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Abstract 23 

Antenatal glucocorticoids improve outcomes among premature infants but are associated with 24 

hyperglycemia, which can exacerbate hypoxic-ischemic injury. It is still unclear how antenatal 25 

glucocorticoids or hyperglycemia modulate fetal cardiovascular adaptations to severe asphyxia. 26 

In this study, preterm fetal sheep received either saline or 12 mg i.m. maternal dexamethasone, 27 

followed 4 h later by complete umbilical cord occlusion (UCO) for 25 min. An additional cohort 28 

of fetuses received titrated glucose infusions followed 4 h later by UCO, to control for the 29 

possibility that hyperglycemia contributed to the cardiovascular effects of dexamethasone. 30 

Fetuses were studied for 7 d after UCO. Maternal dexamethasone was associated with fetal 31 

hyperglycemia (p<0.001), increased arterial pressure (p<0.001) and reduced femoral (p<0.005) 32 

and carotid (p<0.05) vascular conductance before UCO. UCO was associated with bradycardia, 33 

femoral vasoconstriction and transient hypertension. For the first 5 min of UCO, fetal blood 34 

pressure in the dexamethasone-asphyxia group was greater than saline-asphyxia (p<0.001). 35 

However, the relative increase in arterial pressure was not different from saline-asphyxia. Fetal 36 

heart rate and femoral vascular conductance fell to similar nadirs in both saline and 37 

dexamethasone-asphyxia groups. Dexamethasone did not affect the progressive decline in 38 

femoral vascular tone or arterial pressure during continuing UCO. By contrast, there were no 39 

effects of glucose infusions on the response to UCO. In summary, maternal dexamethasone but 40 

not fetal hyperglycemia increased fetal arterial pressure before and for the first 5 min of 41 

prolonged UCO but did not augment the cardiovascular adaptations to acute asphyxia. 42 

43 
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Introduction 44 

Hypoxic-ischemic encephalopathy (HIE) contributes to the life-long neurodevelopmental 45 

disabilities associated with premature birth, including cerebral palsy (2, 18, 51, 68). Mothers at 46 

risk of preterm birth are routinely given synthetic glucocorticoids, which are associated with 47 

marked improvements in short-term neonatal outcomes (64). The available evidence reassuringly 48 

suggests that antenatal glucocorticoids are not associated with adverse neurodevelopmental 49 

outcomes, overall (64). However, there is a considerable gap in our knowledge as to whether 50 

antenatal glucocorticoids modulate neurodevelopmental outcomes in the high-risk subset of 51 

preterm infants with perinatal HIE (7, 13, 18). Understanding the potential beneficial or adverse 52 

effects of antenatal glucocorticoids is critical to ensuring that they are used in the most effective 53 

and safe manner. 54 

In preterm fetal sheep, antenatal dexamethasone treatment (12 mg i.m.) 15 min after severe 55 

asphyxia moderately increased both white and grey matter brain injury (39), in association with 56 

EEG hyperactivity, altered coupling of cerebral blood flow and metabolism and exaggerated 57 

post-asphyxial hyperglycemia (46). More recently, we have shown that antenatal dexamethasone 58 

(12 mg i.m.) given 4 h before severe asphyxia in preterm fetal sheep was associated with 59 

hyperglycemia, exacerbation of post-asphyxial seizures, impaired EEG recovery and severe 60 

cystic white and grey matter brain injury after 7 d recovery (42). These effects were replicated by 61 

titrated glucose infusions starting 4 h before asphyxia, implicating hyperglycemia rather than 62 

dexamethasone exposure per se as the key mechanism through which dexamethasone 63 

exacerbated neural injury (42). A detrimental effect of hyperglycemia on perinatal hypoxic-64 

ischemic (HI) brain injury is consistent with findings in term neonatal dogs and piglets and near-65 
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term fetal sheep (48, 61, 72). Recently, postnatal hyperglycemia has been associated with worse 66 

outcomes in term and near-term human infants with HIE (4, 5, 55). 67 

Although dexamethasone and fetal hyperglycemia before asphyxia were associated with 68 

dramatic exacerbation of neural injury, both were associated with evidence of improved 69 

neurophysiological adaptation during the period of asphyxia, including increased EEG activity 70 

and less cortical cell swelling. This is consistent with the ‘glucose paradox’, whereby 71 

hyperglycemia initially provides short-term beneficial support of anaerobic metabolism, but 72 

ultimately leads to exacerbation of neural injury (50). There is limited information about whether 73 

or how synthetic glucocorticoids or hyperglycemia affect fetal cardiovascular adaptation to 74 

acute, severe asphyxia. 75 

There is evidence that glucocorticoids can support cardiovascular adaptation during moderate 76 

hypoxemia. For example, maternal dexamethasone treatment (two 12 mg doses i.m., 24 h apart), 77 

last dose given 8 hours before a one-hour period of moderate hypoxemia, was associated with 78 

more persistent fetal bradycardia, greater hypertension and increased femoral vasoconstriction 79 

(35). Nevertheless, dexamethasone exposure during hypoxemia was also associated with 80 

increased fetal glucose, lactate and neuropeptide Y levels, as well as greater acidemia, in 81 

addition to decreased cortisol and adrenocorticotrophic hormone levels (35, 36). These 82 

exaggerated responses were not maintained when hypoxemia was repeated three days later, 83 

suggesting the effects are either reversible or related to circulating levels of dexamethasone (35, 84 

36). These studies illustrate that dexamethasone modulates the adaptation to a moderate 85 

homeostatic challenge that does not threaten fetal survival. However, it remains unknown 86 

whether similar effects are observed during a period of severe asphyxia that would lead to severe 87 

HI brain injury. 88 
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In this study, we investigated the effects of antenatal dexamethasone on the fetal cardiovascular 89 

adaptation during and after severe asphyxia using a clinically relevant dose and route of 90 

administration (12 mg dexamethasone phosphate by maternal i.m. injection) given 4 h before 91 

asphyxia in preterm fetal sheep at 0.7 of gestation, when brain maturity is broadly equivalent to 92 

the 28-32 week human preterm fetus (3, 54, 59). We then examined whether there were 93 

independent effects of hyperglycemia by giving intravenous glucose infusions from 4 h before 94 

asphyxia titrated to achieve a profile similar to that induced by maternal dexamethasone. We 95 

hypothesized that dexamethasone would prolong peripheral vasoconstriction during asphyxia 96 

and support myocardial contractility, at least in part due to hyperglycemia, and therefore we 97 

calculated arterial rate of change of arterial blood pressure (dP/dT max) as an index of 98 

contractility. Abnormal fetal heart rate (FHR) patterns were observed after combined asphyxia 99 

and dexamethasone or glucose exposure, and we therefore quantified changes in FHR variability 100 

(FHRV). 101 

102 
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Materials and Methods 103 

Ethical approval 104 

All procedures were approved by the Animal Ethics Committee of the University of Auckland, 105 

and carried out in accordance with the New Zealand Animal Welfare Act 1999 and the 106 

University of Auckland’s Code of Ethical Conduct for the use of animals for teaching and 107 

research, approved by the Ministry of Primary Industries, Government of New Zealand. This 108 

manuscript is compliant with the ARRIVE guidelines for reported animal research (38). 109 

Subjects and surgical procedures 110 

The subjects of this study represent an overlapping superset of our previous publication reporting 111 

the effects of dexamethasone and glucose infusions on the neurophysiological adaptation to and 112 

outcomes of severe asphyxia (42). The overlap between studies is described in detail below. 113 

Thirty-four Romney/Suffolk fetal sheep were surgically instrumented at 98-100 d of gestation 114 

(term is 147 d), as previously described (10, 46). Ewes were given long acting oxytetracycline 115 

(20 mg/kg, Phoenix Pharm Distributors, Auckland, New Zealand) i.m. 30 min before surgery for 116 

antibiotic prophylaxis. Anesthesia was induced by intravenous injection of propofol (5 mg/kg, 117 

AstraZeneca, Auckland, New Zealand) and general anesthesia was maintained using 2-3% 118 

isoflurane in oxygen. The depth of anesthesia, maternal heart rate and respiration were constantly 119 

monitored by trained anesthetic staff. Ewes received a constant infusion of isotonic saline 120 

(approximately 250 mL/h) to maintain fluid balance. 121 

The uterus was exposed through a midline abdominal incision, and the fetus partially 122 

exteriorized for instrumentation. In the case of multiple pregnancies, only one fetus was 123 

instrumented. Polyvinyl catheters (SteriHealth, Dandenong South, VIC, Australia) were placed 124 
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in the left femoral artery (to measure arterial blood pressure), left femoral vein (to allow i.v. 125 

glucose infusions), and right brachial artery for pre-ductal blood sampling. An additional catheter 126 

measured amniotic pressure. Electrocardiogram (ECG) electrodes (AS633-5SSF, Cooner Wire, 127 

Chatsworth, CA, USA) were placed subcutaneously over the right shoulder and left fifth 128 

intercostal space. Electromyogram (EMG) electrodes were sown into the nuchal muscle as an 129 

index of body movements (14, 57). Ultrasound flow probes (size 3S, Transonic Systems, Ithaca, 130 

NY, USA) were placed around the left carotid artery to measure carotid artery blood flow 131 

(CaBF) as an index of cerebral blood flow (30, 31, 70) and right femoral artery (size 2.5PS) to 132 

measure femoral blood flow (FBF). An inflatable silicone occluder was placed around the 133 

umbilical cord (OC16HD, In Vivo Metric, Healdsburg, CA, USA).  134 

Gentamicin was administered into the amniotic sac (80 mg, Pfizer, Auckland, New Zealand). 135 

The maternal midline skin incision was infiltrated with a long-acting local analgesic, 10 mL 136 

0.5% bupivacaine plus adrenaline (AstraZeneca). Fetal leads were exteriorized through the 137 

maternal flank, and a maternal long saphenous vein was catheterized for post-operative care. 138 

Post-operative care 139 

Ewes were housed together in separate metabolic cages with ad libitum access to food and water. 140 

All ewes were monitored by trained researchers and staff for signs of behavioral distress. Any 141 

signs of distress were reported to the University’s Animal Welfare Officer. Ewes were given 142 

daily i.v. antibiotics (600 mg benzyl-penicillin sodium, Novartis, Auckland, New Zealand, and 143 

80 mg gentamicin, Pfizer) for 4 d after surgery. Rooms were temperature and humidity 144 

controlled (16 ± 1°C, humidity 50 ± 10%) with a 12-h light/dark cycle (light 0600 to 1800 h). 145 

Catheters were continuously infused with heparinized saline (20 U/mL at 0.2 mL/h).  146 

Data acquisition and recordings 147 
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Physiological parameters were recorded, processed and stored continuously using customized 148 

LabView-based software (National Instruments, Austin, TX, USA) as previously described (46). 149 

Fetal arterial blood pressure was recorded using Novatrans III Gold, MX860 pressure 150 

transducers (Medex, Hilliard, OH, USA) and corrected for maternal position by subtraction of 151 

amniotic pressure. Pressure signals were low-pass filtered with a Butterworth filter at 20 Hz and 152 

saved at 64 Hz. CaBF and FBF were measured using a Perivascular Flowmeter (TS420 module 153 

on a T402 console, Transonic Systems), low-pass filtered with a second-order Butterworth filter 154 

at 0.1 Hz and saved at 64 Hz. The raw ECG signal was filtered with a first-order high-pass filter 155 

at 1 Hz and an eighth-order low-pass Bessel filter at 100 Hz and saved at 1024 Hz. RR intervals 156 

were extracted from this signal to calculate FHR and FHR variability. Nuchal EMG signals were 157 

band-pass filtered between 100-1,000 Hz, and then integrated using a time constant of 0.1 s. 158 

Experimental protocol 159 

Experiments began at 9:00-9:30 am, 4-6 d after surgery when fetuses were at 104-105 d of 160 

gestation. Fetuses were randomly assigned to four groups: maternal saline plus sham-asphyxia 161 

(sham, n=9, 5 female 3 male 1 not recorded, 8 singleton 1 twin), maternal saline plus asphyxia 162 

(saline-asphyxia, n=8, 5 female 3 male, 5 singletons 3 twins), maternal dexamethasone plus 163 

asphyxia (dexamethasone-asphyxia, n=9, 5 female 4 male, 6 singletons 3 twins) and maternal 164 

saline, fetal glucose plus asphyxia (glucose-asphyxia, n=8, 4 female 4 male, 4 singleton 3 twins 1 165 

triplet). Maternal treatment of either dexamethasone (12 mg dexamethasone phosphate, Hameln 166 

Pharmaceuticals, Gloucester, UK) or saline was given as a 3 mL i.m. injection. Fetuses assigned 167 

to the glucose-asphyxia group received a continuous i.v. infusion of glucose (Sigma-Aldrich, 168 

Sydney, NSW, Australia) dissolved in sterile saline (2 mmol/mL). The glucose infusion rate 169 

(average 15.6±2.2 mg/kg/min) was titrated over a 4-h period before UCO based on serial glucose 170 
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measurements (described below) to cause a similar increase in arterial blood glucose observed 4 171 

h after maternal dexamethasone injection. Fetal asphyxia was induced 4 h after maternal 172 

treatment by complete umbilical cord occlusion (UCO) for 25 min. UCO was ended early if 173 

mean arterial pressure (MAP) fell below 8 mmHg (10). Sham-asphyxia fetuses received no 174 

UCO. In the glucose-asphyxia group, the glucose infusion was stopped at the start of UCO. 7 d 175 

after UCO, ewes and fetuses were humanely killed by an overdose of sodium pentobarbitone 176 

given intravenously to the ewe (9 g Pentobarb 300, Provet New Zealand, Auckland, New 177 

Zealand). 178 

Final group sizes 179 

In the present study, we selected subjects with continuous cardiovascular parameters and 180 

therefore the final groups differ to our previous study (42). One additional fetus was included in 181 

the sham group and one fetus was excluded from the saline-asphyxia group. We further included 182 

additional fetuses in the dexamethasone-asphyxia (two) and glucose-asphyxia (one) groups that 183 

were killed early due to preterm labor (between 48-72 h), and therefore were not available for 184 

histological assessment in our previous study. These later three fetuses were included in analysis 185 

during UCO and the first day of arterial blood gases (Table 1) but were excluded from analysis 186 

of the 7-d recovery period, arterial blood gases from 24 hours onwards (Table 2) and post-187 

mortem data (Table 3). 188 

The final group sizes also differed due to signal losses in some cases. The final group sizes 189 

during UCO were saline-asphyxia n=8 (dP/dT max=7), dexamethasone-asphyxia n=9 (dP/dT 190 

max=8, FBF=6, FHRV=7) and glucose-asphyxia n=8 (dP/dT max=7, FBF=5, FHRV=7). The 191 

final group sizes during the 7-d recovery were: sham n=9 (dP/dT max=7, CaBF=8, FBF=8), 192 

saline-asphyxia n=8 (dP/dT max=7), dexamethasone-asphyxia n=7 (dP/dT max=6, FBF=6, 193 
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FHRV=5) and glucose-asphyxia n=7 (FBF=6, FHRV=6). FBF recordings became unreliable in 194 

two fetuses in both the dexamethasone-asphyxia and glucose-asphyxia groups during recovery, 195 

and the calculation of arterial dP/dT max additionally became progressively unreliable during 196 

recovery. We therefore only assessed FBF, FVC and arterial dP/dT max until 72 h of recovery. 197 

Arterial blood samples 198 

Fetal arterial blood samples (0.3 mL) were taken before the start of the experiment (pre-199 

treatment baseline), 5 min prior to start of UCO (post-treatment baseline), at 5 and 17 min during 200 

UCO, and at 10 min, 1, 2, 4 and 6 h after UCO, then daily thereafter between 8:30 and 9:30 am. 201 

Additional arterial blood samples (0.05 mL) were taken in the glucose-asphyxia group over the 202 

4-h infusion period to measure glucose levels and allow the infusion rate to be titrated 203 

appropriately. Arterial blood samples were analyzed for pH, blood gases, corrected for mean 204 

fetal temperature of 39.5 °C, using an ABL800 blood gas analyzer (Radiometer, Copenhagen, 205 

Denmark). Glucose and lactate concentrations were measured using a YSI-2300 analyzer 206 

(Yellow Springs, OH, USA). 207 

Physiological data analysis 208 

Physiological data were analyzed using customized LabView-based software (National 209 

Instruments). The three asphyxia groups were analyzed as 1-min means to investigate the 210 

cardiovascular adaptation to UCO while all four groups were analyzed as 1-hour means to 211 

investigate the cardiovascular recovery after UCO. Carotid and femoral vascular conductance 212 

(CaVC and FVC) were calculated as blood flow/MAP. Ventricular contractility was estimated by 213 

calculating arterial dP/dT max from the femoral artery pressure waveform (17, 56). Two time-214 

domain measures of FHR variability, the standard deviation of RR intervals (SDNN) and the root 215 

mean square of successive RR interval differences (RMSSD), were calculated. SDNN was 216 
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calculated as the standard deviation of all RR intervals during each 1 min epoch, providing a 217 

measure of total FHRV irrespective of the frequency of oscillations (69). RMSSD was calculated 218 

as the root mean square of successive RR interval differences during each 1 min epoch, 219 

providing a measure of beat-to-beat FHRV, which is sensitive to high frequency oscillations 220 

(43). CaBF, CaVC, FBF, FVC and arterial dP/dT max were normalized to percentage baseline 221 

and nuchal EMG was normalized to absolute change from baseline. Baseline was defined as the 222 

average of the 20 h period prior to maternal treatment or the start of fetal glucose infusions. 223 

Statistical analysis 224 

Statistical analysis was performed using SPSS (v25, IBM, Armonk, NY, USA). We treated data 225 

as two separate studies and firstly investigated the effects of dexamethasone and secondly 226 

investigated whether glucose infusion replicated the effects of dexamethasone. During analysis 227 

of the adaptation during UCO, the dexamethasone-asphyxia and glucose-asphyxia groups were 228 

separately compared to the saline-asphyxia group by two-way ANOVA with time treated as a 229 

repeated measure and treatment as the independent factor. The time epochs analyzed were: 60 230 

min baseline immediately before UCO, five contiguous 5 min epoch during UCO (i.e. 1-5, 6-10, 231 

11-15, 16-20 min and the final 5 min) and three contiguous 20 min epochs immediately after 232 

UCO (i.e. 1-20, 21-40, 41-60 min). To account for the minority of cases in which UCO was 233 

ended early (detailed later), the final 5 min of each UCO was selected to be analyzed as the final 234 

epoch during UCO. Additional analysis by one-way ANOVA was used to assess changes over 235 

time where appropriate. For clarity of presentation, only the final 20 min of the 60 min baseline 236 

period is displayed. This was representative of the whole 60 min baseline for all parameters. 237 

During analysis of the baseline and recovery period two separate analyses were performed: 238 

firstly the dexamethasone-asphyxia group was compared to the sham and saline-asphyxia groups 239 
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and secondly the glucose-asphyxia group was compared to the sham and saline-asphyxia groups. 240 

Data were compared by two-way ANOVA with time treated as a repeated measure and treatment 241 

as the independent factor. If a significant group effect was found, the Fisher’s protected least 242 

significant difference (LSD) post-hoc test was additionally performed. The time epochs analyzed 243 

were: 20 h baseline before dexamethasone/glucose treatment, 4 h baseline after 244 

dexamethasone/glucose treatment and five contiguous epochs during the recovery period (1-3, 4-245 

6, 7-24, 25-72, 73-168 h). Fetal biochemistry was compared by two-way ANOVA with time 246 

treated as a repeated measure followed by LSD post-hoc tests in the following epochs (during 247 

UCO, 10 min – 2 h, 4-6 h, 24-72 h, 96-168 h). Post-mortem data were compared by one-way 248 

ANOVA followed by LSD post-hoc tests. Statistical significance was accepted when p<0.05. 249 

Data are presented as mean±SEM. 250 

251 
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Results 252 

The effects of dexamethasone in the baseline period, before asphyxia 253 

Dexamethasone and glucose treatment were associated with an increase in fetal arterial glucose 254 

levels (Table 1). Dexamethasone was associated with increased MAP (p<0.001 vs. saline-255 

asphyxia and sham), a reduction in CaVC (p<0.05 vs. saline-asphyxia and sham), increased 256 

arterial dP/dT max (p<0.05 vs. saline-asphyxia, p<0.01 vs. sham) and a reduction in FVC 257 

(p<0.005 vs. saline-asphyxia and sham) during the 4 h period between maternal dexamethasone 258 

administration and UCO (Figures 1-5). Reduced CaBF was seen in the dexamethasone-asphyxia 259 

group over the final hour before UCO (p<0.05 vs. saline-asphyxia, Figure 2). Additionally, 260 

dexamethasone was associated with reduced FBF (p<0.05 vs. saline-asphyxia, Figure 2) and 261 

increased arterial dP/dT max (p<0.05 vs. saline-asphyxia, Figure 1) over the final hour before 262 

UCO. Glucose treatment was associated with a trend towards an increase in arterial dP/dT max 263 

over the final hour before UCO (p=0.057 vs. saline-asphyxia, Figure 1). However, arterial dP/dT 264 

max returned to saline-asphyxia levels in both the dexamethasone-asphyxia and glucose-265 

asphyxia groups in the final 20 min before UCO. No other effects of glucose treatment on 266 

cardiovascular parameters were observed before UCO. 267 

Cardiovascular adaptation to asphyxia 268 

The short-term effects of UCO, dexamethasone and glucose treatment on fetal biochemistry are 269 

shown in Table 1. UCO was ended early due to severe hypotension in 2 fetuses in each of the 270 

saline-asphyxia (23:32 and 20:40 min), dexamethasone-asphyxia (21:19 and 20:42 min) and 271 

glucose-asphyxia groups (22:32 and 17:30 min). There were no differences between groups in length 272 

of UCO.  273 

Downloaded from journals.physiology.org/journal/ajpregu at Univ of Auckland Lib (130.216.201.179) on November 26, 2020.



13 

Dexamethasone was associated with higher MAP at 1-5 min during UCO (p<0.001 vs. saline-274 

asphyxia) and a statistically borderline increase in FHR at 1-5 min during UCO (p=0.05 vs. 275 

saline-asphyxia, Figure 1). Assessment of individual time points suggested that FHR was 276 

significantly higher in the dexamethasone-asphyxia group only during the first minute of UCO 277 

(p<0.05 vs. saline-asphyxia, Figure 1). No further effects were observed on MAP or FHR, and no 278 

effects of dexamethasone or glucose treatment were observed on CaBF, CaVC, FBF, FVC or 279 

arterial dP/dT max during UCO (Figure 1 and 2). There was no effect of dexamethasone or 280 

glucose treatment on nuchal EMG activity, SDNN or RMSSD during UCO (Figure 1). 281 

To further understand the greater MAP at 1-5 min during UCO in the dexamethasone-asphyxia 282 

group, we additionally assessed the changes in key parameters relative to the minute immediately 283 

prior to UCO (Figure 3). During the first minute of UCO, FVC (% 1 min baseline) was higher in 284 

the dexamethasone-asphyxia group compared to the saline asphyxia group (p<0.05), and a trend 285 

towards a higher FBF (% 1 min baseline) in the dexamethasone-asphyxia group compared to the 286 

saline-asphyxia group was observed (p=0.06, Figure 3). Dexamethasone did not affect MAP 287 

(mmHg from 1 min baseline), FHR (bpm from 1 min baseline) or dP/dT max (% 1 min baseline) 288 

during the first 5 mins of UCO. Glucose treatment did not affect MAP (mmHg from 1 min 289 

baseline), FHR (bpm from 1 min baseline), dP/dT max (% 1 min baseline), FBF (% 1 min 290 

baseline) or FVC (% 1 min baseline) during the first 5 min of UCO (Figure 3). 291 

During the immediate recovery from UCO, both dexamethasone and glucose treatment were 292 

associated with increased MAP at 21-60 min after UCO (dexamethasone p<0.001, glucose 293 

p<0.05 vs. saline-asphyxia), increased arterial dP/dT max at 21-40 min after UCO (both p<0.01 294 

vs. saline-asphyxia) and increased FHR at 41-60 min after UCO (dexamethasone p<0.001, 295 

glucose p<0.01 vs. saline-asphyxia, Figure 1). FHR was also higher in the dexamethasone-296 
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asphyxia group at 21-40 min after UCO (p<0.001 vs. saline-asphyxia) and FHR was lower in the 297 

glucose-asphyxia group from 1-20 min after UCO (p<0.05 vs. saline-asphyxia, Figure 1). FVC 298 

(p<0.01) and FBF (p<0.01) were higher at 1-20 min after UCO in the glucose-asphyxia group 299 

compared to the saline-asphyxia group (Figure 2). CaBF was higher in the glucose-asphyxia 300 

group from 41-60 min after UCO (p<0.05 vs. saline-asphyxia, Figure 2). There was no effect of 301 

dexamethasone or glucose treatment on nuchal EMG activity, SDNN or RMSSD during the 302 

immediate recovery from UCO (Figure 1). 303 

Recovery of FHR, MAP and contractility after asphyxia 304 

The long-term effects of UCO, dexamethasone and glucose treatment on fetal biochemistry are 305 

shown in Table 2. Fetal post-mortem data are shown in Table 3; widespread edema and abdominal 306 

and thoracic ascites were observed in the dexamethasone-asphyxia and glucose-asphyxia group, but 307 

not in the saline-asphyxia or sham groups. MAP was increased after UCO in the saline-asphyxia 308 

(1-3 h p<0.005 vs. shams), dexamethasone-asphyxia (1-6 h p<0.005 vs. shams) and glucose-309 

asphyxia groups (1-3 h p<0.005 vs. shams, Figure 4). The dexamethasone-asphyxia group also 310 

showed a higher MAP than the saline-asphyxia group at 1-6 after UCO (p<0.01). FHR was no 311 

different in the saline-asphyxia group compared to shams during recovery, but FHR was 312 

increased during early recovery in the dexamethasone-asphyxia (1-6 h p<0.001 vs. shams, 1-6 h 313 

p<0.005 vs. saline-asphyxia) and glucose-asphyxia groups (1-6 h p<0.01 vs. shams, 4-6 h p<0.05 314 

vs. saline-asphyxia, Figure 4).  315 

Subsequently, MAP was increased in the saline-asphyxia group at 7-24 h after UCO (p<0.01 vs. 316 

shams), while MAP in the dexamethasone-asphyxia group was no different to shams but lower 317 

than the saline-asphyxia group at this time (p<0.05, Figure 4). Arterial dP/dT max was increased 318 

in both the saline-asphyxia (p<0.05), dexamethasone-asphyxia (p<0.01) and glucose-asphyxia 319 
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(p<0.05) groups at 7-24 h after UCO compared to shams (Figure 5). Arterial dP/dT max 320 

remained increased in the saline-asphyxia (p<0.005) and glucose-asphyxia (p<0.05) groups from 321 

25-72 h after UCO compared to shams. FHR was reduced during late recovery in the 322 

dexamethasone-asphyxia (25-72 h p<0.001 vs. shams, 25-168 h p<0.05 vs. saline-asphyxia) and 323 

glucose-asphyxia groups (25-168 p<0.05 vs. saline-asphyxia, Figure 4).  324 

Recovery of carotid and femoral blood flow and vascular conductance after asphyxia 325 

CaBF and CaVC were reduced during the first 6 h after UCO in the saline-asphyxia (both 1-6 h, 326 

CaBF p<0.05 vs. shams, CaVC p<0.005 vs. shams), dexamethasone-asphyxia groups (both 1-6 327 

h, CaBF p<0.01 vs. shams, CaVC p<0.01 vs. shams) and glucose-asphyxia group (4-6 h CaBF 328 

p<0.01, 1-6 h CaVC p<0.005). In the glucose-asphyxia group, CaBF was increased compared to 329 

the saline-asphyxia group (1-6 h p<0.05). CaBF in the saline-asphyxia group remained reduced 330 

at 7-72 h (p<0.05 vs. shams, p<0.05 vs. dexamethasone-asphyxia, p<0.001 vs. glucose-331 

asphyxia), but the dexamethasone-asphyxia and glucose-asphyxia groups had returned to sham 332 

levels. CaVC also remained reduced in the saline-asphyxia group (7-72 h p<0.01 vs. shams, 7-72 333 

h p<0.05 vs. dexamethasone-asphyxia, 7-168 h p<0.05 vs. glucose-asphyxia, Figure 4). 334 

FBF and FVC were reduced throughout the first 72 h of recovery in the saline-asphyxia (FBF 335 

p<0.01 vs. shams, FVC p<0.05 vs. shams), dexamethasone-asphyxia (FBF p<0.005 vs. shams, 336 

FVC p<0.05 vs. shams) and glucose-asphyxia groups (FBF p<0.001 vs. shams, FVC p<0.05 vs. 337 

shams, Figure 5). In the dexamethasone-asphyxia group, FBF was additionally reduced at 4-6 h 338 

(p<0.005) and FVC was reduced at 1-6 h (p<0.05) compared to the saline-asphyxia group. In the 339 

glucose-asphyxia group, FBF was increased at 4-24 h (p<0.05) and FVC was increased at 7-24 h 340 

(p<0.05) compared to the saline-asphyxia group (Figure 5). 341 

Recovery of nuchal EMG activity and FHRV after asphyxia 342 
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Nuchal EMG activity was increased in the glucose-asphyxia group early after UCO compared to 343 

the saline-asphyxia (1-6 h p<0.01), while it was reduced in the saline-asphyxia group (4-6 h 344 

p<0.05 vs. shams, 4-6 h p<0.05 vs. dexamethasone-asphyxia, Figure 6). Nuchal EMG activity in 345 

the dexamethasone-asphyxia group was no different to sham levels from 1-6 h after UCO. 346 

Nuchal EMG activity in the saline-asphyxia group thereafter returned to apparently normal sham 347 

levels. Nuchal EMG activity was subsequently reduced in both the dexamethasone-asphyxia (7-348 

72 h p<0.05 vs. shams, 25-72 h p<0.005 vs. saline-asphyxia) and glucose-asphyxia groups (7-72 349 

h p<0.01 vs. shams, 7-72 h p<0.05 vs. saline-asphyxia, Figure 6). 350 

From 1-3 h after UCO, SDNN was reduced in the dexamethasone-asphyxia group compared to 351 

shams (p<0.05, Figure 6). From 7-24 h, measures of FHRV were reduced in the saline-asphyxia 352 

(RMSSD p<0.05 vs. shams, SDNN p<0.05 vs. shams), dexamethasone-asphyxia (RMSSD 353 

p<0.001 vs. shams, p<0.05 vs. saline-asphyxia, SDNN p<0.001 vs. shams, p<0.005 vs. saline-354 

asphyxia) and glucose-asphyxia groups (SDNN p<0.001 vs. shams, p<0.05 vs. saline-asphyxia, 355 

but no effect on RMSSD). 356 

RMSSD remained reduced for large portions of the 7 d recovery period in all three asphyxia 357 

groups: saline-asphyxia (25-169 h RMSSD p<0.005 vs. shams), dexamethasone-asphyxia (25-358 

169 h RMSSD p<0.001 vs. shams, 73-169 h RMSSD p<0.05 vs. saline-asphyxia), and glucose-359 

asphyxia (25-169 h p<0.001 vs. shams, 73-169 h p<0.05 vs. saline-asphyxia). SDNN remained 360 

reduced in the saline-asphyxia group from 25-72 h (p<0.005 vs. shams) before recovering to 361 

sham levels thereafter. SDNN however showed more prolonged suppression from 25-169 h in 362 

the dexamethasone-asphyxia (p<0.001 vs. shams, p<0.005 vs saline-asphyxia) and glucose-363 

asphyxia groups (p<0.005 vs. shams, p<0.05 vs. saline-asphyxia, Figure 6). Visual inspection of 364 

the FHR trace showed that both the dexamethasone-asphyxia and glucose-asphyxia groups 365 
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showed overtly abnormal FHR patterns including profound suppression of visual FHRV towards 366 

the end of the recovery period. Examples from approximately 9 am on the final day of recovery 367 

are shown in Figure 7. 368 

369 
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Discussion 370 

Dexamethasone treatment during the baseline period before asphyxia was associated with 371 

hypertension, carotid and femoral vasoconstriction and increased arterial dP/dT max, consistent 372 

with previous studies (8, 21, 35, 46, 62). These changes suggest that dexamethasone induced 373 

fetal hypertension during the normoxic baseline period through a combination of increased 374 

ventricular contractility, increased cardiac output and greater peripheral vasoconstriction. The 375 

increase in dP/dT max became attenuated in the final hour before UCO, suggesting this effect 376 

was short-lived. 377 

The first five minutes of UCO in all groups were associated with a rapid fall in FHR, increased 378 

MAP and arterial dP/dT max and reduced CaBF, CaVC, FBF and FVC. In the first few minutes, 379 

these cardiovascular changes are mediated by the peripheral chemoreflex, including increased 380 

parasympathetic activity to reduce FHR and increased sympathetic neural activity to promote 381 

rapid peripheral vasoconstriction in order to support arterial pressure (6, 26, 44, 47). The rapid 382 

neural-mediated vasoconstriction is then augmented by potent but slower acting humoral factors 383 

including adrenal-released catecholamines (22, 29, 37), cortisol (27), angiotensin II (45), 384 

arginine vasopressin (12, 28, 45, 60) and neuropeptide-Y (19).  385 

Dexamethasone treatment was associated with a slightly greater MAP during the first five 386 

minutes of UCO, largely reflecting greater baseline MAP. There was no apparent improvement 387 

in the cardiovascular responses to UCO, since the initial relative increase in MAP was the same 388 

as the saline-asphyxia group. Similarly, FVC was lower in the dexamethasone-asphyxia group 389 

during baseline and, although FVC (% 1 min baseline) showed a delayed fall, the absolute FVC 390 

fell to the same values as the saline-asphyxia group during the first 5 min of UCO. Furthermore, 391 

absolute FHR was higher during the first minute of UCO in the dexamethasone-asphyxia group, 392 
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but the relative fall in FHR was not different to the saline-asphyxia group. This suggests that the 393 

apparent difference was mediated by the non-significant increase in FHR during the immediate 394 

baseline period, consistent with prior evidence of a delayed increase in FHR after dexamethasone 395 

treatment (46, 62). Thus, dexamethasone did not appear to augment fetal cardiovascular 396 

adaptations to UCO. The initially greater MAP at the start of UCO progressively resolved over 397 

the following five minutes, such that MAP in the dexamethasone-asphyxia group converged to 398 

saline-asphyxia levels. By contrast, no effect of glucose treatment was observed suggesting that 399 

the effects of dexamethasone were directly mediated by direct glucocorticoid effects rather than 400 

hyperglycemia. Dexamethasone and glucose were associated with a higher Pa02 during UCO, 401 

without a change in oxygen content or hematocrit, suggesting the hypothesis that hyperglycemia 402 

may have increased offloading of oxygen from hemoglobin during UCO. 403 

Dexamethasone augments femoral vasoconstriction during moderate hypoxemia in fetal sheep 404 

(20, 35), whereas there was no effect during UCO in the present study. Potentially, this 405 

difference could be related to the younger gestational age in the present study or the specific 406 

dexamethasone treatment protocols. More likely, the key difference  was the far greater 407 

homeostatic challenge of complete UCO. Moderate hypoxemia results in partial peripheral 408 

vasoconstriction, whereas complete UCO is associated with such intense peripheral 409 

vasoconstriction that blood flow drops to essentially zero across the femoral, renal and superior 410 

mesenteric arteries during the first 5 min of UCO (9, 11, 73). Given these profound changes, 411 

there is little scope for peripheral vasoconstriction to be augmented. After this early intense 412 

period of vasoconstriction and hypertension, femoral vascular tone progressively reduced 413 

similarly in all three UCO groups. MAP fell broadly in parallel with increasing FVC and 414 

declining arterial dP/dT max, none of which were modulated by dexamethasone or glucose 415 

Downloaded from journals.physiology.org/journal/ajpregu at Univ of Auckland Lib (130.216.201.179) on November 26, 2020.



20 

treatment. The severity of hypotension during the final stages of UCO is closely related to the 416 

severity of hypoxic-ischemic brain injury (32, 45), suggesting that neither dexamethasone nor 417 

glucose treatment materially modulated the overall fetal adaptation to severe asphyxia. These 418 

findings illustrate that the marked exacerbation of neural injury, increased seizure activity and 419 

worse EEG recovery reported in the dexamethasone-asphyxia and glucose-asphyxia groups in 420 

our previous study were not due to impaired cardiovascular adaptation during UCO, supporting a 421 

key detrimental role of hyperglycemia (42). 422 

Previous studies suggested that hyperglycemia can improve cardiovascular function during 423 

perinatal HI. Himwich et al found that intraperitoneal glucose increased the survival of P8 rats 424 

from 16 to 30 min in undiluted nitrogen (33). Similar improvements in cardiovascular function 425 

and survival were subsequently reported by others in perinatal rodents (23, 24, 34, 66, 67). 426 

Dawes and colleagues showed in fetal sheep and rhesus monkeys that hyperglycemia per se was 427 

not beneficial during asphyxia (16), although hyperglycemia combined with alkaline treatment 428 

improved cardiovascular adaptation and survival (1, 15, 16). These studies achieved far greater 429 

levels of hyperglycemia during asphyxia (preterm sheep 3.9 mmol/L, term sheep 5.5 mmol/L, 430 

term monkeys 14.1 mmol/L) (15) than the present study (at 17 min dexamethasone-asphyxia 431 

1.2±0.2 mmol/L, glucose-asphyxia 1.8±0.4 mmol/L), suggesting that greater hyperglycemia may 432 

be needed to improve cardiovascular function during asphyxia. Critically, multiple previous 433 

studies (42, 48, 61, 71) strongly suggest that the level of hyperglycemia needed to support fetal 434 

cardiovascular function during asphyxia is associated with greater neural injury, consistent with 435 

the ‘glucose paradox’ in adults animals (50). 436 

During UCO, nuchal EMG activity rapidly suppressed in all asphyxia groups. However, the 437 

continuous EMG showed sporadic bursts within the first 5 min, associated with increased 438 
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measures of FHRV, consistent with previous reports that speculatively may reflect the fetus’ 439 

attempts to extricate itself from an obstructed umbilical cord (6, 25). The initial increase in 440 

FHRV at the beginning of UCO therefore likely represents the combination of peripheral 441 

chemoreflex activation (40) interspersed with abrupt fetal movements (25). A secondary but 442 

highly variable increase in SDNN and RMSSD was observed in the final 5 min of UCO. This 443 

was associated with arrhythmias, most commonly atrial bigeminy, but ventricular bigeminy and 444 

atrial trigeminy were occasionally observed. This secondary increase in FHRV is therefore likely 445 

cardiogenic, and related to cardiovascular decompensation and not autonomic activity (25). 446 

Neither dexamethasone nor glucose treatment altered nuchal EMG activity, SDNN or RMSSD 447 

during UCO.  448 

Effects of dexamethasone and glucose treatment on recovery after asphyxia 449 

Dexamethasone and glucose treatment modulated the recovery of cardiovascular parameters after 450 

UCO. Although there may be independent effects of both treatments in the early recovery phase, 451 

we have previously shown that both interventions exacerbated neural injury (42). 452 

Dexamethasone and glucose were associated with a greater increase in MAP and FHR during 453 

early recovery and the latent phase of injury. The latent phase lasts for approximately 6 h after 454 

the end of severe asphyxia (18) and is associated with vasoconstriction of the carotid and femoral 455 

vascular beds (46, 63). This vasoconstriction was attenuated in the glucose-asphyxia group, 456 

leading to a higher CaBF during the latent phase. We have previously reported that EEG 457 

hyperactivity was observed at this time in the glucose-asphyxia group (42), and therefore this 458 

increased perfusion may have been coupled to increased metabolic demand. Interestingly, CaBF 459 

and CaVC in the dexamethasone-asphyxia group was not similarly increased despite showing 460 

similar EEG hyperactivity. This is consistent with previous evidence that dexamethasone after 461 
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severe asphyxia augmented carotid vasoconstriction, uncoupled cerebral metabolism and blood 462 

flow and exacerbated cerebral hypoxia (46). 463 

The reductions in CaBF and CaVC in the saline-asphyxia group persisted throughout the 464 

secondary phase of injury, which occurs between 6 to 48-72 h (18). By contrast, CaBF and 465 

CaVC in both the dexamethasone-asphyxia and glucose-asphyxia groups returned to sham levels. 466 

This increased perfusion may reflect a passive loss of vascular tone (49, 52, 53). Alternatively, it 467 

may reflect active coupling to greater cerebral oxygen demand, secondary to the previously 468 

observed greater seizure activity (42). This suggests that any dexamethasone induced uncoupling 469 

of cerebral blood flow and metabolism was limited to the latent phase of injury. Consistent with 470 

this concept, FBF and FVC remained lower than sham values in all asphyxia groups during the 471 

secondary phase, illustrating a differential increase in CaBF. The glucose-asphyxia group 472 

showed increased FBF and FVC compared to the saline-asphyxia group from 4-24 h after UCO. 473 

This may reflect greater peripheral injury and therefore greater need for increased perfusion after 474 

asphyxia. We speculate that a similar increase in the dexamethasone-asphyxia group may have 475 

been prevented by the vasoconstrictive effects of dexamethasone (46, 63). 476 

Prolonged marked suppression of both SDNN and RMSSD in conjunction with lower FHR was 477 

observed in the dexamethasone-asphyxia and glucose-asphyxia groups during recovery, with a 478 

markedly suppressed FHR pattern (Figure 7). This pattern is similar to the ‘silent’ FHR trace 479 

which has clinically been associated with severe fetal brain injury (58). The purpose of this study 480 

was not to provide an in-depth investigation into FHRV. Nonetheless these findings likely 481 

indicate widespread brainstem injury (25). In the saline-asphyxia group, SDNN recovered to 482 

sham levels over the 7-d recovery period (74), but RMSSD remained suppressed. RMSSD is 483 
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particularly sensitive to high frequency FHR rhythms (43) suggesting the brainstem networks 484 

generating these rhythms maybe particularly vulnerable to asphyxial injury. 485 

There was a delayed increase in arterial dP/dT max during the secondary phase of injury in all 486 

asphyxia groups. This suggests increased ventricular contractility and may be mediated by the 487 

ionotropic effects of circulating pressor hormones (41). This effect on ventricular contractility 488 

was shorter in duration in the dexamethasone-asphyxia group, but MAP was not adversely 489 

affected, consistent with additional glucocorticoid-mediated effects. Arterial dP/dT max in a 490 

fluid-filled catheter is a limitation of the present study, as it underestimates ventricular dP/dT 491 

max, but nevertheless is reasonable measure of relative changes in ventricular contractility (17, 492 

56). 493 

Significance and perspectives 494 

In the present study we observed only modest independent effects of dexamethasone on the 495 

cardiovascular adaptation to asphyxia, that largely reflected baseline changes before UCO, and 496 

further found no effects of glucose infusions titrated to achieve similar levels of hyperglycemia 497 

to those after maternal dexamethasone treatment. These data demonstrate that the systemic 498 

effects of dexamethasone during fetal hypoxemia are dependent on the severity of hypoxia, such 499 

that maternal dexamethasone did not augment fetal adaptation to severe asphyxia,  although 500 

further work is needed to investigate the effects of earlier treatment with dexamethasone. The 501 

present study highlights the potential adverse neural effects of dexamethasone treatment and 502 

hyperglycemia before perinatal asphyxia (42), but this should not be interpreted as an argument 503 

to avoid antenatal glucocorticoids given their considerable overall benefits (64, 65). Rather, we 504 

suggest that these data support the value of better understanding the non-pulmonary side-effects 505 

of antenatal glucocorticoids in order to develop strategies to minimize these risks.  506 
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Figure legends 701 

Figure 1: Cardiovascular parameters and body movements during umbilical cord occlusion 702 

(UCO) in the saline-asphyxia (n=8), dexamethasone-asphyxia (n=9) and glucose-asphyxia 703 

groups (n=8). Mean arterial pressure (MAP), fetal heart rate (FHR), standard deviation of RR 704 

intervals (SDNN) and root mean squared of successive RR interval differences (RMSSD) are 705 

measures of heart rate variability, nuchal electromyographic (EMG) activity is a measure of fetal 706 

body movements. Data are 1 min mean ± SEM. Arterial dP/dT max is shown relative to the 20 h 707 

baseline. Statistical analysis was performed using two-way ANOVA. δp<0.05 saline-asphyxia vs 708 

dexamethasone-asphyxia, χp<0.05 saline-asphyxia vs glucose-asphyxia.  709 

Figure 2: Carotid and femoral blood flow and vascular conductance during umbilical cord 710 

occlusion (UCO) in the saline-asphyxia (n=8), dexamethasone-asphyxia (carotid n=9, femoral n-711 

6) and glucose-asphyxia groups (carotid n=8, femoral n=5). Carotid blood flow (CaBF), carotid 712 

vascular conductance (CaVC), femoral blood flow (FBF), femoral vascular conductance (FVC). 713 

Data are 1 min mean ± SEM and shown relative to the 20 h baseline. Statistical analysis was 714 

performed using two-way ANOVA. δp<0.05 saline-asphyxia vs dexamethasone-asphyxia, 715 

χp<0.05 saline-asphyxia vs glucose-asphyxia.  716 

Figure 3: Acute changes in key cardiovascular parameters during the first 5 min of umbilical 717 

cord occlusion (UCO) in the saline-asphyxia (n=8), dexamethasone-asphyxia (n=9) and glucose-718 

asphyxia groups (n=8). Mean arterial pressure (MAP), fetal heart rate (FHR), femoral blood flow 719 

(FBF), femoral vascular conductance (FVC). Data are 1 min mean ± SEM and shown relative to 720 

the 1 min immediately before UCO. FBF and FVC relative to the 20 h baseline (as shown in 721 

Figure 2) are also shown for comparison. Statistical analysis was performed using two-way 722 

ANOVA. δp<0.05 saline-asphyxia vs dexamethasone-asphyxia.  723 
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Figure 4: Cardiovascular parameters during the 7-day recovery period after umbilical cord 724 

occlusion in the sham (n=9), saline-asphyxia (n=8), dexamethasone-asphyxia (n=7) and glucose-725 

asphyxia groups (n=7). Mean arterial pressure (MAP), fetal heart rate (FHR), carotid blood flow 726 

(CaBF), carotid vascular conductance (CaVC). Data are 1 h mean ± SEM. CaBF and CaVC are 727 

shown relative to the 20 h baseline. Statistical analysis was performed using two-way ANOVA 728 

followed by LSD post-hoc tests. *p<0.05 sham vs saline-asphyxia, #p<0.05 sham vs 729 

dexamethasone-asphyxia, δp<0.05 saline-asphyxia vs dexamethasone-asphyxia, γp<0.05 sham 730 

vs glucose-asphyxia, χp<0.05 saline-asphyxia vs glucose-asphyxia. 731 

Figure 5: Femoral hemodynamics and ventricular contractility until 72 hours after umbilical cord 732 

occlusion in the sham (femoral n=8, contractility n=7), saline-asphyxia (femoral n=8, 733 

contractility n=7), dexamethasone-asphyxia (n=6) and glucose-asphyxia groups (femoral n=6, 734 

contractility n=7). Femoral blood flow (FBF), femoral vascular conductance (FVC). Data are 1 h 735 

mean ± SEM and shown relative to the 20 h baseline. Statistical analysis was performed using 736 

two-way ANOVA followed by LSD post-hoc tests. *p<0.05 sham vs saline-asphyxia, #p<0.05 737 

sham vs dexamethasone-asphyxia, δp<0.05 saline-asphyxia vs dexamethasone-asphyxia, 738 

γp<0.05 sham vs glucose-asphyxia, χp<0.05 saline-asphyxia vs glucose-asphyxia. 739 

Figure 6: Fetal heart rate variability (FHRV) and nuchal electromyographic (EMG) activity 740 

during the seven-day recovery period after umbilical cord occlusion in the sham (n=9), saline-741 

asphyxia (n=8), dexamethasone-asphyxia (FHRV n=5, EMG n=7) and glucose-asphyxia groups 742 

(FHRV n=6, EMG n=7). Standard deviation of RR intervals (SDNN) and root mean squared of 743 

successive RR interval differences (RMSSD) are measures of FHRV, nuchal EMG activity is a 744 

measure of fetal body movements. Data are 1 h mean ± SEM. Statistical analysis was performed 745 

using two-way ANOVA followed by LSD post-hoc tests. *p<0.05 sham vs saline-asphyxia, 746 
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#p<0.05 sham vs dexamethasone-asphyxia, δp<0.05 saline-asphyxia vs dexamethasone-747 

asphyxia, γp<0.05 sham vs glucose-asphyxia, χp<0.05 saline-asphyxia vs glucose-asphyxia. 748 

Figure 7: Raw fetal heart rate patterns from the final day of recovery. Data are 1 s mean and 749 

taken at approximately 9 am.  750 

 751 

Downloaded from journals.physiology.org/journal/ajpregu at Univ of Auckland Lib (130.216.201.179) on November 26, 2020.



  Baseline Asphyxia Short-term recovery 

 Group Pre- 
treatment 

Post- 
treatment 

5 min 17 min +10 min +1 h +2 h +4 h +6 h 

pH S 7.38±0.01 7.38±0.00 7.37±0.01 7.37±0.01 7.38±0.01 7.37±0.01 7.37±0.01 7.37±0.01 7.37±0.01 

 SA 7.38±0.01 7.38±0.01 7.03±0.02* 6.82±0.02* 7.15±0.01* 7.30±0.01* 7.35±0.02* 7.41±0.01* 7.41±0.01*

 DA 7.38±0.01 7.36±0.00 7.03±0.01# 6.80±0.01# 7.10±0.01#δ 7.28±0.01#δ 7.31±0.01#δ 7.36±0.01δ 7.39±0.01δ  

 GA 7.36±0.01 7.36±0.01 7.01±0.01γ 6.81±0.01γ 7.11±0.01γχ 7.28±0.01γχ 7.32±0.02γχ 7.38±0.02χ 7.38±0.01χ

PaCO2  S 47.2±0.4 47.7±1.6 44.4±1.0 45.3±0.7 45.3±0.7 45.5±1.1 48.0±0.5 45.8±0.8 46.9±1.2

(mmHg) SA 49.9±1.0 49.7±1.4 105.4±4.0* 140.9±3.8* 54.5±1.4 44.0±1.0 45.8±1.4 44.0±0.6 48.0±0.6

 DA 48.5±1.6 50.4±1.8 90.9±3.7#δ 143.6±2.2# 52.4±3.0 44.3±2.4 42.8±2.0 44.3±2.1 45.5±2.2

 GA 51.6±1.0γ 49.4±0.6 103.5±1.8γ 138.8±4.6γ 56.8±1.9 46.5±0.8 45.9±1.1 45.7±1.6 46.4±1.3

PaO2  S 23.9±1.2 25.1±0.4 23.1±1.0 23.1±1.0 23.6±1.1 23.5±1.2 22.9±1.1 22.2±1.3 23.5±0.9

(mmHg) SA 24.5±0.9 22.4±0.8 5.8±0.7* 7.0±0.9* 32.9±1.3* 30.2±1.3* 26.0±1.5 26.2±1.4* 25.6±1.6

 DA 25.1±1.4 24.3±0.8 8.4±0.7# 10.8±0.8# 35.7±2.1# 29.6±1.0# 28.6±0.9# 26.7±1.1# 26.6±1.2

 GA 22.9±1.5 22.2±1.1 8.5±0.6γ 11.0±0.7γ 30.8±1.6 26.7±1.4 25.2±1.1 24.9±1.5 25.3±1.5

Lactate  S 0.9±0.1 0.7±0.1 0.9±0.0 0.9±0.1 0.9±0.0 0.9±0.1 1.0±0.1 0.9±0.0 1.1±0.1

(mmol/L) SA 1.1±0.1 0.8±0.0 4.2±0.3* 6.8±0.3* 6.3±0.3* 4.5±0.2* 3.6±0.5* 2.3±0.3* 2.2±0.3*

 DA 0.9±0.1 1.5±0.1#δ 3.9±0.3# 6.7±0.9# 7.2±0.3#δ 5.7±0.3#δ 5.5±0.5#δ 5.3±0.4#δ 5.0±0.5#δ

 GA 1.1±0.2 1.2±0.1γχ 4.7±0.3γ 7.0±0.3γ 6.6±0.2γ 5.1±0.2γ 4.1±0.4γ 2.8±0.5γ 2.4±0.4γ

Glucose  S 1.1±0.1 1.0±0.1 1.1±0.1 1.1±0.1 1.1±0.1 1.1±0.1 1.2±0.1 1.1±0.1 1.2±0.1

(mmol/L) SA 1.0±0.0 1.0±0.0 0.3±0.0* 0.7±0.2* 1.4±0.1 1.3±0.1 1.2±0.1 1.2±0.1 1.5±0.1

 DA 1.1±0.1 2.1±0.2#δ 1.1±0.1δ 1.2±0.2δ 2.8±0.2#δ 3.0±0.3#δ 2.8±0.2#δ 2.6±0.2#δ 2.7±0.2#δ

 GA 1.0±0.0 2.4±0.3γχ 1.9±0.4γχ 1.8±0.4γχ 2.3±0.3γχ 1.9±0.3γχ 1.6±0.2γχ 1.4±0.1 1.5±0.1

Table 1. Short-term fetal arterial biochemistry 752 

Fetal pH, blood gases and metabolites during the baseline period, asphyxia and short-term recovery in the sham (n=9), saline-asphyxia (n=8), 753 

dexamethasone-asphyxia (n=9) and glucose-asphyxia groups (n=8). S, sham; SA, saline-asphyxia; DA, dexamethasone-asphyxia; GA, glucose-754 

asphyxia. Data are means ± SEM. PaCO2; arterial pressure of carbon dioxide, PaO2; arterial pressure of oxygen. Statistical analysis was performed 755 
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using two-way ANOVA followed by LSD post-hoc tests. *p<0.05 sham vs saline-asphyxia, #p<0.05 sham vs dexamethasone-asphyxia, δp<0.05 756 

saline-asphyxia vs dexamethasone-asphyxia, γp<0.05 sham vs glucose-asphyxia, χp<0.05 saline-asphyxia vs glucose-asphyxia. 757 

758 
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 759 

  Long-term recovery 

 Group +1 day +2 days +3 days +4 days +5 days +6 days +7 days 

pH S 7.36±0.01 7.36±0.01 7.36±0.01 7.36±0.01 7.36±0.01 7.36±0.01 7.37±0.01

 SA 7.37±0.01* 7.37±0.01* 7.39±0.01* 7.39±0.01* 7.38±0.01* 7.39±0.00* 7.38±0.01*

 DA 7.36±0.02δ 7.33±0.02δ 7.37±0.01δ 7.36±0.00δ 7.35±0.01δ 7.37±0.01δ 7.36±0.00δ

 GA 7.36±0.01χ 7.35±0.01χ 7.35±0.01χ 7.35±0.01χ 7.35±0.01χ 7.35±0.01χ 7.35±0.01χ

PaCO2  S 49.3±0.7 49.2±0.9 50.0±0.8 45.0±1.6 46.0±1.4 48.2±1.5 51.7±1.6

(mmHg) SA 47.7±0.8 47.5±0.8 47.8±0.8 47.0±1.4 48.1±1.4 48.0±1.2 48.0±1.2

 DA 49.5±2.0 50.5±3.7 48.5±0.6 45.7±2.4 50.9±2.0 50.8±1.0 50.9±1.2

 GA 48.5±0.9 47.4±1.4 49.4±1.2 49.6±1.0 48.4±1.1 47.7±1.5 48.4±1.3

PaO2  S 23.1±1.0 24.0±0.8 24.5±1.5 23.6±1.3 24.6±1.2 23.6±1.6 23.7±1.1

(mmHg) SA 28.3±1.2* 29.4±1.2 27.6±1.2* 28.3±1.2 27.2±1.6 27.3±1.8 27.3±1.8

 DA 27.3±1.2# 30.5±1.3 29.0±1.5# 29.1±1.3 29.8±1.3 29.1±1.2 27.4±1.6

 GA 26.8±0.9 27.5±1.8 27.7±1.2 28.3±1.4 27.5±1.1 27.4±1.3 26.9±1.4

Lactate  S 0.9±0.0 0.9±0.1 0.8±0.1 0.8±0.1 0.8±0.0 0.9±0.1 0.9±0.1

(mmol/L) SA 1.2±0.2 0.9±0.1 0.9±0.0 0.9±0.1 0.8±0.1 0.8±0.1 0.8±0.1

 DA 1.0±0.1 0.8±0.0 0.8±0.1 0.8±0.0 0.8±0.0 0.7±0.0 0.7±0.0

 GA 1.4±0.2 09±0.1 0.9±0.1 0.9±0.1 0.9±0.1 0.8±0.1 0.8±0.1

Glucose  S 1.1±0.1 1.1±0.1 1.1±0.1 1.0±0.1 1.1±0.1 1.1±0.1 1.0±0.1

(mmol/L) SA 1.2±0.1 1.0±0.1 0.9±0.2 1.0±0.1 1.0±0.1 1.0±0.1 1.0±0.1

 DA 1.8±0.3 1.1±0.1 1.2±0.2 1.1±0.1 1.2±0.1 1.1±0.1 1.2±0.1

 GA 1.2±0.1 1.0±0.1 1.0±0.1 1.2±0.1 1.1±0.1 0.9±0.1 1.0±0.1

Table 2. Long-term fetal arterial biochemistry 760 

Fetal pH, blood gases and metabolites during long-term recovery. S, sham; SA, saline-asphyxia; DA, dexamethasone-asphyxia; GA, glucose-761 

asphyxia in the sham (n=9), saline-asphyxia (n=8), dexamethasone-asphyxia (n=7) and glucose-asphyxia groups (n=7). Data are means ± SEM. 762 
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PaCO2; arterial pressure of carbon dioxide, PaO2; arterial pressure of oxygen. Statistical analysis was performed using two-way ANOVA followed by 763 

LSD post-hoc tests. *p<0.05 sham vs saline-asphyxia, #p<0.05 sham vs dexamethasone-asphyxia, δp<0.05 saline-asphyxia vs dexamethasone-764 

asphyxia, γp<0.05 sham vs glucose-asphyxia, χp<0.05 saline-asphyxia vs glucose-asphyxia. 765 

766 

Downloaded from journals.physiology.org/journal/ajpregu at Univ of Auckland Lib (130.216.201.179) on November 26, 2020.



40 

 767 

Group Body (g) Heart (g) Lungs (g) Liver (g) Kidneys (g) Adrenals (g) Spleen (g) 

S 2068.7 ± 56.2 17.5 ± 0.9 64.8 ± 2.3 85.6 ± 4.1 8.0 ± 0.3 0.1 ± 0.0 4.3 ± 0.1 

SA 2108.2 ± 10716 14.7 ± 0.6* 40.2 ± 4.0* 94.5 ± 6.5 7.5 ± 0.4 0.1 ± 0.0 3.3 ± 0.2* 

DA 2362.8 ± 169.9 14.0 ± 0.7# 43.4 ± 4.6# 84.8 ± 4.9 7.9 ± 0.4 0.1 ± 0.0 3.5 ± 0.3# 

GA 2385.3 ± 258.1 13.6 ± 0.9γ 39.9 ± 3.4γ 86.6 ± 3.2 8.9 ± 0.7 0.2 ± 0.0 3.5 ± 0.6γ 

Table 3: Post-mortem findings 768 

Fetal body and organ weights in the sham (n=9), saline-asphyxia (n=8), dexamethasone-asphyxia (n=7) and glucose-asphyxia groups (n=7). Data are 769 

means ± SEM. Statistical analysis was performed using one-way ANOVA followed by LSD post-hoc tests. *p<0.05 sham vs saline-asphyxia, 770 

#p<0.05 sham vs dexamethasone-asphyxia, γp<0.05 sham vs glucose-asphyxia. 771 
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