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Teashirt 3 Regulates Development of Neurons Involved in
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Neonatal breathing in mammals involves multiple neuronal circuits, but its genetic basis remains unclear. Mice deficient for the zinc
finger protein Teashirt 3 (TSHZ3) fail to breathe and die at birth. Tshz3 is expressed in multiple areas of the brainstem involved in
respiration, including the pre-Botzinger complex (preBotC), the embryonic parafacial respiratory group (e-pF), and cranial motoneu-
rons that control the upper airways. Tshz3 inactivation led to pronounced cell death of motoneurons in the nucleus ambiguus and
induced strong alterations of rhythmogenesis in the e-pF oscillator. In contrast, the preB6tC oscillator appeared to be unaffected. These
deficits result in impaired upper airway function, abnormal central respiratory rhythm generation, and altered responses to pH changes.
Thus, a single gene, Tshz3, controls the development of diverse components of the circuitry required for breathing.

Introduction

In mammals, breathing is a vital and complex motor act requir-
ing rhythmic coordinated contractions of two sets of muscles,
those governing the chest pump to induce airflow into and out of
the lungs and those governing the upper airway valve to allow
airflow. To secure blood oxygenation and survival at birth, the
whole respiratory system must correctly mature during embryo-
genesis. This includes the brainstem respiratory rhythm genera-
tor (RRG) as well as motoneurons targeting chest muscles and
those involved in airway opening. The RRG is composed of two
interacting neuronal networks: the pre-Botzinger complex (pre-
Bo6tC) (Smith et al.,, 1991) and the parafacial respiratory group
(pFRG) (Onimaru and Homma, 2003). Required for survival at
birth, the RRG is already functional at prenatal stages where it
contributes to motor coordination of the respiratory apparatus
and confers central chemosensitivity at embryonic stages
(Thoby-Brisson and Greer, 2008; Dubreuil et al., 2009).
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An important question in the neurobiology of breathing is to
define the genetic mechanisms involved in the development and
specification of central respiratory neuronal populations. Impor-
tant progress has been made in the analysis of mechanisms re-
quired for generating diversity in brainstem motoneurons
(Guthrie, 2007), but little is known about the genetic specifica-
tion of the upper airway motoneurons. Moreover, although tran-
scription factors such as MafB, Tlx1/3, Phox2b, Egr2, and Math1
have been shown to play important roles in the specification of
neurons constituting the two oscillators of the RRG (Blanchi et
al., 2003; Cheng et al., 2004; Pagliardini et al., 2008; Dubreuil et
al., 2009; Rose et al., 2009; Thoby-Brisson et al., 2009), it is not
clear how the necessary coordination with the airway motoneu-
rons is set up. In addition, several of these mutations lead to
absence of some of the neurons involved in respiratory control,
meaning that the genetic control of functional rhythmogenesis
has proved hard to decipher.

In Drosophila, the teashirt gene (tsh) encodes a zinc finger
protein that is required to repress head developmental pathways
and promote trunk identity (Fasano et al., 1991). Tsh-related
genes (Tshz) have been characterized in vertebrates (Caubit et al.,
2000, 2008; Manfroid et al., 2004; Koebernick et al., 2006; Coré et
al., 2007; Onai et al., 2007; Kajiwara et al., 2009; Jenkins et al.,
2010); however, their role in the development of the mammalian
CNS is poorly understood. We previously reported that teashirt 3
(Tshz3) mutant mice develop to term but fail to breathe and die
quickly at birth (Caubit et al., 2008), suggesting that Tshz3 might
play a role in the development of the peripheral and/or central
control of respiration. Here, we investigated the neuronal mech-
anisms underlying the premature death of these mice using a
multidisciplinary approach.
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We report that Tshz3 inactivation specifically leads to death of
nucleus ambiguus (nA) motoneurons governing the upper airways
and prevents the functional emergence of the embryonic pFRG (e-
pF), leading to abnormal RRG function and loss of respiratory re-
sponses to pH challenges. Our results provide the first evidence for a
critical function of Tshz3 in both promoting survival of nA mo-
toneurons, which govern upper airway function, and establishing a
RRG activity compatible with survival at birth.

Materials and Methods

Mouse lines

All the mouse lines used in this study were maintained on a CD1 back-
ground. The Tshz3" /% allele carries an in-frame insertion of lacZ cod-
ing sequence within the second exon of Tshz3 (Caubit et al., 2008). All
experiments were performed in accordance with national (JO 87-848)
and European legislation (86/609/CEE) on animal experimentation.

Histology, B-galactosidase staining, immunohistochemistry,
immunofluorescence, and in situ hybridization

Nissl stain and B-galactosidase (3-gal) histochemistry were done as de-
scribed previously (Caubit et al., 2005, 2008). For immunodetection,
brainstems were dissected and fixed for 2 h in 4% paraformaldehyde
(PFA)/PBS, cryoprotected overnight in PBS/20% sucrose, embedded in
OCT, and sectioned at 16 or 20 wm. Sections were incubated overnight at
4°C with primary antibodies. The following antibodies were used: guinea
pig and rabbit anti-TSHZ3 antibodies (1/2000; gift from A. Garratt, Max
Delbriick Center for Molecular Medicine, Berlin, Germany) (Caubit et
al., 2008); rabbit anti-NK1R (1/5000; Sigma-Aldrich); rabbit anti-
somatostatin (1/500; Bachem/Peninsula Laboratories); mouse anti-
ISLET1/2 (2D6, 1/500; 4D5, 1/100; Developmental Studies Hybridoma
Bank); rabbit anti-PHOX2b (1/1000; gift from J. F. Brunet and C. Gori-
dis, Ecole Normale Supérieure, Paris, France); guinea pig anti-PHOX2b
(1/1000; gift from H. Enomoto, RIKEN Center for Developmental Biol-
ogy, Hyogo, Japan); rabbit anti-5-HT (1/5000; Sigma-Aldrich); and rab-
bit anti-activated caspase-3 (1/100; Cell Signaling). For analysis of
innervations and synaptic sites in diaphragms, we used the mouse anti-
neurofilament (2H3; 1/2500; Developmental Studies Hybridoma Bank)
and Alexa Fluor 488-conjugated a-bungarotoxin (1/2000; Invitrogen).
Primary antibodies were revealed with secondary antibodies coupled to
Alexa 488, 546 (1/1000), and Cy5 (1/500) (Invitrogen). Immunostained
sections were examined and processed using Zeiss 100M confocal micro-
scope, LSM510 META, and LSM510 software. All figures were color
corrected and assembled using Adobe Photoshop.

The number of neurons in the nA was evaluated by counting
PHOX2b+ cells on 20 wm consecutive sagittal sections for six distinct
embryos of each genotype at embryonic day 15.5 (E15.5). The number of
activated caspase-3+ cells was evaluated on sagittal sections in the
PHOX2b+ cell population extending caudally to the dorsal part of the
facial nucleus (nVII) over a rostrocaudal distance of 350 uwm. Apoptotic
cells were detected using the apopTag In Situ Apoptosis Detection kit
(Millipore Bioscience Research Reagents). Counts of e-pF cells were
made within an area delimited ventrally by the medullary surface, dor-
sally by the nVII, and extending from the rostral end of the nVII to 200
pm caudal to the nVIIL. Cells were counted at E15.5 on all consecutive
sagittal sections and/or on every other transverse section for six wild-type
(WT) and six mutants. The number of medullary 5-HT neurons was
estimated by counting 5-HT-positive cells on every fourth coronal sec-
tions throughout the caudal serotoninergic cluster.

Whole-mount neurofilament stainings were performed as described
previously (Maina et al., 1997). In situ hybridization on cryosections or
on whole-mount preparations of embryos was performed as described
previously (Tiveron et al., 1996; Hirsch et al., 1998). Antisense RNA
probes for peripherin (Escurat et al., 1990), Tshz3 (Caubit et al., 2005),
and Vglut2 (Cheng et al., 2004) were labeled using a DIG-RNA labeling
kit (Roche). Atohl cDNA probe was from V. Dubreuil (Ecole Normale
Supérieure, Paris, France).
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In vivo breathing studies

Asreported previously (Blanchi et al., 2003; Viemari et al., 2005), breath-
ing movements of surgically delivered E18.5 embryos were recorded for
3-5 min by the whole-body plethysmography technique in thermostated
chambers equipped with a differential pressure transducer (EMKA Tech-
nologies). Mouth temperature was monitored with a miniature ther-
mistor nylon-coated probe. Chest muscles electromyograms and cardiac
pulses were recorded with two thin insulated copper wires (100 wm
diameters) slightly inserted through the skin in the lateral parts of the
caudal rib cage. Similarly, chest muscle electromyograms were occasion-
ally recorded in vitro when chest movements were observed during the
dissection of en bloc preparations at E18.5. For in utero recordings, three
pregnant mice were deeply anesthetized with pentobarbital (60
mg - kg ~'), a median incision was made along the white line to access the
uterine horns and a given embryo was isolated, with preserved umbilical
irrigation, and thin cooper wires were inserted in chest muscle as re-
ported above. Electromyographic and cardiac signals were filtered, am-
plified (Neurolog System; Digitimer), and visualized on memory scope
or stored on PC.

In vitro preparations

Isolated hindbrain and transverse slice preparations were obtained as
previously described (Thoby-Brisson et al., 2005, 2009). Briefly, pregnant
mice were killed by cervical dislocation at the desired developmental
stage from E14.5 up to E18.5. Embryos were removed from the uterine
horns and placed in oxygenated artificial CSF (aCSF) with the following
composition (in mm): 120 NaCl, 8 KCl, 1.26 CaCl,, 1.5 MgCl,, 21
NaHCO;, 0.58 Na,HPO,, 30 glucose, pH 7.4, and was equilibrated with
carbogene (95% O,-5% CO,). Acidic aCSF, pH 7.2, was obtained by
reducing by one-half the NaHCO; concentration, and osmolarity was
compensated by addition of equivalent NaCl. Embryos were kept in aCSF
at room temperature until used in electrophysiological and optical re-
cording sessions. Brainstems and slices were dissected in aCSF at 4°C. En
bloc brainstem preparations were isolated by an anterior section per-
formed at the level of the isthmus and a posterior section performed
caudal to the fourth cervical roots (C4). Isolated brainstem preparations
were then transferred into the recording chamber ventral side up. Trans-
verse preBotC slice preparations were obtained by sectioning isolated
brainstem preparations embedded in an agar block using a vibratome
(Leica VT1000s; Leica). Serial sections were performed from rostral to
caudal until the posterior limit of the nVII (visible in direct light) was
reached. Then, 200 wm more posteriorly, a 450-um-thick slice contain-
ing the preBotC at its anterior side was obtained and placed into the
recording chamber with this rostral surface up.

Electrophysiology
All recordings were done blind, the genotype of the embryos being un-
known at the time of the experiments.

Motor nerve activity. Motor nerve activity was recorded from the
fourth cervical root using a suction electrode (with a 100 wm tip diame-
ter), fabricated from a filamented borosilicate glass tube (Clark GC 120F;
Harvard Apparatus). The micropipette was filled with aCSF and con-
nected to a high-gain AC amplifier (7P511; Grass Instruments) through
silver wires. Local population activities (e-pF and preBotC oscillators)
were recorded using the same method. The collected signal was filtered
(bandwidth, 3 Hz to 3 kHz), rectified, and integrated using an electronic
filter (time constant, 100 ms; Neurolog System).

Patch-clamp recording. Whole-cell patch-clamp recordings of e-pF neu-
rons were performed under visual control using differential interference
contrast and infrared video microscopy, and using an Axoclamp 2A ampli-
fier (Molecular Devices). All electrophysiological signals were stored on a
computer via a digitizing interface (Digidata 1322A; Molecular Devices) and
analyzed with the Pclamp9 software (Molecular Devices).

Recorded neurons were selected by their position (ventrolateral to the
nVII) and their discharge pattern compared with the e-pF population
activity. Patch electrodes were pulled from borosilicate glass tubes (Clark
GC 150TF; Harvard Apparatus) and filled with a solution containing the
following (in mm): 140 K-gluconic acid, 1 CaCl,-6H,0, 10 EGTA, 2
MgCl,, 4 Na,ATP, 10 HEPES, pH 7.2, added with 1 mg/ml biocytin
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with a fluorescein filter block and a cooled

359

CCD camera (Coolsnap HQ; Photometrics).
Images were continuously captured using an
exposure time of 100 ms in simultaneous expo-
sure and readout mode. Optical images were
analyzed using the MetaMorph software (Mo-
lecular Devices). The average changes in fluo-

rescence in the areas of interest were calculated
for each frame. Changes in fluorescence are ex-
pressed as the ratio of change relative to the

initial value of fluorescence (AF/F).
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Figure1.  Tshz3 mutants donot breathe in vivo and generate slower centrally generated respiratory-like rhythm in vitro. A, Appearance

of newborn immediately after birth. The Tshz3 homozygous mutants showed marked cyanosis (framed). B, Plethysmographic recordings
of breathing activity in vivo from surgically delivered WT and Tshz3'°% /% E18.5 embryos after cesarean section. No breaths, sighs, or gasps
were detected in Tshz3%% ", whereas they commonly occurred in WT. €, D, Hematoxylin/eosin staining of transverse sections of control
and Tshz3 mutant lungs at P0. Control display normal alveolar appearance. Newborn mutant lung alveoli were considerably reduced in size,
indicating that the lungs had never been inflated. , In vivo EMG recordings from the external intercostal muscles (EIM) in Tshz3% "% and
WT at E18.5 showing contractions in WT (arrow) but not in Tshz3“%"_ F, G, Neurofilament staining on diaphragms from WT (F) and
Tshz3'? /' (G) embryos. The arrows and arrowheads indicate sternal branches and crural branches of the phrenic nerve, respectively.
Dorsal side of the diaphragm is up. Diaphragmsfrom WT (H) and Tshz3'“% /4 (J) embryos were stained for acetylcholine receptors (AchRs).
Asin WT embryos, an AChR clustering band was present at the center of muscle in the mutant. /, K, High magnification of branches of the
phrenic nerve (red) showing AChRs (green). L, Integrate phrenic burst discharge recorded in vitro in medullary—spinal cord preparations

from WT and Tshz3°%/“Z 18,5 embryos. Scale bars: €, D, F, G, 500 jum; H—K, 100 wm.

(Invitrogen). The pipette resistance was 5-6 M{) when filled with this
solution.

After the recording session, the patch pipette was carefully removed to
keep the anatomical integrity of the neuron and the preparation was fixed
in 4% PFA for 2 h. The biocytin-filled recorded neurons were later re-
vealed using Extravidine-FITC (1:400; Sigma-Aldrich) and their immu-
noreactivity for PHOX2b (see above) and, in the Tshz3'%#/4Z mice, for
B-gal (1:1000; Abcam), tested with a secondary antibody coupled to
Alexa647 (Invitrogen).

Calcium imaging

Preparations (isolated hindbrains and transverse slices) were incubated
at room temperature for 40 min in oxygenated aCSF containing the
cell-permeant calcium indicator dye Calcium Green-1 AM (10 um; In-
vitrogen) diluted in DMSO (10 um). After incubation, preparations were
transferred into the recording chamber, ventral side up and rostral side
up for whole hindbrain and slices, respectively, and perfused continu-
ously with oxygenated aCSF at 30°C for a 30 min recovery period allow-
ing wash out of the dye excess. Optical recordings were performed using
an upright epifluorescent microscope (E-600-FN; Nikon), equipped

Data expression and statistics

In vivo respiratory frequency and heart rate were
expressed in cycles per minute (c*min "), In
vitro phrenic nerve, preBotC, and e-pF neuro-
nal population activity frequencies were ex-
pressed in burst/minute. The burst duration of
e-pF neurons was assessed by measuring the
delay between the ascending and the descend-
ing phases of individual bursts when the mem-
brane potential reached —30 mV, a value at
which the burst is fully developed. To compare
mean frequencies between WT and Tshz3"* /1
mice or between two different experimental
conditions, statistical analysis was done using
Student’s ¢ test. To compare cell counts, statis-
tical analysis was done by using a two-tailed ¢
test or Mann—Whitney and StatEL software. All
values are given as mean * SEM, and differ-
ences were assumed to be statistically different
at p < 0.05.

Results
Tshz3 inactivation leads to
haploinsufficiency, neonatal lethality,
and dysfunction of central respiratory
networks
The mouse Tshz3 gene was inactivated as
previously described (Caubit et al., 2008).
One-half of the heterozygote progeny
Tshz3 """ generated by crossing chimeric
male founders and CD1 females died
shortly after birth. Surviving Tshz3™*/*
pups were smaller than their WT siblings
but recovered normal growth at 6—8 weeks,
and adults were healthy and fertile. Ho-
mozygous mutant embryos (Tshz3"“/"*%)
developed at the expected Mendelian ratio
and showed no external anatomical differences compared with WT
littermates. At birth, however, Tshz3"““/*# neonates failed to pro-
duce the first breath, quickly became cyanotic, and died (Fig. 1A).
After exteriorization at E18.5, in vivo plethysmography never de-
tected breathing pressure changes in Tshz3"““"** embryos (n = 8)
(Fig. 1 B), even in two embryos in which one or two tiny respira-
tory efforts were occasionally seen at the time of exteriorization,
whereas breathing movements were systematically recorded in
WT littermates (56 *= 7 ¢+ min~'; n = 12) (Fig. 1B). To first
exclude heart failure as the primary cause for neonatal death of
Tshz3“?"4% animals, we recorded electrocardiograms of em-
bryos in utero at E18.5. Heart rate was not significantly different
in Tshz3""Z (66 + 13 c-min 'y n = 4) and WT (80 * 14
c+min~"; n = 8). Postmortem lungs examination never revealed
dilated lung alveoli in Tshz3“““* mice (Fig. 1, compare C, D) de-
spite a normal pattern of diaphragmatic innervation and neu-
romuscular junction formation (Fig. 1F-K). Furthermore,
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electromyographic discharges of chest re-
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spiratory muscles were recorded in WT
but not in Tshz3"“*/*“ embryos (Fig. 1 E).
Therefore, given the absence of anomalies
in the peripheral respiratory and cardiac
systems, we suspected that Tshz3'*/'a*
have a defect in the central control for
respiration.

We next compared the respiratory ac-
tivity produced by the central respiratory
network isolated in en bloc preparations
at E18.5. Despite the absence of respira-
tory movements in Tshz3 mutant mice,
bursts of activity could be recorded from
phrenic and hypoglossal rootlets (Fig.
1L). However, this activity was produced
at a reduced frequency in Tshz3"“/"a*
(4.7 = 2.2 burst/min; n = 7) compared
with WT (10.6 = 1.4 burst/min; n = 10)
and the duration of respiratory cycle was
more variable in Tshz3"“/"““ than WT
(~2.5-fold increase). Interestingly, when
the rib cage was transiently retained in
vitro during the dissection, rhythmic
movements of the rib cage were occasion-
ally seen and rhythmic electromyographic
discharges from chest muscles could be
recorded in WT and Tshz3"?"*% em-
bryos (data not shown).

In en bloc preparations obtained from
Tshz3'"“/"* embryos, the persistence of
rhythmic phrenic bursts, chest move-
ments, and chest muscles discharges in
vitro versus their lack in vivo revealed that
the mutant RRG was able to function
when oxygenated in vitro, that the mutant
chest muscles were innervated, and that
their contractile properties were not af-
fected by the Tshz3 mutation. The slow
and variable rhythm of phrenic bursts in
Tshz3“4/"%Z iy yitro preparations indi-
cated that the inability of Tshz3 mutants
to breath at birth originated, at least in
part, from an alteration of the rhythmo- [
genic properties of the RRG. However, the
inability of Tshz3 mutants to breath at
birth, as attested by in vivo flat plethysmo-
graphic traces and noninflated lungs, sug-
gested that potentially other components
of the central respiratory network were af-
fected. These observations prompted us to
characterize the expression of Tshz3 in
motor nuclei during embryogenesis and
in the RRG at developmental stages when the e-pF and preBotC
are functional.

PHOX2b

Figure2.

TSHZ3 is expressed in a subset of developing

cranial motoneurons

We analyzed the expression pattern of Tshz3 in the hindbrain
during embryonic development by performing in situ hybridiza-
tion and X-Gal staining. As previously described, the temporal
and spatial distribution of B-gal activity in Tshz3*/" is similar

to the TSHZ3 protein (Caubit et al., 2008). This analysis revealed

Comparative expression of TSHZ3 (green), PHOX2b (red), and ISLET1/2 (ISL) (blue) in thombomeres (r) at stage E10.5.
Transverse sections at the level of r4 (4-D), r5 (E=H), and r8 (/-L). In r5 and r8, TSHZ3 is coexpressed with PHOX2b in a subset of
ISL cells. M, Immunodetection of TSHZ3, PHOX2b, and ISL at stage E11.5 showing expression of TSHZ3 in motorneurons of dmnX
and nA. TSHZ3 is not detected in hypoglossal nucleus (XII). N, Inset showing coexpression of TSHZ3, PHOX2b, and ISL in the
precursors of nA boxed in M. 0, Schematic representation of the origin and migratory behavior of the precursor of dmnX and nA
(red) and XII (blue). The boxed areas are those photographed in E-M. P, Q, At E15.5, TSHZ3 is coexpressed with PHOX2b in
motoneurons mainly located in the nA and in the lateral part of the facial nucleus (nVII) (yellow cellsin P and Q, respectively). nVIl
was delineated (Q, dotted line) based on ISL coimmunostaining (data not shown). Scale bars: A-L, 50 wm; M, P, Q, 100 um.

that Tshz3 was expressed early in the developing hindbrain, with
an anterior limit of expression corresponding to the rhom-
bomere (r) 3/4 boundary and in two medial columns of cells
where cranial motoneurons are generated (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). We
compared at E10.5 the expression of TSHZ3 with ISLET1/2 (ISL)
(a marker for motoneurons) and PHOX2b, which is expressed in
branchio (bm)- and viscero (vm)-motoneurons (Pattyn et al.,
1997) (Fig. 2). We found that TSHZ3 was present with PHOX2b
in r4 (Fig. 2A-D), as well as at more caudal positions. For in-
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Figure 3.

Expression of TSHZ3 in embryonic parafacial region and in preBotC. A, Schematic parasagittal view of the medullary
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toneurons located in the central and the
lateral most part of the nVII (Fig. 2Q).
The expression pattern of TSHZ3 is
therefore consistent with its playing a
role in the specification and differentia-
tion of bm/vm neurons involved in air-
way control.

TSHZ3 is expressed in the e-pF
oscillator and in the

pre-Botzinger complex

In an attempt to explain the slower respi-
ratory rhythm generated by the Tshz3"#"*
preparations, we also examined the pat-
tern of expression of Tshz3 in the two
main neuronal groups directly involved in
the respiratory rhythmogenesis (i.e., the
e-pF and the preBotC) (Fig. 3A). The e-pF
lays ventrally to the nVII and is immuno-
reactive for NK1R, PHOX2b, and Vglut2
(Dubreulil et al., 2008; Thoby-Brisson et
al., 2009). The preBotC, located ventrally
to the nA, is known to be immunoreactive
for NKIR (Gray et al., 1999) and soma-
tostatin (Stornetta et al., 2003). Immu-
nostainings performed on parasagittal
and transverse sections at E15.5and E18.5
showed that TSHZ3+ cells were located
in the NK1R+ region (Fig. 3B,B’,C), and
some of them coexpressed somatostatin
(Fig. 3D,D’). TSHZ3 was also detected in

ventral respiratory column indicating the position of the pFRG/RTN and the preBotC relative to facial nucleus (nVIl) and nA,
respectively. BotC, Botzinger complex. The dashed lines show the position of the transverse sections through the nVIl (F-H),
immediately caudal tonVII (/) and in the preBotC (B-D). B, Parasagittal section crossing the lateral part of the nVIl at E15.5. TSHZ3
is expressed in the nVIl as well as in NK1R-positive cells located caudally to the nVII (white arrow), and the dotted lines indicate the
position of the nVIl and the nA. TSHZ3+ cells are also found in the preBotC. The inset shows that TSHZ3 + cells expressed NK1R.
€, Transverse section of an E15.5 hindbrain showing expression of TSHZ3 in the NKTR-positive neurons of the preB6tC. D, Trans-
verse section of E18.5 hindbrain showing expression of TSHZ3 and SST; the dotted line delineates the nA. D', Magnification of
TSHZ3-positive cells from the box in D. E, Schematic transversal view indicating the position of sections in F-H. F, Coexpression of
TSHZ3 and NKTR in cells located ventrally to the nVII, a structure immunopositive for ISL (blue). F, Magnification of box in . G, H,
Section through the E15.5 hindbrain, used for detection of TSHZ3 and ISL (G) and TSHZ3 and PHOX2b (H ). The white arrows indicate
TSHZ3 + cells expressing PHOX2b in H; these same cells do not express ISL (G, white arrows). A white line delineates nVIl, and a
dotted line marks the ventral medullary surface. I, Transverse section performed immediately caudal to the nVIl at E15.5, showing
expression of TSHZ3 in the most laterally located PHOX2b + cells (arrows). Scale bars, 100 wum.

a cluster of NK1R+ cells extending cau-
dally from the posterior limit of the nVII
(Fig. 3B, arrow). Frontal sections per-
formed at E15.5 crossing the nVII (Fig.
3E) showed that TSHZ3 is also coex-
pressed with NK1R in cells located close to
the medullary surface under the lateral
part of the nVII (Fig. 3F;F’, arrows). At
this stage TSHZ3+ cells were also identi-
fied as PHOX2b+/ISL— cells, as expected
for e-pF neurons (Fig. 3G,H, arrows). Un-

stance, in r5 (Fig. 2E-H) and in the caudal most part of the
hindbrain (r8) (Fig. 2I-L), TSHZ3 marked a subset of ISL-
positive cells that occupy the most ventral position. TSHZ3 was
never detected in the neuroepithelium and TSHZ3+ cells were
always located in the lateral aspects of the neural tube (close to the
pial surface). Thus, at all axial levels, TSHZ3 was coexpressed
with PHOX2b in postmitotic bm and vm motoneurons. Coim-
munodetection of TSHZ3 with Nkx2.2 (data not shown) con-
firmed that TSHZ3+ cells located ventrally in the mantle layer
derived from the vim/bm neuron progenitor (p3) domain (Guthrie,
2007). At E11.5, the ventral bm/vm neurons in the caudal hind-
brain had migrated dorsally to form the dorsal motor nucleus of
the vagus nerve (dmnX) and the nA. At this stage, the cells coex-
press PHOX2b, ISL (Pattyn et al., 1997; Dauger et al., 2003), and
TSHZ3 (Fig. 2M,N). In contrast, the ISL+/PHOX2b— somatic
motoneurons of the hypoglossal nucleus did not express TSHZ3
(Fig. 2M). By E15.5, TSHZ3 was no longer expressed in the
dmnX nucleus (data not shown), whereas it persisted in the nA
(Fig. 2 P). TSHZ3 expression was also detected in a subset of mo-

der the lateral part of the nVII, most of

PHOX2b+ cells expressed TSHZ3 (92%;
20 sections from two embryos). Caudally to nVII, TSHZ3 was
expressed in a lateral subset of PHOX2b-expressing cells (Fig. 31,
arrows). TSHZ3 was also detected in other nuclei involved in the
modulation of respiratory rhythm, such as the nucleus of the
solitary tract and the Raphe pallidus (supplemental Fig. S1G,
available at www.jneurosci.org as supplemental material). To-
gether, these observations indicated that, during development,
TSHZ3 was expressed, but not exclusively, in neurons constitut-
ing the two main respiratory oscillators. We then performed ex-
periments to further characterize the mechanisms responsible for
the abnormal respiratory rhythm and to identify the additional
cause of the neonatal inability to breathe. In the light of the ex-
pression pattern reported above, we focused our attention on the
nA and on the RRG.

Tshz3 mutation impairs nucleus ambiguus development

We first analyzed the anatomical consequences of Tshz3 inacti-
vation on the development of the hindbrain motor nuclei. Study
of early Phox2b and neurofilament expression suggested that, in
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the absence of Tshz3, the specification of ’
hindbrain rhombomeres was unaffected — —;
(supplemental Fig. S2, available at www.
jneurosci.org as supplemental material).
However, in E18.5 homozygous mutants,
although the trigeminal nucleus, nVII,
dmnX, and the hypoglossal nuclei could
be detected using Nissl staining and gross
hindbrain structure was unaffected (data
not shown), the nA was not detectable
(Fig. 4A,B). This was confirmed using in
situ hybridization for choline acetyltrans-
ferase (data not shown) or peripherin. No
significant differences in the size and the
organization of the nVII and the other up-
per airway motor nuclei could be detected
between WT and mutant embryos (Fig.
4D, E,G,H). However, a drastic reduction
in size of the nA was apparent at E18.5
(Fig. 4C,F). To understand the origin of
the reduced number of nA neurons at
E18.5, we examined earlier developmental
stages in the mutants. Already by E15.5,
the number of PHOX2b-expressing cells
in the mutant nA was drastically reduced
compared with WT (Fig. 41,]). This re-
duction is ~75%, as revealed by quantita-
tive analysis (758 * 26 and 167 = 47
PHOX2B-positive cells per nA for six
WT and six Tshz3"“*/*““ £15.5 embryos,
respectively; p = 0.000036). To deter-
mine whether cell death contributed to
the reduction in motoneuron numbers,
we performed terminal deoxynucleotidyl
transferase-mediated biotinylated dUTP
nick end labeling (TUNEL) at E14.5. The
number of apoptotic cells specifically lo-
cated in the nA was significantly higher in
Tshz3 mutants compared with WT. This
was quantified by performing double im-
munostaining for PHOX2b and activated
caspase-3 at E14.5 (Fig. 4M,N); there
were ~2.5-fold more degenerating mo-
toneurons in nA in Tshz3 mutants com-
pared with WT (23 = 6 and 62 = 14 activated caspase-3-positive
cells per nA for four WT and four Tshz3"“/* E14.5 embryos,
respectively; p = 0.0023). In contrast, no increase in cell death
could be detected in the nVII of Tshz3 mutants. Together, these
data show that Tshz3 mutation specifically affects the survival of
the motoneurons forming the nA. The drastic reduction in the
number of motoneurons innervating the upper airway apparatus
would be expected to lead to highly resistive breathing and could
potentially explain why, despite the generation of some respira-
tory rhythms, lung alveoli were never found to be inflated in
Tshz3'*“/Z neonates.

cresyl

‘ peripherin

PHOX2b

| PHOX2b/TUNEL |

\PHOXQWCASPG

Figure 4.

Functional and anatomical analysis of the two respiratory
oscillators at the time of their emergence

The abnormal respiratory rhythm observed in Tshz3 mutant em-
bryos in vitro and the patterns of expression of TSHZ3 suggested
a potential role for Tshz3 in the functional establishment of the
RRG during fetal development. We therefore examined the func-
tional status of the e-pF and the preBotC in Tshz3 mutants by re-
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Tshz3 inactivation impairs the development of the nucleus ambiguus. A-B’, Transverse sections of the medulla
stained with cresyl violet from WT (4, ") and Tshz3'"%"'Z embryos (B, B') at E18.5. Compact formation of the nA s not visible in
Tshz3 mutants. C—H, Periferin in situ hybridization on transverse sections of E18.5 WT (C=E) and Tshz3°"Z (F—H). In Tshz3 mutants, the
nA s strongly reduced in size (C, F). The facial nucleus (D, G), the nucleus dmnX, and the hypoglossal nucleus (XII) (E, H) appear normal in
size. 1, J,PHOX2b immunodetection on parasagittal sections through E15.5 hindbrain of WT (1) and Tshz3*% " (J) embryos; rostralis left.
Note the drastic reduction of the number of PHOX2b + cells in the nA (indicated with a dotted line) of the mutant. K, L, Photomicrographs
of parasagittal sections through the nA of E14.5 WT and Tshz3 mutant analyzed by TUNEL (red) and PHOX2b immunostaining (green). M,

N, Immunostaining for PHOX2b (green) and activated caspase-3 (red) on sagittal sections of the nA from E14.5 WT (M) and Tshz3"Z” la?
(N) embryos. Scale bars: 4, B, 500 em; €, D, F, G, 100 um; E, H-J, 200 um.

cording spontaneous rhythmic activity from both oscillators at the
time of their functional emergence, at E14.5 for the e-pF and E15.5
for the preBotC, respectively (Thoby-Brisson et al., 2005, 2009).
Spontaneous rhythmic activities were analyzed using calcium imag-
ing performed on isolated en bloc brainstem preparations for the
e-pF and brainstem transverse slice preparations for the preBotC.

Dysfunction of the e-pF oscillator in the Tshz3 mutant

Calcium imaging performed at E14.5 on isolated hindbrain prep-
arations obtained from WT embryos revealed spontaneous
rhythmic fluorescent changes occurring in the e-pF region (Fig.
5A), which correspond to the synchronized activity of the e-pF
neurons (Thoby-Brisson et al., 2009). As shown in previous stud-
ies (Dubreuil et al., 2009; Thoby-Brisson et al., 2009), lowering
the pH of the bathing solution triggered a marked increase in the
e-pF frequency activity of WT embryos from 10.7 = 0.6 burst/
min in pH 7.4 to 17.7 * 0.8 burst/min (n = 14;p = 10 ~7) in pH
7.2 (Fig. 5A,C). In contrast, in Tshz3""““*# embryos at the same
age, no rhythmically organized activity could be detected in
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Figure 5.  Dysfunction of the e-pF oscillator at E14.5 in Tshz3“?/*Z embryos. A, Photomi-
crographs of a whole hindbrain preparation (WHB) (ventral view) obtained from an E14.5 WT
embryo loaded with Calcium Green-1AM observed in direct fluorescence at low (left panel) and
higher magnification (middle panel). The white rectangle delimits the e-pF area observed at a
higher magnification in the two right panels. The facial motor nucleus (nVIl) and the e-pF region
are outlined in yellow and red, respectively. The rightmost panel illustrates spontaneous cal-
cium transients occurring over the parafacial area as relative changes in fluorescence (AF/F).
The traces below correspond to transient fluorescence changes recorded in the e-pF region in
control conditions, pH 7.4 (top trace), and in pH 7.2 (bottom trace). B, Same legend as in A for
Tshz3'"Z/"Z embryos. Spontaneous calcium changes are disorganized and drastically reduced
in some preparations (i, top trace) or completely absent in others (ii, top trace). The bottom
tracesiniand ii show the response to acidification. Only preparations showing sporadic calcium
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control conditions in the e-pF region. Although one-half of
the preparations (9 of 18) exhibited some sporadic, weak, and
unorganized fluorescent changes (Fig. 5Bi), the other one-half
showed no activity at all (Fig. 5Bii). Five preparations of each
group were exposed to pH challenges. In the first group, lowering
the pH to 7.2 triggered some weak fluorescent transients that
were partially rhythmically organized with a frequency of 15.4 =
1.4 burst/min (Fig. 5B1,C). In the second group, the pH challenge
failed to initiate activity and had no apparent effect (Fig. 5Bii,C).
A closer examination of the e-pF region was then performed to
detect individual rhythmically active neurons. A representative
map of the active cells is shown in Figure 5D for a WT and a
Tshz3'*#"4 preparation. The number of rhythmically active
cells in the Tshz3 mutants (24 = 3 cells/e-pF; n = 6 preparations)
was strongly reduced compared with the WT (213 * 32 cells/
e-pF; n = 5 preparations; p = 10~*) (Fig. 5D). The very low
number of active e-pF cells in Tshz3"““**“ embryos generally
precluded the detection of rhythmic population calcium activity.
Note that these numbers of active cells represent only cells that
have taken up the dye, that are rhythmically active, and that can
be detected in brainstem preparation. Together, these data show
that the e-pF oscillator is severely functionally impaired in the
Tshz3 mutants.

The e-pF oscillator is anatomically preserved in the Tshz3 mutant
The reduced number of active cells in the e-pF of Tshz3"<#/**
preparations prompted a search for anatomical defects. We ana-
lyzed the expression of several e-pF markers such as PHOX2b,
NKIR, LBX1, vGlut2, and Atohl (Pagliardini et al., 2008;
Dubreuil etal., 2009; Rose et al., 2009; Thoby-Brisson et al., 2009)
in the e-pF region of mutant embryos at E15.5. PHOX2b+/
NKI1R+ cells were present in the e-pF region (Fig. 6 A-D). The
number of PHOX2b/NK1R double-positive cells was estimated
per one parafacial region for six WT and six Tshz3"“*"*“ E15.5
embryos. Cells were counted into two groups, one ventral to the
nVII and the other forming a compact group extending caudally
to nVIL The quantification revealed no significant differences
between both genotypes ventrally (234 * 54 vs 221 = 45; p =
0.87) and caudally (746 * 154 vs 702 = 130; p = 0.46). Similar
observations were made for LBX1+ neurons in Tshz3 mutants
(data not shown) and for Atohl, expressed in cells close to the
medullary surface located ventrolaterally to the nVII (Fig. 6 E, F)
and extending more caudally (Fig. 6G,H). Finally, vGlut2-
expressing cells located ventrally and caudally to the nVII were
clearly identified in Tshz3 mutants (Fig. 61,]). The presence and
normal pattern of all e-pF markers tested argue for the anatomi-
cal preservation of this respiratory oscillator.

Alteration of bursting properties of e-pF neurons in the

Tshz3 mutant

Despite the anatomical presence of the e-pF cells, rhythmic activ-
ity could not be detected in the e-pF oscillator, suggesting that

<«

changes in pH 7.4 exhibit more or less rhythmically organized weak calcium changes in pH7.2.
€, Quantification of rhythmic bursts frequency of the e-pF for WT and 7shz3'*%"%Z embryos in
control conditions at pH 7.4 (white bars) and at pH 7.2 (gray bars). For the mutants, the response
to acidification has been divided in two columns to distinguish between completely silent
preparations [rightmost column (ii)] and the slightly more active ones [middle column (f)]. The
number of preparations analyzed in different conditions is indicated on each bar. D, Maps of
thythmically active cells (red circles) for a WT preparation (left panel) and a Tshz3'“Z/? prep-
aration (middle panel). The black ovals indicate the position of the nVIl. The graph (right) shows
the quantification of the mean number of rhythmically active cells detected in five WT (white
bars) and six Tshz3 mutant (black bars) preparations. The asterisks indicate significantly differ-
ent values: p << 0.05. Values are given as mean == SEM.
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Figure6. Anatomical analysis of the e-pF in WT and Tshz3 mutants. A-D, Inmunodetection
of PHOX2b (green), NK1R (red), and ISL (purple) on transverse section from E15.5 WT (4, €) and
mutant embryos (B, D). Analysis of these markers is shown at two axial levels through the facial
nucleus, at mid part (4, B), and at its caudal extremity (C, D). E-H, In situ hybridization showing
expression of Atoh7 on transverse sections through the hindbrain of a WT (E, F) and a Tshz3
mutant (F, H) at E15.5. Atoh expression persists in mutants. 1, J, In situ hybridization showing
expression of vGlut2 on parasagittal sections through hindbrain of WT (/) and Tshz3 mutant (J)
atP0. vGlut2+ cells were found at a similar location, close to the medullary surface, ventral and
caudal (arrows) to the nVII. Scale bars, 100 wm.

intrinsic bursting properties of individual e-pF neurons might be
altered in the Tshz3 mutants. To test this, we investigated the
cellular properties of the e-pF neurons in WT animals and in
Tshz3 mutants using the whole-cell patch-clamp recording ap-
proach. In E14.5 WT hindbrain preparations, e-pF neurons (n =
18) could first be identified by their ability to generate rhythmic
bursts of action potentials in phase with the e-pF population
activity and in a strong voltage-dependent manner (Fig. 7A). At
resting membrane potential, individual bursts of activity in e-pF
cells are highly reproducible all-or-none events (Fig. 7A, left box)
(Thoby-Brisson et al., 2009). The e-pF identity of 11 recorded
neurons was subsequently confirmed by biocytin cellular fills and
PHOX2b counterstaining (Fig. 7A) (Thoby-Brisson et al., 2009).
In contrast, in Tshz3 mutant preparations, no rhythmic activity
could be detected in the e-pF population, denoting a functionally
deficient e-pF oscillator (Fig. 7B). In addition, individual e-pF
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neurons exhibited abnormal bursting activity. Of 18 recorded
neurons, 4 failed to show a bursting pattern of discharge, gener-
ating instead only individual spikes; these were excluded from
additional study. The remaining 14 neurons featured an abnor-
mal, but still voltage-dependent, bursting activity composed of
events with variable duration (Fig. 7B). Many bursts showed pre-
mature termination because of the failure to maintain a depolar-
ized potential, thus resulting in a shortening of the burst
duration. The average burst duration was nearly threefold shorter
in mutant preparations: 683 = 34 ms in WT (n = 60 events, 7
cells) vs 257 *+ 75 ms in Tshz3“Z (65 events, 8 cells) neurons
(p<1077). These data suggested that as-yet-unidentified intrin-
sic membrane properties were affected in Tshz3"“*"*“ embryos.
However, no significant differences in the resting potential
(—46.4 =09mV,n=18in WT;and —45.8 = 0.8 mV,n = 14in
Tshz3lac#/acz embryos) or the membrane resistance (2105 = 158
MQ, n = 18 in WT; and 2234 * 237 MQ, n = 14 in Tshz3"*/"*
embryos) could be found between WT and Tshz3"“““"*““ neurons.
Some neurons loaded with biocytin during the patch-clamp
recording session were later processed for immunostaining
against PHOX2b and 3-gal. All (10 of 10) neurons tested were
triple-positive (Fig. 7B) and thus complied with the chemical
code characterizing e-pF neurons (Dubreuil et al., 2009). To-
gether, these data showed that the functional deficiency of the
e-pF oscillator is associated with altered bursting properties of
its constitutive neurons.

The preBotC is not affected by the Tshz3 mutation

The fact that TSHZ3 is expressed in the preBo6tC region prompted
us to also test the functional and anatomical status of this respi-
ratory oscillator in the Tshz3"““/"*“ embryos. Using calcium im-
aging and electrophysiological recordings (data not shown) on
transverse brainstem slices obtained at E15.5 from Tshz3"<*/**
and WT littermates, we sought to detect rhythmically organized
neuronal activity. Our recordings revealed the presence of spon-
taneous rhythmic activity in the regions of the bilaterally distrib-
uted preBo6tC in slices obtained from both genotypes (Fig. 8 A, B).
Moreover, bursting frequencies were comparable between WT
and Tshz3"““"*Z embryos (8.5 + 2.2 burst/min in WT, n = 10;
and 8.1 = 2.7 burst/min in the Tshz3"“*"*“ embryos, n = 8; p =
0.9). No significant differences in the activities of the preBotC
across genotypes could be noted at later developmental stages
(E16.5 and E18.5) (data not shown) using electrophysiological
recordings. Moreover, anatomical markers of preBotC oscillator
cells, such as NK1R and somatostatin, were unaffected by the T'shz3
mutation (Fig. 8C—F'). So, in contrast to the e-pF, the preBstC
emerged and developed normally in Tshz3“"** embryos.

Defects in respiratory rhythm and pH sensitivity in Tshz3
mutant embryos

At approximately E15.5, the e-pF and preBotC oscillators are
known to couple to form the RRG and generate the appropriate
respiratory-like behavior (Thoby-Brisson et al., 2009). We there-
fore assessed the activity of the RRG by recording from phrenic
nerve roots (C4) in isolated brainstem—spinal cord preparations
obtained from WT and Tshz3"““ littermates at E16.5 (Fig.
9A).In WT preparations, C4 recordings indicated the presence of
aspontaneously active RRG at a frequency of 8.8 * 0.9 burst/min
(n = 9) (Fig. 9A,C). In mutant preparations, the RRG had a
reduced frequency (4.8 % 0.6 burst/min; n = 9) (Fig. 9B, C). This
abnormally slow respiratory-like rhythm was maintained at later
developmental stages. At E18.5, the mean frequency was 10.6 =
1.4 burst/min in the WT (n = 10) and 4.7 = 2.2 burst/min in the
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anomaly likely contributes to the inability
of Tshz3"/1% neonates to produce the
first breath at birth.

Because TSHZ3 is expressed in raphe
neurons (supplemental Fig. S1, available
at www.jneurosci.org as supplemental
material) and because serotoninergic (5-
HT) neurons may contribute to central
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chemoception (Nattie et al., 2004; Richer-
son, 2004; Nattie, 2006), we examined
whether Tshz3 mutation affects the 5-HT
neuronal population. We estimated and
compared the total number of 5-HT-
positive cells in the medulla oblongata in
E16.5 WT and Tshz3"““/"*“ embryos. The
medullary 5-HT neurons were present in
comparable numbers in the WT and the
Tshz3 mutants in both the medullary ra-
phe and the ventrolateral medulla (sup-
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Figure 7.

ascertained the identity of the recorded neuron filled with biocytin (green).

Tshz3lac?/1acz embryos (n = 7) (Fig. 9C). This slow respiratory
rhythm was reminiscent of that found in other mutants that show
selective deficiency of the e-pF oscillator, thus lacking the e-pF
entrainment of the preB6tC normally tuning up the frequency of
the RRG (Dubreuil et al., 2009; Thoby-Brisson et al., 2009).
Another role of the e-pF in CO, sensing and/or in providing
chemosensory drive to the RRG has been proposed, so we next
investigated whether pH sensitivity was normal in Tshz3'/<*
embryos at E16.5, a stage at which both e-pF and preBotC oscil-
lators were functional, and at E18.5, the latest embryonic stage
preceding birth. En bloc medullary preparations were subjected
to mild acidification by reducing the pH from 7.4 to 7.2 (Fig.
9A,C). At E16.5, acidification significantly (p = 6 X 10 %) in-
creased the phrenic burst frequency in WT preparations (n = 9)
from 8.5 = 0.9 burst/min in pH 7.4 to 14.4 = 1 burst/min in pH
7.2 but insignificantly (p = 0.13) increased the frequency in
Tshz3“1%Z preparations (n = 9) from 5.3 *+ 0.7 burst/min in
pH 7.4 to 7.8 £ 1 burst/min in pH 7.2 (Fig. 9B,C). At E18.5,
acidification still significantly ( p = 0.04) increased the phrenic
burst frequency in 10 WT preparations from 10.3 £ 1.5 burst/
minin pH7.4to 13.6 = 1.4 burst/min in pH 7.2 but had no effect
(p = 0.29) at all in seven Tshz3"““/“ preparations (4.7 = 2.3
burst/min at pH 7.4 and 5.2 = 2.9 burst/min at pH 7.2). Slow
respiratory rhythm and loss of response to acidification were also
observed in more physiological conditions (i.e., 5 mM external
potassium) (data not shown). These data demonstrated the defi-
ciency of the Tshz3““/“ RRG to respond to acidification. This

s
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The bursting properties of the e-pF neurons are altered at E14.5 in the Tshz3 mutant. A, Membrane trajectory (top
traces) of an e-pF neuron recorded at two different resting potentials (left and right traces) recorded simultaneously with the e-pF
population integrated activity (bottom traces). Seven superimposed bursts and the corresponding average trace (red) are illus-
trated at an extended time scale in the black box. The three bottom right panels represent the immunolabeling for PHOX2b (blue)
for abiocytin-filled (green) e-pF neuron previously electrophysiologically identified with a patch-clamp recording. B, Same legend
asin A foran e-pF neuron recorded from a Tshz3 mutant preparation. The neuron generates abnormal bursts, and the duration and
the shape of the bursts are variable from one event to the other (see the box). Inmunolabeling for PHOX2b (blue) and 3-gal (red)

Furthermore, NK1R immunostaining did
not reveal anatomical defects in the med-
ullary raphe (supplemental Fig. S2H,I,
available at www.jneurosci.org as supple-
mental material). Consequently, the de-
fect in chemosensitivity detected in Tshz3
mutants could not be attributed to 5-HT
cell loss but mainly results from perturbed
rhythmogenic properties within the e-pF
oscillator. Thus, Tshz3 mutant embryos dis-
played a slowed-down respiratory rhythm
and a loss of chemosensitivity at E16.5 on-
ward, which contributed to their inability to
secure homeostasis after umbilical cord in-
terruption at birth or at exteriorization.

Discussion

Functional breathing requires the coordinated development of
multiple central and peripheral neuronal circuits. Our results
indicate that loss of function of a single gene, Tshz3, is sufficient
both to prevent survival of a subset of cranial motoneurons (the
nA) and to disturb the functional emergence of one respiratory
oscillator (the e-pF). The combination of these deficits at embry-
onic stages results in a severe dysfunction of the RRG and of the
upper respiratory tract, which is not compatible with survival at
birth. Thus, TSHZ3 plays a major role in coordinating the devel-
opment of systems that generate respiratory rhythms with those
involved in airway opening.

Tshz3 mutation impairs survival of motoneurons of the
nucleus ambiguus

Compelling evidence exists that the motor act of breathing not
only requires rhythmic contractions of chest pump muscles to
induce airflow into and out of the lungs but also coordinated
contractions of complex upper airway muscles to modulate air-
flow and more importantly prevent airway collapses during pow-
erful diaphragmatic contractions, especially in neonates. The nA
contains pharyngeal and laryngeal motoneurons that govern
the upper airway valve as well as motoneurons innervating the
esophagus, all of which are involved in respiratory and swallow-
ing behaviors (Bieger and Hopkins, 1987; Standish et al., 1994).
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The survival requirements of nA mo-
toneurons have not been widely studied.
Inactivation of the genes for the cytokine
receptor subunits LIFR (leukemia inhibi-
tory factor receptor) (Li et al., 1995) or
gp130 (Nakashima et al., 1999) leads to
loss of nA motoneurons, whereas exoge-
nous neurotrophic factors can protect nA
motoneurons against the effects of axo-
tomy (Araki et al., 2006). However, simi-
lar effects are observed for neighboring
cranial motor nuclei such as nVIIL. Here,
we show that TSHZ3 is required for the
survival of a significant proportion of nA
motoneurons in a manner that is not
shared by other cranial nuclei. Our data
show that the formation of bm/vm pre-
cursors and their migration toward their
final position, leading to formation of
structured motor nuclei, are not depen-
dent on Tshz3 function. Thus, unlike
Phox2b, which is required early for the for-
mation of all bm and cranial vim neurons
(Pattyn etal., 2000), Tshz3 is required for the
maintenance of nA motoneurons only once
they have reached their final position. In
Tshz3 mutant, the loss of nA motoneu-
rons was caused by a significant increase
of apoptosis. This increase happens in a
period of naturally occurring develop-
mental cell death (approximately E14.5)
and critical for the formation of upper re-
spiratory tract neuromuscular control.
The mechanisms leading to the death of
nA motoneurons in Tshz3 mutants are
unknown; however, TSHZ3 may partici-
pate directly (in a cell-autonomous man-
ner) in intracellular signaling important
for survival and/or maturation of embry-
onic motoneurons. Interestingly, Kajiwara
et al. (2009) showed that a reduced ex-
pression of TSHZ3 correlates with an in-
crease of the primate-specific caspase-4
expression, leading to the progression of
Alzheimer’s disease. TSHZ3 can partici-
pate to repressor complexes via a direct
association with the promoter region of

casp4, suggesting that TSHZ3 may protect neurons from apopto-
sis in a cell-autonomous way. It is not known whether in the
mouse a TSHZ- caspase pathway exists and conditional inactiva-
tion of Tshz3 will help to elucidate the role of Tshz3 in neuropro-
tection. Strikingly, whereas TSHZ3 is detected in several motor
nuclei, nA motoneurons are selectively vulnerable to the Tshz3
mutation. Comparative analysis of the expression of the three
members of the T'shz gene family may help to determine whether
survival of motor nuclei in Tshz3 mutant could rely on the ex-

pression of other Tshz genes.

Overall, the massive loss of nA motoneurons induced by
Tshz3 mutation probably impairs the neural control of upper
airways, thus explaining the observed absence of pressure
changes and the collapsed lung alveoli in the mutants. This func-
tional deficit is partly responsible for the complete lack of venti-

lation observed in the mutant animals.
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Figure 8.  The preBotC oscillator is functional in Tshz3"?/*Z embryos at E15.5. A, Photomicrograph of an E15.5 transverse

medullary slice isolating the preBotC oscillator loaded with Calcium Green-1 AM, shown in direct fluorescence (left panel) and as
relative fluorescence changes (AF/F; right panel). The bottom traces correspond to spontaneous fluorescence changes measured
in the two preBotC oscillators (numbered 1and 2) outlined in red in the top left panel. B, Same legend as in A for a Tshz3/*Z /e
embryo. Spontaneous rhythmic activity in the preBotC region is present in preparations obtained from mutant embryos. C-F’,
Anatomical analysis of the preBdtC area on transverse sections at E18.5. In WT preparations (C, €'), the preB6tC s immunopositive
for NK1R (red) and contains some PHOX2b-positive cells (green). The dotted line locates the nA, a structure strongly immunore-
active for PHOX2b. Cand (' illustrate immunostainings obtained at two different rostrocaudal levels. In the Tshz3 mutant (D, D"),
both PHOX2b-positive cells and the NKTR-positive region are found in a ventrolateral position compared with the nA, which is
significantly reduced in size. E-F’, Somatostatin (red) and PHOX2b (green) expression in the preBotC area observed on transverse
sections of WT (E, E') and Tshz3'“?""“Z (F, F') embryos at E18.5. E" and F’ correspond to the regions outlined in E and F,
respectively, presented at a higher magpnification. The preBotC is anatomically and functionally preserved in the Tshz3 mutant.
Scale bars: 4, B, 500 m; =D, E, F, 100 wm. R, Rostral; C, caudal; SST, somatostatin.

Inactivation of Tshz3 alters the functional emergence of
interneurons forming the e-pF, the maturation of central
respiratory rhythmogenesis, and chemosensitivity

A second potential explanation for the respiratory failure in
Tshz3"#"""Z mice was a dysfunction of the RGG. Indeed, at
E14.5, we found that no significant rhythmically organized activ-
ity could be detected in the parafacial region in en bloc mutant
preparations. It was previously shown that pharmacological in-
hibition or genetic elimination of the e-pF results in a slower
rhythm driven by the sole preBotC oscillator (Onimaru and
Homma, 2003; Dubreuil et al., 2009; Thoby-Brisson et al., 2009).
This demonstrates that e-pF activity is important for scaling the
frequency of fetal breathing. In addition, it has been proposed
that the e-pF plays a critical role in the dynamic processes that
allow the continuous generation of rhythmic motor bursts be-
tween E14.5 and E15.5 (Dubreuil et al., 2009; Thoby-Brisson et
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Figure9. Slowed-down respiratory-like rhythm and lack of response to a low pH challenge
in Tshz3"?"Z embryos. A, Photomicrograph of a whole hindbrain preparation obtained from
an E16.5 embryo, with the positioning of the recording electrode. Shown are integrated phrenic
nerve discharges (Int C4) at pH 7.4 (top trace) and pH 7.2 (bottom trace) for a WT embryo. B,
Samelegend asin A fora Tshz3""?/*Z embryo. , Quantification of burst frequencies for WT and
Tshz3'"/"Z embryos at pH 7.4 (white bars) and pH 7.2 (black bars) at E16.5 (left) and E18.5
(right). The asterisks indicate significantly different values ( p << 0.05). Numbers of hindbrain
preparations analyzed are indicated on the bars. The motor output of the respiratory network
recorded from C4 nerve roots is significantly lower in the mutants and does not respond to low
pH at either E16.5 or E18.5. 1, Rostral; ¢, caudal.

al., 2009). Consequently, the slow in vitro rhythm observed in
Tshz3 mutant may be attributable to a lack of entrainment of the
preBotC oscillator by the excitatory drive emerging from the e-pF
respiratory oscillator.

Interestingly, no anatomical defects potentially underlying
the functional deficits of the e-pF could be detected in the parafa-
cial region of Tshz3"““/"* embryos. Compared with mouse lines
bearing mutations in Phox2b, Lbxl, Egr2, and Atohl genes
(Dubreuil et al., 2008, 2009; Pagliardini et al., 2008; Rose et al.,
2009; Thoby-Brisson et al., 2009), the Tshz3"%“4¢Z Jine provides
the first example of a mutation causing a functional deficit of the
e-pF that is not associated with cell loss. Whereas Phox2b or Egr2,
for example, are required for e-pF neuron differentiation
(Dubreuil et al., 2008, 2009), Tshz3 seems to be involved in later
steps of maturation and in particular the specification of cellular
properties critical for rhythm generation. This is indeed sug-
gested by our observation that e-pF neurons of Tshz3 mutant
embryos exhibit abnormal bursting properties, preventing gen-
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eration of rhythmically organized population activity. Additional
experiments focusing on the analysis of membrane conductance
involved in burst generation are now necessary for the identifica-
tion of the cellular and network properties altered in the mutant.
An additional nonexclusive possibility is that the functional de-
fect of the e-pF is a non-cell-autonomous effect of the mutation.

In contrast to the e-pF, the preBotC has been found to be
anatomically and functionally preserved in Tshz3 mutant em-
bryos. By uncoupling the e-pF and preBotC oscillators, these data
provide novel insights into the development and function of the
RRG. First, they show that the establishment of the preBotC os-
cillator is independent of the neighboring nA motoneurons. Sec-
ond, they confirm that timely functional emergence of the
preBotC oscillator at E15.5 is not dependent on the presence of a
functional e-pF. Thisis in accordance to what has been previously
observed using other genetically modified mice in which rhythmic
activity could be detected in the preBotC despite an anatomically
and functionally altered e-pF (Jacquin et al., 1996; Pagliardini et al.,
2008; Dubreuil et al., 2009). Third, the observation that phrenic
nerve activity is generated at an abnormally slow frequency at E16.5
confirms that at developmental stages at which the e-pF and the
preBotC are known to interact to form the RRG, the preBstC is not
alone sufficient to generate an appropriate respiratory rhythm
(Pagliardini et al., 2008; Dubreuil et al., 2009; Thoby-Brisson
et al., 2009).

At birth or at exteriorization, after interruption of fetal um-
bilical irrigation by the maternal blood, central chemosensitivity
is especially crucial for maintaining RRG activity and initiating
air breathing movements. Tshz3 mutant embryos lacked pH re-
sponsiveness and failed to breathe. The retrotrapezoid nucleus
(RTN)/pFRG (the adult form of the e-pF) (Guyenet and Mulkey,
2010) neurons and 5-HT * medullary neurons play an important
role in central chemosensitivity. Because the e-pF oscillator is
pH-sensitive at embryonic stages (Dubreuil et al., 2009) and be-
cause the e-pF is not functional in the Tshz3 mutant, it is tempt-
ing to directly associate the deficient chemosensitivity with the
absence of rhythmicity in the e-pF. Such a primordial role for the
e-pF in mediating response to pH challenge has also been con-
cluded from analysis of mouse lines lacking a functional e-pF
(Dubreulil et al., 2008, 2009; Pagliardini et al., 2008; Rose et al.,
2009; Thoby-Brisson et al., 2009). However, the role of 5-HT ©
medullary neurons cannot be completely ruled out. We detected
no loss of 5-HT-expressing neurons in Tshz3"““"*“ embryos.
Therefore, the possibility remains that, as presently shown for the
e-pF neurons, the Tshz3 mutation affects their function without
affecting their anatomical presence.

Overall, our data show that a single gene, Tshz3, plays a critical
role in coordinating multiple aspects of the embryonic develop-
ment of the machinery required for survival at birth. It supports
the functional emergence of the e-pF respiratory oscillator, which
plays an important role in central chemosensitivity, and when
coupled with the preBotC, in the control of the chest pump and,
in parallel, is required for the survival of nA motoneurons that
governs the upper airway valve. The functional organization of
the hindbrain and its role in coordinating motor activities and
breathing rhythms depend during the embryonic development
on the process of segmentation. Hox and Tshz genes are critical for
segment identity, and in Drosophila TSHZ acts as a cofactor of HOX
proteins (Manfroid et al., 2004; Taghli-Lamallem et al., 2007). Inter-
estingly, Tshz3 mutation affects motor activity and breathing
rhythms, two activities that are also controlled by Hox genes (Cha-
tonnet et al., 2003; Guthrie, 2007). Thus, Tshz3 may be considered to
be one of the key regulators of neonatal breathing behavior.
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