Relationship between the quantity of orexin receptor
expression and calcium responses in cerebrocortical
neurons:

An in vivo two-photon calcium imaging study with

rhodamine-labeled orexin A

Saori Ohtani
Nihon University Graduate School of Dentistry
Major in Pharmacology
(Directors: Profs. Masayuki Kobayashi and Morio Tonogi,

and Assoc. Prof. Satoshi Fujita)



Index

Abstract — 2
Introduction --- 3
Materials and Methods --- 4
Results - 8
Discussion --- 13
Acknowledgements --- 15
References --- 16

This thesis is based on the following article and additional results in terms of oscillation of the
calcium signal (Figs. 5 and 6C):
Ohtani S, Fujita S, Hasegawa K, Tsuda H, Tonogi M, Kobayashi M (2018) Relationship
between the fluorescence intensity of rhodamine-labeled orexin A and the calcium
responses in cortical neurons: An in vivo two-photon calcium imaging study. Journal of

Pharmacological Sciences, 138: 76-82.



Abstract

Neural responses to a ligand vary widely between neurons; however, the mechanisms
underlying this variation remain unclear. One possible mechanism is a variation in the
quantity of receptor expression in each neural membrane. To examine this hypothesis, I
synthesized a rhodamine-labeled orexin A compound, enabling us to quantify the amount of
orexin binding to its receptors, OX; and OX,, which principally couple to the Gy protein.
The rhodamine intensity and calcium response were measured from insular cortical
glutamatergic neurons in 7hy/-GCaMP6s transgenic mice under tetrodotoxin application
using an in vivo two-photon microscope. Applying rhodamine-labeled orexin A (10 uM) to the
cortical surface gradually and heterogeneously increased both the intensity of the rhodamine
fluorescence and [Ca®'];. Calcium responses started simultaneously with the increase in
rhodamine-labeled orexin fluorescence and reached a plateau within several minutes. High-
and low-responding neurons were classified based on the peak amplitude of the [Ca*'];
increase. The rhodamine fluorescence intensity was larger in the high-responding neurons
than the low-responding neurons. Preapplication of SB334867 and TCS-0OX,-29, OX; and
OX, antagonists, respectively, decreased the proportion of high-responding neurons. These
results suggest that the diverse receptor expression level in neural membranes is involved in

. . . . . o N
mechanisms underlying varied neural responses, including [Ca“ ]; increases.



Introduction

The effects of G-protein-coupled receptor agonists show a wide variation at the cellular and
synaptic levels. Previous studies have demonstrated the heterogeneous modulation profiles of
the inhibitory postsynaptic currents (IPSCs) induced by adrenergic (Koyanagi et al., 2010)
and cholinergic agonists (Yamamoto et al., 2010). The number of G-protein-coupled receptors
expressed in neural membranes can change, e.g., by agonist-induced endocytosis (Tsao et al.,
2001; Geppetti et al., 2015). Elucidating the effects of ligands in each neuron is one of keys to
understanding the physiological function and developing research on the pathophysiology and
treatment of nervous system diseases; however, little information is available about the
relationship between the quantity of receptors and the degree of intracellular signaling in a
living subject.

Orexin, also known as hypocretin, is involved in regulating wakefulness and appetite (de
Lecea et al., 1998; Sakurai et al., 1998; Chemelli et al., 1999). Orexin receptor type-1 (OX;)
is coupled to the Gg/1; protein, whereas orexin receptor type-2 (OXj) is coupled to multiple
G-proteins, including Ggi1 and Gj (Zhu et al.,, 2003). Application of orexin increases
intracellular Ca®" concentration ([Ca2+]i; Sakurai et al., 1998; Zhu et al., 2003; Ozcan et al.,
2010). Orexin also plays critical roles in diverse functions, such as reward, addiction, and pain
(Baimel et al., 2015; Inutsuka et al., 2016; Peyron and Kilduff, 2017), which are partially
processed in the insular cortex (IC; Jasmin et al., 2003; Nakamura et al., 2015; Kobayashi and
Horinuki, 2017). IC receives projections of orexin-containing axons (Peyron et al., 1998; Date
et al., 1999). Therefore, orexinergic receptors that are expressed in IC seem to be a suitable
target for studying the relationship between the quantity of receptors and the [Ca”'];.

In this study, I hypothesized that orexin heterogeneously regulates excitatory neurons in
IC depending on a variation of the quantity of receptor expression in each neural membrane.
To test this hypothesis, I synthesized rhodamine-labeled orexin A (Rhod-OX-A) and
performed in vivo calcium imaging in Thyl-GCaMP6s transgenic mice expressing
ultrasensitive fluorescent proteins as indicators of the [Ca*']; in a subpopulation of excitatory
neurons. By using two-photon microscopy, I could visualize the Ggi-dependent [Ca®™];
increase by applying Rhod-OX-A in an in vivo preparation where the synaptic connections

remained intact.



Materials and Methods

The Animal Experimentation Committee of Nihon University approved the experiments
(AP17D003-1). Experiments were performed according to the institutional guidelines for the
care and use of experimental animals described in the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. All efforts were made to minimize animal suffering

and to reduce the number of animals used.

Synthesis of Rhod-0OX-A

Almost all solvents and reagents were obtained from Nacalai Tesque (Kyoto, Japan), unless
otherwise noted. Truncated orexin A (15-33) was synthesized starting from ChemMatrix resin
(Sigma-Aldrich, St. Louis, USA) by solid-phase peptide synthesis with
9-fluorenyl-methyloxycarbonyl (Fmoc) amino acid derivatives (Peptide Institute, Osaka,
Japan; Fig. 1A). After elongation of
Arg(Pbf)-Leu-Tyr(tBu)-Glu(OtBu)-Leu-Leu-His(Trt)-Gly-Ala-Gly-Asn(Trt)-His(Trt)-Ala-Ala
-Gly-Ile-Leu-Thr(tBu)-Leu, Fmoc-PEG2-Suc-OH (AnaSpec, Fremont, CA) was introduced to

the N-terminus as a linker. After deprotection of Fmoc, the protected peptide resin was treated
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Figure 1. Synthesis of rhodamine-labeled orexin A (Rhod-OX-A). (A) Synthetic scheme of Rhod-OX-A.
Truncated orexin A (15-33) was synthesized by a solid-phase peptide protocol with Fmoc-amino acid derivatives.
After elongation, Fmoc-PEG2-Suc-OH was introduced as a linker, and Fmoc was deprotected with piperidine.
The protected peptide resin was treated with a TFA cocktail for deprotection and cleavage. Truncated orexin A
(15-33) was dissolved in DMF, and rhodamine B sulfonyl chloride was added to produce a rhodamine B
conjugate. (B) HPLC profile of truncated orexin A (15-33). The arrow indicates the elution peak of truncated
orexin A (15-33). (C) HPLC profile of Rhod-OX-A. The rhodamine B conjugation reaction was monitored with
HPLC. After rhodamine B sulfonyl chloride was added, truncated orexin A (15-33) disappeared, and
Rhod-OX-A was produced. A hydrolysate of rhodamine B sulfonyl chloride also appeared, which was marked as

rhodamine B sulfonate. All compounds were confirmed by mass analysis.
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with trifluoroacetic acid (TFA)/1,2-ethanedithiol/water/triisopropylsilane (88/5/5/2). The
crude orexin A was loaded into a Sephadex G25 column (GE Healthcare) with 20%
acetonitrile solution as the eluent at a flow rate of 1 ml/min. The orexin A fraction was
collected and lyophilized as a white powder. Orexin A dissolved in N,N-dimethylformamide
was added to Lissamine Rhodamine B sulfonyl chloride (Acros Organics, Geel, Belgium) and
N,N-diisopropylethulamine. The Rhod-OX-A was purified with high-performance liquid
chromatography (HPLC) using a Cosmosil 5C;s-AR-II reversed-phase column (4.6 %X 250 mm,
flow rate 1.0 ml/min, gradient elution of water and acetonitrile containing 0.1% TFA solution;
Fig. 1B, C) and obtained as a pink powder after lyophilization. The compound was measured
by an Agilent 6130B electrospray ionization single quadrupole mass spectrometry (ESI-Q
MS; Agilent, Santa Clara, USA).

Animal preparation

Transgenic GCaMP6s mice (C57BL/6J-Tg(Thyl-GCaMP6s)GP4.3Dkim/J, Jax #024275;
Chen et al., 2013) aged over 7 weeks and weighing 25.4 = 1.4 g (n = 14) were used. The mice
received an injection of methylatropine bromide (5 mg/kg, i.p., European Pharmacopoeia
Reference Standard) and were anesthetized with urethane (1.7 g/kg, i.p., Sigma-Aldrich). The
body temperature was maintained at approximately 37 °C using a heating system (BWT-100,
Bio Research Center, Osaka, Japan). To observe IC, mice were prepared according to previous
studies with minor modifications (Fujita et al., 2016, 2017). Briefly, mice were fixed to a
custom-made stereotaxic snout frame, which was tilted 90° laterally for imaging the left
dorsal part of IC. After a subcutaneous injection of ropivacaine (AstraZeneca, Osaka, Japan),
the temporal muscle and zygomatic arch were carefully removed. The skull was thinned to
observe the middle cerebral artery (MCA) and rhinal fissure, which were used as landmarks
to decide the location of craniotomy. A craniotomy (diameter = ~0.5 mm) was performed to
expose the dorsal part of IC (Fig. 2A, B), and the dura matter was carefully resected.

In vivo calcium imaging using two-photon microscopy

The neurons in the transgenic GCaMP6s mice had fluorescent protein whose intensity
increased depending on the [Ca”]; increase (Chen et al., 2013; Dana et al., 2014). Two-photon
imaging was performed using a FVMPE-RS laser-scanning microscope system (Olympus,
Tokyo, Japan) including a microscope (BX63, Olympus), a water-immersion objective lens
(XLPLN25XWMP2; magnification = 25x%, numerical aperture = 1.05, Olympus), and a pulsed
laser (Insight DS Dual-OL, Spectra Physics, Santa Clara, USA). GCaMP6s was excited at 940
nm (Chen et al., 2013), and the emitted fluorescence was filtered through a bandpass filter
(495-540 nm, Olympus). Rhod-OX-A was excited at 1040 nm, and the emitted fluorescence
was filtered through a bandpass filter (575-645 nm, Olympus). Both wavelengths of the
excitation laser were applied alternately at approximately 65 ms intervals, and the emitted

fluorescence for each excitation wavelength was also alternately captured to avoid signal
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contamination. Each acquired image was automatically averaged from 15 frames by the
acquisition software (FV30S-SW, version 1.3.2.88, Olympus). The sampling intervals for the
final stored data were 1.96 s. The imaging area was 255 x 255 um” and consisted of 512 x

512 pixels.

Application of Rhod-OX-A

Calcium imaging was performed at a depth of 200 pum, corresponding to cortical layer II/III
(Fig. 2Ca). Before application of Rhod-OX-A, 1 uM tetrodotoxin (TTX; Abcam, Cambridge,
UK) was applied to the cortical surface to suppress spontaneous neural firing (Fig. 2Cb, c). In
the experiment with antagonist application, 10 uM SB334867 (Tocris Bioscience, Abingdon,
UK), an OX antagonist, and 10 uM TCS-0X;-29 (Abcam), an OX;, antagonist, were applied
simultaneously with TTX. After acquisition of the baseline, 10 pM Rhod-OX-A was applied

to the cortical surface, and the calcium response of each neuron was recorded.

Anatomy

The observed regions were marked by an electrical current via a tungsten electrode. Then, the
mice were deeply anesthetized with 5.0% isoflurane and perfused with saline through the
ascending aorta, followed by 50 ml of a fixative containing 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH = 7.4). The brains were removed, postfixed overnight and
cryoprotected in 30% sucrose in 0.1 M PB. The brains were frozen, sectioned coronally at 50

pum, and stained with 0.25% thionin to examine the recorded sites.

Data analysis

Calcium imaging data were processed and analyzed using software (Brain Vision Analyzer;
Brainvision, Tokyo, Japan). Changes in the fluorescence intensity (4F) of each pixel relative
to the initial fluorescence intensity (F) were calculated (4F/F), and the ratio was processed
with a spatial and a cubic filter. The region of interest (ROI) was set on each soma. I included
data from neurons showing visually clear outlines (Fig. 3A, B). Neurons showing small and
filled forms were considered as the edges of somata and were excluded from data to avoid
contamination of neuropil signal due to limitation of resolution in Z-axis in two-photon
microscopy. The shadow caused by thick vessels in the cortical surface often prevented clear
outlines of the neurons; these data were excluded. Clear accumulation of rhodamine was
found around vessels. To avoid contamination of high fluoresce due to the accumulation of
Rhod-OX-A fluorescence in vessel cells (presumably astrocytes), I excluded data from the
somata that were located adjacent to the blood vessels. To classify neurons as high- and
low-responding neurons, the calcium signal of GCaMP6s was transformed to a Z-score using
the following expression (Aoki et al., 2017).

Z-score = (fit — fro)/frsas
where fi is the AF/F for each frame, fry is the AF/F just before the onset of the elevation in
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rhodamine fluorescence, and fryys 1s the standard deviation (SD) of the AF/F value at baseline.
Neurons in which the Z-score at the peak was greater than 5 were defined as high-responding
neurons, and the remaining neurons were considered low-responding neurons.

To analyze the slow component of calcium oscillation, a moving average filter (-3 to 3
frames) was applied to the traces of fluorescent GCaMP6s 3 times. Then, the power spectral
density was obtained using NeuroExplorer (ver. 4, Nex Technologies, Madison, USA). To
compare the increase in the intensity of rhodamine fluorescence among different mice, the
traces in high- and low-responding neurons were averaged in each mouse. And then, each pair
of averaged traces was normalized to the maximum amplitude of rhodamine fluorescence in

each mouse.

Statistics

For comparisons of the intensities between high- and low-responding neurons, unpaired # test
following F test or the paired ¢ test were appropriately used (Excel, version 2010, Microsoft,
Redmond, USA). SigmaStat software (ver. 4.0, Systat Software, San Jose, USA) was used for
comparison of the ratio of high-responding neurons between the conditions without and with
0X,/0OX, antagonists, and P < 0.05 was considered significantly different. All data are
expressed as mean + SEM.



Results

Synthesis of Rhod-0OX-A

Truncated orexin A (15-33) was synthesized successfully by a solid-phase method (Fig. 1B).
However, rhodamine B sulfonyl chloride did not react with the N-terminus on the
ChemMatrix resin. Therefore, the truncated orexin A (15-33) was cleaved from the resin, and
rhodamine B sulfonyl chloride was conjugated by means of a solution-phase method. Finally,
Rhod-OX-A was purified with HPLC (Fig. 1C). Rhod-OX-A was confirmed by ESI-Q MS
([M+H]+ Found: 2859.3, [M+H]+ Calcd: 2858.4).

In vivo calcium imaging with and without TTX

Thick vessels could be identified through the cranial bone, and a small window was opened
caudal to the MCA (Fig. 2A). Then, calcium imaging was performed in IC (Fig. 2B). Fig. 2Ca
shows a representative image, and neurons often showed a transient [Ca®']; increase (Fig.
2Cb). This Ca®" transient was blocked by the application of 1 uM TTX to IC surface (Fig.
2Cc), suggesting that spontaneous action potentials induced the [Ca®’]; increase. The
amplitude and inter-event interval of [Ca*']; events were irregular and caused disruptions of
observation. Therefore, 1 uM TTX was applied to inhibit spontaneous spike firing.

N E dorsal
- i roslral+cau
i S - ventral "‘ﬁ

b before 1 uM TTX

AF/F
15%

1 min
after 1 yM TTX

L W

Figure 2. Calcium imaging of the dorsal part of insular cortex (IC). (A) An example of a craniotomy. The
thinned skull enables us to observe the middle cerebral artery (MCA) and rhinal fissure (RF), which were used as
landmarks to decide the location of craniotomy (diameter = ~0.5 mm). The outlined arrowhead and dashed circle
indicate the area of craniotomy. (B) A coronal Nissl section showing the lesion of the observation area shown in
(A). The craniotomy was performed on the dorsal part of IC. Filled arrowhead indicates the observed region
which was marked by an electrode after the recording. (C) An example of field view (255 x 255 um?) consisting
of 512 x 512 pixels (Ca) and traces of the calcium signal, as indicated by the intensity of GCaMP6s fluorescence,
before (Cb) and after (Cc) the application of 1 uM tetrodotoxin (TTX). Note that the dark areas are due to thick
vessels on the cortical surface. The neurons in the dark areas had unclear outlines and were excluded from the
analysis. Traces were obtained from the neuron indicated by the red circle in (Ca). Pir, piriform cortex; S2,

secondary somatosensory cortex

Application of Rhod-OX-A and calcium responses
After application of 10 uM Rhod-OX-A to IC surface, the intensity of rhodamine fluorescence
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Figure 3. Representative responses to 10 pM Rhod-OX-A application. (A) GCaMP6s (Aa), rhodamine (Ab), and
merged images (Ac) before Rhod-OX-A application. Note that several somata showed autofluorescence
(arrowheads). (B) GCaMP6s (Ba), rhodamine (Bb), and merged images (Bc) after Rhod-OX-A application. Note
that rhodamine was distributed in the whole area. Rhodamine accumulated around vessels (arrows). The granular
mass that overlapped in the GCaMP6s and rhodamine images might be due to lipofuscin, which has
autofluorescence (arrowheads). (C) Examples of calcium signals and rhodamine fluorescence after the
application of Rhod-OX-A. The numbers correspond to those shown in (B). Red and blue lines indicate
rhodamine fluorescence in high- and low-responding neurons, respectively. Black and grey lines indicate
GCaMP6s fluorescence intensity in high- and low-responding neurons, respectively. Note that most of the

neurons showed calcium responses that correlated with the increase in the rhodamine intensity. (D) The traces

shown in (C) are superimposed. Note the heterogeneous amplitudes of rhodamine and [Ca®'].
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gradually increased in whole area at the depth of 200 pm from IC surface (Fig. 3). The
granular masses of fluorescence that overlapped in GCaMP6s and rhodamine images are
presumably due to lipofuscin, which has autofluorescence (Fig. 3A, B; Schnell et al., 1999).
On the other hand, a high accumulation of rhodamine fluorescence was observed around
blood vessels (Fig. 3B, arrows), likely caused by nonneuronal cells.

The increase in rhodamine fluorescence is considered to involve two components:
rhodamine binding to orexinergic receptors and unbound, passively diffusing rhodamine.
Indeed, the increasing rates of rhodamine fluorescence varied from neuron to neuron (Fig. 3C,
D), suggesting a variation in the orexinergic receptor expression. In parallel to an increase in
the rhodamine fluorescence, the [Ca®']; was gradually increased in most of neurons (Fig. 3C),
suggesting that the calcium responses were evoked by the Rhod-OX-A. However, the

temporal pattern and the amplitude of the [Ca®]; increase were heterogeneous (Fig. 3D).

Comparison between high- and low-responding neurons
To quantify the relationship between [Ca*']; and the rhodamine fluorescence, imaged neurons
were classified into two groups (see the Experimental Procedures): high- and low-responding
neurons. I obtained 300 high-responding neurons and 141 low-responding neurons from 9
mice. The averaged peak amplitudes of GCaMP6s fluorescence were 10.45 £ 0.22% in
high-responding neurons and 5.68 + 0.22% in low-responding neurons.

The calcium signals in the high- (n = 35) and low-responding neurons (n = 20) obtained
from the mouse shown in Fig. 3 were shown in Fig. 4A. Significant differences in the [Ca®'];
between the high- and low-responding neurons were found approximately 1 min after the

onset of the elevation in rthodamine fluorescence, and the difference became larger as time
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= 5 neurons (20) 0 neurons (20) 2% o
0 2 4 6 & 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
(min) (min) (min)

Figure 4. Higher rhodamine intensity in high-responding neurons than in low-responding neurons. (A) The
mean (solid line) and SEMs (dashed lines) of calcium signals in the mouse corresponding to Fig. 3 were shown.
High-responding neurons (Z-score of GCaMP6s fluorescence intensity > 5) showed higher calcium responses
than did low-responding neurons. (B) The mean (solid line) and SEMs (dashed lines) of AF/F of thodamine in
the mouse corresponding to Fig. 3 were shown. The high-responding neurons showed a higher AF/F for
rhodamine than did the low-responding neurons. (C) The mean (solid line) and SEMs (dashed lines) of
normalized AF/F in rhodamine fluorescence obtained from 9 mice were shown. The range of significant
differences in calcium signals (A) and AF/F of rhodamine (B), normalized AF/F (C) between high- and

low-responding neurons are indicated by the horizontal lines at the top ( test).
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advanced. Indeed, significant differences in rhodamine fluorescence intensity between the
high- and low-responding neurons were observed from approximately 1 min after the
rhodamine fluorescence began to increase (Fig. 4B).

To assess the rhodamine fluorescence in 9 mice, the averaged traces of high- and
low-responding neurons were normalized and compared (Fig. 4C). The intensity of rhodamine
fluorescence in the high-responding neurons was larger than that in the low-responding

neurons from approximately 3 min.

Oscillation of the calcium signal

During the elevation of the calcium signal in response to the application of rhodamine-labeled
orexin A, a slow oscillation was often observed (Fig. 5C). The power spectrum analysis
revealed that the calcium signal involved a slow oscillation during the elevation in the
calcium signals (Fig. 5D, arrowheads). The slow calcium oscillation peaked at 0.009, 0.019,
and 0.042 Hz. The oscillation was also observed in the baseline (Fig. SA), and the results of
the power spectrum analysis showed peaks at similar frequencies (Fig. 5B). These results
suggest that the slow oscillation in calcium responses independently occurred from the

increase in the calcium signal.
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I ‘I frequency (Hz) moving average filter to the period of

V

the increasing calcium signal. (D) Power spectral density profile of the smoothed trace in (C). Note that the slow

oscillation was observed in both the increasing and stable periods.

Effects of OX; and OX; antagonists

To examine whether the Rhod-OX-A-induced calcium responses were mediated by orexin
receptors, Rhod-OX-A was administered in the presence of a cocktail of OX; and OX;
antagonists, SB334867 and TCS-0X;-29, respectively (N = 5). Similarly to the application of
Rhod-OX-A without antagonists, the rhodamine fluorescence gradually increased in the
whole imaged area (Fig. 6A, B). The slow oscillation described above was also found during

application of the orexinergic receptors antagonists (Fig. 6B, C). The granular mass around
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Figure 6. Calcium signals after Rhod-OX-A application with preapplication of the OX,; and OX, antagonists.
(A) An example of magnified GCaMP6s, rhodamine, and merged images. Note that rhodamine was distributed
in the whole area in the presence of 10 pM SB334867, an OX; antagonist, and 10 pM TCS-0X,-29, an OX,
antagonist. An image of the granular masses that overlapped in the GCaMP6s and rhodamine images is shown.
The accumulation of rhodamine around the vessels was unclear (arrows) compared to that without the OX; and
OX, antagonists shown in Fig. 3. (B) An example of the traces for the calcium signal (black line) and the
increased rhodamine fluorescence (red line) after the application of Rhod-OX-A. The trace for the calcium signal
was smoothed using a moving average filter (blue line). (C) Power spectral density profile of the smoothed trace
in (B) showing peaks at 0.04-0.05 Hz and multiples thereof (arrowheads). (D) Comparison of the ratio of
high-responding neurons between the conditions without (n = 9) and with OX;/OX, antagonists (n = 5). The
preapplication of OX; and OX, antagonists significantly decreased the ratio (** P < 0.01, Student’s ¢ test).

some somata in GCaMP6s and rhodamine images overlapped under pre-application of
antagonists (Fig. 6A, arrowheads); however, the accumulation of rhodamine around vessels
was unclear (Fig. 6A, arrows) in comparison of the image without antagonists (Fig. 3B).

I analyzed the ratios of the 27 high-responding neurons and 170 low-responding neurons
to the total neurons. Antagonist preapplication significantly decreased the averaged ratio of
high-responding neurons from 68 + 8% (N =9) to 17 + 8% (N = 5; P = 0.0023, Student’s ¢
test; Fig. 6D). These results show that the calcium responses that occur after the application of

Rhod-OX-A are certainly mediated by orexin receptors.
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Discussion

Calcium responses

Previous studies have reported that orexin application increases the [Ca”']; in cultured cells
expressing orexin receptors (Sakurai et al., 1998; Zhu et al., 2003; Ozcan et al., 2010). The
present experiment is in line with these studies and extended them by demonstrating the
positive relationship between the fluorescence intensity of Rhod-OX-A and the [Ca®';
increase revealed by the GCaMP6s fluorescence in the in vivo preparation. The number of
G-protein-coupled receptors expressed in the neural membrane is changed by agonist-induced
endocytosis (Tsao et al., 2001; Geppetti et al., 2015). Thus, the diversity of calcium responses
between high- and low-responding neurons could be explained by the quantity of receptors
expressed in the neural membrane.

In a transgenic mouse expressing GCaMP6s under the 7hyl promoter, GCaMP6s is
expressed in a subpopulation of excitatory neurons (Sugino et al., 2006; Dana et al., 2014).
Therefore, the difference in calcium responses in the present results is not due to a difference
in neural types, e.g., excitatory vs. inhibitory neurons.

The calcium signaling evoked by activation of the Gg/1 protein involves several steps
(Albrecht et al., 2001; Dickson et al., 2013). Activation of phospholipase C enzyme
hydrolysis results in IP3 and diacyl glycerol. IP; binds to IP; receptors on the endoplasmic
reticulum, inducing calcium release from the endoplasmic reticulum. The released calcium
further evokes calcium-induced calcium release via ryanodine receptors. If the expression
level and/or their function of components of this pathway are different among neurons, the
intracellular signaling could vary. Thus, the present results did not exclude the other
possibilities that occur in the intracellular cascade.

Most neurons showed a decreased [Ca”']; after reaching the plateau in spite of an increase
in the fluorescence intensity of Rhod-OX-A. This is possibly because of OX; internalization

by B-arrestin as previously reported (Evans et al., 2001).

Rhod-0OX-A

I synthesized Rhod-OX-A, which enables us to visualize the diffusion of orexin from the
cortical surface toward a deep layer. Previous papers reported that two disulfide bonds in
orexin A are not necessary for binding to the receptors and that a C-terminal sequence of 19
residues (15-33) can give a significant agonist effect (Darker et al., 2001; Takai et al., 2006). I
referred to these papers to design a Rhod-OX-A with reduced molecular weight to improve
the penetration rate. In addition, the introduction of polyethylene glycol as a hydrophilic
linker decreased the hydrophobicity of the truncated orexin A (15-33). Although the
Rhod-OX-A was distributed in the whole observation area, the outline of neurons was unclear
compared to that in previous immunocytochemical images of OX; in the somatosensory

cortex and frontal area 2 (Aracri et al., 2015). One possible reason for the discrepancy is that
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the Rhod-OX-A that did not bind to receptors was not rinsed in this study: the unbound
Rhod-OX-A increased the background fluorescence and made it difficult to observe the
accumulation of Rhod-OX-A around the somata. The absorption in lipid-rich brain tissues
would be attributed to the still high hydrophobicity of Rhod-OX-A. In addition, in contrast to
the stable binding between an antigen and its antibody, Rhod-OX-A repeatedly binds to and
dissociates from OX;/OX,. This unstable binding between the ligand and receptors would
decrease the signal intensity.

Rhod-OX-A accumulated around vessels. Arteries, veins, and capillaries in the brain are
sheathed by astrocytes (McCaslin et al., 2011; Boonstra et al., 2015). OX; and OX, express in
cultured astrocytes in rats (Shu et al., 2014). Therefore, the accumulation may reflect binding
of Rhod-OX-A to OX,/OX; on perivascular astrocytes. This idea is supported by the results of
the antagonist experiment (Fig. 6), in which the accumulation of rhodamine was unclear in the

samples pretreated with antagonists.

Calcium oscillation

In this study, I applied TTX before the application of rhodamine-labeled orexin A, and the
spontaneous firings were completely suppressed. However, a slow oscillation in the calcium
signal was observed (Fig. 5). The power spectrum density profile revealed that the frequency
had peaks at 0.04-0.05 Hz and multiples of this frequency. Therefore, the slow frequency was
not due to cardiac or respiratory rhythms. It is reported that oscillatory hemodynamics of ~0.2
Hz is observed as Mayer waves in mice (Bumstead et al., 2017). However, the observed slow
oscillation in the calcium signal was slower than that reported value. The present results
suggest that IC neurons likely have an unknown intrinsic mechanism that generates a slow

calcium oscillation.

Functional implications

IC plays a critical role in processing nociceptive information (Nakamura et al., 2015; Kaneko
et al., 2017). IC is one of regions receiving projections from orexin-containing neurons
(Peyron et al., 1998; Date et al., 1999). Several studies demonstrated an orexin-induced
suppressive effect on nociception (Inutsuka et al., 2016, Razavi and Hosseinzadeh, 2017). I
found that most IC excitatory neurons were sensitive to orexin A; however, the effectiveness
of orexin A on calcium responses varied at the cellular level. The present findings suggest that
IC neurons may process information, including nociception, depending on heterogeneous
0X,/0X, expression patterns. The differences in roles of OX; and OX, in IC should be

investigated in future studies.
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