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Summary:   

 The embryonic PHOX2B-progenitor domain generates neuronal and glial cells which 

together are involved in chemosensory control of breathing and sleep homeostasis.  

 Ablating PHOX2B-derived astrocytes significantly contributes to secondary hypoxic 

respiratory depression as well as abnormalities in sleep homeostasis.    

 PHOX2B-derived astrocyte ablation results in axonal pathologies in the 

retrotrapezoid nucleus.   
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Abstract:  We identify a population of ~ 800 RTN astrocytes derived from PHOX2B-

positive, OLIG3-negative progenitor cells, that interact with PHOX2B-expressing RTN 

chemosensory neurons.  PHOX2B-derived astrocyte ablation during early life results in 

adult-onset O2 chemoreflex deficiency.  These animals also display changes in sleep 

homeostasis, including fragmented sleep and disturbances in delta power after sleep 

deprivation, all without observable changes in anxiety or social behaviors. Ultrastructural 

evaluation of the RTN demonstrates that PHOX2B-derived astrocyte ablation results in 

features characteristic of degenerative neuro-axonal dystrophy, including abnormally dilated 

axon terminals and increased amounts of synapses containing autophagic 

vacuoles/phagosomes.  We conclude that PHOX2B-derived astrocytes are necessary for 

maintaining a functional O2 chemosensory reflex in the adult, modulate sleep homeostasis, 

and are key regulators of synaptic integrity in the RTN region, which is necessary for the 

chemosensory control of breathing. These data also highlight how defects in embryonic 

development may manifest as neurodegenerative pathology in an adult. 
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Introduction 

 During embryogenesis, organs derive from minute embryological anlages.  These 

embryological anlages give rise to all of the organ’s cell types.  However, it is unclear if key 

brainstem circuits could develop by similar principles.  Proper brain development requires 

the generation of synaptic circuits between neurons from different central nervous system 

(CNS) progenitor pools, as well as glia that are needed for appropriate function of the 

neuronal circuit.  The developmental interdependencies between astrocytes and neurons 

derived from similar CNS progenitor pools have been poorly explored.  Given the role that 

glia play in the modulation of neuronal function, the interactions that developmentally 

linked neurons and glia may have with each other represent timely questions in 

developmental neurobiology.  In this scenario, the present study further investigates the 

potential existence of developmental anlages for neural/glial circuits implicated in CNS 

control of breathing and sleep homeostasis.   

 The paired-like homeodomain transcription factor PHOX2B is a major regulator of 

autonomic nervous system development and function. In mice, by embryonic day 9 (E9), 

well-demarcated zones of PHOX2B expression can be identified in whole mount 

preparations, with marked expression in rhombomere 4 (r4) and, to a lesser extent, in r2 

(Pattyn et al., 1997).  Within r4, PHOX2B is expressed in three progenitor domains:  dA3 

(characterized by OLIG3-positive, PHOX2B-positive, TLX3-positive, and Lmx1b-positive 

cells), dB2 (characterized by Lbx1-positive, PHOX2B-positive cells), and pMNv 

(characterized by PHOX2B-positive, NKX2.2-positive cells).  Cross-sections of the E10.5 r4 

pMNv demonstrates PHOX2B expression in both the proliferating cells of the ventricular 

zone as well as the post-mitotic neurons of the mantle zone layers, where PHOX2B is 

required for appropriate neuroepithelial cytoarchitectural organization in addition to its role 

in neuronal specification (Dubreuil et al., 2000). PHOX2B-derived neuron specification has 

garnered much attention and has been extensively studied and reviewed in the scientific 

literature (Dubreuil et al., 2000; Brunet & Pattyn, 2002; Dauger et al., 2003).  In addition to 

contributing to hindbrain noradrenergic (Pattyn et al., 2000a) and motor neuron 

development (Pattyn et al., 2000b), PHOX2B expressing neurons located in the rostral 

aspect of the ventral lateral medulla are necessary for CO2 detection and the hypercapnic 

ventilatory response (HCVR) (Stornetta et al., 2006; Takakura et al., 2008; Marina et al., 

2010; Ramanantsoa et al., 2011; Takakura et al., 2014; Ruffault et al., 2015).  Mutation in 

exon 3 of PHOX2B causes congenital central hypoventilation syndrome (CCHS) (Amiel et al., 

2003; Weese-Mayer & Berry-Kravis, 2004), a rare genetic disorder characterized by deficient 
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CO2 and O2 detection that is worse during sleep.  In humans, CCHS is characterized by loss 

of neurons known to be derived from the PHOX2B progenitor domains (Nobuta et al., 2015). 

Ventricular zone cells are SOX2-positive multipotent stem/progenitor cells (Peretz et al., 

2016), and therefore PHOX2B expression in the hindbrain ventricular zone raises the 

possibility that PHOX2B-biased neural stem cells are also capable of forming glia. The 

existence of chemosensitive astrocytes (Gourine et al., 2010) and PHOX2B-derived neurons 

in the same anatomical area as well as the well-documented sleep disordered breathing in 

patients harboring PHOX2B mutations (Weese-Mayer et al., 2010) supports the idea that 

these cells and functions are developmentally linked.  Therefore, in the present study we 

asked whether a PHOX2B-derived neuronal-glial unit would be involved in the regulation of 

the chemosensory control of breathing and sleep homeostasis. 

 

Materials and Methods 

 

Animal Husbandry and Genotyping  

Animal use was in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals and was approved by The Ohio State University (Protocol number 2012A00000162-

R2) and University of Sao Paulo (Protocol number CEUA/ICB: 112/2015) Institutional 

Animal Care and Use Committee. Animals were housed under standard 12h light/dark cycle 

with ad libitum access to food and water. All euthanasia guidelines set forth by the 

institutional animal care and use committees were followed.  Source of the mice were as 

follows:  ALDH1L1GFP-stop-DTA was provided by Dr. David Rowitch (UCSF), CD1 animals 

utilized for astrocyte cell culture experiments were obtained from Charles River Laboratory, 

NKX2.2cre was obtained from Dr. Michael Matise (Rutgers University), OLIG3cre was 

obtained from Dr. Yahushi Nakagawa (University of Minnesota), and all other transgenic 

animals were obtained from Jackson laboratories with the following stock numbers:  

RosamtdTomato/mGFP = Stock Number 007676, PHOX2Bcre = Stock Number 016223, ROSAGNZ = 

Stock Number 8606, RosatdTomato = Stock Number 7908, ALDH1L1cre = Stock Number 

023748, PHOX2Bflp = Stock Number 22407, and Intersectional Lineage Tracer (RC::FLTG) 

= Stock Number 26932.  Genotyping primers are delineated in the Key Resources subsection 

in supplementary materials.  Briefly, tail DNA was extracted and genotyped by PCR.  Primers 

are located in Supplemental Table 1. 
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Cell Culture 

Mouse ES cells (both control and NestinPHOX2B) were a kind gift of Lia Panman and are 

described in Panman, et al. and the references therein (Panman et al., 2011).  Cells were 

cultured in an undifferentiated state in 20%FBS, DMEM, penn/strep, glutamine, and LIF 

and were induced to the neural lineage with retinoic acid as described previously (Otero et 

al., 2004b).   

 

Whole-body plethysmography and chemoreflex analysis in conscious mice  

  Breathing patterns were measured in conscious mice using barometric, unrestrained 

whole body plethysmography in two different laboratories located at distinct elevations and 

with different plethysmography systems (in São Paulo, SP Brazil, elevation is ~ 760 m, data 

captured by ADInstruments, and in Columbus, OH, USA, elevation is ~ 275 m, data captured 

by DSI Buxco system and Finepoint Software). Mice were acclimatized to the 

plethysmography chambers 2-3 days prior to the experiments. On the experimental day, 

freely moving mice were kept in a 500-mL plethysmography chamber with room air for 45-

60 min before the ventilatory parameters were recorded. Respiratory rate (fR, breaths/min) 

and tidal volume (VT, ml/kg) were measured by whole-body plethysmography as described in 

detail previously (Bartlett & Tenney, 1970; Malan, 1973; Takakura et al., 2014). All 

experiments were performed at room temperature (24-26°C). The mice were placed in a 

plexiglass recording chamber (500 mL) that was flushed continuously with a mixture of 79% 

nitrogen and 21% oxygen (normoxia) at a rate of 0.1 L/min. During breathing 

measurements, the flow was interrupted and the chamber was closed for 2 minutes after 

each challenge of normoxia, hypoxia or hypercapnia.  

 The hypoxic ventilatory response (HVR) was induced by lowering the O2 

concentration in the inspired air to a level of 8% for 10 minutes. Hypercapnic ventilatory 

response (HCVR) was induced by titrating CO2 into the respiratory mixture up to a level of 

7% for 10 min. The pressure oscillations caused by breathing were monitored using a 

differential pressure transducer (ML 141 Spirometer, ADInstruments) and the pressure 

signal was amplified, filtered, recorded, and analyzed off-line using Powerlab software 

(Powerlab 16/30, ADInstruments, NSW, Australia). Rectal temperature was measured 

before and at the end of the experiments, and the values were averaged. Changes in the fR, VT 

and minute ventilation (VE) (fR × VT; ml/min/kg) were averaged and expressed as means ± 

SEM.  The hyperoxic hypercapnic response was performed in the DSI Buxco system using 
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the following protocol:  20 min baseline room air, 3 minutes hyperoxia (65% O2, balanced, 

N2), hyperoxic hypercapnia (65% O2, 7% CO2, balanced N2), and 20 min recovery at room air. 

 

Physiological experiments under sleep state 

Transmitter Implantation and Biopotential Recording: Mice were deeply anesthetized 

under isoflurane (3% induction, 1.5% maintenance) and implanted with PhysioTel F20-EET 

(Data Sciences International [DSI], St. Paul, MN, USA) biotelemetry units to allow 

acquisition of electroencephalogram (EEG) and electromyogram (EMG) potentials as 

described previously (Borniger et al., 2018). Following immobilization in a stereotaxic 

apparatus, a midline incision was made between the posterior margin of the eyes and the 

midpoint of the scapulae. The skull was exposed and cleaned, and two stainless steel screws 

(00-96 x 1/16; Plastics One, Roanoke VA, USA) were inserted through the skull to make 

contact with the underlying dura mater. These screws served as cortical electrodes. One 

screw was placed 1 mm lateral to the sagittal suture and 1 mm anterior to Bregma. The other 

screw was placed contralaterally 2 mm from the sagittal suture and 2 mm posterior to 

Bregma. The transmitter itself was inserted into a subcutaneous pocket along the back of the 

animal. A set of leads was attached to the cortical electrodes and secured with dental cement. 

Another set of leads was inserted into the trapezius muscles for EMG measurement. The 

surgical procedures were performed using aseptic technique, and buprenorphine (0.05 

mg/kg, SC) was administered to provide post-operative analgesia along with supplemental 

warmth (heating pad) until the animals were mobile. Following surgery, mice were singly 

housed and their cages were placed on top of receiver boards (RPC-1; DSI) in ventilated 

cabinets. These boards relay telemetered data to a data exchange matrix (DSI) and a 

computer running Ponemah software (version 6.1; DSI, St. Paul, MN, USA). Mice were 

allowed to recover from the surgery for two weeks prior to beginning two days of baseline 

sleep recording.  

Sleep Deprivation: Following baseline recordings, a sleep deprivation protocol was 

performed to examine the homeostatic response to sleep deprivation. Total sleep deprivation 

was accomplished via ‘gentle handling’ during the first six hours of the rest phase (ZT 0-6), 

followed by an 18h recovery period (as described in (Oyanedel, 2015). If EEG/EMG 

biopotentials showed signs of sleep and the animal displayed a sleeping posture, then the 

cage was gently tapped to arouse the mouse. If this did not prevent sleep, then the 

experimenter would briefly handle the mouse or disrupt its bedding. As this method is 

dependent on live monitoring of EEG/EMG and sleep posture, this method cannot eliminate 

all sleep, and small episodes (< 10 sec) of ‘micro-sleeps’ persisted.  
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Sleep Architecture and Spectral Analyses: Raw biopotentials were band-passed (0.3-25 Hz 

for EEG and 25-50 Hz for EMG) and analyzed in 10 sec epochs via the automated rodent 

sleep scoring module in Neuroscore (DSI) as previously described (Borniger et al., 2018). 

Delta and theta ratio criteria, as well as EMG threshold values (for scoring of NREM, REM, 

and wake, respectively) were adjusted on a per-animal basis to ensure accurate scoring 

across the experimental set. Delta band was set at 0.5–4.0 Hz, and the theta band was set at 

6.0-9.0 Hz. Artifact detection thresholds were set at 0.4 mV for both EMG and EEG, and if 

>10% of an epoch fell outside this threshold, the entire epoch was scored as artifact. Wake 

was characterized by high frequency and low voltage EEG accompanied by high voltage 

EMG. NREM (i.e., slow wave sleep) sleep was characterized by low frequency and high 

voltage EEG (predominant delta), accompanied by low voltage EMG. REM (i.e., paradoxical) 

sleep was characterized by low voltage EEG (predominant theta) and EMG values. 10 s 

epochs were collapsed into 2 h bins for subsequent graphing and statistical analyses. The 

percent time spent in each vigilance state was calculated across a recording period (light or 

dark phase), as well as the number of vigilance state transitions (and directionality of these 

transitions) and duration of each bout in each vigilance state as a measure of sleep 

fragmentation.  

 For spectral analyses, biopotentials were visually inspected, cleaned of artifacts, and 

subjected to Fast-Fourier Transforms. Periodogram data were collected in 10 sec epochs 

covering the entire baseline recording period and 0-6 h post-sleep deprivation. Vigilance 

state spectra were generated across a frequency range of 0.49-23.97 Hz (sampling rate of 

500 Hz). 

 

Histology and Microscopy 

Confocal Immunofluorescence:  Animals were sacrificed and perfused with 4% 

paraformaldehyde, brains dissected, and then underwent post-perfusion fixation overnight 

at 4˚C in 4% paraformaldehyde-PBS. Brains were then transferred to 30% sucrose (w/v)-

PBS and allowed to equilibrate prior to embedding in OCT. Cryosections were then either 

mounted on glass slides or placed into 24 well dishes and stained using antibodies.  

Cryosection thicknesses ranged from 12 m to 40 m, depending on application.  Prolong-

gold Antifade kit was utilized for mounting on glass coverslips.  Images were captured as 

black and white images on an LSM 700 Zeiss Confocal Microscope.  Images were saved as 

.czi files, opened in FIJI to be saved as .tiff files, and then imported to Adobe Photshop for 

pseudocoloring as needed.  All figures were prepared using Adobe Illustrator. 
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Histochemistry and Immunohistochemistry:  For experiments requiring Xgal 

histochemistry, the animal was transcardially perfused with PBS, followed by 4% 

paraformaldehyde.  The brain was dissected out and incubated in 4% paraformaldehyde for 1 

hour on ice and then washed with PBS.  The brains were cryoprotected by incubation with 

30% Sucrose in PBS overnight and embedded in OCT for cryosectioning.  50 m cryosections 

were collected in each well of a 48 well plate pre-filled with PBS.  The floating sections were 

washed three times for 15 minutes with solution C (2mM Magnesium Chloride, 0.02% Igepal 

(SIGMA 13021), 0.01% Sodium deoxycholate (SIGMA D5670), 5 mM EGTA (SIGMA 

E4378)).  The sections were then incubated with staining solution (solution C containing 

10mM Potassium hexacyanoferrate (III) (SIGMA P8131), 10 mM Potassium 

hexacyanoferrate (II) trihydrate (SIGMA P3289) and 0.5 mg/ml X-GAL (ROCHE 651745)).  

The floating sections were incubated in this solution in the 48 well plate overnight at room 

temperature in the dark.  The next day, the tissue sections were washed with PBS and 

mounted on a slide previously coated with Vectabond (Vector Labs SP-1800) using a fine 

paintbrush.  The sections were allowed to dry on the slide for 30 minutes at room 

temperature and then counterstained with a 30-minute incubation with Hematoxylin 

(without the blueing step to aide in contrasting the Xgal with cell nuclei) and mounted with 

Vectamount (Vector Labs H-5000).  For chromogenic immunohistochemical reactions using 

PHOX2B and tyrosine hydroxylase antibodies (TH), the following protocols were used.  The 

brains were sectioned in the coronal plane at 30 μm on a microtome and stored in 

cryoprotectant solution (20% glycerol plus 30% ethylene glycol in 50 mM phosphate buffer, 

pH 7.4) at -20◦C. The locations of TH and Phox2b immunoreactive into the comNTS (-7.48 

to -8.12), C1 (-6.48 to -7.08) and RTN (-5.68 to -6.48) was analyzed 1 section in each 180µm 

relative to bregma. Phox2b was detected using a polyclonal anti-Phox2b raised in rabbit 

(1:800 dilution; gift from J.-F. Brunet, Ecole Normale Superieure, Paris, France). TH was 

detected using a mouse antibody anti-TH (MAB 318; Millipore; dilution 1:1000). Sections 

were incubated for 24 h at room temperature and diluted in PB containing 10% normal horse 

serum (008-000-001; Jackson Immuno Research Laboratories) and 0.3% Triton X-100. 

After several rinses, they were transferred to the appropriate affinity purified biotinylated 

secondary antibodies donkey anti rabbit (BA-1000, Vector, dilution 1:500) for Phox2b and 

donkey anti-mouse (715-065-151, Jackson Immuno Research Laboratories, dilution 1:500) 

for TH, all diluted in PB containing 1% normal horse serum and 0.3% Triton X-100 

incubated for 24 h at room temperature, rinsed again and exposed to Extravidin (E2886; 

Sigma- Aldrich, St. Louis, MO, USA; dilution 1:2000) for 4 h at room temperature. 

Peroxidase reactions were visualized using the glucose oxidase procedure and 3,30-
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diamenobenzidine (DAB) tetrahydrochloride as chromogen for TH and associated with 0.5% 

nickel sulfate for Phox2b immunostaining. Sections were rinsed again in PB, mounted in 

sequential rostrocaudal order onto gelatin-coated slides, dehydrated through a series of 

ascending concentrations of ethanol, transferred into xylene, and coverslipped with DPX 

(06522; Sigma Aldrich) mountant for histology.   

 

Unbiased Stereology:  All unbiased stereology was performed on StereoinvestigatorTM from 

MBF biosciences. For unbiased stereological quantification, parameters were as follows: 

dissector height (Z) = 20 m, dissector volume = 50000 m3, Guard zone distance setting = 

10 m, section evaluation interval = 2. For unbiased stereological quantification of PHOX2B 

positive cells,   50 m sections of the RTN region were stained using DAKO EnvisionTM kit or 

LSABTM universal kit, followed by hematoxylin counterstaining. Zeiss Axioimager A1 

microscope (Zeiss, Muenchen, Germany) was used to image sections and perform 

subsequent analysis. The profile counts of labeled cells reflected the average of the bilateral 

side of the medulla. Digital color photomicrographs were acquired using a Zeiss Axiocam 

HRc camera. 

 

Electron Microscopy:  Animals were perfusion-fixed with 4% paraformaldehyde. Brains 

were extracted and placed in fresh fixative, 2% paraformaldehyde, 2.5% glutaraldehyde in 

PBS pH 7.2, for 2 days at 4 °C. Tissue was then washed for 24 hours in PBS.  Brains were 

embedded in 4% agarose and sectioned at 300 m thickness on a vibratome. Sections were 

stored in PBS and delivered to the Campus Microscopy & Imaging Facility at OSU for TEM 

processing.  All processing steps are carried out at room temperature. Samples were post-

fixed in 0.1 M osmium tetroxide for 2 hours, followed by thorough rinsing in distilled water 

and en bloc staining with 2% ethanolic uranyl acetate. Samples underwent dehydration 

through a graded ethanol series (30 – 100%) and transitioned into acetone for resin 

infiltration. An epoxy resin, Eponate 12 (Ted Pella) was used for a graded infiltration series 

and embedding. Final embedding was done in a flat embedding mold and weighted down 

with a pre-polymerized BEEM capsule to ensure proper orientation and avoid warping of 

tissue. Tissue was placed in a 60 °C oven and polymerized overnight. Blocks were trimmed 

and semi-thin sections (500 nm) cut on a glass knife and stained with 1% toluidine blue stain 

to identify slices containing the RTN. The region of interest was further trimmed, and 70 nm 

thin sections were cut using a diamond knife (Diatome, Inc.) on a Leica EM UC6 ultra-

microtome. Thin sections were collected on 200 mesh copper grids and post-stained with 1% 

uranyl acetate and Reynold’s lead citrate. TEM micrographs were taken on a FEI Tecnai G2 
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Biotwin TEM operating at 80 kV and micrographs captured using a AMT camera.  Three 

animals per group were evaluated in this fashion. 

 

Astrocyte Culture 

P0-P3 pups were decapitated and the ventral hindbrain was dissected out in ice-cold HBSS 

with 1X antibiotic-antimycotic (ThermoFisher Scientific 15240096) and then each hindbrain 

was transferred to a 6-12 well plate containing 1ml of room temperature Accutase (Stem Cell 

Technologies 07920).  Hindbrains were mechanically dissociated with a P1000 pipette and 

incubated in a humidified incubator at 37C for a total of 10 minutes.  The cell mixtures were 

then passed through a 70mm nylon filter (BD Falcon, 352350) and combined with 5 ml 

Astrocyte medium (DMEM containing 10% FBS, 2mM L-Glutamine, 100U/ml 

Penicillin/Streptomycin and 200ml/ml N2 serum supplement) and centrifuged at 820rpm 

in a Beckman Coulter AllegraTM 6R Centrifuge for 7 minutes.  The cell supernatants were 

discarded and the pellets resuspended with 5 ml of astrocyte media.  The mixtures were 

centrifuged again, the supernatants discarded and the cell pellets were resuspended in 1ml 

Astrocyte Medium.  Astrocytes derived from each animal were separately plated in a single 

well of a 24 well plate on a glass coverslip previously coated with Poly-L-Lysine (Sigma-

Aldrich P6282).  The media was changed after 24 hours and then again every three days until 

the cells became confluent.  Once the cells reached confluence, the plate was placed on a 225 

rpm orbital shaker at 37º C overnight to dislodge non-adherent cells.  The following day, the 

media was changed and the cells were placed back into the incubator to recover for 48 hours.  

After 48 hours, the cells were treated with 1mM Cytosine Arabinoside (AraC, Sigma Aldrich 

C1768) overnight and then let recover for another 48 hours.  This technique yields a roughly 

98% pure astrocyte culture.   

 

Fluo-8 Dye Loading and Calcium Imaging 

After the 48 hours of recovery post-AraC treatment, the astrocyte cultures were subjected to 

dye loading and calcium imaging.   Cells were incubated for 30 minutes in a humidified 

incubator at 37ºC, 5% CO2 with 2-5 mg/ml Fluo8 (Abcam ab142773) in aCSF (120 mM NaCl, 

21 mM NaHCO3, 0.58 mM NaH2PO4, 8 mM KCl, 1.5 mM MgCl2, 1.26 mM CaCl2, 30 mM 

glucose, equilibrated with 95% O2 and 5% CO2 for 20 minutes and pH was adjusted to either 

7.4 or 7.2 with HCl or NaOH).  The cultures recovered by incubating with aCSF (pH 7.4) in a 

37ºC, 5% CO2 humidified incubator for another 30 minutes. Coverslips were individually 

placed on an open bath recording chamber (RC-22C Warner Instruments) set up with a 
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single channel heater controller (110-230 VAC, 50/60Hz, Harvard Apparatus) set to 

maintain the aCSF at 30ºC in the chamber.  The aCSF was perfused using gravity flow at a 

rate of 1ml/min and constantly bubbled with a 95% Oxygen and 5% Carbon Dioxide.  For 

acidification challenge, aCSF, pH 7.4 perfusates were switched to aCSF, pH 7.2 for the 

challenge, and then returned to aCSF, pH 7.4.  During the experiments, the pH was 

continuously monitored to observe for pH drift, and aCSF was made fresh before each 

experiment.  For the hypoxia challenge, aCSF was kept at pH 7.4 and was either bubbled in 

95% Oxygen and 5% Carbon Dioxide (carbogen), or bubbled in 100% Nitrogen gas for 1 hour 

prior to experiment.  Of note, after N2 gas bubbling, the buffer increased in pH due to 

precipitation of Ca(HCO3)2.  We attempted to return the pH to 7.4 in this buffer by titrating 

back the pH to 7.4 after 20 minutes of bubbling and continued to bubble Nitrogen 

throughout the experiment.  Perfusates were switched from aCSF/ Carbogen to 

aCSF/Nitrogen gas for the hypoxia challenge, and then perfused with aCSF/Carbogen for 

recovery.  N2 gas is commonly used to de-oxygenate aCSF (Angelova et al., 2015). 

The cells were visualized using an upright Zeiss Axioskop 2 mot plus microscope 

using a 10X air objective with an LED lightsource of 470nm (Prismatix, Israel) and movies 

were captured using an Andor iXon Ultra CCD camera operating at 10 frames per second 

with exposure time of 90ms.  Movies were captured using mmanager software (freeware) 

and began 2 minutes after the sample was placed in the bath and 2 minutes after the pH was 

changed.  All movies were taken for a duration of 3 minutes. Once captured, movies were 

subjected to analysis in Matlab (MathWorks Inc., Natick, MA) to determine active regions 

and synchronicity. The code was written based on the software CaSCaDe (Ca^{2+} Signal 

Classification and Decoding) in Agarwal, et al.  (Agarwal et al., 2017). The complete workflow 

was carried out as follows. First, a noise reduction was applied on each frame of the movie 

with the Gaussian filter of size 45*45. Next, the data was projected and averaged along the 

time axis. From the averaged data, local maximums of fluorescence intensity are labelled out 

using threshold of \mu_{bg} + 2\sigma_{bg}, where \mu_{bg} and \sigma_{bg} are the 

mean and standard deviation of the intensity level, respectively. Then, the intensity time 

series from all local maximal regions are normalized after subtracting \mu_{bg}, and the 

active regions are picked out for those having peak signals of intensity greater than 5.0 over 

4 adjacent frames. Peaks from different active regions that have more than 50 percent 

overlap in time are considered as synchronized and automatically detected.  
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Statistical analysis 

Respiratory physiology experiments in conscious mice:  All custom R-scripts utilized in the 

proposed research are located in supplemental information.  Data were analyzed by one or 

two-way ANOVA with repeated measures with differences between groups determined using 

Sidak multiple comparisons in the SPSS Statistics software (version 22, IBM, Armonk, NY) 

or GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).  Assumptions of the two-way 

ANOVA were tested with the Shapiro-Wilk test for normality on error residuals for both 

between and within subjects (R statistical software package version 3.2.0; R Core Team, 

2013). Assumptions of the one-way ANOVA for normality were also confirmed with the 

Shapiro-Wilk test. Student’s T-test was used to compare each outcome between control and 

experimental groups for the neurobehavioral experiments. Test statistics where p<0.05 were 

considered significant. 

 

Unbiased stereological quantification of astrocyte ablation and PHOX2B immunoreactive 

cells in the ventral lateral medulla, and serial section quantification of PHOX2B- and TH-

positive cells:  For each group, n = 3 animals were used as described previously by our group 

(Otero et al., 2014; Gokozan et al., 2016; Gygli et al., 2016).   Arithmetic means for each 

structure were determined for control and experimental groups, and statistical hypothesis 

testing was performed by Student’s T-test.  Serial section quantifications for PHOX2B in 

NTSc, and RTN and of TH in C1 were performed in n = 4 animals per group (Control was 

ALDH1L1loxp-GFP-loxp-DTA, experimental was PHOX2Bcre, ALDH1L1loxp-GFP-loxp-DTA).   

 

Sleep physiology experiments:  N = 4/sex/genotype Differences in sleep architecture (% 

time in each state, # of bouts, and bout durations), as well as activity over an entire baseline 

recording period were analyzed using repeated-measures ANOVAs with genotype and sex as 

independent variables. To provide time-point-specific analysis, two-tailed student’s t-tests at 

each time point were used. A p < 0.05 (two-tailed) alpha was considered significant. All 

statistical analyses were completed with SPSS Statistics software (version 22, IBM, Armonk, 

NY) or GraphPad Prism 5.0 (GraphPad Software, San Diego, CA).   

 

Neurobehavioral experiments:  Anxiety testing was performed as described previously by 

our groupv(Gygli et al., 2016).  Student’s T-test was used to compare each outcome between 

control and experimental groups. 
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In vitro astrocyte calcium signaling quantification:  The number of active domains was 

determined and analyzed by an automated image analysis algorithm described above.  Mean 

active domains, fold synchronization, and fold increase in mean active domains were plotted 

using Rv3.4.1.  Each movie was obtained from one cover slip recording per animal in the 

hypoxia and acidification challenge experiments.  Brainstem astrocyte preparations were 

obtained from one animal from the following two groups:  Control group is ALDH1L1loxp-GFP-

loxp-DT; experimental group is PHOX2Bcre, ALDH1L1loxp-GFP-loxp-DTA.   Statistical hypothesis 

testing was performed by ANOVA/TukeyHSD test. 

 

Ultrastructural morphometry analysis:  Transmission electron photomicrographs were 

captured while experimenter was blinded to genotype from the RTN/VLM area and 

morphometric analysis was performed manually using FIJI.  All parameters were evaluated 

post-hoc.  Synaptic area and perimeter EM data was pooled for each group for statistical 

analysis as described previously (Hazai et al., 2013).  For the autophagic vacuole analysis, the 

mean % axon terminals containing autophagosomes was calculated for each animal and then 

averaged per group.  Shapiro’s test of normalcy was used to evaluate the nature of the data, 

followed by a student’s T-test. 

 

Results 

PHOX2B biased progenitor cells generate astrocytes 

In order to determine the effects of PHOX2B on astrocyte differentiation, we utilized 

the NestinPhox2B embryonic stem (ES) cell model, which expresses PHOX2B under the control 

of the Nestin promoter (Panman et al., 2011).  ES cells were differentiated into hindbrain 

neurons and glia using retinoic acid (Otero et al., 2004a).  These data are illustrated in Fig. 

1A.  As expected, neuron production was accelerated in the PHOX2B expressing neural stem 

cells relative to controls, with robust neurofilament-positive neurites appearing 8 days after 

embryoid body formation.  Ultimately, both groups generated extensive pools of astrocytes 

following retinoic acid induction 7 days post-plating on matrigel/15 days total differentiation 

(Figs. 1A-E).  We conclude that PHOX2B expression in ES cell-derived neural stem cells 

does not prevent astrocyte development in the NestinPhox2B embryonic stem (ES) cell model.   

To confirm these data in vivo, we interbred PHOX2Bcre mice to a series of lineage 

tracer mice, and performed neuroanatomical analyses (Fig. 2 shows transgenic strategy, and 
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Fig. 3).  Although the majority of the PHOX2B derived brainstem cells are neuronal, a 

significant population of astrocytes characterized by robust GFAP expression are located in 

the ventral lateral medulla in areas overlapping with the retrotrapezoid nucleus (RTN) 

(Figs. 3A-D). These PHOX2B-derived astrocytes do not express PHOX2B.  We verified 

these data using other, independent transgenic strategies.  These included PHOX2Bcre, 

ROSAGFP, which also showed GFAP-positive, GFP-positive astrocytes in the RTN region (Fig. 

3E, Fig. 1A for transgenic strategy).  Similar findings were also seen in PHOX2Bcre, 

ROSAGNZ animals (Fig. 3F1, Fig. 1E for transgenic strategy).  

Next, we tested the extent to which PHOX2B-derived astrocytes could be labelled 

using an intersectional genetic strategy, shown in Figs. 3G-I (Fig. 1C for transgenic 

strategy).  In these experiments, which utilize a different promoter design than the 

PHOX2Bcre (Hirsch et al., 2013), cells expressing the astrocyte promoter ALDH1L1 and 

PHOX2B show GFP expression, whereas PHOX2B expression alone promotes tdTomato 

expression. We note that PHOX2B-derived, ALDH1L1-derived cells are morphologically 

consistent with astrocytes and make intimate contacts on the cell body and dendritic 

arborization of PHOX2B-derived cells that are morphologically consistent with neurons 

(Figs. 3H-I).   The GFP labelled population (indicating ALDH1L1 expressing PHOX2B-

derived cells) in these intersectional genetics experiments was smaller than the NKX2.2cre-

derived tdTomato expressing cells (Fig. 4), possibly indicating that the population of 

PHOX2B-derived astrocytes in the RTN represents a sub-population of all of the RTN 

astrocytes. 

 We next sought to understand the possible progenitor domains that give rise to 

ventral medullary surface astrocytes.  By using OLIG3 and Rosa tdTomato reporter mice, we 

noted that ventral medullary astrocytes were not derived from OLIG3-expressing cells, 

indicating that they were not derived from the dA3 embryonic progenitor domain (Fig. 4). 

However, we noted a robust appearance of ventral medullary astrocytes derived from 

NKX2.2-expressing cells, suggesting that these cells may be derived from the pMNV 

progenitor domain, an area characterized by overlapping and non-overlapping embryonic 

PHOX2B and NKX2.2 expressing progenitor cells (Fig.4 B-B’).   

We also characterized Aldh1L1 expression in developing hindbrain progenitor cells to 

ensure that PHOX2B expression preceded ALDH1L1 expression. Our data show that Aldh1L1 

is absent from PHOX2B progenitor cells in the pMNv domain at E10.5 (Fig. 4C), a 

timepoint characterized by robust visceral motor neuron formation (Pattyn et al., 2003).  We 

therefore conclude that the GFP expressing cells are not the result of Aldh1L1 expression in 

pMNv embryonic progenitors, but that these cells first expressed PHOX2B followed by 
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Aldh1L1 expression at later developmental time points.  The close contact observed between 

PHOX2B-derived neurons and glia taken together supports the existence of a unique 

neuroglial unit for autonomic function. We further deduce that these PHOX2B-derived RTN 

astrocytes are not derived from the dA3 (i.e., OLIG3/PHOX2B-domain). Rather, these 

PHOX2B-derived astrocytes represent glia generated in the pMNv progenitor domain.   

 

Astrocyte ablation is centered in the ventral lateral medulla 

 Having demonstrated PHOX2B-derivation of RTN astrocytes and RTN neurons, we 

next set forth to determine the extent to which ablation of these astrocytes affected 

physiological conditions.  To achieve this goal, we utilized the astrocyte ablation technique 

described by Tsai et al (Tsai et al., 2012).  In this model, the astrocyte-specific ALDH1L1 

promoter induces GFP expression in the absence of cre recombinase and diphtheria toxin A 

(DTA) in the presence of cre recombinase (see Fig. 1B for transgenic strategy).  We 

interbred these ALDH1L1loxp-GFP-STOP-loxp-DTA mice to PHOX2Bcre mice and found that these 

mice were born under expected mendelian ratios.  We first sought to determine if the 

number of RTN PHOX2B-immunoreactive neurons was significantly different between these 

animals.  To test this, we performed two independent analyses utilizing distinct PHOX2B 

antibodies as well as distinct quantification workflows (unbiased stereology vs. serial section 

immunohistochemical analysis).  We did not find a significant difference in total PHOX2B-

positive neuron number nor in PHOX2B-positive rostral-caudal distribution of RTN neurons 

(Figs. 5A1-A3, 5C1-C3).  We also did not find any differences in the catecholaminergic C1 

PHOX2B-positive/TH-positive neurons between groups nor in commissural NTS PHOX2B-

positive cells (Figs. 5D1-E3).  We conclude that DTA expression in PHOX2B-derived, 

ALDH1L1-expressing cells does not alter the generation of PHOX2B-positive neurons in 

these regions. 

Upon evaluation of the RTN region, we did not observe an appreciable decrease in 

GFAP-positive or ALDH1L1-positive cells.  Objective quantification of astrocytes is fraught 

with caveats (Ostergaard & Jensen, 2013), especially in the RTN region where, unlike in the 

cerebrum (Bushong et al., 2002; Ogata & Kosaka, 2002), astrocytes show highly overlapping 

domains (Sheikhbahaei et al., 2018).  These highly overlapping RTN astrocyte domains 

preclude objective and accurate quantification by cytoplasmic glial markers. We were 

therefore obligated to validate the extent of glial ablation through genetic methodologies.  

This was made possible by taking advantage of the ROSAGNZ transgenic mouse, which 

expresses beta-galactosidase in cells after cre-mediated recombination (see graphical 

depiction in Fig. 1E).  In both experimental and control groups, PHOX2Bcre derived cells 
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express GFP fused to beta-galactosidase, and therefore show Xgal positivity.  Unbiased 

stereological quantification of Xgal-positive cells in the RTN region yielded a significant 

difference of ~800 fewer cells in the experimental mice, with 400-600 Xgal-positive cells 

remaining in the experimental animals (Figs. 5B1-3), a value approximating the total 

number of RTN PHOX2B-positive neurons (Fig. 5A3 and 5C3).   

Cytoarchitectural analysis of the ventrolateral medulla was performed by confocal 

microscopic analysis of brainstem sections stained with GFAP, PHOX2B, ISLET1, tyrosine 

hydroxylase (TH), Tryptophan Hydroxylase (TrpOH), Galanin, and NKR1 antibodies (Figs. 

5F-I and Suppl. Fig. 1). The ventrolateral medulla (VLM) did not demonstrate any overt 

defects in astrocyte quantity, astrocyte morphology and cytoarchitecture, RTN neurons, 

facial nucleus (VII) neuron morphology, nor neurochemical composition of VLM neurites 

(Figs. 5F-I).  Although brainstem astrocytes show distinct morphologies to cortical 

astrocytes (Sheikhbahaei et al., 2018), thus making the definition of brainstem gliosis 

challenging, we did not find an increase in astrocyte number nor morphologies in the 

PHOX2B astrocyte ablated mice in the RTN region.   We also tested the extent to which 

PHOX2B-astrocyte ablation resulted in changes in the number of PHOX2B-derived cells in 

the Locus Coeruleus, Dorsal Motor Nucleus of the Vagus Nerve, and VII nucleus, all of which 

are known to be PHOX2B-derived (Figs 5J-M).  N0 significant difference existed in 

PHOX2B-derived cells in these regions, suggesting that PHOX2B-progenitor cells do not 

significantly contribute glia to these structures.  We conclude that ablation of PHOX2B-

derived astrocytes is specific to the RTN, and further conclude that the number of PHOX2B-

positive cells in the RTN, and cNTS were not reduced in PHOX2B-astrocyte ablated animals.    

 

Ablation of PHOX2B-derived astrocytes results in chemosensory impairment 

and moderate vigilance state fragmentation 

 Having verified that ablation of PHOX2B-derived, ALDH1L1 expressing cells does not 

affect development of PHOX2B-derived neurons, we tested the hypothesis that ablation of 

PHOX2B-derived astrocytes would result in chemosensory respiratory defects in mice.  We 

first performed neurobehavioral analyses and found that PHOX2B-astrocyte ablation did not 

change anxiety (elevated plus maze test) or socialization behaviors (Suppl. Fig. 2). Having 

determined no changes in anxiety, we next set our task to determine if PHOX2B-derived 

astrocyte ablation resulted in defects of chemosensory control.  Negative control mice 

genotypes were ALDH1L1loxp-GFP-STOP-loxp-DTA.  Experimental astrocyte ablated mouse 

genotypes were PHOX2Bcre, ALDH1L1loxp-GFP-STOP-loxp-DTA (PHOX2B-derived astrocyte 

ablated). We performed these experiments in P1 pups,  juvenile mice (P21) as well as adult 
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mice.  Juvenile or adult PHOX2B-derived astrocyte ablated mice did not change baseline 

breathing (juvenile: VT: 12± 0.5 vs. ALDH1L1DTA: 11 ± 0.3 l/g, p = 0.2; fR: 252 ± 8.2 vs. 

ALDH1L1DTA: 260 ± 8.9 bpm, p = 0.5 and VE: 3028 ± 93 vs. ALDH1L1DTA: 2920 ± 107 

l/min/g, p = 0.5) and (adult: VT: 13± 0.4 vs. ALDH1L1DTA: 14 ± 0.1 l/g, p = 0.1; fR: 216 ± 12 

vs. ALDH1L1DTA: 212 ± 15 bpm, p = 0.8 and VE: 2854 ± 242 vs. ALDH1L1DTA: 2971 ± 218 

l/min/g, p = 0.7) (Figs. 6A-D; H-J ). We did not find a significant change in the baseline 

total respiratory cycle (TTOT), inspiratory time (TI) or expiratory time (TE) between 

PHOX2Bcre, ALDH1L1DTA and ALDH1LDTA (Figs. 6E-G; K-M).  

Increase in breathing parameters elicited by hypercapnia (7% CO2) were not different 

in PHOX2Bcre, ALDH1L1DTA compared to the control ALDH1L1DTA (Fig. 7). In contrast, adult 

PHOX2Bcre, ALDH1L1DTA mice showed a significant decrease in HVR (8% O2, bal N2) (Figs. 

7A-D). For example, the increase in VT (14± 0.7 vs. ALDH1L1DTA: 17 ± 0.6 l/g, p = 0.005) 

and VE: 3101 ± 303 vs. ALDH1L1DTA: 4247 ± 280 l/min/g, p = 0.04) elicited by hypoxia 

were reduced in PHOX2Bcre, ALDH1L1DTA conscious mice. No change in TTOT, TI or 

expiratory time TE were noticed during hypoxia or hypercapnia between PHOX2Bcre, 

ALDH1L1DTA and ALDH1LDTA (Figs. 6E-G; K-M and Fig. 7E-G; K-M).  We also found no 

significant difference in HVR in newborn P1 pups (Supplemental Figure 4).  Temporal 

evaluation of the hypoxic phase demonstrated an intact acute/phase I, indicating that the 

carotid body function is presumably intact. However, we found a significant reduction in VE 

in the hypoxic ventilatory roll-off phase/phase II.  These changes included reduced 

variability in breathing parameters during the roll-off phase in PHOX2B-ablated mice, as 

well as a more robust repression of ventilation during the roll-off phase in the PHOX2B-

astrocyte ablated mice (Suppl. Fig. 3).  We therefore conclude that PHOX2B-derived 

astrocytes regulate the roll-off/phase II of the hypoxic response.    

In order to inhibit the CO2 response of the carotid bodies, we subjected the animals to 

hyperoxic hypercapnia, a physiological maneuver that inhibits the carotid body modulation 

of the chemoreflex (Souza et al., 2018).  The experimental protocol is illustrated in Figure 

8, panel A.  We found no significant change in respiratory response during the hyperoxic 

hypercapnia challenge (Fig. 8, panel B).  However, in our cohort of PHOX2B-astrocyte 

ablated mice, the recovery period following the hyperoxic hypercapnic challenge was quite 

different, and was characterized by an abnormal return to baseline. Specifically, fR, and VE 

were increased while TI and TE was decreased at the new baseline after recovery in the 

PHOX2B-astrocyte ablated animals.  These data may indicate that PHOX2B-astrocyte 

ablated mice have an impaired ability to return to baseline following hyperoxic hypercapnic 

challenge. 
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 It is a well-documented phenomenon that patients harboring PHOX2B mutations 

display sleep disordered breathing (Weese-Mayer et al., 2010). Therefore, we sought to 

determine the extent to which ablation of PHOX2B-derived astrocytes affected sleep 

behaviors in these mice.  These mice were first implanted with wireless EEG/EMG 

biotelemeters and allowed to recover for two weeks.  Next, we performed 2 days of baseline 

sleep analysis on both male and female mice.  We recorded the amount of time spent in each 

vigilance state, number of bouts into each vigilance state, bout durations, as well as activity 

and transitions between each vigilance state.  After attaining these baselines, we performed a 

6-hour “gentle handling” sleep deprivation protocol, followed by an 18-hour recovery period.  

During the first 6 hours of recovery sleep, we also performed spectral analyses to ascertain 

the sleep quality.  We noted that PHOX2B-derived astrocyte ablated mice showed increased 

spontaneous activity compared to control mice (Suppl. Fig. 5).  No statistically significant 

differences in sleep timing or sleep amount was noted between groups (Fig. 9A-L). 

However, we noted that the PHOX2B-derived astrocyte ablated mice increased the number 

of wake bouts and transitions between vigilance states (Figs. 10A-F), suggesting 

fragmentation.  Furthermore, the response to sleep deprivation was different amongst the 

genotypes (Figs. 10G-J).  Although no changes in rebound sleep time were noted (Fig. 9M-

R), we observed that PHOX2B-derived astrocyte ablated mice had decreased EEG delta 

power during baseline waking and that females showed an increase in delta power during 

sleep recovery (Figs. 10G-H), indicating higher perceived sleep pressure following sleep 

deprivation. We conclude that PHOX2B-derived astrocyte ablated mice suffer moderate 

vigilance state fragmentation, increased activity, and altered EEG delta power during 

wakeful states and in response to total sleep deprivation.  

 

PHOX2B-derived brainstem astrocytes are not significantly more 

chemosensitive than non-PHOX2B-derived brainstem astrocytes 

The aforementioned data demonstrate that PHOX2B-derived astrocytes show non-

redundant functions with background astrocytes. We therefore set forth to identify the extent 

to which PHOX2B-derived astrocytes may show unique glial-sensory responses to either 

hypoxia or hypercapnia in vitro.  To achieve this, we cultured brainstem astrocytes using a 

protocol to obtain a >95% pure culture and performed calcium imaging experiments by 

loading the astrocytes with the calcium sensitive dye Fluo-8.  Fluctuations in intracellular 

calcium concentration are utilized as a proxy measure for astrocyte activation (Volterra et al., 

2014).   To identify PHOX2B-derived astrocytes, we extracted brainstems from PHOX2Bcre, 

ROSAtdTomato mice, which showed PHOX2B-derived astrocytes in red (Figs. 11A and 11F). 
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To determine the astrocyte response to hypoxia, we utilized two perfusate systems of 

artificial cerebrospinal fluid (aCSF): one equilibrated by bubbling in carbogen gas 

(95%O2/5%CO2) to represent normoxia, and hypoxic aCSF perfusate equilibrated with 100% 

N2 gas (Figs. 11A-B).  Representative examples of these videos are also shown in 

supplemental information (Suppl. Videos 1-10).  We note that many astrocytes showed an 

unexpected biphasic response to hypoxia.  A typical response is plotted in Figure 11B.  

Changing the baseline perfusate to the hypoxic perfusate causes an initial exponential 

increase in intracellular calcium, followed by a secondary linear phase.  Returning the 

perfusate from hypoxia to normoxia caused a rapidly exponential return to baseline 

intracellular calcium levels.  This response to hypoxia occurred in all cells, regardless of 

PHOX2B-derivation, in a synchronized fashion (Suppl. Video 1-4).  We next asked if these 

PHOX2B-derived astrocytes may play a role in hypoxia synchronization.  To test this, we 

generated brainstem astrocyte cultures from control animals and PHOX2B-derived astrocyte 

ablated animals (Figs. 11C-E).  We performed image analysis on these videos so that we 

could identify in an automated and unbiased fashion cells that showed fluctuations in 

intracellular calcium (see methods).  Note that in both conditions, a massive globally 

synchronized change in intracellular calcium concentration occurs upon the initiation of 

hypoxia and on the re-institution of normoxia (see yellow rectangles on the raster plots of 

Fig. 11 C2, C3, D2, and D3). We conclude that PHOX2B-derived astrocytes are not 

required for globally synchronized astrocyte activation in response to hypoxia in vitro.   

We performed parallel experiments to determine the extent to which PHOX2B-

derived astrocytes were activated upon hypercapnia (Fig. 11F).  Cells were loaded with the 

calcium sensing dye Fluo-8, and imaged using time-lapse video epifluorescent microscopy as 

the cells were exposed to a perfusate of artificial cerebrospinal fluid (aCSF) set to two pH 

settings:  first baseline (pH 7.4) and then acidification challenge (pH 7.2) (Figs. 9F-G). The 

response to acidification of these brainstem astrocytes was markedly different to the hypoxia 

response above.  Representative examples of these videos are also shown in supplemental 

information (Suppl. Videos 7-10).  Many cells reacted to the acidification, but not 

necessarily by increasing activity.  For instance, the cell plotted in Fig. 11G showed rhythmic 

fluctuations during baseline, which were abrogated following transition to the more acidic 

perfusate.  Overall, we found that 20-50% of the cells showed increased bursting activity 

upon acidification with no difference identified between PHOX2B-derived and non-

PHOX2B-derived astrocytes (Fig. 11H).  We also did not identify significant synchronization 

of cell cultures of control of PHOX2B-astrocyte depleted cultures (Fig. 11I-N). In summary, 

we were unable to find a difference in response to acidification between PHOX2B-derived 

and non-PHOX2B-derived astrocytes.  We further conclude that astrocyte response to 

acidification is, in general, heterogeneous, and that the aforementioned in vivo physiological 
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defects elicited by ablating PHOX2B-derived astrocytes is likely not caused by a dysfunction 

of glial chemosensory responses to hypoxia or hypercapnia. 

 

Ablation of PHOX2B-derived astrocytes results in neuronal dystrophy-like 

neuropathology in the RTN 

 The above data indicate that PHOX2B-derived astrocytes of the ventral lateral 

medulla modulate the second phase of the hypoxic ventilatory response, and that PHOX2B-

derived astrocytes do not represent a chemosensitive-enriched astrocyte population.  These 

data indicate that PHOX2B-derived astrocytes may regulate the chemosensory control of 

breathing through different mechanisms.  Prior studies have shown astrocytes to be critical 

in synaptic integrity and circuit organization (Molofsky et al., 2014). Therefore, we tested if 

there were any ultrastructural cytoarchitectural findings that could mediate the physiological 

dysfunctions identified.  To achieve this, we imaged the RTN region by electron microscopy 

to evaluate axon terminal morphology and axon terminal organelles (Fig. 12).  We noted 

that axon terminals in the mutants were on average larger in area and perimeter (Figs. 

12H,I).  Furthermore, we noted an increase in the percentage of axon terminals showing 

autophagic vacuoles/phagosomes (Figs. 12A-D, G).  The proportion of axon terminals with 

other organelles, including mitochondria and dense core neurosecretory vesicles, was not 

different between groups (Figs. 12P, Q).   These neuropathological findings are similar to 

those found in neuroaxonal dystrophies (Schmidt et al., 2008; Inoue et al., 2013), which are 

characterized by constant formation-degeneration-reformation of synapses.  In summary, 

PHOX2B-derived, astrocyte ablated mice show synaptic pathology characterized by 

dysmorphic neuroaxonal morphology, suggesting an underlying defect in the afferent input 

into the RTN.  These data suggest that PHOX2B-derived astrocytes may play a role in 

regulating the synaptic integrity of neuronal inputs into RTN neurons. 

 

Discussion 

 

 Our data indicate that a subset of RTN astrocytes, derived from PHOX2B-positive 

progenitor cells, modulate the chemosensory control of breathing and furthermore are not 

redundant with other RTN astrocytes.  These data align well with recent findings implicating 

astrocytes in the modulation of breathing circuits (Sheikhbahaei et al., 2018). The 

observation that PHOX2B-derived progenitor cells give rise to both astrocytes and neurons, 

albeit from different embryonic domains, indicates that physiologically relevant neuron-glial 

units show developmental relationships in the brainstem.   Neurophysiological deficits 



 

This article is protected by copyright. All rights reserved. 

occurring in adult animals that suffered embryonic ablation of a small number of cells 

underscores the need for finely orchestrated integration of developing astrocytes with their 

neurons.  Indeed, the notion of developmentally linked neuronal circuits is not new for 

PHOX2B-derived cells.  Seminal discoveries over 20 years ago showing that PHOX2B 

expression could delineate physiologically-linked afferent and efferent medullary pathways 

of neuronal autonomic circuits underscored that PHOX2B functions to not only pattern 

neural tube progenitor domains, but also instructs circuit patterning (Tiveron et al., 1996). 

Our data indicate that the principal of integrated PHOX2B-derived circuits extend also to 

astrocytes which play active roles in PHOX2B-dependent circuit functions.  Manipulation of 

regional and subregional astrocytes and their genes, in combination with functional studies 

of neuron-glial interactions in specific networks, will bring novel insights into the ever 

evolving plethora of astrocyte roles in the neurophysiology. 

 

Contribution of PHOX2B-derived astrocytes to breathing and medullary 

synaptic integrity 

 Astrocytes are sensitive to both pH (Gourine et al., 2010) and hypoxia (Angelova et 

al., 2015; Teschemacher et al., 2015; Turovsky et al., 2015).  Our calcium imaging data 

demonstrates that hypoxia has a profound effect on astrocyte physiology, resulting in 

globally synchronized activity.   In contrast, the response to acidification is heterogeneous, 

suggesting that different astrocytes are react to acidification differently.    These primary 

chemosensory roles are redundant between PHOX2B-derived and non-PHOX2B-derived 

astrocytes. We propose that PHOX2B-derived astrocytes share principal functions 

related to the chemosensory control of breathing.  These astrocytes likely participate in the 

circuits regulating CNS-dependent secondary hypoxic ventilatory depression, 

complementing emerging evidence showing astrocytes participating in hypoxia effects on 

breathing (Angelova et al., 2015; Gourine & Funk, 2017). Purinergic signaling mechanisms 

have been attributed to these effects, since P2 receptor blockade in the ventrolateral medulla 

augments the hypoxia-induced secondary depression of ventilation in adult rats (Gourine et 

al., 2005).  Our study focused on the fact that astrocyte regulated CNS hypoxic ventilatory 

response is also shared by PHOX2B-derived, RTN astrocytes in adult mice. Whether this 

specific population of astrocytes exerts its role through purinergic signaling in neurons is the 

subject of future investigation.  Our work also demonstrates that the PHOX2B-derived 

neurons, which are involved in the central hypercarbic chemoreflex, do not require 

PHOX2B-derived astrocytes for proper hypercapnia ventilatory response.   
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 In the present study, we propose that PHOX2B-derived astrocytes are critical for the 

maintenance of synaptic integrity. There is ample evidence showing that astrocytes exert 

metabolic, structural and functional effects on neurons, reinforcing the notion that 

interactions between astrocytes and neurons are necessary to maintain CNS homeostasis  

(Benarroch, 2010; Chung et al., 2015a; Chung et al., 2015b).  The enlarged axonal terminal 

morphology with the increase in autophagic vacuoles/phagosomes of afferent terminals into 

the RTN region noted in PHOX2B-derived astrocyte ablated mice is similar to that found in 

neuroaxonal dystrophies (Schmidt et al., 2008).  Autophagic vacuoles are known to be 

formed in axon terminals and transported retrogradely to the neuronal somata for final 

degradation (Cheng et al., 2015).  Neuroaxonal dystrophies ultimately result in neuronal 

degeneration and inefficient circuits (Yue et al., 2008).  Indeed, some authors have proposed 

that elevation in neuronal autophagic vacuoles is indicative of nutrient-deprived conditions 

(Nikoletopoulou et al., 2015).  Thus, dystrophic-like axonal terminal development may 

reflect lack of a supportive role that these astrocytes play in afferent pathways into the RTN, 

such as the hypoxic ventilatory response.     

 Classical studies describing the hypoxia ventilatory response were performed in the 

19th century by Corneille Heymans (for review see (Prabhakar & Semenza, 2015)).  Low 

levels of O2 stimulate carotid body glomus cells which then activate second order neurons in 

the nucleus of the solitary tract (NTS).  The NTS then directly activates the respiratory 

central pattern generator (rCPG) and the rCPG ultimately drives the breathing output 

(Guyenet, 2014).  A second mechanism relies on the existence of a central respiratory oxygen 

sensor, potentially mediated by brainstem astrocytes (Angelova et al., 2015; Gourine & Funk, 

2017). In this scenario, RTN astrocytes would be able to sense a decrease in brain 

parenchyma PO2 and trigger several biological cascades such as mitochondrial 

depolarization and activation of phospolipase C and IP3, which induce release of Ca2+, and 

enhanced ATP release (Huxtable et al., 2010). Although it is possible that PHOX2B-derived 

astrocytes could mediate the O2 chemosensory response, our findings of dysmorphic axon 

terminals in the RTN region raise the possibility that the O2 chemosensory response requires 

PHOX2B-derived astrocytes for efficient activation of the rCPG without the need of these 

PHOX2B-derived astrocytes to be the primary sensor of blood pO2.  We note that di-synaptic 

inputs which relay input from the NTS to the rCPG via RTN chemoreceptor neurons are 

strongly activated by peripheral chemoreceptor stimulation to provide powerful excitatory 

input to the rCPG (Takakura et al., 2006).   
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State dependent control by PHOX2B-derived astrocytes 

Our data show more transitions between NREM, REM and wake states in animals 

lacking Phox2B-derived astrocytes.  Specifically, both males and females display more wake 

bouts during the light cycle and females also show more bouts of NREM during the dark 

cycle.  Thus, although the amount of time spent in each state was unchanged, the structure of 

the sleep was distinct in the PHOX2B-astrocyte ablated animals.  Furthermore, despite the 

finding that the amount of time the animals slept in response to sleep deprivation was 

unchanged, changes in NREM delta power were observed during the sleep deprivation 

recovery.  NREM delta power is inversely related to prior sleep debt.  These results indicate 

that PHOX2B ablated mice enhanced NREM delta power responses to sleep deprivation, 

showing that they build more sleep pressure during an equal time of prior wakefulness.  

These findings are in-line with our fragmentation data, where moderate changes in 

sleep/wake stability (i.e., fragmentation) don’t allow these mice to get ‘good, deep sleep 

(NREM delta dominated)’. The mice must then make up for this deficit during recovery sleep 

in an attempt to restore sleep homeostasis.  These data provide evidence that PHOX2b 

astrocyte ablation fragments sleep (without changing the total amount; which is a phenotype 

observed in the debilitating sleep disorder such as narcolepsy (Khatami et al., 2007; Yun et 

al., 2017)), affecting sleep quality in response to sleep deprivation. 

These phenomena could be explained by two general hypotheses. The first is that the 

presence of PHOX2B-derived astrocytes is crucial to maintaining the proper function of 

circuits projecting from the brainstem to sleep control centers in the basal forebrain.  

Monoaminergic systems in the brain exert different physiological and behavioral modulatory 

influences on their widespread targets. These effects are related primarily to central 

regulation of autonomic functions, motor activity, and the sleep-wake-arousal cycle (Jouvet, 

1972; Astonjones & Bloom, 1981; Jacobs et al., 1990). Following this rationale, a dysfunction 

in these circuits precipitated by the lack of PHOX2B-derived astrocytes would result in sleep-

wake cycle disturbances. These sleep problems may or may not be caused by the existing 

chemosensation defect. Evidence in the literature suggests that increases in CO2 can lead to 

arousal in humans in the absence of changes in respiratory mechanoreceptor activity (Ayas 

et al., 2000). This observation could be the result of locus coeruleus noradrenaline-

containing neurons sending parallel signals into both the medullary respiratory network for 

adjustment of ventilatory drive, as well as to CNS structures responsible for arousal. Indeed, 

the activity of noradrenergic neurons in the locus ceruleus has an important role in the sleep-

wake cycle.  They discharge selectively during wakefulness and become silent during sleep 

(Hobson et al., 1975; Astonjones & Bloom, 1981).  If PHOX2B-derived astrocytes are 
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important in maintaining these proper firing patterns, then their absence could lead to 

alterations of sleep/wake patterns.  

Alternatively, the sleep phenotype of these mice could be attributed to a decrease in 

adenosine levels resulting from the absence of PHOX2B-derived astrocytes.  Indeed, 

adenosine increases sleep drive by modulating the activity of several neuron types in 

important sleep control areas, including the mesopontine tegmentum (Rainnie et al., 1994; 

Arrigoni et al., 2001), hypothalamus (Chamberlin et al., 2003; Morairty et al., 2004; 

Gallopin et al., 2005; Methippara et al., 2005; Liu & Gao, 2007) and basal forebrain (Alam et 

al., 1999; Thakkar et al., 2003). Astrocytes play a major part in the production of 

extracellular adenosine by secretion of ATP and have been shown to modulate sleep recovery 

of an animal after sleep deprivation (Halassa et al., 2009). This phenomenon could serve to 

explain the changes in wake spectral power exhibited by female mutants, perhaps indicating 

a role for this astrocyte population in female sleep drive.  Adenosine-mediated modulation of 

sleep drive could occur independently from the chemosensation phenotype and serve to 

amplify the already present effect of neuronal dysfunction due to the absence of PHOX2B-

derived astrocytes.  
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Figure Legends 

Figure 1:  PHOX2B expression does not prohibit astrocyte generation. 

Embryonic stem cells were differentiated by dilution and retinoic acid through embryoid 

body formation (schematic shown in A).  Controls included wild-type ES cells, and 

experimental ES cells contain a cassette that expresses PHOX2B under the control of the 

nestin promoter (NestinPHOX2B).  B-C represent confocal optical slices of embryoid bodies that 

underwent immunofluorescence analysis through whole-mount staining. Molecular markers 

are denoted on the left-hand box of each panel.  Top right indicates days of differentiation in 

each step (embryoid body phase in B-C and post-embryoid body dissociation and plating on 

martrigel in D-E, NF = neurofilament, EB = embryoid body).   
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Figure 2:  Graphical depiction of transgenic mouse strategies.  Several lines of 

transgenic mice were used to obtain lineage tracing results for PHOX2B-derived 

populations, including (A) the ROSAmT/mG, a cell membrane-targeted, two-color fluorescent 

Cre-reporter allele. When bred to PHOX2B-cre mice, cell membrane-localized GFP (mGFP) 

fluorescence expression is widespread in PHOX2B-expressing (cre-recombined) cells. (B) 

The ROSAloxP-STOP-loxP-tdTomato reporter mice harbor a loxP-flanked STOP cassette preventing 

transcription of a CAG promoter-driven red fluorescent protein variant (tdTomato). 

TdTomato is expressed in PHOX2B-derived tissues when bred to PHOX2B-Cre mice. (C) 

The RC::FrePe dual-recombinase responsive fluorescent allele has a frt-flanked STOP and 

loxP-flanked mCherry::STOP all preventing transcription of eGFP. FLP recombinase (by 

breeding with PHOX2B-flp mice) results in mCherry fluorescence, and further exposure to 

Cre recombinase (by breeding with Aldh1L1-cre mice) results in eGFP fluorescence in the 

overlapping populations.  Two recombination events are possible, namely (1) in which the 

PHOX2B promoter is first turned on, resulting in red fluorescence, followed by the Aldh1L1 

promoter, resulting in green fluorescence.  The second recombination event (2) consists of 

Aldh1L1 turning on first, with no resulting fluorescence, followed by PHOX2B, resulting in 

green fluorescence. (D) In this PHOX2B-derived astrocyte ablation strategy, we used a 

transgenic strain where Aldh1l1 promoter-active cells in the brain and spinal cord (the 

majority being astrocytes) express EGFP. Crossing with PHOX2B-cre mice results in Cre-

mediated excision of the floxed EGFP/Stop enabling DTA-mediated ablation of these cells. 

(E) For labeling single PHOX2B-derived cells we used GNZ knock-in mice which have 

widespread expression of a nuclear-localized green fluorescent protein/beta-galactosidase 

fusion protein (GFP-NLS-lacZ or GNZ) upstream of loxP-flanked STOP sequence. When 

bred to PHOX2B-cre expressing mice, the resulting GNZ fusion protein expression in the 

offspring allows for enhanced (single cell level) visualization. 
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Figure 3:  PHOX2B-derived Astrocytes Identified In Vivo 

Genotypes are on the top of each panel series, and molecular markers are illustrated on the 

left.  Panel (A) shows a low magnification, optically cleared specimen stained with GFAP 

(green) and showing endogenous tdTomato expression that was manually tiled.  Panels B, C, 

and D are higher magnification images of this specimen, illustrating a small quantity of 

PHOX2B-derived astrocytes located on ventral medullary surface.  In (E), a 

photomicrograph captured from the RTN region of an animal showing post-cre-mediated, 

constitutive expression of a membrane-tethered GFP protein (green); the sections were also 

stained with GFAP (pseudo-colored in red) showing PHOX2B-derived astrocytes in yellow .  

In F1, cre-mediated recombination induces expression of GFP fused to -galactosidase. Note 

the GFP-positive astrocyte on the edge of the medullary surface.  In F2, ablation of PHOX2B-

derived astrocytes does not abrogate expression of PHOX2B-derived neurons (F2, arrow) yet 

removes the PHOX2B-derived astrocytes from the medullary surface.   (G) Low power view 

of an intersectional transgenic mouse experiment, which results in tdTomato expression 

following flp-mediated recombination, and GFP expression following recombination by both 

flp- and cre-recombinase.  Flp was under the PHOX2B promoter, whereas the astrocyte 

marker ALDH1L1 controls cre-expression.  PHOX2B-derived/ALDH1L1-derived cells are 

labelled in green.  Two high magnification confocal slice series are shown in H1-I3, and show 

intimate associations between PHOX2B-derived/ALDH1HL1-derived cells and PHOX2B-

derived cells. 
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Figure 4:  Mapping of glial populations. Genotypes displayed on the top, and color 

coded molecular markers on the left.  Sections of the ventral medulla at the RTN/pFRG level 

from OLIG3cre, ROSAtdTomato mice show no contribution to ventral medullary astrocytes (A).  

In contrast, the NKX2.2cre, ROSAtdTomato animals show robust contribution of astrocytes to 

the RTN/pFRG (B).    Coronal section of rhombomere 4 (r4) at E10.5 stained with Aldh1L1 

and Phox2B.  (C’) Inset from (C) showing that progenitors that ultimately give rise to ventral 

medullary PHOX2B-derived cells do not express Aldh1L1 (image captured from the ventral 

neuroepithelium, spanning the pMNv domain.  Note PHOX2B expression in mitotic cells 

(arrows).  (D) Coronal section of VZ/SVZ stem cell populations that give rise to cortical 

neurons and glia. (D’) inset of (D) are illustrated as positive controls for ALDH1L1 

immunostaining. 
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Figure 5:  Ablation of PHOX2B-derived astrocytes results in cell loss only in the 

RTN/pFRG area of the ventral lateral medulla. 

A color coded schematic of the different nuclei analyzed is shown atop the panels.  RTN data 

is shown in panels A, B, C, F, and I; CNVII data is shown in Panel K; DMNV data is shown in 

panel J, NTS data is shown in panels E1-E3, and M. Locus ceruleus is shown in panel L.   

Genotypes are denoted on top row, and molecular marker evaluation is color coded on the 

left-hand box of each panel.  In F-I, all cells show DAPI in blue to label nuclei.  In panel A, 

hematoxylin incubation was performed without the “blueing” step so as to provide enhanced 

contrast between the aqua-green XGAL reaction and nuclei. All XGAL quantifications were 

performed on P21 mice.  Quantifications of panels A3, B3, and J-M, show in y-axis the total 

number of cells (bilaterally quantified in all structures by unbiased stereology), the box of the 

whisker plot represents the interquartile range, the solid black bar represents the median, 

the whiskers represent 1.5 X the interquartile range, and the p value of a student’s T-test is 

denoted on the top right corner of each box-whisker plot.   Quantifications of panels C3, D3, 

and E3 show serial section quantifications (y-axis) relative to bregma (x-axis).  Panels B and 

F are goat-anti-PHOX2B, whereas panels C-E are rabbit anti-PHOX2B antibody.  

Photomicrographs of structures quantified in panels J-M are shown in Supplementary 

Figure 1. 
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Figure 6: Hypoxic ventilatory response in juvenile and adult mice following 

PHOX2B-derived astrocyte ablation. 

A) Recordings showing the effect of PHOX2B-derived astrocyte ablation under normoxia 

and hypoxia (8% O2). Changes in B) minute ventilation (VE, ml/kg/min), C) tidal volume 

(VT, ml/kg), D) respiratory frequency (fR, bpm), E) total respiratory cycle (TTOT, s), F) 

inspiratory time (TI, s) and G) expiratory time (TE, s) in adult conscious ALDH1L1loxp-GFP-

STOP-loxp-DTA and PHOX2Bcre, ALDH1L1loxp-GFP-STOP-loxp-DTA mice under normoxia or hypoxic 

condition. Changes in H) minute ventilation (VE, ml/kg/min), I) tidal volume (VT, ml/kg), 

J) respiratory frequency (fR, bpm), K) total respiratory cycle (TTOT, s), L) inspiratory time 

(TI, s) and M) expiratory time (TE, s) in juvenile conscious ALDH1L1loxp-GFP-STOP-loxp-DTA and 

PHOX2Bcre, ALDH1L1loxp-GFP-STOP-loxp-DTA mice under normoxia or hypoxic condition. 

*different from ALDH1L1loxp-GFP-STOP-loxp-DTA (control) (Two-way ANOVA, p < 0.05); N = 

5/group of  mice. 
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Figure 7: Hypercapnic ventilatory response in juvenile and adult mice following 

PHOX2B-derived astrocyte ablation.  

A) Recordings showing the effect of PHOX2B-derived astrocyte ablation under normocapnia 

and hypercapnia (7% CO2). Changes in B) minute ventilation (VE, ml/kg/min), C) tidal 

volume (VT, ml/kg), D) respiratory frequency (fR, bpm), E) total respiratory cycle (TTOT, s), 

F) inspiratory time (TI, s) and G) expiratory time (TE, s) in adult conscious ALDH1L1loxp-GFP-

STOP-loxp-DTA and PHOX2Bcre, ALDH1L1loxp-GFP-STOP-loxp-DTA mice under normocapnia or 

hypercapnic condition. Changes in H) minute ventilation (VE, ml/kg/min), I) tidal volume 

(VT, ml/kg), J) respiratory frequency (fR, bpm), K) total respiratory cycle (TTOT, s), L) 

inspiratory time (TI, s) and M) expiratory time (TE, s) in juvenile conscious ALDH1L1loxp-GFP-

STOP-loxp-DTA and PHOX2Bcre, ALDH1L1loxp-GFP-STOP-loxp-DTA mice under normocapnia or 

hypercapnic condition.  *different from ALDH1L1loxp-GFP-STOP-loxp-DTA (control) (Two-

way ANOVA, p < 0.05); N = 6/group of mice. 
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Figure 8:  Defective recovery after hyperoxic hypercapnic challenge in mice 

following PHOX2B-derived astrocyte ablation. 

Protocol for hyperoxic hypercarpnia is depicted in panel A.  Response of hyperoxic-

hypercapnic response is plotted in B. See methods section for methodology.  In panels C – I, 

the defective respiratory pattern is illustrated.  On the two left-sided rows (C1-C2, D1-D2, E1-

E2, F1-F2, G1-G2, H1-H2, represent the entire recording period, unfiltered, of two 

representative animals. As shown in the key of C1, baseline is black, hyperoxia is brown, 

hyperoxic hypercapnia is red, and recovery is in blue.  Genotype is on top, and the parameter 

tested in on the bottom.   Panels C3, D3, E3, F3, G3, and I3 plot the best fit curve of the 

kernel density distribution.  Gentotypes are color coded in the top of C3, with PHOX2B-

derived astrocyte ablated animals shown in blue.  The baseline measurements are blotted for 

each of the parameters in C4, D4, E4, F4, and G4.  I4 shows the arithmetic mean of the 

rejection index during the recovery period.  F= frequency, TV = tidal volume, MV = minute 

ventilation, Ti = inspiratory time, Te = expiratory time.   
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Figure 9:  Sleep analysis in PHOX2B-astrocyte ablated mice. 

Percent of time spent in each vigilance state is plotted for males (A-F) 

and females (G-L). PHOX2B-derived astrocyte ablation does not alter 

amount of time spent in (A, G) NREM (B, H)  wake, or (C, I) REM sleep in 

male (A-F) or female (G-L) mice. (Error bars represent SEM, N = 

4/sex/genotype, * p < 0.05 student’s t-test).  PHOX2B-derived astrocyte 

ablation does not alter the normal REM or wake phases following sleep 

deprivation. Mice were sleep deprived (denoted by “SD” in panels) via 

gentle handling for 6 hours starting at ‘lights on’ (ZT 0), when sleep 

pressure was high. Male (M-O) and female (P-R) time spent (per 2 hour 

bin) in each vigilance state during sleep deprivation and recovery was 

not different between genotypes. The spectral components of the EEG 

were analyzed during 0-6 hours following sleep deprivation (recovery 

sleep; ZT 6-12). Neither males (c-d) nor females (g-h) showed changes in 

the spectral components of wake or REM states during recovery sleep. 

(Error bars represent SEM, N = 4/sex/genotype). 
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Figure 10:  PHOX2B-derived astrocyte ablation results in moderate vigilance 

state fragmentation, reduced delta power during waking in female mice and 

increased delta power in females after sleep deprivation. (a) representative 5 sec 

EEG/EMG traces from male and (b) female mice from each genotype. Each trace is 

accompanied by the vigilance state it was scored as (‘wake’, ‘NREM’, or ‘REM’).  (c) 

representative hypnograms of day two of baseline recordings for male and (d) female mice 

from each genotype.  Notice that the mutants have more transitions. (e) increased bout 

numbers in wakefulness (day 1 ZT 12 t = 2.715, p = 0.035; ZT 16 t = 2.861, p = 0.023, day 2 

ZT 14 t = 4.8, p = 0.003), and NREM sleep (day 2 ZT 12 t = 4.626, p = 0.0036, ZT 16 t = 

6.302, p = 0.0007) in male mice. More pronounced changes in (f) wakefulness bouts in 

female mice (day 2 ZT 6 t = 3.073, p = 0.02, ZT 8 t = 3.976, p = 0.007, ZT 10 t = 9.658, p = 

0.00007, ZT 12 t = 3.754, p = 0.009). (g) No changes were observed in the spectral power 

(during all of baseline recording) of wake state in male mice, but (h) we did observe altered 

wake spectral power in female Phox2b astrocyte-ablated mice.  Deletion of Phox2b-derived 

astrocytes alters the homeostatic response to sleep deprivation in female mice. NREM 

spectral power during 0-6 hours following sleep deprivation compared to baseline data 

collected at the same time on the previous day in (i) male and (j) female mice. Female mice 

lacking these astrocytes show enhanced delta (slow wave) power in response to a 6 hour 

sleep deprivation protocol. (error bars represent SEM; N = 4/group/genotype). (frequencies 

1.5 Hz, t = 2.716; p = 0.035, 2 Hz, t = 3.573, p = 0.012). (Error bars represent SEM, N = 

4/sex/genotype, *p < 0.05, student’s t-test). 
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Figure 11:   Chemosensory Analysis of PHOX2B-derived Astrocytes in vitro. 

In A, PHOX2B-derived astrocytes were identified by tdTomato expression (see genotype on 

left) identified by image capture of LED-illuminated samples (see wavelength on bottem left 

of panel).  A1 shows one image capture baseline live cells perfused with carbogen gas as raw 

black and white image.  A2 and A3 show Z-projection of summed activity during baseline 

carbogen recording or hypoxia recording, respectively.   In B, we graph a common waveform 

identified in individual cells with Mean Gray Value on y-axis and video frame number on x-

axis (1 frame per 100 msec); red lines demonstrate transition points where movie recording 

was stopped to institute the different perfusate (indicated on top of graph).  No differences 

were found between PHOX2B-derived astrocytes and non-PHOX2B-derived astrocytes. In 

panels C-D, brainstem astrocyte cultures derived from animals were analyzed for global 

synchronization of the culture with the genotypes delineated on top, and perfusate condition 

delineated on left (D denotes experiments with PHOX2B-derived astrocytes depleted from 

the culture).  In these raster plots, changes in fluorescence are shown by the blue-red color 

spectrum (right of each graph), x-axis shows time, and in y-axis is active domain number, 

which corresponds to cells that showed fluctuations in intracellular calcium.  Note that 

during hypoxia (C2 and D2) massive global synchronization is noted during hypoxia (yellow 

box) and an increase in active domains detected during this recording period.  In C3 and D3, 

we also noted a massive global synchronization during the return to normoxia.  We did not 

find a difference in the active domain numbers between these two genotypes.  Similar 

experiments are performed in the in vitro astrocyte acidification, which constituted changing 

the perfusate from aCSF pH 7.4, to aCSF pH 7.2.  In G, an example of a PHOX2B-derived 

astrocyte is plotted.  In H, the percentage of astrocytes showing increased activity in 

response to acidification is plotted and shows no change between conditions.  We also 

performed global synchronization experiments in J-N, and found no significant change in 

the fold increase in active domains (K-L) and no difference in the fold increase in 

synchronized events between conditions.  Representative movies are shown in 

supplementary videos 1-10. 
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Figure 12:  Ultrastructural Analysis of RTN Axon Terminals.   

Images are delineated by theme on the left-hand box and by genotype on the top boxes.  

Phagosomes localized to RTN axon terminals were noted of two types illustrated in panel A-

D (black arrow points to phagosome).  Some phagosomes were large, membrane-bound 

vesicles with electron-dense material, whereas others were membrane-bound, electron-

lucent vesicles.  PHOX2Bcre, Aldh1l1loxp-GFP-loxp-DTA showed a propensity to having larger axon 

terminals than controls (E, F).  Axon terminal phagosome quantification shown in (G).  Axon 

terminus area plotted in (H), and axon terminus perimeter plotted in (I). Ultrastructural 

morphology of the ventral lateral surface in control and PHOX2B astrocyte ablated animals 

shows no change between groups, with intermediate filament rich astrocyte foot processes 

extending to the pial surface and pial-arachnoidal fibroblast-like cells depositing collagen.  

Abundant dense core neurosecrotory granules were found in axon terminals in both groups 

(N-O, quantified in K).  We did not see differences in tripartite synapses (Q and R).  Boxplots 

in panels G, H, I, J, and K, solid line within the clear box denotes population median, clear 

box denotes the interquartile rage, and the whiskers denote 1.5 times the interquartile range.  

The p-statistic in top left of panels G, H, I, J, and K is derived from t-test. = mean. 
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