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Key points

e Autonomic respiratory rhythm is essential to maintain lives and is generated in the lower
brainstem. The ventrolateral medullary region, called the pre-Botzinger complex (preBotC),
is the kernel for respiratory rhythm generation. Despite previous extensive studies focusing on
neurons, the mechanism of how respiratory rhythm is generated has not been fully understood.

e Here we show that non-neuronal glial cells (a subset of putative astrocytes) in the preBotC
are periodically activated preceding inspiratory neuronal activity, periodic activity of putative
astrocytes persists during blockade of neuronal activity, and stimulation of astrocytes in the
preBotC induces inspiratory neuronal firings.

e These findings together with the previous report that blockade of astrocytic metabolism
abolishes inspiratory neural output suggest that astrocytes are functionally involved in
respiratory rhythm generation.

e These results will help us better understand how respiratory rhythm is generated and how
respiratory output is disturbed in various pathological conditions.

Abstract The neural inspiratory activity originates from a ventrolateral medullary region called
the pre-Botzinger complex (preBotC), yet the mechanism underlying respiratory rhythmogenesis
is not completely understood. Recently, the role of not only neurons but astrocytes in the
central respiratory control has attracted considerable attention. Here we report our discovery
that an intracellular calcium rise in a subset of putative astrocytes precedes inspiratory neuronal
firing in rhythmically active slices. Functional calcium imaging from hundreds of preBotC cells
revealed that a subset of putative astrocytes exhibited rhythmic calcium elevations preceding
inspiratory neuronal activity with a time lag of approximately 2 s. These preinspiratory putative
astrocytes maintained their rhythmic activities even during the blockade of neuronal activity with
tetrodotoxin, whereas the rhythm frequency was lowered and the intercellular phases of these
rhythms were decoupled. In addition, optogenetic stimulation of preBotC putative astrocytes
induced firing of inspiratory neurons. These findings raise the possibility that astrocytes in the
preBotC are actively involved in respiratory rhythm generation in rhythmically active slices.
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aCSF, artificial cerebrospinal fluid; ChR2, channelrhodopsin-2; CV, coefficient of variation; F,

fluorescence intensity; Icay, non-specific cationic current; Iy, persistent sodium current; MLC, megalencephalic
leukoencephalopathy with subcortical cysts; OGB1, Oregon Green 488 BAPTA-1 AM; PC, principal component; preBstC,
pre-Botzinger complex; ROI region of interest; tTA, tetracycline transactivator; YFP, yellow fluorescent protein.

Introduction

Medullary slice preparations made of neonatal rodents
that contain the pre-Botzinger complex (preBotC), termed
rhythmically active slices (Del Negro et al. 2011),
exhibit spontaneous inspiratory-related rhythmic activity
in vitro (Smith ef al. 1991) and have been widely used
to investigate the mechanism of respiratory rhythm
generation. Although various hypotheses have been
proposed to explain the mechanism of rhythmogenesis
in this region, many of which are based on single
neuron kinetics and neuronal network dynamics (Koshiya
& Smith, 1999; Feldman & Del Negro, 2006; Pace
et al. 2007; Koizumi & Smith, 2008; Rubin et al. 2009;
Morgado-Valle et al. 2010; Del Negro et al. 2011),
no consensus exists among researchers in this area.
Although inhibitory synaptic transmission is necessary in
network-driven rhythmogenesis in mature animal pre-
parations (Smith et al. 2007), inspiratory-related activity
persists even after inhibitory synaptic transmission is
blocked in rhythmically active slices (Shao & Feldman,
1997). It is also reported that rhythmogenesis requires
subthreshold currents, such as persistent sodium current
(Ingp) or non-specific cationic current (Ican) (Del Negro
et al. 2005). However, even if both Iy,p and Ican were
abolished, the rhythm could be maintained by boosting
neural excitability, suggesting that pacemaker neurons are
not essential for rhythmogenesis (Del Negro et al. 2005).
These experimental results suggest the involvement of a
currently unknown regulatory factor.

Recent progresses of glial cell physiology has revealed
that astrocytes play active roles in various brain functions
by driving neuronal synchronization (Parri et al. 2001;
Angulo et al. 2004; Fellin et al. 2004; Tian et al
2005). Hiilsmann ef al. (2000) reported that blockade
of astrocytic metabolism abolishes inspiratory-related
neural output in rhythmically active slices, suggesting
that astrocytic metabolic support is necessary for the
maintenance of respiratory rhythm. Also, it has been
indicated that astrocytes play chemosensory, modulatory
and regulatory roles in the respiratory network in the
medulla oblongata (Neusch et al. 2006; Szoke et al. 2006;
Ballanyi et al. 2010; Erlichman et al. 2010; Gourine
et al. 2010; Huxtable et al. 2010; Wenker et al. 2010;
Gourine & Kasparov, 2011; Mulkey & Wenker, 2011).
Hirtel et al. (2009) showed that astrocytes in the ventral
respiratory group are activated by neuromodulators that
also stimulate respiratory neurons, suggesting that thus
modulated astrocytes influence respiratory neurons in the
ventral respiratory group. In humans, abnormalities of

brainstem astrocytes correlate with disturbances in central
respiratory control, e.g. abnormal proliferation of brain-
stem astrocytes with central neurogenic hyperventilation
(Rodriguez et al. 1982) and immaturity of brainstem
astrocytes with sudden infant death syndrome (Zhang
etal. 1992).

These reports led us to further investigate the role
of astrocytes in respiratory control, and we conducted
large-scale simultaneous analyses of inspiratory-related
activities of putative neurons and astrocytes in
rhythmically active slices. Here we show that a subset of
putative astrocytes in the preBotC is activated preceding
inspiratory neuronal firing.

Methods
Animal experiment ethics

All experiments were performed with the approval of the
Animal Experiment Ethics Committee at the University of
Tokyo (approval numbers: 19-35 and 19-43) and were in
accordance with the University of Tokyo guidelines for the
care and use of laboratory animals.

Preparations

Rhythmically active slices were prepared from rats for
calcium imaging (n=16) or from mice for optogenetic
experiments (n=30) between postnatal days 1 and 3.
Briefly, animals were deeply anaesthetized with diethyl
ether, and the brainstem was dissected and mounted with
its rostral side down on an agar block, and transferred
to a vibratome (VT1200S, Leica, Heidelberg, Germany).
The brainstem was serially sectioned until the most
caudal portion of the inferior olive, which approximately
corresponded to the third or fourth hypoglossal nerve
rootlet. Then a transverse slice containing the preBstC
was prepared with a thickness of 550—650 pm. The rostral
surface of the slice should coincide with the rostral end of
the preBotC or be within approximately 50 um rostral to
the preBotC (see Fig. 1A in Ruangkittisakul et al. (2008)).
The slice was placed in a submerged-type recording
chamber with its rostral side up, and continuously super-
fused with oxygenated (95% O, and 5% CO,) artificial
cerebrospinal fluid (aCSF) containing (in mm): 118 NaCl,
3 KCl, 1.2 CaCl,, 1 MgCl,, 1 NaH,PO,, 25 NaHCO; and
30 p-glucose (~330 mosmol 17!, pH 7.4). The temperature
was maintained at 28°C. The concentration of potassium
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ions was then elevated to 8 mM to activate and maintain
rhythmic activity (Smith et al. 1991).

Calcium imaging

A glass pipette (1-3 M) for dye loading was filled with
aCSF containing of 200 uM Oregon Green 488 BAPTA-1
AM (OGBI, Invitrogen, Carlsbad, CA, USA), 2% Pluronic
F-127 (Invitrogen) and 20% DMSO. The tip of the pipette
was inserted into the centre of the preBotC region of
rhythmically active slices. The point of pipette insertion
was carefully determined making reference to Fig. 2C of
Ruangkittisakul ef al. (2009). Then, the dye solution was
pressure-ejected over 3—5 min by manually controlling a
10 ml syringe press (30-70 kPa), following the calcium
dye injection technique originally developed for the use in
vivo (Stosiek et al. 2003) and later applied to the preBotC
in vitro by the group of Ballanyi (Ruangkittisakul et al.
2006, 2008). The fluorophore was excited at 488 nm
using a laser diode (2-8 mW, HPU50101, FITEL, Tokyo,
Japan) and was recorded through a 507 nm long-pass
emission filter. Images (512 x 512 pixels =512 x 512 um,
14-bit intensity) were captured at 5-50 frames s~' using a
Nipkow-disk confocal scanner unit (CSU-X1; Yokogawa
Electric, Tokyo, Japan), a back-illuminated cooled CCD
camera (iXon DU897; Andor, Belfast, Northern Ireland,
UK), an upright microscope (ECLIPSE FN1; Nikon,
Tokyo, Japan) and a water-immersion objective lens (16 %,
0.8 NA or 40x, 0.8 NA, Nikon).

Analysis of calcium dynamics

First, a region covering the whole preBotC was set in
order to show average calcium rises in the entire preBotC.
Second, a small region of interest (ROI) was carefully
placed on (within) each recorded cell body, and the
fluorescence intensity (F) was measured. In some cases,
non-cellular structures were labelled with calcium dyes,
and thus we carefully avoided placing ROIs on these
structures based on the following two features. First,
because the somata of cells are separated at a cell-to-cell
distance at least 20 um, the ROIs were not placed within
20 um from the nearest ROI. Second, each ROI was
set to be 50-75um? in size to avoid placing ROIs
on the small non-cellular structures. Some astrocytes
contact vessels through their endfeet, and these end-
feet were easily identified by eye and excluded from
the analysis. In each ROI, the fluorescence intensity was
spatially averaged. The change in fluorescence (AF/F) in
a ROI was calculated as (F; —F,)/F,, where F; was the
fluorescence intensity at a focused time point and F, was
the average baseline fluorescence intensity across the 10's
periods before and after the focused time point. No image
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compensation was made to cancel background inspiratory
activity.

Functional classification of neurons and astrocytes

In calcium imaging experiments, recorded cells were
often classified into neurons and astrocytes on the basis
of distinct calcium rise patterns, i.e. faster and slower
calcium rises in neurons and astrocytes, respectively (e.g.
Pasti et al. 1997; Fellin et al. 2004, 2006; Bardoni et al.
2010). In the present study, however, we intended to
classify the recorded cells into putative neurons and
putative astrocytes more reliably, and conducted principal
component analysis of the waveforms derived from the
cellular calcium dynamics. The AF/F waveform was
quantified with the following multivariate measures: the
rise time constant, maximum rise amplitude and decay
time constant of fluorescent calcium signals, based on
the universally observed characteristics that the astrocytic
calcium changes exhibit slower kinetics and higher
amplitude rises compared with those of neurons (Pasti
et al. 1997; Svoboda et al. 1997; Garaschuk et al. 2000;
Parri et al. 2001; Stosiek et al. 2003; Fellin et al. 2004, 2006;
Hirase et al. 2004; Nimmerjahn et al. 2004; Sasaki et al.
2007, 2011a; Bardoni et al. 2010; Takahashi et al. 2010).
The dataset was decomposed into a lower dimensional
space of the first two components of the principal
component analysis, a linear data-reduction technique
(Sasaki et al. 2008). The first two principal components
were plotted in a figure. The calcium dynamics were auto-
matically classified using a linear support-vector machine.
The support-vector machine is one of the most widely used
supervised learning methods for classification, initially
conceived by Cortes & Vapnik (1995). Further, cell sizes
and an identity factor were incorporated. The identity
factor scores +1 or —1, according to subjective judgement
of neurons or astrocytes based on their calcium wave-
forms and soma sizes (assuming soma diameter <10 um
as astrocyte and soma diameter >10 um as neuron)
(Ruangkittisakul et al. 2009; Huxtable et al. 2010) were
used for post hoc confirmation of the cell types after auto-
matic classification. Cells were thus classified into putative
neurons and putative astrocytes, and this classification
was validated in a selected sample by S1008 immuno-
reactivity and by their responses to tetrodotoxin (see
Results).

Classification of astrocyte types

Based on the relative timings of astrocytic activity to
inspiratory neuronal activity, recorded putative astrocytes
were classified into four types: preinspiratory cells (type 1),
inspiratory cells (type 2), non-respiratory cells (type 3)
and silent cells (type 4). Preinspiratory cells were defined
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as cells that were activated 0.5—2 s earlier than inspiratory
neuronal activity. Inspiratory cells were defined as cells that
were activated corresponding with inspiratory timings.
Non-inspiratory cells were defined as cells that were
activated irrespective of inspiratory timings. Silent cells
were defined as cells that were not activated at least during
our recording period of 5 min.

Electrophysiology

All electrophysiological recordings were carried out with a
MultiClamp 700B amplifier and a Digidata 1440A digitizer
controlled by pCLAMP 10 software (Molecular Devices,
Union City, CA, USA). Spontaneous multi-unit activity
was recorded from the preBotC using borosilicate glass
pipettes (~1 M) and integrated along a time window
of 300 ms (Funke et al. 2007). This integrated signal of
spontaneous multi-unit activity has been widely used
as neural output of inspiratory activity (Funke et al.
2007; Ruangkittisakul et al. 2009; Schnell et al. 2011).
The onset of integrated signal faithfully coincided with
that of average fluorescence signal recorded from the
entire preBotC region, and thus the average fluorescence
signal was used as an alternative of electrophysiologically
recorded inspiratory neural output. For cell-attached
recordings, borosilicate glass pipettes (4-7 MQ2) were
filled with aCSE. For current-clamp recordings, the same
pipettes were filled with an internal solution consisting of
(in mM): 135 potassium gluconate, 4 KCl, 10 HEPES, 10
phosphocreatine-Na,, 0.3 Na,-GTP and 4 Mg-ATP (pH
7.2). Signals were low-pass filtered at 1-2 kHz, digitized at
10 kHz and analysed with pCLAMP 10 software.

Optogenetics

Megalencephalic leukoencephalopathy with subcortical
cysts (MLC) is a neurological disorder caused by
mutations in the MLC1 gene in human. MLC1 and its
mouse homologue, Mlcl, are specifically expressed in
astrocytes (Schmitt et al. 2003). To selectively excite
astrocytes, we developed transgenic mice that expressed
the light-activated ion channel, channelrhodopsin-2
(ChR2), fused to enhanced yellow fluorescent protein
(YEP), under the control of the astrocyte-specific Mlcl
gene promoter. The ChR2(C128S mutant)-YFP fusion
molecule, a gift from Karl Deisseroth (Berndt et al.
2009), was selectively expressed in astrocytes using the
tetracycline transactivator (tTA)—tetO promoter strategy
(Gossen et al. 1995), whereby two lines of mice were
bred, one expressing an astrocyte-specific promoter
driving tTA expression and the other expressing the tetO
promoter driving the ChR2—YFP transgene. The transgene
was induced by binding of tTA to tetO. MlcI-tTA mice
(Tanaka etal. 2010) expressing tTA under the control of the
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astrocyte specific gene (Mlc1) promoter were bred with the
newly developed tetO-ChR2(C128S)-YFP mice (Tanaka
et al. in press). ChR2 is a cation-selective membrane
channel, and by photo-activation it rapidly opens to
form a pore permeable to monovalent (Nat, K™ and
H™") and divalent (Ca*") cations (Figueiredo et al. 2011).
To show the rapid channel opening in photo-stimulated
astrocytes, photo-induced inward currents were recorded
in patch-clamped astrocytes. As light activation of ChR2
could not be combined with fluorescent OGB1 imaging
due to optical interference, inspiratory-related neural
activity was electrophysiologically monitored from the
preBotC. Since our experiments with photo-activation
of astrocytes aimed to examine whether photo-activation
induces neuronal firing and also preliminary
experiments indicated that suppression of spontaneous
inspiratory-related activity was more advantageous to
obtain clearer responses, after we observed spontaneous
firings of inspiratory neurons we lowered the superfusate
potassium concentration from 8mMm to 4mMm that
induced ‘in vitro apnoea’ (Smith ef al. 1991). While a
preBotC neuron from a rhythmically active slice was
current-clamped, the centre part of the preBotC region,
which was determined by referring to Ruangkittisakul
et al. (2011), was illuminated with a circular spot
(diameter ~350 um) of blue (488 nm; 6.6 mW) or green
(540 nm; 19.5mW) light to selectively stimulate and
suppress the preBotC astrocytes for 3—4 s, respectively.

Immunostaining

Functional classification of cells recorded by calcium
imaging into neurons and astrocytes was validated in
a representative rhythmically active slice of rat by post
hoc immunoreactivity analysis of S1008, which is an
established astrocyte-specific marker protein in rodents
(Huxtable et al. 2010; Aoyama et al. 2011; Sasaki
et al. 2011a), though not necessarily astrocyte-specific in
humans (Steiner et al. 2007). Also, ChR2-YFP-positive
cells in rhythmically active slices of mouse were immuno-
histochemically examined to determine whether they were
exclusively astrocytes.

A rhythmically active slice was fixed as a whole
in 4% paraformaldehyde in 0.1 M phosphate buffer
solution overnight at 4°C and permeabilized and blocked
with 0.1% Triton X-100 and 5% goat serum at room
temperature (Sasaki et al. 2011a). It was then incubated
overnight with primary mouse monoclonal anti-S1003
antibody (S2532, Sigma-Aldrich, 1:1000) and 1 g ml™!
affinity-purified rabbit antibody to green fluorescent
protein (gift from Takeshi Kaneko; Tamamaki et al. 2000)
and labelled with secondary anti-rabbit IgG Alexa-488
(A11008, Invitrogen, 1:500), anti-mouse IgG Alexa-594
(A11032, Invitrogen, 1:500) and Neuro Trace 435/455
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blue fluorescent Nissl (N21479, Invitrogen, 1:50), which
specifically stains neuronal somata (Schmued et al. 1982),
for 5h at room temperature. The region where calcium
imaging was conducted was identified based on the
structural characteristics of the slice and the distribution of
S1008-positive cells in the region that was presumed to be
at the same depth as calcium imaging was observed under
a confocal microscope (MRC-1024, Bio-Rad, CA, USA).

Results

Inspiratory-related activity patterns of astrocytes
and neurons

The medullary region into which OGB1 was bolus-
injected emitted green fluorescence, and coincided well
with the preBotC in rhythmically active slices of rats
(Fig. 1A). All tested slices spontaneously exhibited inter-
mittent elevations of total fluorescence intensity in
the dye-loaded region, the onset of which faithfully
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coincided with that of extracellularly recorded inspiratory
neuron bursting, as previously shown (Koshiya & Smith,
1999; Ruangkittisakul er al. 2009) (Fig.1B). These
inspiratory-related rhythmic signals were monitored
at 5-50 framess™' at a cellular resolution using a
Nipkow-disk confocal microscope. Single videos were
243 + 14 sinlength, and included 161 4= 23 cells (120 £ 17
putative neurons; 41 45 putative astrocytes) (n=25
videos from 14 slices). The recorded cells were classified
into putative astrocytes and putative neurons by principal
component analysis of the waveforms derived from the
cellular calcium dynamics and of the cell sizes (Fig. 1C).
This functional cell classification was validated by post
hoc immunohistochemical staining for the astrocytic
marker S1008 (Fig.1D). Cell-attached patch-clamp
recordings from these identified cells confirmed that
the calcium elevations in putative neurons, but not in
putative astrocytes, were associated with action potentials
(9.5 = 5.8 spikes per neuron in one inspiratory phase),
thereby validating our classification methodology (Fig. 1E;
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500 um
C 3 neuron astrocyte
NN | et
v Y OGB-1 S1008 cell map
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Figure 1. Large-scale multi-cell calcium imaging E neuron G i o L
from the preB&tC %AFIF 5 R
A, bolus injection of OGB1 (green) into the preBstC of a Ginik 5'5_{ 23 [een s :
rhythmically active slice. B, spontaneous fluctuations in I S 7| B Fwea :
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with the integrated inspiratory unit activity (bottom). C, ' ! ! ! !
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putative neuron, n=238 cells; putative astrocyte, n=38
cells). Also, any cells classified as putative neurons did
not show spontaneous calcium rises in the presence of
tetrodotoxin, which further validated our cell classification
(data not shown).

The spatial distribution and spatiotemporal activity
patterns of 236 putative neurons and 90 putative astrocytes
from one experiment are illustrated in Fig.1F and
G, respectively. The inspiratory-related modulation of
calcium activity was evident in the putative neuronal
populations, with a rhythm frequency of 0.16 + 0.05 Hz
and with 55 &£ 19% of putative neurons participating in a
single respiratory cycle (n = 14 videos).

Activity of putative astrocytes precedes inspiratory
neuronal firing

A fraction of putative astrocytes also exhibited
inspiratory-related modulation of their calcium activity
in slices of rats (Fig. 1G). Thus, we analysed the temporal
profile of the individual putative astrocytic responses.
Trace plots of the inspiratory-related activity revealed

A
inspiratory A FIF

astrocyte AF/IF

type 1
(preinspiratory)

type 2
(inspiratory)

type 3
(non-respiratory)

type 4
(silent)

J Physiol 00.00

that a subset of putative astrocytes were activated early
relative to the inspiratory neuronal activity with a time lag
of approximately 2s (Fig. 2A and B and Supplementary
video). The location of these preinspiratory putative
astrocytes was unlikely to indicate spatial organization
(Fig.2C). In the present study, 10.5% of putative
astrocytes were found to be preinspiratory, 3.2% of
cells exhibited spontaneous calcium activity irrespective
of inspiratory-related activity and 86.3% were either
inspiratory or silent during the observation period. We
avoided strict separation of inspiratory and silence cells
when counting their numbers, because recorded cell
activity could reflect a small contamination with back-
ground inspiratory fluorescence of neuropiles (Fig. 2D).

Intrinsic rhythmic activity of preinspiratory putative
astrocytes

To analyse activity patterns of putative astrocytes without
the influence of neuronal firings, we blocked neuro-
nal activity by bath application of 1 uM tetrodotoxin,
a voltage-sensitive Na™ channel inhibitor in slices of

D

type 1
type 2

type 3

; type 4
4 2 0 2 4
relative timing (s)

type 1
10.5% type 3

3.2%

® type 1

® type 3

@ type 2+4
neuron

Figure 2. Preinspiratory activity of putative astrocytes

A, representative calcium AF/F traces of preinspiratory (type 1), inspiratory (type 2), non-respiratory (type 3) and
silent putative astrocytes (type 4). Top: bulk AF/F fluctuations of the preB6tC. B, peri-inspiratory AF/F responses
of preinspiratory, inspiratory, non-respiratory and silent putative astrocytes. The traces were averaged from 20
successive events by aligning the onset of individual inspiratory events at 0 s. C, representative cell map of putative
neurons and four types of putative astrocytes. We avoided strict separation of inspiratory and silence cells, and they
are shown together as type 2+4. D, distribution of four types of putative astrocytes (n = 541 putative astrocytes

from 14 movies).
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rats. Preinspiratory and inspiratory putative astrocytes
maintained their periodic calcium rises even during the
blockade of neuronal activity with tetrodotoxin, whereas
the intercellular phases of these rhythmic activities
were decoupled (Fig. 3A). Tetrodotoxin also reduced the
frequency of calcium rises in preinspiratory, inspiratory
and non-respiratory putative astrocytes (Fig.3B). The
activity patterns of the preinspiratory and inspiratory
putative astrocytes tended to be more periodic than that of
non-respiratory putative astrocytes both before and after
application of tetrodotoxin, although their differences
were not statistically significant when their rhythm
regularities were assessed by the coefficient of variation
(CV) in inter-activity intervals (Fig. 3C). The regularity of
rhythmic activity of preinspiratory putative astrocytes was
similar to that of inspiratory neuronal activity (Fig. 3C). It
was interesting to find that tetrodotoxin induced rhythmic
calcium activity with unknown mechanisms in a small
number of putative astrocytes that were silent before
application of tetrodotoxin (bottom trace in Fig. 3A).

Selective photo-stimulation of preBo6tC astrocytes

To gain an insight into the functional role of preBotC
astrocytes, we examined whether astrocytes in the

A
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preBotC were capable of activating inspiratory neurons,
by selectively photo-stimulating astrocytes in the centre
part of the preBotC in slices of ChR2(C128S)-YFP trans-
genic mice (Fig.4A). As ChR2 is rapidly inactivated
after cessation of light application, we employed the
C128S point mutation of ChR2 (Berndt et al. 2009),
which alters the photocycle, enabling bistable, step-like
control of cell membrane potentials by two different
wavelengths. This optical property is effective to mimic
the slow kinetics (2—4 s) of astrocytic calcium dynamics.
To confirm the specificity of transgene expression in
astrocytes, we performed simultaneous Nissl staining
that specifically stains neuronal somata and immuno-
histochemistry for YFP and for an astrocyte-specific
marker S1008 (Fig.4B). In the preBotC, 45% of
S1008-positive cells expressed YFP signals (n=278 cells
from 16 slices). On the other hand, there was no overlap
between Nissl-positive cells and YFP signals (n = 895 cells
from 16 slices). To further validate the specificity of trans-
gene expression, whole-cell patch-clamp recordings were
performed randomly from astrocytes and neurons in the
presence of 1 uM tetrodotoxin, 100 um Cd** and 50 um
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) to avoid
generation of action potentials, Ca’*-dependent vesicular
releases and non-NMDA receptor-mediated transmission,

control TTX
inspiratory AF/F Ly LU
astrocyte AF/IF WWW\J
type 1 dadrrhhartinal e

(preinspiratory) r F
(inspiratory) WW\MWWM JRLUMMJJ\JLW

type 2

Figure 3. Intrinsic rhythmic activities of
preinspiratory putative astrocytes

A, representative overall inspiratory AF/F traces
(top) and calcium AF/F traces of preinspiratory,
inspiratory, non-respiratory and silent putative
astrocytes before and after application of
tetrodotoxin. Note that the bottom silent trace
exhibits activity after application of tetrodotoxin. B, B
the mean frequency of calcium events in
preinspiratory (blue, n = 20 cells), inspiratory (red,
n = 175 cells) and non-respiratory putative
astrocytes (green, n = 14 cells) in the presence
(filled bar) or absence (open bar) of tetrodotoxin. C,
coefficient of variation (CV) of the time-intervals
between two successive calcium events in
preinspiratory, inspiratory and non-respiratory
putative astrocytes in the presence or absence of
tetrodotoxin. The dashed line indicates the CV of
the inspiratory-related neuronal activity in the
presence of tetrodotoxin, i.e. the irregularity of the

frequency (/min)

inspiratory rhythm. *P < 0.05, **P < 0.01, paired ,\é;\

t test. Q
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respectively, if any. In astrocytes, 5 out of 9 cells exhibited
inward currents in response to brief illumination with
blue light, and the currents persisted until flashed with
green light (Fig.4C, top). The average amplitude of
the photocurrents was 68 &= 37 pA (n =15 astrocytes). In
contrast, no current responses to photo-stimulation were
observed in all neurons tested (n=25cells) (Fig.4C,
bottom). These histological and electrophysiological
findings clearly demonstrate that ChR2(C128S)-YFP
was expressed exclusively in a subset of astrocytes.
Using this transgenic mouse line, we then investigated
the effect of selective activation of preBotC astrocytes
on excitability of neighbouring inspiratory neurons.
Photo-activation of astrocytes elicited single or burst
firing of action potentials in 8 of 16 preBotC inspiratory
neurons in the ChR2(C128S)-YFP transgenic mice
(n=16 mice), but not in the wild-type mice (n =9 cells
from 9 mice) (Fig.4D and E). In the eight responsive
neurons, 75+ 11% of trials with light stimulation
elicited action potentials (Fig. 4F) and the latency from
the stimulus onset to the first spike was 5.5+ 0.9s
(Fig. 4G).
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Discussion

In the present study we have shown that a sub-
set of putative astrocytes exhibited calcium elevations
preceding inspiratory neuronal activity with a time
lag of approximately 2s. These preinspiratory putative
astrocytes maintained their rhythmic activity even during
the blockade of neuronal activity with tetrodotoxin,
whereas their rhythm frequency was lowered and the
intercellular phases of these rhythms were decoupled.
Optogenetic stimulation of preBotC astrocytes induced
firing of inspiratory neurons.

Recently, a number of studies by calcium imaging in
the preB6tC have been reported. However, none showed
respiratory-related rhythmic calcium activity in astrocytes
(e.g. Funke et al. 2007; Hirtel et al. 2009; Ruangkittisakul
et al. 2009), and the present study is the first to show
respiratory-related stable rhythmic calcium activities in
putative astrocytes. Therefore, the preinspiratory activity
in putative astrocytes is also first reported here. Although
it is not clear why respiratory-related rhythmic calcium
activities in astrocytes have not previously been reported;
it may be partly attributed to the experimental technique

Figure 4. Astrocyte-driven action
potentials in inspiratory neurons

A, YFP fluorescence of a rhythmically active
slice prepared from a
Mlc1-tTA::tetO-ChR2(C128S)-YFP transgenic
mouse. B, triple labelling of preBotC cells with
an antibody against green fluorescent protein
(i.e. YFP appearing in green) to indicate
ChR2-expressing cells, with fluorescent Nissl to
show neuronal somata (blue), and with an
antibody against S1008 to identify astrocytes
(red). ChR2—-YFP positivity was found exclusively
in S1008-positive cells. Thus, ChR2 was
expressed only in astrocytes. C, switch-on (blue
light) and switch-off (green light) of a persistent
inward current in a voltage-clamped
ChR2-expressing astrocyte (top) and neuron
(bottom). Voltages were clamped at —70 mV.
The black bar indicates the activated period. D,
photo-activation of astrocytes triggers action
potentials in an inspiratory neuron from the
preBotC in a ChR2(C128S)YFP transgenic (but
not in a wild-type) mouse. Black bars indicate
the activation periods of preBotC astrocytes. E,
ratios of neurons that fired in response to
photo-activation of astrocytes in wild-type

(n =9 neurons) and in ChR2(C128S)YFP
transgenic mice (n = 16 neurons from 5
animals). F, ratios of the trials in which light
stimulation elicited action potentials (n = 8
responsive neurons). G, latency from the
light-stimulus onset to the first spike (n = 8
neurons).
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in previous studies, i.e. calcium indicator dyes were
injected into the midline of the slice to selectively
label neurons through axons of passage (Koizumi et al.
2008; Koshiya & Smith, 1999), imaging areas were
rather small (Koizumi et al. 2008) or injected dyes pre-
ferentially stained neurons. On the contrary, we directly
stained the preBotC region and conducted large-scale
imaging, and the dye we used, OGBI, appears to pre-
ferentially stain astrocytes (Funke et al. 2007; Sasaki
et al. 2011a). Recently, Schnell et al. (2011) analysed
functional coupling between astrocytes and neurons,
detected a rhythmic inwardly directed current that was
entrained to neuron population discharges in 10% of
preBotC astrocytes by whole-cell patch recording, and
attributed the rhythmic current fluctuation to periodic
elevations of extracellular potassium that were produced
by efflux from rhythmically oscillating neurons and to
consequent changes in potassium equilibrium potentials
of astrocytes (Brockhaus et al. 1993; Okada et al. 2005).
However, Schnell et al. (2011) did not detect peri-
odic calcium rises in astrocytes coupled with neuronal
rhythmic activities. Although they observed spontaneous
calcium fluctuation in astrocytes, it did not propagate
to or from other cells. To explain the discrepancy
between their and our observations, further studies are
needed.

Optogenetic stimulation is a powerful method to
study the function of astrocytes (Figueiredo et al. 2011).
It has been reported that optogenetic stimulation of
chemosensory astrocytes near the ventral surface of
the medulla oblongata induces respiratory augmentation
(Gourine et al. 2010). In the present study we applied an
optogenetic stimulation technique, and carefully focused
the photo-stimulating region within the the preBotC.
Thus, chemosensory astrocytes near the ventral surface
should not have been excited. Although we could induce
inspiratory neuronal firings by optogenetic stimulation
of astrocytes in the preBotC, not only preinspiratory
but all other types of astrocytes expressing ChR2 should
have been excited with this technique. Also, the latency
approximately 5 s after photo-stimulation to inspiratory
neuronal firings, as well as the latency approximately 2 s
after activation of preinspiratory putative astrocytes to
inspiratory neuronal firings, appear too long, if assuming
a pacemaking role in preinspiratory astrocytes to trigger
inspiratory neurons especially in in vivo conditions
where breathing rates are notably faster than 1Hz in
rodents. Further studies are necessary to examine the
response of inspiratory neurons to selective activation
of preinspiratory astrocytes and to clarify the role of
astrocytes in respiratory control in in vitro and in vivo
conditions.

Even if preinspiratory astrocytes play an active role
in initiating inspiratory neuron firings, the notion does

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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not necessarily contradict any previously proposed neuro-
nal pacemaker or neuronal group pacemaker hypotheses
(Koshiya & Smith, 1999; Feldman & Del Negro, 2006; Pace
etal. 2007; Mironov, 2008; Del Negro etal.2011). Although
calcium influxes in the somata of inspiratory neurons
have been shown to be a consequence of membrane
depolarization and through a voltage-dependent calcium
channels (Morgado-Valle et al. 2008), those in the
dendrites precede somatic inspiratory activity with a time
lag of a few hundred milliseconds (Mironov, 2008; Del
Negro et al. 2011). According to the group pacemaker
hypothesis, preBotC excitatory interneurons mutually
interact to elevate dendritic calcium, activate Icxn and
periodically trigger inspiration (Mironov, 2008; Rubin
et al. 2009). Our findings raise an alternative possibility
that the preinspiratory dendritic calcium elevation and
depolarization are evoked, at least partly, by the preceding
astrocytic activity (Sasaki et al. 2011b). Our observation
that blockade of neuronal activity with tetrodotoxin
slowed and decoupled the periodic calcium rises of pre-
inspiratory putative astrocytes suggests that the neuro-
nal network facilitates the occurrence of calcium trans-
ient of preinspiratory astrocytes and synchronizes them.
Inspiratory neurons appear to have an influence on the
rhythmic glial activities and thus preinspiratory astrocytes
and inspiratory neurons seem to have mutual interactions
in the preBotC.

These findings, together with previous reports
that inhibition of astrocytic metabolism abolishes
inspiratory-related neural output in rhythmically active
slices (Hiilsmann et al. 2000) and decreases respiratory
frequency in in vivo rat pups (Young et al. 2005),
raise the possibility that astrocytes are actively involved
in respiratory rhythm generation in the preBotC.
As astrocyte-driven neural synchronization has been
reported in many other brain regions (Parri et al.
2001; Angulo et al. 2004; Fellin et al. 2004; Tian et al.
2005), we propose a hypothesis that preinspiratory
astrocytes are actively involved in respiratory rhythm
generation at least in rhythmically active slices. This
issue must be thoroughly investigated in the future,
in a precisely ‘calibrated’ rhythmically active slice
that can generate an eupnoea-like inspiratory burst
pattern in a more physiological superfusate potassium
concentration (Ballanyi & Ruangkittisakul, 2009) and by
experiments including long-term calcium imaging and
patch-clamp recording from astrocytes that are identified,
e.g. genetically (e.g. Hartel et al. 2009; Ruangkittisakul
et al. 2009). Also, pharmacological modulation of the
bursting rhythm by glial toxins and agonist/antagonist
of possible gliotransmitter receptors must be
thoroughly examined to clarify whether preinspiratory
calcium rise in astrocytes leads inspiratory neuronal
firings.
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