp recordings (Fig. 1-4A). Perfusion of a

supramaximal concentration of RFRP2 (2.5 uM) reversibly induced outward current responses

(183.9 £ 21.5 pA; n = 6). Before and during RFRP2 application (Fig. 1-4A dashed vs solid boxes),

| recorded currents in response to slow voltage ramps (Fig. 1-4B) to determine which ionic

permeability contributes to the current changes induced by RFRP2. In this experiment, |

depolarized TN-GnRH3 neurons from -60 to -10 mV for 1.5 s before applying a voltage ramp to

inactivate the voltage-gated calcium channels: the falling phase of the voltage ramp, from -10 to

-110 mV during 1.5 s period, was used for plotting the current-voltage (1/V) relationship (dashed

rectangle in Fig. 1-4B). The 1/V relationships before RFRP2 (dotted curves) and during RFRP2

perfusion (solid curves) under various extracellular ionic concentrations are shown in Fig. 1-4C.

From the intersection of two I/V curves, | determined the reversal potential for the RFRP2-

induced current. In normal ACSF ([K*]o = 5 mM), the recorded reversal potential was -38.0 = 2.0
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mV (n = 6; Fig. 1-4Cb and D). This value is far from the theoretical equilibrium potentials for K*

(-82.0 mV) and Na* (+89.6 mV) calculated using the Nernst equation, and instead suggests that

RFRP2 changes permeability for multiple ionic species. I therefore, identified the ions comprising

the RFRP2-induced current by changing the extracellular concentrations for K*, Na* and Ca?".

At different extracellular K* concentrations ([K*]o; 1 and 20 mM), the reversal potentials for

RFRP2-induced currents were -51.0 £ 3.7 (Fig. 1-4Ca, n =5) and -13.0 £ 0.7 mV (Fig. 1-4Cc, n

= b5), respectively. Similarly, a decrease in extracellular Na* concentration shifted the reversal

potentials of RFRP2-induced currents (-59.7 £ 2.9 and -49.0 + 1.5 mV in 46 and 70 mM [Na*],;

n =5 for both; Fig. 1-4Cd and e, respectively). When these reversal potentials were plotted as a

function of [K*], or [Na*],, the relations could be well fitted by straight lines predicted from the

Nernst equation for K* or Na* (Fig. 1-4D; 58 mV per log unit changes, r? = 0.95 and 0.99 for K*

(o) and Na*(m), respectively). However, changing extracellular Ca* concentrations did not shift

the reversal potential (-38.0 + 2.0 and -40.7 = 2.7 mV in 1.5 and 6 mM [Ca*'],, n = 6 and 5, n.s.

by Student’s t-test; Fig. 1-4Ca and f, and ¢ in Fig. 1-4D), suggesting that RFRP2 changes

permeability for both K* and Na*, but not for Ca?*.

RFRP2 modulates both TRPC and voltage-independent K* currents

Because RFRP2 changed the permeability of both Na* and K*, I searched for ionic current(s)

that are sensitive to RFRP2 application. Subtraction of the ramp current responses recorded during
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RFRP2 application from those obtained before the application (Fig. 1-5Aa, dotted and solid

curves, respectively) yielded an 1/V relationship for the net RFRP2-sensitive current (Fig. 1-5Ab).

The obtained I/V relationship exhibited a region of negative slope conductance from -110 to -70

mV, outward rectification, and a reversal potential at ~ -40 mV. This I/V relationship suggests that

RFRP2 blocks an inward current at the physiological membrane potential (-40 ~ -60 mV) of TN-

GnRH3 neurons.

To elucidate the identity of this RFRP2-sensitive current, | next recorded current responses

before and during RFRP2 application in the presence of La®*" (an antagonist of TRPC1, 3, 6 and

7 and agonist of TRPC4 and 5; 100 uM) or 2-APB (an antagonist of TRPC3, 4, 5 and 6; 200 uM).

Figures 1-5C and D show subtraction of the current responses recorded before RFRP2 application

from those obtained during the application in the presence of La** and 2-APB, respectively. The

addition of La®* shifted the reversal potential of the RFRP2-sensitive current from -38.0 + 2.0 to

-83.4 £ 3.4 mV (n = 8; Fig. 1-5C and F), and the addition of 2-APB resulted in a shift of -90.6 +

7.2mV (n=5; Fig. 1-5D and F). These plots showed nearly linear I/V relationships with polarities

that reversed around the theoretical equilibrium potential for K* (-82.0 mV). In addition,

I compared the RFRP2-induced current changes at a holding potential of -60 mV (Fig. 1-5G).

La®* and 2-APB significantly decreased the amplitude of RFRP2-induced changes in the holding

current (183.9 + 21.5 pAin normal ACSF vs. 76.0 + 16.2 pAin La®* or 71.2 + 13.3 pAin 2-APB;
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n=6,8and5; p<0.001 and p < 0.01, respectively). These results suggest that RFRP2 in the

presence of La®* or 2-APB increased the magnitude of a K* current that has no voltage

dependence, because RFRP2 still induced changes in the holding current and its reversal potential

was near the theoretical equilibrium potential for K*. To confirm the presence of a voltage-

independent K* current, | next recorded current responses in response to the same voltage ramp

in the presence of 0.1 mM Ba?, which serves as a less-selective blocker of the voltage-

independent K* currents (= leak K* currents). In this experiment, the reversal potential for the

RFRP2-induced current was changed from -38.0 £ 2.0 mV to -12.9 + 5.5 mV (Fig. 1-5E and F),

and the subtraction of the current responses recorded during RFRP2 application from those

obtained before the application exhibited a constant inward current region from -110 to -60 mV

(Fig. 1-5E). The shape of the I/V relationship resembles that of the TRPC current (Qiu et al. 2010).

Ba?* also reduced the RFRP2-induced increase in the holding current (Fig. 1-5G). However, prior

application of 4-AP (5 mM), a classical blocker of voltage dependent K* channels, did not change

the reversal potential of RFRP2 induced current (-43.3 + 2.5 mV; Fig. 1-5B and F, n = 7), although

4-AP did decrease the RFRP2-induced current changes at a holding potential of -60 mV (Fig. 1-

5G). Furthermore, when TEA (20 mM), another blocker of voltage dependent K* channels, was

added in either the extracellular or the intracellular solution, the reversal potential for the RFRP2-

induced current did not shift (-41.8 £ 7.8 mV with TEAand 5mM 4AP in the extracellular solution,

26



n =4; -27.1 £ 6.4 mV with TEA in the intracellular solution, n = 6; both n.s. by Dunnet’s test).

These results suggest that RFRP2 opens voltage-independent K* current(s). Taken together, |

conclude that RFRP2 induces both the closure of TRPC current and the opening of voltage-

independent K* currents.
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Discussion

In the present study, | found that RFRP (particularly RFRP2) reversibly inhibits the pacemaker

activities of TN-GnRH3 neurons by simultaneously blocking TRPC channels and opening

voltage-independent K* channels via GPR147/74.

RFRP was discovered during the search for a human RFamide using the rat genome database

(Hinuma et al. 2000). Previous studies suggested that RFRP3 inhibits the electrical activities of

hypothalamic GnRH1 neurons in mice (Ducret et al. 2009). Recent anatomical observation that

RFRP immunoreactive fibers densely project near the TN-GnRH3 neurons in medaka

(Matsumoto et al. 2006) led me to my present electrophysiological investigation to determine

whether RFRP affects the pacemaker activity of teleost non-hypophysiotropic TN-GnRH3

neurons. To the best of my knowledge, this is the first report that hypothalamic reproduction-

related peptide, RFRP, affects the firing activity of non-hypophysiotropic TN-GnRH3 neurons.

The present results suggest that RFRP2 inhibits the TRPC channels and activates voltage-

independent K* channels. First, La®* and 2-APB, antagonists of TRPC, diminished the change in

the permeability of multiple ions in response to RFRP2. Both La®*" and 2-APB reduced the

increase in the holding current by RFRP2. Because RFRP2 increased the outward current, |

deduce that RFRP2 also inhibits TRPC-mediated inward currents. Zhang et al. (2008) reported

that kisspeptin, another member of RFamide family of peptides, opens TRPC channels in rat

GnRH1 neurons. Together, this study and the present results suggest that kisspeptin and RFRP
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reciprocally open / close TRPC current, because both Kisspeptin and RFRP change the

permeability of Na* and K* but not Ca?*, and their effect was blocked by TRPC antagonists.

In the presence of La** or 2-APB, RFRP2 still induced an outward current with a reversal

potential close to the equilibrium potential for K*. This residual RFRP-induced outward current

was probably comprised of voltage-independent (= leak) K* current(s), because Ba?*, a blocker

of voltage-independent K* currents (Lesage 2003), shifted the reversal potential of RFRP-induced

currents and diminished the increase in the holding current by RFRP2. In addition, 4-AP, a

classical voltage-dependent K* current blocker, did not inhibit the effect of RFRP2. Therefore, |

suggest that RFRP2 decreased TRPC current and increased voltage-independent K* currents. This

is supported from the fact that: i) the sum of the increase in RFRP2-induced holding current in

the presence of La®* and Ba?* was approximately the same as that in normal ACSF, and ii) the

shape of the I/V relationship of RFRP2-induced current in normal ACSF was similar to the sum

of those in La®" and Ba?*.

How does RFRP modulate voltage-independent K™ and TRPC currents? It has been suggested

that RFRP receptors (GPR147/74) are coupled to Gi proteins (Fukusumi et al. 2006; Mollereau et

al. 2002), and some voltage-independent K* (KCNK) channels are opened through the activation

of Gi by noradrenalin (Xiao et al. 2009). As to the signaling mechanisms for the K* conductance

modulation, it is interesting to note that serotonin also enhances the opening of leak K* channels
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called TREK through Gi-coupled receptor signaling (Honore 2007). Here, the physiological level

of cAMP is inhibitory to the opening of TREK and the activation of the Gi-coupled receptor

diminishes the level of cAMP, which results in the opening of TREK channels, leading to

hyperpolarization. Similar mechanisms may apply to the upregulation of voltage-independent K*

currents by RFRP. In addition, activation of Gi inhibits phospholipase C (PLC; Watkins et al.

1994). Because TRPC channels are known to be activated by PLC (Rasolonjanahary et al. 2002),

RFRP2 may inhibit TRPC current via the Gi signaling pathway.

A question arises: what is the physiological significance of the effect of RFRP? As the name

implies, TN-GnRH3 neurons release the peptide GnRH3, and the released GnRH3 is suggested

to modulate activities of target neurons (Abe and Oka 2011). Thus, TN-GnRH3 neurons are

probably responsible for controlling the motivational or arousal state of the animal, including

sexual behavior (Yamamoto et al. 1997). In addition, it has been suggested that the firing

frequency of TN-GnRH3 neurons plays an important role in controlling the release of GnRH3

peptide (Ishizaki et al. 2004). On the other hand, it has been reported in the rat that the somata of

RFRP neurons are located in the dorsomedial nucleus of the hypothalamus and their fibers project

widely in the brain (Kriegsfeld et al. 2006). Because RFRP was originally discovered as an

inhibitor of gonadotropin release (Tsutsui et al. 2000), many researchers have focused on the

mechanisms of RFRP actions on pituitary gonadotropes and the effects of RFRP in its projection
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areas in the CNS and neural inputs to the RFRP neurons have not yet been investigated. In

previous study, Saito et al. (2010) reported that NPFF, which is also a ligand of GPR147/74,

inhibits the pacemaker activity of TN-GnRH3 neurons in an auto- and paracrine manner.

Interestingly, the functional role of NPFF peptide in teleosts has not been examined, although

NPFF has been reported as one of the mediators of nociceptive stimulus in mammals (Roumy and

Zajac 1998). Fujita et al. (1991) performed an in vivo extracellular recording of TN neuronal

activity in goldfish and reported that tail pinching (= nociceptive stimulus) induced a decrease in

firing frequency of TN-GnRH3 neurons. Previous and the present studies demonstrate that the

pacemaker activity of TN-GnRH3 neuron is inhibited by both NPFF and RFRP. In medaka, RFRP

immunoreactive cell bodies are located in the hypothalamus, and they densely project their axons

near the TN-GnRH3 neurons (Matsumoto et al. 2006). Taken together, it may be possible that

RFRP neurons in the hypothalamus function as an integrator of nociception and reproductive

status. Here, the changes in the activity of ionic current, whose gating is controlled at subthreshold

membrane potentials by TRPC currents or leak K* currents, probably contributes to the regulation

of the activity of TN-GnRH3 neurons continuously. The present results may at least partially

explain the physiological significance of RFRP at the single cell level, which is believed to serve

as an interface between the sensory inputs and the motivation for reproductive behaviors.

Furthermore, the results of the previous studies suggest that immobilization stress increases RFRP
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MRNA expressions in rats (Johnson et al. 2007; Kirby et al. 2009) and in bird brains (Calisi et al.

2008). Further, RFRP neurons express glucocorticoid receptors and receive stress information via

glucocorticoids released from the adrenal cortex (Kirby et al. 2009). Moreover,

intracerebroventricular (icv) injection of RFRP decreases sexual behavior in mammals (Johnson

et al. 2007). Taken together with these studies, | hypothesize that RFRP-induced inhibition of

firing in TN-GnRH3 neurons may function as one of the negative motivational signals for sexual

behavior by stress.
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Figure legends

Figure 1-1 RFRP2 inhibits the pacemaker activity of TN-GnRH3 neurons

A: Bath application of RFRP reversibly inhibited the pacemaker activity of TN-GnRH3
neurons. B: Among the three RFRP peptides, RFRP1-3, only RFRP2 showed a significant
decrease in the normalized firing frequency (Dunnet’s multiple comparison test; ***: p < 0.001).
C: Dose-response relationship between RFRP2 concentration and normalized frequency during
RFRP2 application. Numbers in parentheses near the filled circles represent the numbers of
neurons tested for each RFRP2 concentration. The concentration-response curve was fitted with

the Hill equation, and the EC50 was 839 nM.

Figure 1-2 RFRP2 directly inhibits the pacemaker activity of TN-GnRH3 neurons
RFRP2 hyperpolarized the membrane potential of TN-GnRH3 neuron in the presence of
0.75uM TTX. After washout, the membrane potential of TN-GNRH3 neuron recovered to the pre-

treatment level (dotted line).

Figure 1-3 RF9 (a potent antagonist of GPR147/74, candidate NPFF and RFRP receptors)
diminishes the inhibitory effect of RFRP2
A: In whole cell current clamp recording, prior application of RF9 (10 uM) diminished the

inhibitory effect of RFRP2 (1 uM) on pacemaker activity. B: In ACSF, TN-GnRH3 neurons show
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a beating discharge pattern (a). Prior application of RF9 alone did not change the firing activity
(b). In the presence of RF9, RFRP2 did not show any inhibitory effect on the firing frequency of
pacemaker activity (c). C: RFRP2-induced decrease in the normalized frequency was significantly

diminished by RF9 (Dunnett’s multiple comparison test; ***: p < 0.001).

Figure 1-4 RFRP2 changes the membrane permeability for Na* and K* ions

A: In voltage clamp recording (holding potential = -60 mV), the holding current was increased
by RFRP2 perfusion in the presence of 0.75 uM TTX. B: A voltage ramp protocol was
applied before (dotted rectangle in A) and during (solid rectangle in A) the application of
RFRP2. C: I/V relationships are plotted using the falling phase of the voltage ramp
protocol (dotted rectangle in B), while the extracellular concentration of each ion is
changed. The I/V relationships before RFRP2 (dotted curves) and during RFRP2
perfusions (solid curves) under various extracellular ionic concentrations are shown. The
ionic composition of normal ACSF is [K*] = 5 mM, [Na*] = 140 mM and [Ca?'] = 1.5
mM. D: The reversal potentials of RFRP2-induced currents are plotted as logarithmic
functions of the extracellular ion concentrations (o for K*, m for Na* and ¢ for Ca?*). The
lines indicate the slopes for K* (solid line) or Na* (dashed line) that were calculated from

the Nernst equation.
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Figure 1-5 RFRP2 modulates TRPC and voltage-independent K* currents

A: 1/V relationship of the RFRP2-induced current in normal ACSF. (a) Current responses of a

TN-GnRH3 neuron before (dotted line) and during (solid line) RFRP2 application. (b) Subtracted

current response during and before RFRP2 applications is used to generate the I/V relationship of

net RFRP2-sensitive current. B: The I/V relationship of RFRP2-sensitive current in the presence

of 4-AP (5 mM), a blocker of voltage-dependent K* channels. It is not changed by 4-AP. C, D:

The I/V relationships of RFRP2-sensitive currents in the presence of La* (100 uM; C) or 2-APB

(200 uM; D), antagonists of TRPC1, 3, 6 and7 (La**) or TRPC 3, 4, 5 and 6 (2-APB). Note that

the shape of the 1/V relationships indicates no clear rectification in the presence of La* or 2-APB.

E: 1/V relationship of RFRP2-sensitive current in the presence of Ba?* (100 uM), a less selective

blocker of voltage-independent K* channels. Note that the reversal potential becomes more

depolarized to ~ -20 mV and the shape of the I/V relationship exhibits a constant inward current

region from -110 to -60 mV, resembling the TRPC current. F: The reversal potentials for RFRP2-

sensitive current are more depolarized, in comparison with normal, in the presence of Ba?* or are

more hyperpolarized in the presence of La®* or 2-APB (Dunnett’s multiple comparison test; ** :

p <0.01, ***: p <0.001). G: RFRP2-induced outward shift in holding currents is sensitive to 4-

AP, Ba?*, La**, and 2-APB. Each current difference is calculated by subtracting the holding

35



current before application of RFRP2 from that measured during RFRP2 application (Dunnet’s

multiple comparison test; * : p < 0.05, ** : p < 0.01).
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Figure 1-2
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Figure 1-3
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Figure 1-4
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Figure 1-5
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Chapter 2
Synaptically induced high frequency firing and

neuropeptide release of TN-GnRH3 neurons
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Abstract

In this chapter, | analyzed the nature of high frequency firing and the neuropeptide release of

TN-GnRH3 neurons by electrophysiology and Ca?" imaging, respectively. In preliminary

recordings of firing activities of TN-GnRH3 neurons using medaka of various ages, | found that

juvenile medaka (before 10 weeks post fertilization) were more likely to show burst firing than

adults. Because neuropeptide release has been suggested to require high frequency firing, e.g.,

burst firing, | analyzed the nature of firing and neuropeptide release of TN-GnRH3 neurons using

not only adult but also juvenile medaka.

| found in electrophysiological recording of spontaneous activity from adult TN-GnRH3

neurons that local puffer application of glutamate, which should mimic excitatory synaptic inputs

to these neurons, quickly increased firing activities. Glutamate puffer application also evoked a

quick and large increase in intracellular Ca?* concentration. On the other hand, similar local puffer

application of GABAA receptor agonist also increased firing activities (excitatory, because of

higher intracellular CI- concentration of TN-GnRH3 neurons), but it increased intracellular Ca?*

concentration rather mildly. Interestingly, in juvenile medaka, global blockage of GABAa

receptors by perfusion of bicuculline, a GABAA receptor antagonist, induced burst firing of TN-

GnRH3 neurons indirectly through excitation of other glutamatergic neurons. The burst firing

thus evoked was also suggested to be capable of inducing neuropeptide release by Ca?* imaging

analysis. From the results of the present chapter, the TN-GnRH3 neurons in both adult and
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juvenile medaka are suggested to be capable of firing at high frequency and thus of releasing

neuropeptide in response to various synaptic inputs.
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Introduction

In Chapter 1, | found that RFRP inhibit firing of TN-GnRH3 neurons as a new synaptic

modulator by which | could add new information as to the mechanisms of modulation of firing

activity of TN-GnRH3 neurons. There is a small number of studies to show that peptidergic

neurons, including GnRH neurons, generally have to fire at high frequency to release

neuropeptides (Dutton and Dyball 1979; Liu et al. 2011). GnRH3 peptide that is released from

TN-GnRH3 neurons is suggested to modulate neuronal activities in the olfactory bulb, retina and

so on (Kawai et al. 2010; Umino and Dowling 1991). However, these studies were performed by

application of GnRH3 peptide experimentally, and it has not been clarified under which

conditions the TN-GnRH3 neurons fire at frequencies high enough to trigger release of GnRH3

peptides. In a preliminary experiments on the spontaneous electrical activity of TN-GnRH3

neurons using medaka of various ages, | found that TN-GnRH3 neurons of juvenile medaka

(before 10 weeks post- fertilization) were more likely to show burst firing than adult (Fig. 2-1).

Inspired by this finding, | suspected that juvenile medaka may be useful for the analysis of

neuropeptide release from TN-GnRH3 neurons, which is contrary to what people may expect

from the fact that GnRH peptide was originally identified as a hypophysiotropic peptide hormone

that stimulates the release of gonadotropins and is essential for reproduction.

In this chapter, to study the regulatory mechanisms of neuropeptide release from TN-GnRH3

neurons, | analyzed the spontaneous firing activities of TN-GnRH3 neurons by electrophysiology
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and neuropeptide release by Ca?" imaging using not only adult but also juvenile medaka. Then, 1

concluded that the TN-GnRH3 neurons in both adult and juvenile are capable of firing at high

frequency and thus of releasing neuropeptide in response to various synaptic inputs, such as

glutamate and GABA.
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Material and Methods

Gnrh3: egfp medaka (Oryzias latipes) (Takahashi et al. 2015) was maintained at 27 °C at a

14:10 light:dark cycle. The fish were daily fed with live brine shrimp and flake food. | used

juvenile medaka (6 ~ 9 weeks after fertilization) and adult medaka (> 9 weeks after fertilization).

All procedures were performed in accordance with the guideline principles for the care and use

of experimental animals established by the Physiological Society of Japan and the University of

Tokyo.

Electrophysiology

The fish were anesthetized by 0.02 % 3-aminobenzoic acid ethyl ester (MS-222; Sigma

Aldrich, St Louis, MO, USA). They were quickly killed by decapitation, and the whole brain was

isolated. The isolated brain was put in an artificial cerebrospinal fluid (ACSF) consisting of (in

mM) 134 NaCl, 2.9 KClI, 1.2 MgCl,, 2.1 CaCl;, 10 HEPES, and 10 glucose (pH 7.4 adjusted with

NaOH and ~300 mOsm adjusted with Sucrose). Then, the ventral meningeal membrane was

carefully removed. For the whole cell recording, internal solution was the following (mM): K-

gluconate 112.5, KCI 17.5, NaCl 4, EGTA 1, MgCl; 1, CaCl; 0.5, HEPES 10, and K>ATP 4 (pH

7.2 adjusted with KOH and ~290 mOsm adjusted with Sucrose). The junction potential was -13.8

mV, and the membrane potentials were adjusted by using this value. The tip resistance of patch

electrodes (Narishige, GD-1.5) in ACSF was 10-15 MQ. For the on-cell patch clamp recording,

the pipette solution was the same as ACSF. The both recordings were performed using an
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Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA, USA). The whole
cell voltage-clamp recordings were digitized (10 kHz) and stored on a computer using the
Digidata 1322A and pCLAMP 9.2 software (Molecular Devices, Sunnyvale, CA, USA). Bath
application of drugs was performed by mixing drugs in the ACSF, and puff application (100 ms,
~60 kPa) was performed by using electric microinjector IM-31 (Narishige, Tokyo, Japan). The tip
diameter of glass pipette (Narishige, GD-1) for puff application was 1 ~ 5 um, and the pipette
was placed 10 ~ 30 um from the cell bodies of TN-GnRH3 neurons.
Ca?* imaging

The whole brain was isolated as described above. The tissue covering the TN-GNRH3 neurons
was removed with the aid of a glass pipette under a microscope, in order to expose the surface of
the TN-GnRH3 neurons. Then, the brain was incubated in ACSF at room temperature for 30 mins.
I prepared Fura2 solution (ACSF with 10 uM Fura2-AM (Dojindo, Kumamoto, Japan) and 0.04 %
Cremophor-EL (Sigma Aldrich, St Louis, MO, USA)) and vortexed it for 10 s. After the
incubation, | put the brain into the 1.5 ml tube containing a Fura2 solution. The tube was shaken
mildly at 30 °C for 1 hour. The brain was washed by incubation with normal ACSF at room
temperature for 15 min and perfusion of normal ACSF at room temperature for 15 min. After that,
| placed the brain in a recording chamber with ACSF in the ventral side-up direction. The

preparation was perfused with ACSF at a continuous flow rate (2 mL/min). Bath application of
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drugs and puff application were performed as described in the previous section. Fura2 and EGFP

fluorescence were detected by the Chroma 74000 filter set (D480x, D340x, D380x exciter;

505DCLP dichroic mirror; HQ535/50m emitter) housed in the Lambda DG-4 Xenon light source,

excitation filter exchanger (Sutter Instruments, Novato, CA, USA), and the BX-51WI upright

epifluorescence microscope (Olympus, Tokyo, Japan). The fluorescence was recorded (exposure:

80 ms [340 nm, 380 nm], 50 ms [480 nm]; 5 MHz EM Gain; interval: 2 s) using QuantEM 512SC

EMCCD camera (Photometrics, Tucson, AZ, USA) and the Metafluor imaging software

(Molecular Devices, Sunnyvale, CA, USA). For EGFP, the intensity ratio of emission (at 510 nm)

from the alternating 480-nm excitation was monitored. For Fura2, the intensity ratio of emission

(at 510 nm) from the alternating 340 and 380-nm excitation was monitored. The imaging data

was analyzed by the following method. The fluorescence intensity Fo was calculated as the

average of five frames from the first one. The fluorescence intensity change (AF/Fg) was

calculated as (F — Fo)/Fo. | set up the Region of Interest (ROI) on one of the TN-GnRH3 neurons

by referring to the EGFP images and averaged those fluorescence intensity changes of the neurons

in one hemisphere of telencephalon (2 ~ 8 neurons were identified in one hemisphere).

Drugs

Glutamate and y-aminobutyric acid (GABA) was purchased from Wako (Osaka, Japan).

Muscimol and Bicuculline were purchased from Sigma Aldrich (St Louis, MO, USA). D-(-)-2-
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amino-5-phosphonopentanoic acid (D-AP5) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)

were purchased from Tocris (Bristol, UK).

Statics

Statistical analyses were performed by using the Kyplot5 software (Kyence, Tokyo, Japan)

and the Igor Pro 6 software (WaveMetrics Inc., Lake Oswego, OR, USA) with Taro tool (Igor

macro set written by Dr. Taro Ishikawa, Jikei University School of Medicine). Different statistical

tests were used for different experiments, as described in Results and Figure legends. All the data

in the present study are presented as mean + S.E.M
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Results

Local glutamate application induces high frequency firing and increase in intracellular
Ca?* concentration of TN-GNRH3 neurons

To induce high frequency firing in TN-GnRH3 neurons, glutamate was applied locally and

transiently by using a local puffer application method, mimicking a glutamatergic excitatory

synaptic input to TN-GnRH3 neurons (see Kiya and Oka 2003). The local glutamate application

quickly induced transient high frequency firing of TN-GnRH3 neurons in both juvenile (Fig. 2-

2Aa) and adult medaka (Fig. 2-2Ba). The maximum frequency reached 10 times as much as that

before the application, and the increase continued for a few seconds (Fig. 2-2Ab, Bb).

Previous literature reported that neuropeptide release requires an increase in intracellular Ca?*

concentration (Peng and Zucker 1993; van den Pol 2012). To examine whether intracellular Ca?*

concentration increases during high frequency firing of TN-GnRH3 neurons evoked by puffer

application of glutamate, | performed Ca?* imaging of TN-GnRH3 neurons using a Ca?* indicator,

Fura2. Puffer application of glutamate transiently increased intracellular Ca?* concentration of

TN-GnRH3 neurons in both juvenile (Fig. 2-3Aa) and adult medaka (Fig. 2-3Ba). The increase

in the intracellular Ca?* concentration was dependent on the concentration of glutamate (Fig. 2-

3Ab, Bb). Thus, the results of the electrophysiological experiments and Ca?* imaging strongly

suggest that glutamatergic synaptic inputs can induce neuropeptide release in TN-GnRH3 neurons.
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Local puffer application of GABAA receptor agonist also increases firing frequency of
TN-GnRH3 neurons

To examine whether GABA, which is another excitatory input to TN-GnRH3 neurons (Nakane

and Oka 2010), also induces high frequency firing, | performed local puffer applications of a

potent and selective GABAA receptor agonist, muscimol (Fig. 2-4Aa, Ba). Puffer application of

20 uM muscimol transiently increased firing frequency to about 1.5 times higher than before the

application in both juvenile and adult medaka (Fig. 2-4Ab, Bb). In Fig. 2-4Ab, Bb, a transient

decrease of firing was observed following the spike just after muscimol application. Because

similar muscimol application induced large depolarization in the whole cell recording mode, the

decrease in firing is suggested to be because of the Na* channel inactivation due to strong

depolarization in response to muscimol (Fig. 2-S1, and see Nakane and Oka 2010). These results

show that TN-GnRH3 neurons in juvenile medaka are also activated, but not inhibited, by GABA

as in adults, unlike the other non-GnRH neurons (see Nakane and Oka 2010).

Similar to the experiments of glutamate puffer applications, | examined whether local puffer

application of GABAa receptor agonist also induces an increase in intracellular Ca?*

concentration. Fig. 2-5A, B show representative data of Fura2 imaging. A puffer application of

10mM GABA increased intracellular Ca* concentration in both juvenile (Fig. 2-5C) and adult

(Fig. 2-5D) medaka. However, 1 mM muscimol (Fig. 2-5E, F) and lower concentration of GABA

and muscimol (data not shown) did not induce an increase in intracellular Ca?* concentration
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significantly, although experiments using higher concentration of muscimol as in GABA

application is necessary in future. Therefore, GABA receptor activation may not be sufficient in

itself to induce peptide release.

Global blockage of GABAA receptor by perfusion of its antagonist, bicuculline, induces
burst firing of TN-GNnRH3 neurons in juvenile medaka through activation of
glutamatergic synapses

Next, to examine whether tonic synaptic inputs to TN-GnRH3 neurons contribute to the

generation of their spontaneous firing activities, | recorded spontaneous firing activities of TN-

GnRH3 neurons during perfusion of ACSF containing antagonist of glutamate or GABA receptor.

Drug application by perfusion is generally considered to act globally on almost every neuron in

the brain preparation, and the drug effect should persist at least during perfusion (tonic effect).

First, antagonist of AMPA type glutamate receptor (AMPA-R), CNQX, was perfused for four

minutes (Fig. 2-6Aa), which silenced during perfusion all the glutamatergic synapses to TN-

GnRH3 neurons, while leaving other synaptic inputs intact. The CNQX perfusion decreased firing

frequency of juvenile TN-GnRH3 neurons (Fig. 2-6Aa-d) but did not change that of adult ones

(Fig. 2-6Ba-d). Thus, tonic glutamatergic synaptic inputs via AMPA-R may contribute to the

“spontaneous firing” pattern of TN-GnRH3 neurons in juvenile, but not in adult medaka.

On the other hand, perfusion of an antagonist of GABAA receptor, bicuculline, induced burst

firing of juvenile TN-GnRH3 neurons similar to those sometimes observed spontaneously (Fig.
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2-6C; see Fig. 1A). In adults, however, bicuculline did not induce such change in firing pattern
(Fig. 2-6D). Thus, it is suggested that tonic GABAA receptor-mediated synaptic inhibition keep
TN-GnRH3 neurons from bursting in juvenile medaka. To examine whether this burst firing is
dependent on the developmental stage of medaka, | performed the bicuculline perfusion
experiments in medaka at various developmental stages and found that bicuculline induces burst
firing until 9 weeks post fertilization (Fig. 2-6E), but it ceased to do so later than 10 weeks post
fertilization. As already described above, GABA excites TN-GnRH3 neurons in both juvenile and
adult medaka, and therefore, this bicuculline-induced burst firing may be generated by synaptic
inputs from glutamatergic neurons during bicuculline perfusion. To prove this possibility, |
recorded spontaneous firing activities of TN-GnRH3 neurons in the ACSF containing CNQX, an
AMPA type of glutamate receptors, and then applied bicuculline. As shown in Fig. 2-7A,
bicuculline failed to induce burst firing during CNQX perfusion (see Fig. 2-6C). Furthermore,
bicuculline also failed to induce burst firing during perfusion of D-AP5, an antagonist of NMDA
type of glutamate receptor (Fig. 2-7B). Thus, it is suggested that both AMPA and NMDA types
of glutamatergic synaptic inputs contribute to the bicuculline-induced bursting of juvenile medaka

(Fig. 2-6C).

Bicuculline-induced burst firing increases intracellular Ca?* concentration of TN-
GnRH3 neurons
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Finally, to examine whether intracellular Ca?* concentration is also increased when TN-

GNnRH3 neurons show bicuculline-induced burst firing (Fig. 2-6C), | performed Ca?* imaging

during perfusion of bicuculline, similar to the electrophysiological experiment. Bath application

of ACSF containing bicuculline induced multiple peaks of intracellular Ca?* concentration

increase during its perfusion (Fig. 2-8A, B, C). The duration of one peak lasted for about 5 ~ 10

s, which is quite similar to the duration of one cluster of burst firing in juvenile TN-GnRH3

neurons (Fig. 2-6C). The percentage change in Fura2 fluorescence intensity during bicuculline

perfusion was higher than that of the vehicle control (Fig. 2-8D). Therefore, bicuculline-induced

burst firing in juvenile medaka is also suggested to induce neuropeptide release.
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Discussion

Synaptically induced high frequency firing is capable of triggering neuropeptide
release from TN-GnRH3 neurons

In the present Chapter, | clearly showed that local puffer application of glutamate, which is

considered to mimic glutamatergic synaptic inputs, induces high frequency firing and increase in

intracellular Ca?* concentration of TN-GnRH3 neurons in both juvenile and adult medaka.

Furthermore, | found that not only glutamate but also GABA increase the frequency of firing and

intracellular Ca?* concentration of TN-GNRH3 neurons to a certain degree. The excitatory

GABAergic action agrees well with the previous experimental evidence in mammalian (Herbison

and Moenter 2011) as well as in teleost GnRH neurons (Nakane and Oka 2010) that GABAAa

receptor activation depolarizes the GnRH neurons. In addition to these, | newly found in juvenile

medaka that global blockage of GABAa receptors by bicuculline perfusion induces high

frequency burst firing of TN-GnRH3 neurons, which is considered to be effective for facilitating

peptide release (see also below).

The most important finding in the present chapter, in terms of functional significance, is that,

by combining electrophysiology and Ca?* imaging, | could clearly demonstrate that glutamate

puffer application mimicking glutamatergic synaptic input induces high frequency firing of about

10 Hz and rather large increase in intracellular Ca?* concentration (Fig. 2-2, 2-3). It has been

recently reported in hypophysiotropic GnRH (GnRHZ1) neuron and kisspeptin neuron that high
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frequency firing (more than 10Hz) effectively induces neuropeptide release in vivo (Campos and

Herbison 2014; Han et al. 2015). The release of these neuropeptides is triggered by increase in

intracellular Ca?* concentration (Moenter et al. 2003). Therefore, it is strongly suggested that

glutamate-induced high frequency firing of TN-GnRH3 neurons in juvenile and adult medaka

triggers release of GnRH3 peptide in vivo as well.

In fact, previous electrophysiological studies in our laboratory have suggested occurrence of

various types of excitatory synaptic inputs to TN-GnRH3 neurons via a variety of ionotropic as

well as metabotropic glutamate receptors (Kiya and Oka 2003) and GABAA receptors (Nakane

and Oka 2010) in fish brain. On the other hand, neuroanatomical tract tracing analysis has

revealed a variety of afferent synaptic sources projecting to the TN-GnRH3 neurons from various

sensory brain areas (Yamamoto and Ito 2000). Therefore, it is presumable that excitatory synaptic

inputs of various sensory modalities cause high frequency firing and associated intracellular Ca?*

increase, which triggers release of GnRH3 peptide from TN-GnRH3 neurons.

As noted above, the increase in intracellular Ca?* concentration by GABA was much less than

that by glutamate. In my preliminary RNA-seq data in medaka (not shown), TN-GnRH3 neurons

express NKCC1, which is a Na*-K*-Cl- co-transporter and increases intracellular CI

concentration (Watanabe et al. 2014). This is considered to give a molecular basis for the

excitatory action of GABA to TN-GnRH3 neurons as reported electrophysiologically (Nakane
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and Oka 2010). The equilibrium potential for Cl- in TN-GnRH3 neurons is calculated to be about

-45 mV under the present experimental conditions (calculated from the intracellular and

extracellular solutions), and nearer to the resting potential of TN-GnRH3 neurons (c.a. -50~60

mV) than the reversal potential of AMPA type glutamate receptor (c.a. 0 mV). Therefore,

depolarization by GABA is considered to be milder compared to that by glutamate, which explains

the present results that GABA contributed less to the high frequency firing of TN-GnRH3 neurons

compared with glutamate.

Functional significance of synaptically induced GnRH3 peptide release from TN-
GnRH3 neurons

As to the functional significance of the synaptically driven high-frequency and burst firing

activities of the TN-GnRH3 neurons, it should be noted that TN-GnRH3 neurons of both juvenile

and adult medaka responded to local puffer application of glutamate with high frequency firing

and intracellular Ca?* rise (Fig. 2-9A, B, and D). Therefore, it is suggested that TN-GnRH3

neurons receive both GABAergic and glutamatergic synaptic inputs (Fig. 2-9A, B). On the other

hand, recording of TN-GnRH3 neurons at various developmental stages of medaka showed some

differences between juvenile and adult in firing activities and possible neural circuitry regulating

the firing patterns and frequencies. TN-GnNRH3 neurons in juvenile showed spontaneous burst

firing more frequently than that in adult (Fig. 2-1) and a characteristic bicuculline-induced burst
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firing (Fig. 2-6C), which was not observed in adults. Considering the fact that bicuculline did not

induce burst firing under tonic and global blockage of AMPA or NMDA types of glutamate

receptors, it is suggested that AMPA and NMDA types of glutamatergic synaptic inputs act in

ensemble to generate the bicuculline-induced bursting of juvenile medaka. Interestingly, a similar

mechanism for burst generation has also been proposed for the central locomotor pattern generator

circuitry in the spinal cord (Grillner et al. 1995; Wallen and Grillner 1987). The intracellular Ca?*

increase induced by global bicuculline-application may be caused by voltage gated Ca?* channels,

NMDA type receptors, or both, which needs to be further clarified in future. In TN-GnRH3

neurons, global bicuculline application in juvenile is considered to block the tonic GABAergic

inhibition to the glutamatergic neurons, and this disinhibitory action of bicuculline may have

facilitated the ensemble glutamate receptor-mediated burst firing in juvenile medaka (Fig. 2-9C).

It should be noted that spontaneous intracellular Ca?* increase was sometimes observed in Ca?*

imaging experiments using juvenile medaka (data not shown). These results suggest that TN-

GnRH3 neurons in juvenile fish may release neuropeptide(s) more actively than those in adult. In

addition, the bicuculline-induced firing was no longer observed about 10 weeks post fertilization

onward. The timing of this transition roughly corresponded to that of the sexual maturation in

medaka (lwamatsu 2006; Kinoshita et al. 2009), and the changes in bicuculline responsiveness

and the spontaneous firing pattern may therefore be related to the sexual maturation. Thus, the
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juvenile-specific burst firing (Fig 2-9C) may be caused by a mechanism that is lost in adulthood

and possibly has novel physiological functions. Although previous studies on TN-GnRH3

neurons and GnRH3 have mainly been performed by using adult animals (Eisthen et al. 2000;

Ramakrishnan and Wayne 2009), and the function(s) of this juvenile-specific burst firing in TN-

GnRH3 neurons remain to be enigmatic, it should be an exciting future topic to search for the

physiological functions of GnRH3 peptide release and the generation mechanisms of burst firing

in juvenile medaka.

Anyway, the present chapter has shown that glutamatergic synaptic inputs may effectively

trigger GNRH3 peptide release, and GnRH3 peptide are considered to act as neuromodulators in

the brain areas that receive dense axonal projections from TN-GnRH3 neurons (Abe and Oka

2011; Karigo and Oka 2013). Therefore, in Chapter 3, | analyzed the mechanisms of GnRH3-

induced neuromodulation in the optic tectum, which receives dense axonal projections from TN-

GnRH3 neurons.
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Figure legends

Figure 2-1 Recording of spontaneous firing activity of TN-GnRH3 neurons.

A: High frequency burst-like firing in juvenile medaka. B: pacemaker activity in adult medaka.

Figure 2-2 Local puffer application of glutamate quickly induces transient high frequency firing
of TN-GnRH3 neurons.

Glutamate (500 uM, dissolved in ACSF) was applied to the TN-GnRH3 neurons for 100ms
by using a puffer pipette at the point indicated by an arrow. Representative recordings (a) and

frequency histograms (b) (n=12) from juvenile (A) and adult (B) medaka. bin: 0.5 s.

Figure 2-3 Puffer application of glutamate quickly increases intracellular Ca?* concentrations in
a dose-dependent manner.

Glutamate (500 uM, dissolved in ACSF) was applied to the TN-GnRH3 neurons for 100ms
by using a puffer pipette at the point indicated by an arrow. The ratio of Fura2-fluorescence
intensity was transiently increased after puff application of glutamate (each trace represents the
average of 3 traces) (a) in both juvenile (A) and adult (B) medaka. The maximum change in ratio
is plotted against the glutamate concentrations in (b). The values were calculated by Taro tool of

Igor software (Karigo et al. 2014). The numbers in parentheses indicate the number of trials.
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Figure 2-4 GABAA receptor activation by local puffer application of a GABAA receptor agonist

increases firing frequency.

GABAA receptor agonist muscimol (20 uM, dissolved in ACSF) was applied at the arrow for

100ms. Representative recordings (a) and frequency histograms (b) (n=7) from juvenile (A) and

adult (B) medaka. bin: 0.5s.

Figure 2-5 Local activation of GABAA receptor by puffer application of GABA increases

intracellular Ca?* concentration.

A, B: GABAA receptor agonist GABA (10 uM, dissolved in ACSF) was applied at the arrow

for 100ms. The ratio of Fura2-fluorescence intensity (each trace represents the average of 3 traces)

(a) from juvenile (A) and adult (B) medaka. C, D: Maximum amount of ratio change with or

without GABA in juvenile (C) and adult (D) medaka. Student’s t-test, ***: p < 0.001, *: p < 0.05.

E, F: Maximum amount of ratio change with or without 1mM muscimol in juvenile (E) and adult

(F) medaka. Student’s t-test, n.s. In C~F, maximum amount of ratio change was calculated by

subtraction from peak ratio during 30 s after drug application to average ratio of 10s before

application.

Figure 2-6 Analysis of spontaneous firing during global blockage of glutamate or GABAAa

62



receptors by perfusion of antagonists for each receptor

A, C: juvenile medaka. B, D: adult medaka. a: Spontaneous firing activity before (b), during

(c), and after (d) perfusion of CNQX, an AMPA type glutamate receptor antagonist. ACSF

containing CNQX was applied for 4 min (indicated by the bar on top of the trace). b, c, d:

Expanded traces in Fig. 2-6Aa. e: Firing frequency before (1~2 min before application), during

(3~4 min after application), and after (2~3 min after start of washout) perfusion of CNQX

normalized by frequency before the application. ANOVA and Turkey-Kramer’s test, *: p < 0.05.

C and D: Firing activity of juvenile (C) and adult (D) medaka during perfusion of bicuculline, a

GABA receptor antagonist. Bicuculline was applied during the period indicated by the bars (Bic

20uM). E: Number of burst firing during bicuculline perfusion recorded from TN-GnRH3

neurons of medaka at various developmental stages. One bout of burst firing was defined as the

time period containing more than three spikes at high frequency (more than twice the frequency

in normal ACSF), followed by interburst hyperpolarization with a longer interspike interval than

that in normal ACSF.

Figure 2-7 Bicuculline-induced burst firing in juvenile medaka is inhibited by CNQX and D-APS5.

Bicuculline-induced burst firing activity of juvenile medaka (Fig. 2-6C) was inhibited during

perfusion of CNQX (an AMPA type glutamate receptor antagonist) (A) or D-AP5 (B) (NMDA
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type glutamate receptor antagonist).

Figure 2-8 Bicuculline-induced burst firing increases intracellular Ca?* concentration

A: EGFP image of TN-GnRH3 neurons. B, C: Fluorescence intensity change (AF/Fo) of Fura2
during application of ACSF with (B) or without (C) bicuculline. Each colored trace represents
data for the cell circled with the same color in Fig. 2-8A. D: Percentage change in fluorescence
intensity during bicuculline perfusion. The values represent percentage of AF/Fo during vehicle

(control) or bicuculline (Bic) application (4 min). ANOVA and paired Welch’s test, **: p < 0.01.

Figure 2-9 Summary diagram indicating neural circuitries involved in neuropeptide release from
the TN-GnRH3 neurons in juvenile and adult medaka brains.

A, B: neural circuitries involved in neuropeptide release from the TN-GnRH3 neurons in
juvenile (A) and adult (B). GABA, GABAergic neuron; Glu, glutamatergic neuron; GnRH, TN-
GnRH3 neurons. Note that GABAergic synapses are inhibitory (4 ) to glutamatergic neurons but
are excitatory (—) to GnRH3 neurons. C: Global perfusion of bicuculline induced burst firing and
intracellular Ca?* increase of TN-GnRH3 neurons in juvenile. D: Local glutamate application
induced high frequency firing and intracellular Ca?* increase of TN-GnRH3 neurons in both

juvenile and adult. Both firing patterns (Fig. 2-9C, D) are suggested to induce neuropeptide
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release.

Figure 2-S1 local application of muscimol induced depolarization of TN-GnRH3 neuron

A representative recording of a TN- GnRH3 neuron in response to a local application of

muscimol (juvenile medaka). 10 uM muscimol was applied locally (1 s) around the cell bodies of

TN-GnRH3 neurons.
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Figure 2-4
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Figure 2-6
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Figure 2-7
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Figure 2-8
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Figure 2-9
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Chapter 3
GnRH3-induced neuromodulation in the optic tectum,
one of the major axonal projection areas of

the TN-GnRHS3 neurons
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Abstract

In the previous chapters, | elucidated neural inputs, firing pattern, and neuropeptide release of

TN-GnRH3 neurons. Therefore, in Chapter 3, | examined the output of TN-GnRH3 neurons, i.e.,

the mechanism of GnRH3-mediated neuromodulation in visual information processing.

TN-GnRH3 neurons have massive projections to the optic tectum in teleosts. It has been

proposed that synaptic transmission from the optic tract fibers to the deep tectal (SPV) neurons

(retino-tectal neurotransmission) is essential for visual processing in the optic tectum. Here, |

hypothesized that TN-GnRH3 neurons play an important role in modulating visual information

processing according to the sensory information and physiological status of the animal, and

examined whether GnRH3, which is a neuropeptide expressed in TN-GnRH3 neurons, modulates

the retino-tectal neurotransmission. The results of the present electrophysiological and

morphological analyses suggest that GnRH3 modulates the retino-tectal neurotransmission by

suppressing the excitability of SPV neurons in the optic tectum through activation of Ca?*-

activated K* (BK) channels in SPV neurons. This GnRH3-induced modulation of synaptic

transmission from the optic tract fibers to SPV neurons should play an important role in the

neuromodulation of behaviorally relevant visual information processing according to sensory

information and physiological status.
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Introduction

TN-GnRH3 neurons are suggested to receive information concerning sensory information and

physiological status of the animal (Umatani et al. 2013; Yamamoto and Ito 2000; Zempo et al.

2013) and modulate reproductive behaviors (Yamamoto et al. 1997). These neurons also have

massive projections to the optic tectum, which plays an important role in visual processing in

teleosts (Amano et al. 2002; Oka and Matsushima 1993; von Bartheld and Meyer 1986).

Therefore, | hypothesized that TN-GnRH3 neurons play an important role in modulating visual

information processing according to the sensory information and physiological status.

In nonmammalian vertebrates, the retino-tectal neurotransmission in the optic tectum is

important for visual processing (Karten and Shimizu 1989; Kinoshita and Ito 2006). It has been

proposed that synaptic transmission from the optic tract fibers to the deep tectal (stratum

periventricular, SPV) neurons (retino-tectal neurotransmission) is essential for visual processing

in the optic tectum (Kinoshita and Ito 2006; Vanegas 1974; Vanegas et al. 1974b). Here, |

examined whether GnRH3 modulates the retino-tectal synaptic transmission by analyzing field

potentials and the membrane excitability of visual information processing neuron in the dwarf

gourami, a teleost fish that has frequently been used for the study of neuromodulatory GnRH

neurons (Abe and Oka 2002; Ishizaki et al. 2004; Wirsig-Wiechmann and Oka 2002).

The present field potential analysis revealed that GnRH3 modulates the retino-tectal

neurotransmission postsynaptically. Furthermore, | showed that GnRH3 suppresses excitability
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of SPV neurons, which have been reported as postsynaptic neurons for the retino-tectal

neurotransmission (Kinoshita et al. 2005; Vanegas et al. 1974a; Vanegas et al. 1971), by activating

large conductance Ca?*-activated K* (BK) channels. Finally, |1 examined the localization of GhnRH

receptors in the optic tectum morphologically using an improved method that employs GnRH

peptides labeled with fluorescence (GnRH-fluoroprobe). In brain slices treated with GnRH-

fluoroprobe, the fluorescent signals were observed mainly near the cell bodies of the SPV neurons.

The results of the present electrophysiological and morphological analyses suggest that GhnRH3

modulates the retino-tectal neurotransmission by suppressing the excitability of postsynaptic

neurons in the optic tectum.
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Material and Methods
Animals

Adult male dwarf gouramis (Trichogaster lalius), ~5 cm in standard length, were purchased

from a local dealer. Each aquarium containing ~20 fish was maintained at 27°C on a 14:10-h

light-dark cycle. All fish were fed worms daily. All procedures were reviewed and approved by

the appropriate University of Tokyo animal experimentation committee.

Slice preparation

Fish were anesthetized by chilling in ice. I quickly killed them by decapitation and isolated

the whole brain. The brain was put in artificial cerebrospinal fluid (ACSF) consisting of (in mM)

134 NaCl, 2.9 KClI, 1.2 MgCl,, 2.1 CaCl,, 10 HEPES, and 10 glucose (pH 7.4 adjusted with

NaOH). | embedded the brain in a 3.6% low-melting-temperature agar (agarose type IX-A;

Sigma-Aldrich, St. Louis, MO) solution prepared with ACSF. Four hundred micrometer sagittal

sections were cut in ACSF containing choline chloride instead of NaCl with a Vibratome 3000

(Leica Biosystems). The brain slices were incubated in ACSF on ice for 1 h and brought back to

room temperature before the experiments.

Electrophysiology

For field potential recordings, a slice was placed in a chamber filled with ACSF containing

0.1% BSA to prevent nonspecific binding of peptides to the plastic and glassware. This ACSF

was perfused gravitationally at 1-2 ml/min. Recording electrodes were made of borosilicate glass
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(GD-1.5; Narishige, Tokyo, Japan) with a Flaming-Brown micropipette puller (P-97; Sutter

Instrument, Novato, CA). The borosilicate electrode filled with 0.1% agar in 2 M NaCl was placed

100 m under the surface of the brain slice for recording in the superficial tectal layers [stratum

opticum (SO) and stratum fibrosum et griseum superficiale (SFGS)], where the retino-tectal

synapses are formed on the distal dendrites of SPV neurons and the largest synaptic responses

were recorded (Vanegas 1983; Vanegas et al. 1971), ~200 um away from the stimulating electrode.

The field potential was amplified by AVH-11 (2,000; Nihon Kohden, Tokyo, Japan) and recorded

with a Digidata 1322A and pCLAMP 8.2 software (Molecular Devices, Sunnyvale, CA).

Electrical stimuli were applied with an electronic stimulator (SEN-3301; Nihon Kohden) through

an isolation unit (SS-201J; Nihon Kohden). The bipolar stainless steel electrode consisted of a

pair of electrolytically polished stainless steel insect pins, ~10 um apart and 1 um in tip diameter,

that were lacquer coated, leaving 20- to 30-um uncoated bare tips. For stimulation of the optic

tract fibers, | placed the bipolar stainless steel stimulating electrode in the superficial tectal layers,

the main layers of optic tract fiber projections (SO and SFGS). Electrical pulse stimuli of 0.1-ms

duration at 0.5-1 mA were applied every 30 s. Synthetic GnRH3 peptides were purchased from

GL Biochem (Shanghai, China). Five minutes after the start of recording, GnRH3 was applied for

4 min. | used the following drugs depending on experiments: 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX;
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Abcam, Cambridge, UK), Antide (Sigma-Aldrich), and iberiotoxin (IBX; Abcam).

For whole cell recording, the internal solution consisted of (in mM) 100 K-gluconate, 30 KClI,

0.05 EGTA, 4 MgCl,, 10 HEPES, 4 K,ATP, and 0.5 Na,GTP. The junction potential was 12 mV,

and membrane potentials were adjusted using this value. The tip resistance of patch electrodes in

ACSF was 10-15 MQ. Recordings were performed with an Axopatch 200B patch-clamp

amplifier (Molecular Devices). Whole cell current- and voltage-clamp recordings were digitized

at 10 kHz and stored on a computer with a Digidata 1322A and pCLAMP 9.2 software (Molecular

Devices). For analysis of membrane excitability, | used the minimum response that elicited at

least one action potential during current injections of three different intensities (0.01, 0.015, or

0.02 nA).

Luciferase assay

HEK293T cells (70-80% confluent) were cultured in 100-mm dishes. The culture medium

contained 5% FBS (Life Technologies, Carlsbad, CA), 4 mM L-glutamine (Wako), and 4.5 g of

Dulbecco’s modified Eagle’s medium (Nissui Pharmaceutical) in 500 ml of water. Thirty

microliters of polyethylenimine (PEI, Polyethylenimine “Max”; Polysciences, Warrington, PA)

and 1.5 ml Opti-MEM (Life Technologies) were mixed and incubated for 5 min. | then added the

following constructs into another 1.5 ml of Opti-MEM: 5.5 ug of each GnRH receptor (gift from

Dr. K. Okubo; Okubo et al. 2001, 2003), 9 ug of firefly luciferase vector
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(pGL4.33[luc2P/SRE/Hygro] vector; Promega, Madison, WI), and 0.5 ug of Renilla luciferase

vector (pGL4.74[hRIuc/TK] vector; Promega). After incubation in PEI solution, both Opti-MEM

solutions were mixed and incubated for 20 min at room temperature. | then replaced the culture

medium with mixed transfection solution and incubated the dish at 37°C overnight. The

transfected HEK cells were then subcultured into 24-well plates in a culture medium containing

1% FBS. Eighteen hours later, 1uM GnRH2 or 1 uM fluorescence probe in the culture medium

containing 1% FBS (vehicle) or the vehicle only was applied for 6 h. GnRH-fluoroprobes [pGlu-

His-Trp-Ser-His-D-Lys(N*-FAM)-Trp-Tyr-Pro-Gly-NH> (GnRH-FL) and pGlu-His-Trp-Ser-His-

D-Lys(N®-TAMRA)-Trp-Tyr-Pro-Gly-NH, (GnRH-TAMRA)] were designed based on a previous

report (Hazum et al. 1980). Probes were synthesized with standard Fmoc-based solid-phase

peptide synthesis by Dr. Misu and Dr. Oishi (Qishi et al. 2008). Cells were collected and the

luminescence measured by LUMAT LB9507 (Berthold Technologies) according to the manual

for the Dual-Luciferase Reporter Assay System (Promega).

Analysis of localization of GnRH receptors in HEK cells

For morphological observation, HEK cells were cultured on poly-L-lysinecoated glass

(Matsunami Glass Industries) in 60-mm dishes. HEK293T cells were transfected with GnRH

receptor (1 pg/60-mm dish) and EGFP-N1 (0.4 pg/dish; Takara) with PEI (2.88 ul/dish) as

described above. After two overnight incubations, each glass covered with cells was put in a 24-
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well plate filled with serum-free medium. Thirty minutes later, HEK cells were incubated with 1

uM GnRH-fluoroprobe or plain serum-free medium for 30 min at 37°C. | then washed cells with

PBS twice and examined them under a LSM-710 confocal laser-scanning microscope (Carl Zeiss)

at 1-um optical section.

Analysis of localization of GnRH receptors with fluoroprobes

Two hundred-micrometer-thick frontal slices were used for the analysis. Brain sections were

cut as described above and incubated at room temperature for 1 h after slicing. To block

nonspecific binding, the slices were treated with 0.1% BSA-ACSF for 30 min and then the

fluorescence probe solution or vehicle control was applied for 1 h. The GnRH-fluoroprobe

(GnRH-FL) was designed based on a previous report (Hazum et al. 1980). | chose GhnRH2 as the

backbone of GnRH-fluoroprobe because GnRH2 shows the highest affinity for each GnRH

receptor in fish for GnRH1-3 (llling et al. 1999; Okubo et al. 2003; Okubo et al. 2001). The probe

was synthesized with standard Fmoc-based solid-phase peptide synthesis (Oishi et al. 2008). After

application of the GnRH-fluoroprobe, the brain slices were fixed with 4% PFA-PBS at 4°C

overnight. The slices were then incubated for 6-8 h with a mouse antiserum against fluorescein,

diluted 1:1,000 in the blocking solution. For analysis of localization of GnRH receptors with

fluoroprobes, the signals were intensified by sequentially incubating the slices in biotinylated

anti-mouse 1gG (Vector Laboratories, Burlingame, CA) for 6-8 h, the ABC kit (Vector
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Laboratories) in PBST for 30-45 min, and streptavidin-Alexa 555 for 4 h. Nuclei were

counterstained with Hoechst 33342 (Life Technologies). The slices were then mounted on slides

and coverslipped with CC/Mount (Diagnostic BioSystems, Pleasanton, CA). The slides were

examined and photographed with a LSM-710 confocal laser-scanning microscope (Carl Zeiss),

and the resulting images were analyzed with ImageJ software with the MBF ImageJ plug-ins

(Tony Collins, McMaster University). All images were captured in the same exposure condition,

and | used the same brightness and contrast values for ImageJ in all three groups.

Statics

Statistical analyses were performed with Kyplot5 software (Kyence, Tokyo, Japan) and IGOR

Pro 6 software (WaveMetrics, Lake Oswego, OR) with the Taro tool (an IGOR macro set written

by Dr. Taro Ishikawa, Jikei University School of Medicine). Different statistical tests were used

for different experiments, as described in RESULTS. All data in the present study are presented

as means + S.E.M
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Results
GnRH3 modulates retino-tectal neurotransmission

I examined whether GnRH3 modulates retino-tectal neurotransmission by stimulating optic

tract fibers and recording the evoked local field potential (LFP) from the synaptic region of SPV

neurons (Vanegas et al. 1974b). Because the tectal neurons form distinctive layers and show

characteristic LFPs in each layer, field potential recordings have often been used in analyses of

retinotectal neurotransmission (Vanegas et al. 1971; Vanegus 1983). The field potential evoked

by electrical stimulation is shown in Fig. 3-1, A and B. The first large positive peak indicates an

artifact produced by stimulation and almost masks the presynaptic responses. The subsequent

large negative wave most probably represents the postsynaptic response of the SPV neurons in

the optic tectum (Kinoshita and Ito 2006; Vanegas et al. 1974a). This synaptic transmission is

likely monosynaptic (Kinoshita and Ito 2006; Vanegas et al. 1974b). Because the negative waves

were almost completely blocked by 20 uM CNQX (Fig. 3-1A), they probably reflect

glutamatergic neurotransmission. Thus, the negative waves are at least suggested to contain

monosynaptic glutamatergic current components of SPV neurons in response to optic tract fiber

stimulation. It should be noted, however, that the negative waves have also been suggested to

contain regenerative population spike components (see Vanegas 1983 as well as DISCUSSION).

The evoked LFPs were then recorded and compared with those in the presence of GnRH3. Figure

3-1B shows representative traces before, during, and after GnRH3 application. GnRH3
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application increased the rise time from 10% to 90% of peak amplitude (Fig. 3-1C) and the

negative wave duration measured at half-maximum amplitude (Fig. 3-1D). These effects were

diminished by Antide, which is a GnRH receptor antagonist (Fig. 3-1C: vehicle: 91.8 + 3.9%,

GnRH3: 134.0 £ 15.9%, GnRH3 + Antide: 93.9 +4.2%; Steel’s test, P <0.05, Fig. 3-1D: vehicle:

95.9 + 1.4%, GnRH3: 115.8 + 4.1%, GnRH3 + Antide: 98.1 + 3.1%; Steel’s test, P < 0.01). On

the other hand, the peak amplitudes of the field potentials were not significantly affected by

GnRH3 application [Fig. 3-1E; vehicle: 98.8 + 1.0%, GnRH3: 92.6 + 6.0%, GnRH3 + Antide:

102.2 + 7.4%; Steel’s test, nonsignificant (n.s.)]. Overall, the present results indicated that

GnRH3 modulated the shape of LFPs evoked by stimulation of optic fibers, which is suggested

to be mediated by the GnRH receptors (see below).

GnRH3 modulates LFP postsynaptically

| used the paired-pulse ratio (PPR) to determine whether GnRH3-induced modulation is a

presynaptic or postsynaptic effect. Comparing the PPR (ratio of amplitude of the responses to the

first and second stimulations) before and after treatment allows one to determine whether the

effect is pre- or postsynaptic (Manabe et al. 1993); if the PPR changes after treatment the

modulation is suggested to be presynaptic, and vice versa. Figure 3-2A shows the LFP in response

to paired stimulation of retino-tectal fibers at an interval of 150 ms (Kawai et al. 2010). Figure 3-

2B shows the time course of the PPR. Given that the PPRs appear not to change before and after
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GnRH application, the results suggest that GhnRH3-induced modulation is mainly postsynaptic.

GnRH3 suppresses excitability of visual processing neurons in optic tectum.

In the optic tectum, SPV neurons receive direct synaptic inputs from optic tract fibers and

project to the other brain regions. SPV neurons are thought to play a principal role in visual

information processing in the teleost optic tectum (Kinoshita et al. 2005; Kinoshita and Ito 2006;

Vanegas 1974; Vanegas et al. 1974b). The data presented in Figs. 3-1 and 3-2 suggest that GhnRH3

modulates these postsynaptic SPV neurons. For further analysis of the postsynaptic mechanism

induced by GnRH3, | examined effects of GhnRH3 on the excitability of SPV neurons with whole

cell patch-clamp recording. | generated action potentials in SPV neurons by applying a series of

current steps (50 ms, 0.01-0.02 nA) through a recording whole cell pipette. Figure 3-3A-C, show

representative action potentials of a SPV neuron before (Fig. 3-3A), during (Fig. 3-3B), and after

(Fig. 3-3C) application of GnRH3. As illustrated in Fig. 3-3B, the number of action potentials

decreased during application of GnRH3. The normalized response for each condition is plotted in

Fig. 3-3D; the y-axis indicates the response normalized by the spike number evoked by the

minimum current step before GnRH3 application. GnRH3 markedly suppressed the ability of

spike generation in the SPV neurons (before: 100%, GnRH3: 45.3 + 17.3%, washout: 107.1 +

7.1%; ANOVA and Tukey-Kramer test, n =7 in each group, P < 0.01). The result clearly

demonstrates that GnRH3 suppressed the excitability of SPV neurons in the optic tectum.

88



GnRH3 activates large-conductance Ca%*-activated K* channel

To analyze the ionic mechanisms underlying GnRH3-induced modulation, | compared the
current-voltage relationships of SPV neurons with or without GhnRH3 application. | applied ramp
stimulation (Fig. 3-4A, inset) and analyzed the current-voltage relationship before, during, and
after GnRH3 application under voltage clamp (Fig. 3-4A). The results indicate that the current
increased during GnRH3 application and recovered after washout to the level before application.
The reversal potential (calculated by the point of intersection of during and before lines) was -
85.6 + 2.4 mV (n = 7), which was near the calculated reversal potential for potassium, -97mV.
Therefore, this result suggests that GnRH3 modulates one or more K* conductance. Because
GnRH receptors are coupled to Gqa1 protein (Naor et al. 1995; Stojilkovic et al. 1994a), GhnRH3
is expected to modulate the current-voltage relationships via modulation of K* conductance(s)
activated by intracellular Ca?* increase. To examine whether Ca?*-activated K* channels are
modulated by GnRH3, | analyzed the GnRH3-induced current recorded in plain ACSF or in ACSF
containing IBX, a blocker of BK channel (Waring and Turgeon 2009). Figure 3-4B shows the
GnRH3-induced current [(current during GnRH3 application) - (current before GnRH3
application)]. The GnRH3-induced current was almost completely blocked by IBX application.
This result suggests that GhnRH3 suppresses the excitability of SPV neurons by activating BK

channels.
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Next | examined whether blockage of BK channel diminishes the GnRH3-induced modulation

of the field potential. | performed the field potential recording as shown in Fig. 3-1B while

blocking BK channels by perfusing IBX during the entire recording (Fig. 3-5). When GnRH3 was

applied in the presence of IBX, the GnRH3-induced modulation of the field potential was nullified

(Fig. 3-5A); as shown in Fig. 5, B and C, the differences in rise time and the duration measured

at half-maximum amplitude were not significant (Fig. 3-5B: vehicle: 100.6 + 0.2% vs. GnRH3:

98.3 + 1.9%; Student’s t-test, n.s.; Fig. 3-5C: vehicle: 99.0 £2.0% vs. GnRH3: 103.0 + 3.6%;

Student’s t-test, n.s.). This result strongly suggests that GnRH3 modulates retino-tectal

neurotransmission by activating BK channels of the SPV neurons postsynaptically.

Localization of GnRH receptors in optic tectum

Finally, | examined the localization of GnRH receptors in SPV neurons in brain slices with a

slight modification of a method involving fluorescently labeled GnRH peptides (GnRH-

fluoroprobe) developed for dissociated cells (Hazum et al. 1980; Hazum and Nimrod 1982; Lloyd

and Childs 1988). Because technical difficulties so far have prevented analysis of the localization

of GnRH receptors by immunohistochemistry or in situ hybridization in the brain, | here examined

the localization of GnRH receptors in the optic tectum by an improved method using GnRH-

fluoroprobe. | first demonstrated that synthesized fluoroprobe selectively binds to GnRH
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receptors with a luciferase assay and a morphological binding assay (Fig. 3-6A, B). In luciferase

assay, GnRH-fluoroprobes, GnRH-TAMRA and GnRH-fluorescein, showed almost the same

activity as GnRH2 in each experiment using cells expressing each subtype of GnRH receptor (Fig.

3-6A). Moreover, after incubation with GhnRH-TAMRA, the signals of GnRH-fluoroprobe were

localized near the membrane of cells expressing each GnRH receptor (Fig. 3-6B). Some dotted

signals were also observed in the cytoplasm, which may represent internalization of GnRH

receptors (Hazum et al. 1980; Hazum and Nimrod 1982). Therefore, the GhnRH-fluoroprobes are

considered to work physiologically like the native GnRH. | used fluorescein-labeled GnRH for

brain slices because the fluorescein signals can be amplified by immunohistochemical methods.

GnRH-fluoroprobe was applied for 1 h and was amplified with the methods described in

MATERIALS AND METHODS. Figure 3-7 shows GnRH-fluoroprobe signal (Fig. 3-7A),

Hoechst nuclear counterstain (Fig. 3-7B), and overlay (Fig. 3-7C and D) in the optic tectum. As

shown in Fig. 3-7C and D, the GnRH-fluoroprobe signals were observed to surround the cell

bodies of the SPV neurons (Fig. 3-7Aa, Ca, and Da). Vehicle application did not result in specific

binding (Fig. 3-7Ab, Cb, and Db). The binding of the fluoroprobe was competitively inhibited by

a high dose (10 uM) of nonlabeled GnRH3 peptide (Fig. 3-7Ac, Cc, and Dc). The binding of

fluoroprobes on synaptic terminals was hard to detect, indicating that the concentration of GnRH

receptors in the terminals is very low (Maruska and Tricas 2007). The results of the GnRH-
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fluoroprobe experiment provide morphological supports for the hypothesis that GnRH3

modulates postsynaptic neurons, the SPV neurons, indicated by the present electrophysiological

results.
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Discussion

In the present study, | showed that GnRH3 modulates retino-tectal neurotransmission

postsynaptically. GhnRH3 increased the rise time and the duration measured at half maximum

amplitude of the field potentials evoked by optic tract fiber stimulations. GhnRH3 also suppressed

the excitability of SPV neurons by activating BK channels. The present morphological analysis

using a GnRH-fluoroprobe indicated that SPV neurons express GnRH receptors.

GnRH3 suppresses excitability of SPV neurons and modulates LFPs by activating BK channels
via GnRH receptors

| first analyzed field potentials, which represent monosynaptic neurotransmission from optic

tract fibers to SPV neurons in the optic tectum (Vanegas et al. 1974a; Vanegas et al. 1974b). The

results of analysis showed that GnRH3 modulates the field potential, and the present PPR analysis

indicates that the modulatory effects are postsynaptic. | then showed that GhnRH3 suppresses the

excitability of SPV neurons by activating BK channels. It has been generally accepted that

currents that are induced by BK channels decrease the number of action potentials and thereby

suppress the excitability of neurons (Arias-Garcia et al. 2013; Sun and Dale 1998).

I next analyzed the distribution of GnRH-fluoroprobe binding sites as a way to examine the

localization of GnRH receptors. Previous immunohistochemical studies in teleost brains indicated

that TN-GnRH3 neurons have massive projection to the deep layers [stratum album centrale

(SAC) and stratum griseum centrale (SGC)] and sparse projection to the surface layers in the optic
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tectum (Maruska and Tricas 2007; Oka and Ichikawa 1990). On the other hand, the optic tract

fibers mainly project to the superficial layers (SO and SFGS, where | recorded LFPs) and also

sparsely to SAC and SGC (Maruska and Tricas 2007; von Bartheld and Meyer 1987). The present

analysis of the localization of GnRH receptors in the optic tectum with GnRH-fluoroprobe

showed that GnRH receptors are expressed in SPV neurons. Taken together, these results suggest

that TN-GnRH3 neurons mainly act on the cell bodies of the SPV neurons in the deep layer of the

optic tectum.

Figure 3-8 schematically shows the hypothetical model (Fig. 3-8A), the GnRH3-induced

modulation of the field potential (Fig. 3-8B), and SPV neuron action potentials (Fig. 3-8C). |

illustrated the schematic diagram in Fig. 3-8B by referring to Vanegas (1983), who suggested that

the long dendrite of the SPV neuron possesses an ability to generate regenerative action potentials,

and Rall and Shepherd (1968), who also suggested the presence of active dendrites of the mitral

cell. | further assumed that the LFP evoked by optic nerve stimulation represents superimposition

of excitatory postsynaptic potentials (EPSPs) and back-propagated dendritic spikes. The dashed

and solid lines in Fig. 3-8B indicate the LFP before and during GnRH3 application, respectively.

Although the difference in the anatomical localization of GnRH receptors (somatic region of SPV

neurons in deep layer) and recording site of the LFPs (synaptic region in superficial layer) may

appear puzzling at first sight, the above-mentioned interpretation of the LFP can reasonably
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explain the present experimental results. Actually, Vanegas (see Fig. 1,Vanegas et al. 1974a; p. 59

and 60,Vanegus 1983) suggested that the negative component of the LFP evoked by the

stimulation of optic nerve in fish optic tectum was the superimposition of extracellularly recorded

EPSPs and regenerative population spikes. He also suggested that the rise time and duration of

the LFP evoked by optic tract fiber stimulation change as shown in Fig. 3-8B (present study),

when the number of action potentials of SPV neurons was experimentally decreased.

In summary, considering the present electrophysiological and morphological results, | propose

a model of GnRH3-induced modulation of retino-tectal neurotransmission (Fig. 3-8A). First,

GnRH3 activates BK channels in SPV neurons, suppressing the excitability of those neurons (Fig.

3-8C). Then the number of synaptically driven action potentials in SPV neurons evoked by optic

tract fiber stimulation is decreased because GnNRH3 suppresses excitability. As a result, the rise

time and the duration of the LFP increase (Fig. 3-8B).

Possible intracellular mechanisms of GnRH3-induced modulation.

Here | discuss possible intracellular mechanisms of GnRH3-induced modulation. Although

one previous study in rainbow trout examined GnRH-induced modulation of retino-tectal

neurotransmission (Kinoshita et al. 2007), the study did not analyze the mechanisms in detail.

The results of the present study suggest the following mechanisms. It has been reported that

GnRH receptors are Gq11 protein-coupled receptors (Naor et al. 1995; Stojilkovic et al. 1994a).
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The Ggui-type G proteins are coupled to the phospholipase C-mediated signaling pathway (Naor

et al. 1995; Stojilkovic et al. 1994a; Stojilkovic et al. 1994b). By activating this pathway, GnRH3

induces intracellular Ca?" increase due to release from IP3-sensitive Ca?* stores (Abe and Oka

2002; Karigo et al. 2014). This intracellular Ca?* increase is considered to activate BK channels.

On the other hand, phospholipase C-mediated signaling pathways also induce diacylglycerol

production (Naor et al. 1995). Diacylglycerol can be converted to arachidonic acid, and

arachidonic acid in turn activates BK channels in mouse vomeronasal neurons (Zhang et al. 2008).

One or both of these pathways, intracellular Ca?* increase and/or arachidonic acid modulation,

may operate in SPV neurons and suppress the excitability of SPV neurons via activation of BK

channels. In the presence of an intracellular solution with high EGTA (1 mM) and no GTP, GnRH3

did not induce a K* current (data not shown), which strongly supports my hypothesis that GnRH3

activates BK channels by causing an increase in intracellular Ca?*. Similar modulation of BK

channels by GnRH has also been reported in previous studies of gonadotrophs (Sikdar et al. 1989;

Waring and Turgeon 2009). Previous studies of modulation of neuronal excitability by GnRH

have focused on facilitation caused by inhibition of the K* M current (Brown 1988). Thus, to my

knowledge, the present study is the first to show the inhibition of neuronal excitability by GnRH3.

Expected physiological functions of GhnRH3-induced modulation.

Retino-tectal neurotransmission plays a central role in visual processing in nonmammalian
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vertebrates (Karten and Shimizu 1989; Kinoshita and Ito 2006). Tectal neurons in vertebrates

receive visual inputs in the surface layer and somatosensory inputs in the deep layer, integrate

them, and use this input to select appropriate behaviors (Butler and Hodos 1996; Finlay et al.

1978; Llinas and Precht 2012). The present study contributes to my understanding of GnRH3-

induced modulation of visual processing in the optic tectum. | demonstrated that GnRH3

suppresses the excitability of postsynaptic neurons via BK channels, thereby modulating retino-

tectal neurotransmission. This modulation of visual information processing could have several

effects. For example, it is possible that habituation of visual information processing (Northmore

and Gallagher 2003) is prevented by suppressing the excitability of projection neurons. GhnRH3-

induced modulation may expand the dynamic range of optic tectum response to visual input, as

is the case in modulation of auditory system via BK channels (Kurt et al. 2012). Some animals

showed odor-induced neuromodulation of visual processing and odor-induced change of visual

dependent behavior (Maaswinkel and Li 2003; Seo et al. 2010; Stephenson et al. 2012), or stress-

related change of visual evoked response (Champney et al. 1976). Therefore, GnRH3-induced

modulation of synaptic transmission from optic tract fibers to SPV neurons should play an

important role in the neuromodulation of behaviorally relevant visual information processing

according to sensory information and physiological status.
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Figure legends

Figure 3-1 GnRH3 modulates the field potential of retino-tectal neurotransmission

A: Field potentials evoked by electrical stimulation of optic tract fibers (average of three
traces) before (solid black line) and during 20 pM CNQX (dotted gray line) application. The first
large positive peak represents an artifact, and the subsequent large negative peak indicates the
postsynaptic response of the SPV neurons. B: Field potentials evoked by electrical stimulation of
optic tract (average of three traces) before (dotted black line), during (solid black line), and after
GnRH3 application (solid gray line). C~E: Rise time (C), duration measured at half maximum
amplitude (D), and peak amplitude (E) in vehicle, GhRH3 (100 nM) or GhRH3 (100 nM) plus
antide (1 uM). All values were normalized by dividing the average of three trials during GnRH3
application (two minutes after application) to the average of three trials measured 2.5 minutes
after the start of recording. In the box plot, bottom and top bars are minimum and maximum of
each group respectively, the box is the quartile area, and the middle horizontal bar shows the

median. Data were analyzed using Steel’s multiple comparison test (*: p <0.05, **: p <0.01).

Figure 3-2 GnRH3 modulates field potentials postsynaptically
A: Field potentials in response to paired stimulation of retino-tectal fibers (average of three
traces) before (dotted line) and during GnRH3 (solid line). B: Time course of the paired pulse

ratio (n = 6). In the box plot, bottom and top bars are minimum and maximum of each group
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respectively, box is quartile area, and the horizontal bar in the middle shows the median.

Figure 3-3 GnRH3 suppress the excitability of SPV neurons

A-C: The action potential responses of SPV neurons evoked by current injection (bottom inset)

before (A), during (B), and after application of 1 pM GnRH3 (C). D: The normalized response

before, during, and after application of 1 pM GnRH3. The vertical axis indicates the response

normalized by the minimum spike number before GnRH3 application. n = 7 for each group. Data

were analyzed using ANOVA and Tukey Kramer’s test (**: p < 0.01). Error bars indicate S.E.M.

before: 1min before GnRH3 application, during: 2 min after GnRH3 application, after: 5 min after

finishing GnRH3 application.

Figure 3-4 GnRH3 modulates the large conductance Ca®*-activated K* channel

A: Current-voltage relationship before (dotted line), during (black line), or after application of

1 uM GnRH3 (gray line) during the falling phase of the ramp stimulation (dotted rectangule in

inset). Inset shows the entire ramp protocol. Inset scale: 50 mV, 1.5 ms. before: 1min before

GnRH3 application, during: 2 min after GnRH3 application, after: 5 min after finishing GnRH3

application. B: GnRH3-induced current calculated by subtracting the current before GnRH3

application from the current during GnRH3 application. n = 7 for | pM GnRH3: black dot, n =4
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for 1 uM GnRH3 with 100 nM Iberiotoxin (IBX): dark gray dot. The vertical bar through each

symbol indicates the S.E.M.

Figure 3-5 GnRH3 modulates retino-tectal neurotransmission via large conductance Ca?'-

activated K* channel

A: Field potentials evoked by electrical stimulation of the optic tract (average of three traces)

in the presence of 100 nM lberiotoxin (IBX) before (gray dotted line) and during 100 nM GnRH3.

B, C: Normalized rise time (B) and duration measured at half maximum amplitude (C) during

application of vehicle or GhnRH3 (100 nM) in the presence of IBX. There was no significant

statistical difference between vehicle and GnRH3 in B, C (n = 5, Student’s t-test). before: 1 min

before GnRH3 application, during: 2 min after GnRH3 application. In the box plot, bottom and

top bars are minimum and maximum of each group respectively, 688 box is quartile area, and the

horizontal bar in the middle indicates the median.

Figure 3-6 GnRH-fluoroprobes increase luciferase activity and bind to GnRH receptors expressed

in HEK293T

A: Luciferase activity after 6 hours’ incubation with either GnRH-fluoroprobe or GnRH2 is

shown. GnRH-FL: GnRH labeled with fluorescein, GhnRH-TAMRA: GnRH labeled with
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TAMRA. Data were analyzed using Dunnett’s multiple comparison test (GnRHR1: n = 4 in each

group, GhNRHR2: n =5 in each group, GhRHR3: n = 4 in each group; *: p < 0.05, **: p < 0.01,

***: p < 0.001). B: Signals of GnRH-fluoroprobe (upper row), EGFP (the middle row), and

overlay images (lower row). In the overlay images, the GhnRH-fluoroprobe signal is magenta and

EGFP is green. GnRH-fluoroprobe was applied at 1 uM. Scale bar: 50 um. Some dotted signals

were also observed in the cytoplasm, which may represent internalization of GnRH receptors

(Hazum et al. 1980; Hazum and Nimrod 1982). Therefore, the GhRH-fluoroprobes are considered

to work physiologically like the native GnRH.

Figure 3-7 GnRH receptors are mainly localized in SPV neurons

A: Fluorescent signals of GnRH-fluoroprobe (GnRH-FL), B: signals of Hoechst nuclear stain,

C: overlay images, and D: the magnified overlay images of the area indicated in white squares in

C, in the presence of 1 uM GnRH-fluoroprobe (a), vehicle (b), and 1 uM GnRH-fluoroprobe plus

10 uM GnRH3 (c). Each photograph is representative from three trials. In the overlay images,

magenta is GnRH-fluoroprobe, and green is Hoechst. Scale bar: 20 um (C), 10 um (D)

Figure 3-8 Hypothetical model of GhnRH3-induced modulation of retino-tectal neurotransmission

A: Experimental arrangement and schematic image of GnRH3-induced modulation of retino-
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tectal neurotransmission. B: Schematic diagram of LFP illustrated following Venegas (Vanegus

1983) and Rall & Shepherd (Rall and Shepherd 1968). Dotted line: field potential before GhnRH3

application. Solid line: field potential during GnRH3 application. The negative component of the

LFP evoked by the stimulation of optic nerve in the optic tectum is based on the assumption that

the LFP is the superimposition of extracellularly recorded EPSPs and regenerative population

spikes. C: lllustration of the result of whole-cell recording of SPV neurons evoked by current

injection showing that the excitability of SPV neurons is suppressed by GnRH3.
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Figure 3-1
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Figure 3-2
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Figure 3-3
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Figure 3-4
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Figure 3-5
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Figure 3-6
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Figure 3-7
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Figure 3-8
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General discussion
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In the present thesis, | aimed at comprehensive understanding of the mechanisms of

neuromodulation by TN-GnRH3 neuron in the brain, which is considered to be one of the

peptidergic neurons that can induce modulation of behaviors depending on the surrounding

environment and the intrinsic physiological status. Here, | elucidated in Chapter 1 a novel

modulator of TN-GnRH3 neurons and in Chapter 2 the relationship between firing activities and

neuropeptide release of TN-GnRH3 neurons, which should give new insights into the general

functions of modulatory peptidergic neurons. Finally, in Chapter 3 | showed mechanisms of

neuromodulation in the optic tectum induced by GnRH3, which is considered to be released by

the mechanism shown in Chapter 2.

Chapter 1: TN-GnRH3 neurons receive various neural inputs and change their
spontaneous firing activities accordingly

In Chapter 1, | demonstrated by using electrophysiology that RFRP functions as a novel

inhibitory synaptic modulator for the spontaneous pacemaker activity of TN-GnRH3 neurons,

which is important for their neuromodulatory functions. Previous studies have shown that axons

of RFRP neurons densely project to the TN-GnRH3 neurons (Matsumoto et al. 2006) and that

TN-GnRH3 neurons express RFRP receptors (Yamamoto et al., unpublished). On the other hand,

RFRP has been suggested to be released in response to stress (Kirby et al. 2009; Ubuka et al.

2015) and decrease sexual motivation (Johnson et al. 2007; Piekarski et al. 2013). Thus, RFRP-
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induced modulation of the neuromodulatory TN-GnRH3 neurons may be important for the

physiological responses such as stress-induced suppression of behavioral motivation. Moreover,

the finding of a novel inhibitory synaptic modulator for TN-GnRH3 neurons is significant for

understanding of functions of the peptidergic modulatory neurons because of the following

reasons: cell bodies of TN-GnRH3 neurons form cluster, and these neural activities are electrically

coupled to each other via gap junctions (Abe and Oka 2011; Karigo and Oka 2013), which may

enable TN-GnRH3 neurons to modulate neurons in multiple target regions (neuromodulation)

simultaneously by releasing GnRH3 in various brain regions at the same time. Because the firing

frequency of peptidergic neurons is closely related to the neuropeptide release, the finding of

RFRP-induced modulation of spontaneous activity of modulatory TN-GnRH3 neurons may give

new insights into the understanding of the first step (inputs to the modulatory TN-GnRH3 neurons

in Fig.4-2) during the process of adaptive regulation of behavior in response to the environment

and the intrinsic physiological state of the animal.

Chapter 2: TN-GnRH3 neurons show high frequency firing in response to synaptic
inputs, leading to neuropeptide release

In Chapter 2, | found that local puffer application of glutamate/GABAA receptor agonists,

which mimics synaptic activation of TN-GnRH3 neurons, increases the frequency of their

spontaneous firing activities. It is generally accepted that peptidergic neurons, including GnRH
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neurons, have to fire at high frequency to release neuropeptides (Dutton and Dyball 1979; Liu et

al. 2011). The present study showed that the firing frequency of the TN-GnRH3 neurons in

response to the glutamate puffer application was almost the same as that reported to be necessary

for the peptide release from the GnRH1 (hypophysiotropic GnRH) or Kisspeptin neurons in vivo

(Campos and Herbison 2014; Han et al. 2015). In the present Ca?* imaging analysis, local

application of glutamate induced an increase in intracellular Ca?*, which is suggested to trigger

GnRH3 release. Taken together with previous literature (Abe and Oka 2000; Kawai et al. 2013;

Kiya and Oka 2003; Nakane and Oka 2010; Umatani et al. 2013), the present Ca?* imaging

analysis strongly suggests that synaptic inputs via glutamate, among other various

neurotransmitters and neuromodulators (shown in Fig. 4-1), is the most likely candidate to induce

GnRH3 release in vivo. The other neurotransmitters and neuromodulators may play important

roles in the regulation of low frequency regular pacemaker firing of TN-GnRH3 neurons, which

may play a different role from the GnRH3 release (Karigo and Oka 2013). Because | analyzed

GnRH-induced modulation in Chapter3, 1 would like to discuss functions of GnRH3 in the next

section (see below).

In addition, I newly found that TN-GnRH3 neurons of juvenile medaka (before 10 weeks post-

fertilization) were more likely to show burst firing than those of adult fish in a preliminary

experiments of recording spontaneous activities. In the Ca?* imaging analysis, 1 also found
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occasional spontaneous intracellular Ca?* increase like that observed during the local puffer

application of glutamate. Previous studies on the TN-GnRH3 neurons have mainly focused on

their neuromodulatory functions using adult animals, and there has been a very few studies using

animals just after hatching (Ramakrishnan et al. 2010; Zhao et al. 2013). Ramakrishnan et al.

suggested that some TN-GnRH3 neurons just after hatching showed burst firing and may release

GnRH3 and affect projections of TN-GnNRH3 neurons in an autocrine manner (Ramakrishnan et

al. 2010). However, in juvenile, it has recently been reported that the projection of TN-GnRH3

neurons is almost completed in medaka (Takahashi et al. 2015). Thus, TN-GnRH3 neurons in

juvenile fish may have different neuromodulatory functions from those in adult or may have other

functions. This may be an interesting future topic for further study.

Chapter 3: GnRH3-induced neuromodulation of the retinotectal synaptic transmission
is suggested to be important for the regulation of behaviorally-relevant sensory
information processing

Effects of GnRH3 to brain regions where TN-GNRH3 neurons project remain to be studied

in detail. In Chapter 3 | showed electrophysiologically and histologically that the TN-GnRH3

neurons modulate the retino-tectal neurotransmission, which is important for visual processing,

by suppressing the excitability of projection neurons in the optic tectum. It is suggested that this

neuromodulation is induced by GnRH3 that is considered to be released from TN-GnRH3 neurons

when these neurons show high frequency firing as shown in Chapter 2. GnRH3 has also been
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suggested to modulate other brain regions. In the olfactory bulb of the goldfish, GhnRH3 modulates

mitral cells and increases the release probability of their neurotransmitter (Kawai et al. 2010). In

the olfactory receptor neurons of the axolotl, GnRH increases the magnitude of tetrodotoxin-

sensitive inward current (Eisthen et al. 2000). Exogenous application of salmon type GnRH

(GnRH3) decreases auditory-evoked spikes of neuron in the torus semicircularis and decreases

response latency and increases auditory thresholds in a frequency and stimulus type-dependent

manner (damselfish, Maruska and Tricas 2011). In the retinal circuit, GnRH agonist depolarizes

horizontal cells and increases retinal responses to small light spots, whereas it decreases responses

to full-field light (white perch, Umino and Dowling 1991). To my knowledge, the present results

showed for the first time detailed GnRH3-induced neuromodulation in the optic tectum, which is

an important brain region for visual information processing.

Behavioral significance

Previous anatomical and electrophysiological studies on neural inputs to the TN-GnRH3

neurons have suggested glutamatergic (Kiya and Oka 2003), GABAergic (Nakane and Oka 2010),

and AChergic synaptic inputs (Kawai et al. 2013), which should serve as inputs for sensory

information, arousal state, and so on to the TN-GnRH3 neurons (Fig. 4-1) (Oka and Matsushima

1993; Yamamoto and Ito 2000). Then, the TN-GnRH3 neurons are considered to integrate these

neural inputs and change their firing activities depending on the sensory inputs of various
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modalities from various brain regions. It should be noted that the TN-GnRH3 neurons also express

estrogen receptors (Zempo et al. 2013) and may receive physiological information depending on

the sex steroid hormones, although further studies are necessary to know the effect(s) of estrogen

on these neurons. Because the firing activities of TN-GnRH3 neurons are suggested to be

functionally related to GnRH3 release (Chapter 2), the neural inputs concerning various sensory

information (olfactory, visual, somatosensory, etc.) and physiological status that are integrated in

the TN-GnRH3 neurons are suggested to be translated to the release of GhnRH3 peptides.

From the results of the present thesis focused on the peptidergic neuromodulatory system, the

TN-GnRH3 neurons, | propose a working hypothesis as to their functional role in the integration

of sensory information from the environment and the intrinsic physiological status of the animal,

which leads to the adaptive changes in behaviors (Fig. 4-2).

Module 1) Environmental information and intrinsic physiological status of the animal are

conveyed to the TN-GnRH3 neurons through neurotransmitters (GIu/GABA) and neuropeptides

(RFRP).

Module 2) TN-GnRH3 neurons change their firing activities depending on such various neural

inputs. Especially, glutamatergic synaptic inputs effectively induce high-frequency firing,

sometimes bursting, of the TN-GnRH3 neurons, which effectively cause intracellular increase in

117



Ca?" in the TN-GnRH3 neurons, leading to GnRH3 peptide release in the wide projection areas

in the brain.

Module 3) Neuropeptides, which are released from TN-GnRH3 neurons in response to

effective synaptic inputs such as glutamatergic ones, cause modulation of neurons in the target

brain regions, such as the brain regions related to sensory processing (olfactory, visual, auditory,

etc).

Module 4) These kinds of neuromodulations finally cause adaptive changes in animal

behaviors via changing the behavioral pattern generator circuit.

Because the TN-GnRH3 neurons are reported to be conserved during evolution among wide

variety of vertebrate species, | propose that the scheme illustrated in Fig. 4-2 may apply to various

vertebrates in general.
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Figure legends

Figure 4-1 Neurotransmitters and neuromodulators that affect spontaneous firing activities of
TN-GnRH3 neurons.

Figure 4-2 Working hypothesis on the mechanism of modulation of behaviors by TN-GnRH3
neurons, depending on the sensory inputs from the environment and the intrinsic physiological

status of the animal, suggested by the present thesis.
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Figure 4-1
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Figure 4-2
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