Supplementary Information 

LKB1 is the gatekeeper of carotid body chemo-sensing and the hypoxic ventilatory response: loss of function precipitates respiratory distress and Cheyne‑Stokes breathing during hypoxia

RUNNING HEAD: LKB1 carotid bodies and the HVR
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Supplementary Movie 1 - Hypoxic ventilatory response of control (TH-Cre) mouse.

Supplementary Movie 2 - Hypoxic ventilatory response of homozygous Lkb1 knockout mouse.

Supplementary Movie 3 - Hypercapnic hypoxic ventilatory response of homozygous Lkb1 knockout mouse.

Supplementary Movie 4 - Hypoxic ventilatory response of homozygous AMPKa1+a2 knockout mouse.
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Supplementary Figure 1 – Images show original gels for single cell end-point RT-PCR amplicons for tyrosine hydroxylase and LKB1 from acutely isolated adrenal medullary chromaffin cells from wild type mice (WT AMCs) and carotid body type I cells of wild type (WT CB1 cells) and conditional Lkb1 knockout mice (Lkb1 hom KO CB1 cells); NC = negative control (cell aspirant but no reverse transcriptase added); NEC = negative extracellular control (aspirant of extracellular medium).
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Supplementary Figure 2 - The mean ventilatory response to hypoxia is comparable between TH-Cre and C57/Bl6 mice. A-B, Upper panels show example records versus time and lower panels bar charts of mean±SEM for increases in minute ventilation (ml min-1) at the peak of the Augmenting Phase (A, ~30s), after Roll Off (RO, ~100s) and during the plateau of the Sustained Phase (SP, ~300s) of the ventilatory response to 12% and 8% O2 for TH‑Cre (black, n = 31) and wild type C57/BL6 mice (green, n = 6). 
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Supplementary Figure 3 - Conditional deletion of Lkb1 in carotid body type I cells blocks hypoxia‑evoked calcium transients. A-C, Bar charts show dot plots of F340/F380 ratios for calcium transients evoked by (A) 50 mM potassium, (B) hypoxia, and (C) the hypoxic response expressed as a ratio of the response to 50mM potassium. 
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Supplementary Figure 4 - Conditional deletion of Lkb1 in carotid body type I cells attenuates hypoxia-evoked afferent discharge from the carotid body in-vitro A, Individual values and mean±SEM of basal/normoxic chemoafferent activity measured in TH-Cre (n = 8), homozygous Lkb1 floxed (Lkb1 hom Flx; n = 8) and conditional homozygous Lkb1 knockout (Lkb1 hom KO; n = 7) groups. B, Individual values and mean±SEM of peak hypoxic frequency. C, Individual values and mean±SEM of PO2 required to achieve a frequency of 5 Hz, in TH-Cre and Lkb1 hom Flx. D, Individual values and mean±SEM of hypoxic response curve exponential rate constants, in TH-Cre and Lkb1 hom Flx groups.   
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Supplementary Figure 5 - Conditional deletion of Lkb1 in carotid body type I cells attenuates hypercapnia-evoked afferent discharge from the carotid body in-vitro
A, Individual values and mean±SEM of chemoafferent activity measured at a superfusate PCO2 of 40 mmHg and 80 mmHg (hypercapnia) in TH-Cre (n = 7), homozygous Lkb1 floxed (Lkb1 hom Flx; n = 6) and conditional homozygous Lkb1 knockout (Lkb1 hom KO; n = 4) groups. B, Individual values and mean±SEM of CO2 sensitivity (defined as change in frequency per mmHg increase in PCO2), for the 3 groups.  
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Supplementary Figure 6 - Conditional deletion of AMPK-1+2 in carotid body type I cells has no effect on hypoxia-evoked or hypercapnia evoked afferent discharge from the carotid body in-vitro A-D, Individual values and mean±SEM of basal chemoafferent activity (A), peak hypoxic frequency (B), PO2 at 5 Hz (C) and exponential rate constant (D) measured in TH-Cre (n = 8), AMPKa1+a2 floxed (AMPKa1+a2 hom Flx, n=10) and conditional homozygous AMPKa1+a2 knockouts (AMPKa1+a2 hom KO; n=8). E-F, Chemoafferent activity measured at a superfusate PCO2 of 40 mmHg and 80 mmHg (hypercapnia) (E) and CO2 sensitivity (F) for TH-Cre (n = 7), AMPKa1+a2 hom Flx (n=9) and AMPKa1+a2 hom KO (n = 9) groups.       
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Supplementary Figure 7 - Body Weight versus age for controls, Lkb1 floxed and Lkb1 knockouts. Values shown are mean ± SEM of body weight (g) versus age from 2 months to 12 months in 2 month intervals in control and transgenic mice used here. 
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Supplementary Figure 8 - Basal breathing frequency, tidal volume and minute ventilation of experimental mice. Bar charts show mean ± SEM for (A) breathing frequency (min-1) (B) tidal volume (ml g-1) and (C) minute ventilation (ml min-1 g-1) under normoxia for C57/BL6 (green, n = 9), TH-Cre (black, n = 11), Lkb1 homozygous floxed (Lkb1 hom FX, navy blue; n = 14), Lkb1 homozygous knockout (Lkb1 hom KO, red; n = 12), CaMKK2 wild type (CaMKK2 WT, purple), CaMKK2 knockout (CaMKK2 KO, light blue).
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Supplementary Figure 9 - The hypoxic ventilatory response is inversely related to the level of LKB1 expression. Dot plots and mean±SEM for breathing frequency, tidal volume and minute ventilation (ml min-1) during (A) 12% O2 and (B) 8% O2 at the peak of the Augmenting Phase (A, ~30s), after Roll Off (RO, ~100s) and during the plateau of the Sustained Phase (SP, ~300s) of the ventilatory response for TH-Cre (12% O2, n = 25; 8% O2, n = 37), Lkb1 homozygous floxed mice (Lkb1 hom Flx; 12% O2, n = 14; 8% O2, n = 15) which are globally hypomorphic (~90% loss of Lkb1) and conditional Lkb1 knockout mice (Lkb1 hom KO; 12% O2; n = 22; 8% O2, n = 30).
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Supplementary Figure 10 - The hypoxic ventilatory response remains unaffected after global CaMKK2 deletion. Dot plots and mean±SEM for CaMKK2 WT (n = 10) and global CaMKK2 (CaMKK-) KO mice (n = 10 exposures) show increases in minute ventilation (ml min-1) at the peak of the Augmenting Phase (A, ~30s), after Roll Off (RO, ~100s) and during the plateau of the Sustained Phase (SP, ~300s) of the ventilatory response to 12% and 8% O2
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Supplementary Figure 11 - The hypoxic ventilatory response is attenuated by AMPK deletion. Dot plots and mean±SEM for breathing frequency, tidal volume and minute ventilation (ml min-1) during (A) 12% O2 and (B) 8% O2 at the peak of the Augmenting Phase (A, ~30s), after Roll Off (RO, ~100s) and during the plateau of the Sustained Phase (SP, ~300s) of the ventilatory response for TH-Cre (12% O2;  n = 25; 8% O2; n = 37), Lkb1 homozygous floxed mice (AMPK-1+2 Double FX; 12% O2 n = 30; 8% O2; n = 13) and conditional AMPK‑1+2 knockout mice (AMPK-1+2 Double KO; 12% O2 n = 30; 8% O2, n = 26).
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Supplementary Figure 12 - Conditional deletion of Lkb1 in tyrosine hydroxylase expressing cells precipitates apnoea.  Dot plots and Mean±SEM for apnoeic index (per minute), apnoea duration (s) and apnoea-duration index (frequency x duration) for TH‑Cre (black; 12% O2, n = 19; 8% O2, n = 24), Lkb1 homozygous floxed (Lkb1 hom Fx; 12% O2, n = 16; 8% O2, n = 15) and conditional Lkb1 homozygous knockouts (Lkb1 hom KO; 12% O2, n = 17; 8% O2, n = 29) mice during exposures to 12% O2, 8% O2 and 8% O2 + 5% CO2.
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Supplementary Figure 13  – Respiratory dysfunction and apnoea are less severe for mice 90% hypomorphic for LKB1 than for conditional Lkb1 knockouts 
AI-DI, Exemplar Poincaré plots of the inter-breath interval (BBn) versus subsequent interval (BBn+1) during normoxia for controls (TH-Cre, black; 12% O2, n = 19; 8% O2, n = 24), Lkb1 homozygous floxed (Lkb1 hom Flx, blue; n = 16; 8% O2, n = 15) and conditional Lkb1 homozygous knockouts (Lkb1 hom KO, red; 12% O2, n = 17; 8% O2, n = 29) during (AI) normoxia, (BI) mild hypoxia (12% O2), (CI) severe hypoxia (8% O2) and (DI) severe hypoxic hypercapnia (8% O2 + 5% CO2). AII‑DII, Corresponding mean±SEM for the standard deviation (SD) of BBn and BBn+1 for each genotype and gas composition are shown for normoxia. BI, Poincaré plots of BBn versus BBn+1 for mild hypoxia (12% O2). E, Comparison for all genotypes tested of the mean±SEM for (I) apnoeic index (per minute), (II) apnoea duration (s) and (III) apnoea-duration index (frequency x duration) mild (12% O2) and severe (8% O2) hypoxia.
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Supplementary Figure 14  - Respiratory dysfunction and apnoea are less severe for mice that are ~90% hypomorphic for LKB1 than for conditional Lkb1 knockouts.  Dot plots and mean±SEM for the standard deviation (SD) of BBn and BBn+1 TH-Cre (n = 31), Lkb1 homozygous floxed (Lkb1 hom Fx; n = 16; 8% O2, n = 15) and Lkb1 homozygous knockout (Lkb1 hom KO; 12% O2, n = 17; 8% O2, n = 29) mice during normoxia and exposures to 12% O2 and 8% O2.  
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Supplementary Figure 15 - Conditional deletion of AMPKα1+α2 in tyrosine hydroxylase expressing cells does not precipitate Cheyne-Stokes-like ventilation even during prolonged exposure to severe hypoxia. 
Typical ventilatory record for conditional AMPKα1+α2 double knockout mice (AMPKα1+α2 hom KO) during a 10 minute exposure to severe hypoxia (8% O2).
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Supplementary Figure 16 - Lkb1 deletion attenuates the hypoxic ventilatory response in a manner that is pO2-dependent but does not block the hypoxic‑hypercapnic ventilatory responses or hypercapnic ventilatory responses. Exemplar records show the responses over a 5min period of exposures to (A) severe hypoxia (8% O2), (B) hypoxic hypercapnia (8% O2 + 5% CO2) and (C) hypercapnia (5% CO2) on (I) breathing frequency (min-1), (II) tidal volume (ml g-1) and (III) minute ventilation (ml min-1 g-1) in TH-Cre (black) and Lkb1 homozygous knockout mice (Lkb1 hom KO, red) with 2s sampling periods. Dashed black line indicating basal level, white line breaks indicate artefact of gas exchange.
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Supplementary Figure 17 - Conditional deletion of Lkb1 in tyrosine hydroxylase expressing cells markedly slows the hypercapnic ventilatory response. Dot plots and mean±SEM for increases in breathing frequency, tidal volume and minute ventilation at ~30s, 100s and 300s during exposures to (A) severe hypoxia (8% O2), (A) hypoxic‑hypercapnia (8% O2 + 5% CO2)  and (C) hypercapnia (5% CO2) for TH-Cre (8% O2 + 5% CO2, n = 17; 5% CO2, n = 20) and Lkb1 homozygous knockout (Lkb1 hom KO; 8% O2 + 5% CO2, n = 15; 5% CO2, n = 20).  
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Supplementary Figure 18 - Conditional deletion of AMPK in tyrosine hydroxylase expressing cells and the hypercapnic ventilatory response. Dot plots and mean±SEM for increases in breathing frequency, tidal volume and minute ventilation at ~30s, 100s and 300s during exposures to hypercapnia (5% CO2) for TH-Cre (n = 17), AMPK-1+2 homozygous floxed (AMPK-1+2 Double Fx, n = 20) and AMPK‑1+2 homozygous knockout (AMPK-1+2 Double KO, n = 23) mice.  
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Supplementary Figure 19 - Conditional deletion of AMPK in tyrosine hydroxylase expressing cells and the hypoxic‑hypercapnic ventilatory response. Dot plots and mean±SEM for increases in breathing frequency, tidal volume and minute ventilation at ~30s, 100s and 300s during exposures to hypercapnia (8% O2+ 5% CO2) for TH-Cre (n = 17), AMPK-1+2 homozygous floxed (AMPK-1+2 Double Fx, n = 20) and AMPK‑1+2 hom homozygous knockout (AMPK-1+2 Double KO, n = 22) mice.  
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Supplementary Figure 20 - Rank order of block of carotid body afferent fibre discharge and hypoxic ventilatory responses for LKB1 hypomorphs, Lkb1 and AMPK1+2 knockouts.  
A, Comparison of mean±SEM for the % change in minute ventilation at the peak of the Augmenting Phase (AP, ~30s), at ~100s following Roll Off (RO) and during the plateau of the Sustained Phase (SP, ~300s) during exposures to 8% O2 of Lkb1 homozygous floxed mice (Lkb1 hom Fx, blue), conditional Lkb1 knockouts (Lkb1 hom KO, red), and AMPKα1+α2 knockouts (AMPKα1+α2 hom KO, mauve). B, Comparison of mean±SEM for peak carotid body afferent fibre discharge for Lkb1 homozygous floxed mice (blue, n = 7), Lkb1 homozygous knockouts (red, n = 7), and conditional AMPKα1+α2 knockouts (mauve, n=5). *=p<0.05, **=p<0.01, ***p=<0.001, ****=p<0.0001.
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image21.tiff
Tablel  Core body temperature, Venous Blood Gas, and blood pH analysis

Lkblhom —AMPK | AMPK o AMPK a2 AMPK
Cs7/BI6 | THCre
KO  DowleFX| 1KO KO  DoubleKO
—
Temperature
o 354803 | 349:0.5 | 34703 | 358:04 | 356:04 364204 356504 NS
PO 437:89 | 60.7+10.5 | 347426 | 522425 | 538494 | 47.0:68 | 573289 | NS
(mmHg)
PCo, 642+36 | 807£7.0 | 712571 | 52.5%55 | 54.3%100 | 57.5:21 | 648+67 Ns
(mmHg)
pH 71003 | 7.120.03 | 7.120.03 | 722002 | 722009 | 72001 | 712002 | NS
=t 2=3 =3 =5 =4 =4 =4

Values shown as mean + SEM

Significance tested by one-way ANOVA
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