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Abstract

We tested the hypothesis that exposure to intermittent hypoxia (IH) during pregnancy would 

prolong the laryngeal chemoreflex (LCR) and diminish the capacity of serotonin (5-

hydroxytryptamine; 5-HT) to terminate the LCR. Prenatal exposure to IH was associated with 

significant prolongation of the LCR in younger, anesthetized, postnatal day (P) rat pups age P8 to 

P16 compared to control, room air (RA)-exposed rat pups of the same age. Serotonin 

microinjected into the NTS shortened the LCR in rat pups exposed to RA during gestation, but 5-

HT failed to shorten the LCR in rat pups exposed to prenatal IH. Given these observations, we 

tested the hypothesis that prenatal hypoxia would decrease binding to 5-HT3 receptors in the 

nucleus of the solitary tract (NTS) where 5-HT acts to shorten the LCR. Serotonin 3 receptor 

binding was reduced in younger rat pups exposed to IH compared to control, RA-exposed rat pups 

in the age range P8 to P12. Serotonin 3 receptor binding was similar in older animals (P18-P24) 

regardless of gas exposure during gestation. The failure of the 5-HT injected into the NTS to 

shorten the LCR was correlated with a developmental decrease in 5-HT3 receptor binding in the 

NTS associated with exposure to prenatal IH. In summary, prenatal IH sensitized reflex apnea and 

blunted processes that terminate reflex apneas in neonatal rat pups, processes that are essential to 

prevent death following apneas such as those seen in babies who died of SIDS.
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Introduction1

We have been investigating the proximate causes of Sudden Infant Death Syndrome (SIDS) 

and asphyxial deaths by modeling the risk factors for SIDS and asphyxial deaths in neonatal 

animals. Our investigations are based on a two-step hypothesis in which SIDS occurs in 

infants who, first, have an unusual propensity for prolonged reflex apneas, and second, lack 

properly effective mechanisms to terminate apneas, restore regular eupneic breathing, and 

arouse (Donnelly et al., 2016; Donnelly et al., 2017; Leiter and Böhm, 2007). Our studies 

related to the first part of this hypothesis - what factors increase the sensitivity and strength 

of reflex apneas - examined the laryngeal chemoreflex (LCR). The LCR follows stimulation 

of the larynx by water or acid and consists of a complex set of behaviors, apnea (sometimes 

profound), swallowing, coughing, sometimes bradycardia and redistribution of blood flow to 

vital organs (Boggs and Bartlett, 1982; St. Hilaire et al., 2005). Collectively, these behaviors 

appear to have evolved to remove foreign substances from the airway, protect against further 

entry of foreign substances into the airway, and enhance survival during the periods of 

hypoxic stress that can result from apnea associated with this reflex (Leiter and Böhm, 2007; 

van der Velde et al., 2003). Many investigators feel that the LCR is the first step in a series 

of physiological events that result in SIDS and asphyxial death in human infants; a process 

that starts with respiratory inhibition and apnea (Downing and Lee, 1975; Page and Jeffery, 

2000; Thach, 2001) and ends with failed autoresuscitation, failed termination of apnea, 

failed restoration of regular breathing, failed arousal from sleep, and death (Meny et al., 

1994; Poets et al., 1999; Poets et al., 1993; Sridhar et al., 2003). Environmental exposures, 

such as maternal nicotine and tobacco smoke exposure (Xia et al., 2009; Xia et al., 2010) 

and thermal stress (Xia et al., 2011), and internally generated factors like inflammation (Xia 

et al., 2016) are known to be risk factors for SIDS, and all these factors increased the 

strength of the LCR.

More recently, we turned our attention to the second part of the hypothesis – the failure to 

terminate apnea and restore eupneic breathing. A subset of babies who died of SIDS appear 

to have deficient serotonergic function (Duncan et al., 2010; Kinney and Haynes, 2019 ; 

Kinney et al., 2003; Machaalani et al., 2009; Panigrahy et al., 2000; Paterson et al., 2006b). 

Similar medullary neurochemical abnormalities were present in both infants dying suddenly 

in circumstances consistent with asphyxia and infants dying suddenly in circumstances 

without associated evidence of asphyxia (Randall et al., 2013), raising the possibility that 

infants who die in circumstances consistent with asphyxia may also have difficulty 

terminating apneas and restoring eupneic breathing. The activity of serotonergic neurons is 

1Analysis of variance – ANOVA; Electrocardiogram – ECG; Electromyography – EMG; Fraction inspired oxygen level - FIO2; 
Gama-amino butyric acid – GABA; Intermittent Hypoxia – IH; Laryngeal chemoreflex – LCR; Nucleus of the solitary tract – NTS; 
Postnatal – P; Room air – RA; Serotonin (5-hydroytryptamine) – 5-HT; Sudden Infant Death Syndrome – SIDS; Sudden Unexplained 
Infant Death – SUID; Transient receptor potential vanilloid 1 – TRPV1.
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strongly associated with the waking state (Heym et al., 1982; Jacobs and Fornal, 1999; 

Veasey et al., 1995) and may be associated with arousal responses in the transition from 

sleep to wakefulness (Buchanan and Richerson, 2010; Donnelly et al., 2016; Leiter and 

Böhm, 2007). Thus, any hypothesis about the pathogenesis of SIDS and possible asphyxial 

death in babies will naturally focus on a potential deficiency of arousal mechanisms and 

restoration of eupnea (Leiter and Böhm, 2007).

The multiplicity of maternal risk factors for SIDS and asphyxial deaths has led to the 

hypothesis that prenatal abnormalities may contribute to the occurrence of SIDS (Carlin and 

Moon, 2017; Hoffman and Hillman, 1992; Leiter and Böhm, 2007). There has been a long 

standing hypothesis that prenatal hypoxia is the most likely intrauterine event associated 

with an increased risk of SIDS (Becker, 1990; Kinney et al., 1983; Naeye, 1980; Takashima 

et al., 1978; Valdes-Dapena, 1986; Valdes-Dapena et al., 1976). In previous studies, 5-HT, 

originating from the caudal raphe and acting thorough 5-HT3 receptors in the NTS, 

substantially shortened the LCR and allowed regular breathing to be restored more quickly 

after the LCR was elicited (Donnelly et al., 2016; Donnelly et al., 2017). Therefore, if 

prenatal hypoxia is an important risk factor for SIDS and if our two-step hypothesis of the 

cause of sudden death in infants is correct, then prenatal hypoxia should increase the 

apparent potency or sensitivity of the LCR, or reduce the power of 5-HT activity in the NTS 

to terminate apneas and restore eupnea, or both. Therefore, we studied the effect of exposure 

to intermittent hypoxic (IH) during pregnancy on the LCR and the effect of 5-HT 

microinjected into the NTS on the LCR in neonatal rat pups between postnatal day P8 and 

P20, an age range that we believe is behaviorally and developmentally analogous to the 

period of vulnerability to SIDS in human infants. Because our previous studies demonstrated 

that 5-HT3 receptors mediated the serotonergic termination of the LCR within the NTS, we 

also tested the hypothesis that prenatal hypoxia would decrease binding to 5-HT3 receptors 

in the NTS.

Material and Methods

Ethical Approval

The Institutional Animal Care and Use Committee of Dartmouth College approved all 

surgical and experimental protocols. We included both male and female Sprague-Dawley rat 

pups ranging in age from post-natal day 8 (P8) to P24 in all sets of experiments.

Intrauterine hypoxia

We placed Sprague-Dawley pregnant dams carrying fetuses between embryonic age day 4 

and day 6 (e4-e6) into either a chamber supplied with normal room air (RA) oxygen levels 

(21%) or a chamber that we intermittently made hypoxic (IH). The IH chamber was 

equipped with oxygen sensors, nitrogen and oxygen gas supply lines, and mixing valves 

(OxyCycler Model A84, Biospherix, Lacona, NY) under software control (WatView 

Runtime v. 2.5.63, Watflow Anafaze, Watsonville, CA) designed to allow sensor-driven 

control over chamber oxygen levels. We generated intermittent hypoxia using software 

written to alternate one hour of RA with one - hour intermittent hypoxia so that there were 

12 hours of IH interleaved with 12 hours of RA (See Figure 1). During each hour of IH, 
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there were five -minute hypoxic intervals, during which chamber oxygen dropped rapidly to 

a nadir of 4.5-7.5% oxygen and during the following 5 minutes, chamber oxygen levels 

returned to 21% oxygen (see Figure 1). Thus, there were six, 5-minute intervals of hypoxia 

interleaved with RA in each hour of intermittent hypoxia and 12 hours of this alternating IH 

interleaved with twelve, one-hour periods of RA. Because the pressure in our nitrogen 

supply decreased over the course of each hour of hypoxia, the actual nadir of the oxygen 

concentration became less hypoxic in a relatively linear fashion from ~4.5% fraction 

inspired oxygen level (FIO2) at the start of each hypoxia hour to ~7.5% FIO2 during the final 

hypoxic interval of each hour (see lower panel in Figure 1). The control, RA chamber was 

fed by tubing connected to controllers that opened to allow pressurized air to enter the 

chamber following a temporal pattern similar to that experienced by animals in the IH 

chamber so that the noise and gas flows experienced by animals in the IH chamber were 

identical to those experienced by dams in the control, RA chamber. Dams were kept in the 

chambers until they delivered and then removed to RA, and postnatal care and development 

of the rat pups occurred under normoxic conditions. Animals were checked daily in the 

morning except when a delivery was expected; at which point, we checked the animals twice 

a day.

Surgical preparation of rat pups

We determined the sex and weight of each pup, and then administered 1.2-1.5 g/kg urethane 

(U2500, Sigma-Aldrich, St. Louis, MO) and 10 mg/kg chloralose (C0128, Sigma-Aldrich) 

in 0.9% saline by intraperitoneal injection. We maintained body temperature at ~34 °C using 

a rectal temperature probe (RET-4, Physitemp, Clifton, NJ) connected to a Physitemp 

TCAT-2 DF servo-controller that regulated a heat lamp positioned over the animal. After 

each animal reached a surgical plane of anesthesia (lack of withdrawal reflex or significant 

change in heart or respiratory rate following a toe pinch), we inserted two 30-gauge 

platinum needle electrodes (FE2M, Grass Technologies, West Warwick, RI) subcutaneously 

on the left upper chest wall to record electrocardiogram (ECG) activity. We amplified 

(100X) and filtered (low cutoff 10 Hz, high cutoff 500 Hz) signals from the ECG leads using 

a DAM-80 AC Differential Amplifier (World Precision Instruments, Sarasota, FL). We 

inserted a second pair of needle electrodes into the intercostal muscles in the region of the 

ninth through eleventh ribs on the lower right costal margin to monitor respiratory 

electromyographic (EMG) activity. We secured both electrode pairs with small amounts of 

cyanoacrylate glue. We amplified (1000X) and filtered (low cutoff 10 Hz, high cutoff 500 

Hz, 60 Hz notch) the EMG signals using Iso-DAM8A amplifiers (WPI, Sarasota, FL). We 

sampled both ECG and EMG signals at 1 kHz using a USB-6009 driven by a custom 

LabVIEW program (National Instruments, Austin, TX).

We placed each animal supine, exposed the trachea and larynx, incised the anterior wall of 

the trachea circumferentially between adjacent rings of cartilage and placed a 

polytetrafluoroethylene breathing tube (19-23 gauge) in the caudal segment. We inserted a 

length of PE-50 tubing into the rostral trachea and advanced it until its tip was near the 

caudal border of the larynx; this tubing was used to deliver microliter amounts of distilled 

water via a syringe pump to the larynx to elicit the LCR. We secured both tubes into the 

trachea using 4-0 silk sutures and cyanoacrylate adhesive. Next, we placed the animal in the 
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prone position on the edge of an elevated platform and secured its head in a ventri-flexed 

position using surgical tape. We exposed the foramen magnum by removing the skin and 

bluntly dissecting the overlying muscle tissue. We used the tip of a 32-gauge needle to incise 

the membranes covering the foramen. This exposed the cerebrospinal fluid and floor of the 

fourth ventricle to provide access for focal microinjections. We made 50-100 nanoliter, focal 

injections through fine, pulled glass pipettes using a Picospritzer II (Parker Hannifin, 

Cleveland, OH). Bilateral microinjections were made just caudal and lateral (within 1 mm in 

both directions) to the termination of the floor of the fourth ventricle in the medial portion of 

the gracile nucleus, and unilateral microinjections were made in the midline just caudal to 

the termination of the floor of the fourth ventricle. The glass pipettes were held in a 

micromanipulator perpendicular to the surface of the brainstem to allow precise control over 

the location and depth of microinjection. We microinjected 4 mM 5-HT diluted in normal 

saline. We used a high dose of 5-HT to try to saturate 5-HT receptors in the medial caudal 

NTS. All microinjections included 0.02% of fluorescent 0.4 μ diameter carboxylated latex 

microspheres (Fluoresbrite, PolySciences, Inc., Warrington, PA) for verification of injection 

locations.

LCR protocol

After opening the foramen magnum, we delivered small volumes of water rostrally into the 

larynx via syringe pump to elicit the LCR. We started with 2-4 μL and increased the volume 

until an LCR-associated apnea of a consistent, moderate duration (usually two to five 

seconds) was elicited. The water volumes required to elicit the LCR were usually between 8 

– 20 μl. Once established in each animal, we held the stimulus volume constant for the entire 

duration of each experiment in each pup. We gave a minimum of three stimulations using the 

effective volume to establish a baseline LCR response. Next, we administered 4 mM 5-HT 

in normal saline by focal microinjection, after which we gave a minimum of three additional 

LCR stimulations. We waited ten to twenty minutes between stimulations to allow the 

animal to clear the water from its larynx, to allow breathing to recover and to minimize 

accommodation to the stimulus. After each experiment, we euthanized the animal by an 

anesthetic overdose. We decapitated each animal that received a microinjection and carefully 

removed its brain to determine the injection location.

Neuroanatomy

We fixed the brains of microinjected animals by immersion in approximately twenty 

volumes of 4% paraformaldehyde in 10 mM phosphate buffered saline for a minimum of 48 

hours, and cryoprotected them by immersion in tubes of 30% sucrose in phosphate buffered 

saline until they no longer floated. We blocked the brains, froze them in an aqueous cutting 

medium (Tissue-Tek O.C.T., Sakura Finetek, Torrance, CA) and cut 40-0 micron, coronal 

sections on a cryostat (CM 3050 S, Leica, Buffalo Grove, IL). Each coronal section was 

examined and photographed immediately using an E800 microscope (Nikon, Melville, NY) 

with a mercury arc light source with appropriate filters for the fluorescence profile of the 

beads used. We compared anatomical landmarks visible on each slice with those shown on 

atlas plates (Paxinos and Watson, 1998) to determine the location of each injection in the 

brainstem and plotted each location on the atlas plate that corresponded most closely with its 
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position in the brain. Sections from two animals in the IH group could not be analyzed for 

the location of the microinjections.

5-HT3 autoradiography

From a separate group of dams exposed to IH or RA as described above, we selected pups 

between ages P7 and P24, and anesthetized each animal before euthanizing it. The brain 

from each of these animals was removed, frozen and stored at −80 °C until sectioned at 20 

microns. Sections were collected serially onto sets of 4 slides such that each slide contained 

every fourth section. Slides were stored at −80 °C until processed for autoradiography.

Slides were removed from the −80 °C, placed at 4 °C for 2 hours and then dried at room 

temperature for 1 hour. For each experiment, 1 set of slides was used for total radioligand 

binding and a second set of slides was processed to determine non-specific binding. The 

incubation of 5-HT3 receptor antagonist, 3H GR65630, was performed according to 

Kilpatrick et al. (Kilpatrick et al., 1988), with slight modification. Slides were pre-incubated 

at room temperature in buffer containing 50 mM HEPES (pH 7.4) for 15 minutes. For total 

binding, slides were incubated for 2 hours at room temperature in 50 mM HEPES (pH 7.4) 

containing 0.2 nM 3H GR65630 (Perkin Elmer, Boston, Ma). Non-specific binding was 

determined with 30 uM metoclopramide (Sigma-Aldrich, St. Louise, MO). Incubated slides 

were washed 2 times for 2 minutes each in 50 mM HEPES (pH 7.4) followed by a 10 second 

rinse in water. Slides were air dried overnight and exposed to a Fuji phosphoimaging plate 

(BAS-TR2025) (GE Healthcare Bio-Sciences; Pittsburgh, PA) for 3 weeks with a 3H 

standard slide (American Radiolabeled Chemicals, Inc, St. Louise, MO). The standard 

permitted conversion of optical density of silver grains to femtomoles per mg (fmol/mg) of 

tissue to quantitate the binding results.

After 3 weeks, the Fuji plates were exposed on a Typhoon FLA 7000 phosphoimager (GE 

Healthcare Bio-Sciences; Pittsburgh, PA) to obtain a digital autoradiographic image. 

Quantitative densitometry of autoradiograms was performed using an MCID imaging system 

(Imaging Research Inc, St. Catharines ON, Canada). For each brain, 3H GR65630 binding 

was measured at 3 different brainstem levels within the NTS: rostral, middle and caudal. At 

rostral levels the NTS was bilaterally separate under the 4th ventricle corresponding to atlas 

levels Bregma −12.90 to −13.50. Middle levels where characterized by the joining of the 

NTS at the midline over the central canal and below the area postrema at Bregma −13.50 to 

™ 14.10. Caudal levels of the NTS were sampled near or caudal to the obex corresponding 

to atlas levels Bregma −14.10 to −14.70. At each level, 2-4 brainstem sections (depending on 

availability of sections) were measured and averaged together. Non-specific binding was 

also measured at each level and subtracted from the total binding to determine specific 

binding. Due to an increased chance for tissue loss during the incubation process of younger 

animals, 2 different incubations were performed, and the data from each incubation were 

averaged together. For the older animals, only one incubation was performed. All 

quantitative measurements were made blinded to the treatment group.
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Statistics and Data Analysis

We measured the effect on respiration of each laryngeal water stimulus in two ways. First, 

we measured the duration of the apnea, which we defined as the period from the onset of the 

last breath before the water stimulus was given until the start of the first obvious respiratory 

activity following the stimulus. Second, we measured the length of the period from the onset 

of the last breath before the water stimulus until the start of the first of five regular breaths 

after the stimulus (regular in rhythm, but not necessarily amplitude), a more comprehensive 

measure of respiratory disruption and instability that we refer to as the LCR. We found in 

previous studies (Curran et al., 2005; Xia et al., 2007) that this dual set of measurements 

provided a more robust measurement of respiratory disruption than either would alone.

Data are presented as means ± the standard deviation. To compare apnea and LCR durations 

before and after focal application of 5-HT, we used a two-way ANOVA in which the effect 

of prenatal gas exposure (RA versus IH on the LCR was compared between treatment 

groups, and the LCR responses before and after 5-HT microinjection were compared within 

each animal (a repeated comparison). The variances of the durations of apnea and the LCR 

were not homogeneous, and the data were not normally distributed. Therefore, we log-

transformed the apnea and LCR durations and performed the statistical analysis in STATA 

15.1 (StataCorp, College Station, Texas). We incorporated age as a random effect in some of 

these analyses. When the ANOVA indicated that significant differences existed among 

treatments, specific, pre-planned comparisons were made using P-values adjusted by the 

Bonferroni method for multiple comparisons. We performed regression analysis in STATA 

15.1 to determine if the stimulus volume used to elicit the LCR differed between the two 

treatment groups (RA versus IH) or differed among animals of different post-natal age.

Statistical comparisons of 5-HT3 binding in the NTS were also made in STATA 15.1 using a 

three-way ANOVA in which the age of the rat pups, the type of prenatal gas exposure, and 

the rostro-caudal level of the NTS were used as categorical variables. The rostro-caudal 

levels were treated as a repeated measure within the ANOVA. As above, we performed 

specific, pre-planned, paired comparisons using P-values adjusted by the Bonferroni method 

for multiple comparisons only when the ANOVA indicated that significant interactions 

existed.

Results

Maternal and Neonatal Behavior

The dams and neonatal rat pups exposed to prenatal IH behaved differently from the control, 

RA-exposed animals. The dams were more agitated and appeared more anxious, especially 

in the first 24 hours postpartum. The hypoxia-exposed dams tended to neglect the newborn 

pups and, on occasion, ate them. The dams did not create organized nests and moved 

restlessly around the cage. All of this occurred even though the dams were placed in a RA 

environment continuously as soon as we recognized that pups had been born, which usually 

occurred fewer than 12 hours after delivery in both the IH and the RA groups.

The pups exposed to prenatal IH appeared normal and similar in size to RA, control pups. 

We cannot compare weights among litters or number of animals within litters because we 
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sometimes discovered dead pups in the morning that had experienced a variable and 

unknowable degree of dehydration, and some of these pups had been partially or completely 

eaten by the dam. Although normal in appearance, some pups had no milk in the stomach, 

and it seemed that the pups exposed to prenatal IH were more likely to become apneic and 

die during anesthesia or during testing of the LCR. However, when we analyzed the data, 

these impressions were not confirmed. The level of anesthesia used was identical in the 

animals, and though a few IH pups died during the LCR testing, the rate of death during 

LCR testing was not disproportionate to other studies of the LCR that we have conducted in 

neonatal rat pups in the past. The average age, weight and anesthetic doses for the two 

groups of animals are shown in Table 1; the treatment groups were similar with respect all 

three variables.

Apnea and LCR Durations

Two examples of the LCR, one from a pup born to a dam exposed to RA throughout 

gestation, and the other from a pup exposed to IH during gestation, are shown in Figure 2. 

Note that the RA-exposed pup demonstrated marked shortening of the LCR after 5-HT was 

injected into the NTS (upper panel). On the other hand, the LCR duration was unchanged 

before and after 5-HT injected into the NTS in the pup exposed to gestational IH. Among 

the pups exposed to gestational IH, the LCR durations were equally distributed among 

longer, unchanged and shorter durations after 5-HT microinjection into the NTS; whereas 

the LCR was consistently shorter after 5-HT injection in the RA-exposed pups.

A recording of a pup exposed to IH during gestation that died after the LCR was elicited is 

shown in Figure 3. The electrocardiogram and integrated diaphragm EMG activity are 

shown in a split trace that is continuous in time. After the LCR was elicited (downward 

arrow), there was prolonged apnea, and bradycardia developed as the apnea persisted. The 

apnea was disrupted by a prolonged period of what appeared to be expiratory abdominal 

activity (which ‘contaminated’ the diaphragm EMG recording and during which no 

inspiratory activity was identified). After the abdominal activity ceased, a series of gasps 

emerged, but eupnea was never restored, and the rat pup died as the heart beat failed (visible 

in the diaphragm EMG trace in the lower panel of the figure). The animal was anesthetized, 

and so arousal as a response was not possible. Nevertheless, this chain of events, apnea, 

bradycardia, gasping without restoration of eupnea and persistent bradycardia, looks 

remarkably like the tracings of human babies who died of SIDS (Meny et al., 1994; Poets et 

al., 1999; Poets et al., 1993; Sridhar et al., 2003).

The trends shown above were confirmed in the average responses from the two groups of 

animals, as shown in Figure 4A. The ANOVA performed to analyze these results revealed a 

significant two-way interaction between maternal gas exposure (RA versus IH) and the 

timing of the microinjection with 5-HT (before versus after the microinjection). The 

interaction indicates that the slope of the response profile of the rat pups to microinjection of 

5-HT in the NTS differed significantly – the reduction in the duration of apnea and the 

duration of the LCR was significantly greater in the animals born to mothers who breathed 

RA through pregnancy (F =5.10, P =0.033 for apnea duration, and F =9.22, P = 0.006 for the 

LCR). Based on the presence of a significant interaction, we made three pre-planned 
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comparisons using P-values adjusted by the Bonferroni method. We compared the LCR 

response before and after microinjection of 5-HT in the RA exposed pups and found that 

both apnea duration and the LCR duration were significantly shortened after microinjection 

of 5-HT (P < 0.01 for apnea duration, and P < 0.001 for the LCR duration). Similar 

comparisons between apnea and LCR responses before and after microinjection of 5-HT in 

the NTS in the IH-exposed animals failed to reveal a significant effect of the 5-HT 

microinjection on apnea or the LCR (P > 0.10 for apnea duration and P > 0.05 for the LCR 

duration). The locations of the microinjections, which are shown in Figure 4B, were not 

different between the RA- and IH-exposed animals. Thus, prenatal exposure to hypoxia 

seemed to blunt the ability of 5-HT microinjected into the NTS to shorten the duration of the 

LCR and the apnea associated with the LCR.

We have previously performed similar studies using 5-HT to modify the LCR in neonatal 

rats, and we compared our previous results to the current study in a two-step process. We 

compared apnea and LCR durations of rat pups exposed to RA throughout gestation in the 

past, historical RA controls (RAH) (Donnelly et al., 2016), to the current group of pups 

exposed to RA during gestation (RAC) using a repeated measures ANOVA. We asked 

whether the LCR responses between RAH and RAC animals differed. They did not – the 

apnea durations and LCR durations of these two RA-exposed groups were indistinguishable. 

In the second step of the analysis, we compared the pooled results from the RAH and RAC 

groups to the apnea and LCR responses in the animals exposed to IH during gestation. This 

analysis confirmed that the pooled RAH and RAC group demonstrated a significant 

shortening of apnea and LCR durations after microinjection of 5-HT into the NTS (P < 0.02 

for both comparisons), and the animals exposed to IH during gestation did not (P >>0.05). 

This analysis indicated that the RAC animals were not anomalous in any way that we can 

detect; RA exposure of the mother in the chamber did not alter the basic characteristics of 

the LCR responses or the responses to microinjection of 5-HT in the NTS compared to the 

rat pups that we studied in the past. Moreover, the IH rat pups responded in a way that was 

quite different from the RAC and RAH animals.

We performed two additional analyses using the pooled RAC and RAH data. The volume of 

water necessary to elicit the LCR increases as a function of the age of the animal (Donnelly 

et al., 2016), which is consistent with an age-related decline in the sensitivity of the LCR – it 

takes a larger laryngeal volume to elicit a similar, consistent LCR response as the animals 

mature, a maturational profile of the LCR previously described in many animals including 

humans (Haraguchi et al., 1983; Thach, 2001; Xia et al., 2008; Xia et al., 2010). The results 

of analyzing the stimulation volume necessary to elicit the LCR as a function of the prenatal 

gas exposure of the mother and the age of each rat pup are shown in Figure 3A. The volume 

of water that must be instilled in the larynx to elicit the LCR rose significantly as postnatal 

age increased (F =26.82, P << 0.001), but there was no difference between the slopes of the 

increase in stimulation volume as a function of age between animals exposed to RA or IH 

during gestation F = 0.21, P = 0.65). Thus, the stimulus at each postnatal age was not 

different between treatment groups.

In the second analysis, we examined the effect of age on the duration of the LCR by adding 

age as a continuous, random covariate to the two-way ANOVA that we used to investigate 
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the effect of gestational IH and microinjection of 5-HT into the NTS. We found a three-way 

interaction between age, gestational gas exposure and the timing of the microinjection of 5-

HT for both apnea and LCR durations (apnea duration - F = 6.66, P < 0.004; LCR duration - 

F = 5.53, P < 0.009). The results of this analysis are shown in Figure 3B. Considering the 

control LCR response in RA-exposed pups as a function of age first, the slopes of the 

regressions of apnea and LCR durations were not significantly different from zero. 

Nevertheless, since the volume of water injected in the larynx to elicit the LCR increased as 

a function of age (Fig. 5A), there was still a clear decrease in the sensitivity of the LCR in 

RA-exposed pups. In contrast, the IH-exposed pups had longer apnea and LCR durations at 

younger ages, and the decline in the duration of apnea and LCR responses as animal age 

increased was accelerated compared to the RA-exposed animals (P = 0.007 for apnea 

duration and P = 0.011 for LCR duration; left panels in Fig. 5B). After 5-HT microinjection, 

none of the slopes of the regressions of apnea or LCR duration as a function of age differed 

from zero (Figure 5B, right panels), indicating that 5-HT in the RA-exposed pups tended to 

decrease apnea and LCR durations to low and age-invariant values, which were significantly 

shorter than the control apnea and LCR durations, as shown in Figure 4 and indicated by (*) 

in Figure 5. The apnea and LCR durations after 5-HT microinjection were also age-

invariant, but the intercepts of the regressions for apnea and LCR duration were not 

significantly different from the pre-5-HT microinjection, control condition, which is also 

consistent with the findings shown in Figure 4 and indicated in Figure 5 by (ns). Thus, even 

though the RA and IH rat pups received similar intralaryngeal volumes to elicit the LCR at 

each postnatal age, the apnea and LCR durations were longer in the younger pups exposed to 

IH during gestation, and this age-dependent enhanced LCR sensitivity diminished more 

rapidly in the IH-exposed pups as the postnatal age of the pups increased.

Serotonin-3 Receptor Binding in the NTS

We demonstrated previously that 5-HT microinjected into the NTS shortens the LCR 

through a 5-HT3 receptor-dependent process (Donnelly et al., 2016). Therefore, we 

examined the expression of 5-HT3 receptors in the NTS to test the hypothesis that the reason 

for the reduced shortening of the LCR following 5-HT microinjection in rat pups born to 

mothers exposed to IH was attributable to decreased expression of 5-HT3 receptors in the 

NTS. Examples of autoradiographs labeled with a tritiated, selective, 5-HT3 receptor agonist 

(3H GR65630) from the brainstem of a RA-exposed animal and an animal exposed to 

intermittent hypoxia are shown in Figure 6A. Note that 5-HT3 receptors are concentrated in 

the midline in the subcommisural nucleus of the NTS (Jeggo et al., 2005; Miquel et al., 

2002) where they act presynaptically on C-fibers to increase glutamate release (Tecott et al., 

1993); there is little labeling of 5-HT3 receptors in the medulla outside of the NTS. Average 

5-HT3 receptor binding is shown in Figure 6B as a function of the age of the rat pups, the 

gas exposure during gestation and the levels of the NTS analyzed. The average ages of the 

animals within each age group were not significantly different between RA and IH animals. 

There was no three-way interaction (age of pups by prenatal gas exposure by level of the 

NTS) with respect to levels of 5-HT3 binding, but there was one significant two-way 

interaction (rat pup age by prenatal gas exposure; F = 9.21, P = 0.003) and a significant main 

effect (level sampled in the NTS; F = 61.6, P < 0.001). When we performed paired 

comparisons between young rat pups exposed to gestational IH compared to young rats 
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exposed to RA during gestation, we found a statistically significant difference between 5-

HT3 binding averaged across the three NTS levels sampled within each age and prenatal gas 

exposure group (P < 0.001; indicated by ‘##” in Figure 6B). When we performed a similar 

comparison among older animals, we found no significant difference (indicated by ‘ns” in 

Figure 6B). When we compared 5-HT3 binding at different NTS levels to analyze the 

significant main effect identified by the ANOVA, 5-HT3 receptor binding at each level of the 

NTS was different from the other two levels across all conditions (IH and postnatal age did 

not change the relative distribution of binding within the NTS). Thus, 5-HT3 receptor 

binding averaged across age and prenatal gas exposure was significantly greater in the mid-

NTS compared to the rostral NTS (P = 0.022) and to the caudal NTS (P < 0.001), and the 5-

HT3 receptor binding in the rostral NTS was greater than the binding in the caudal NTS (P < 

0.001). Thus, at a postnatal age at which 5-HT injected into the NTS failed to shorten the 

LCR in animals exposed to prenatal IH, 5-HT3 receptor binding in NTS was also reduced 

compared to 5-HT3 receptor binding in rat pups exposed to RA during gestation in which 5-

HT injected into the NTS effectively shortened the LCR. On the other hand, prenatal 

exposure to IH did not change the relative distribution of 5-HT3 binding within the NTS: 5-

HT3 binding was greatest in the mid-NTS and lowest in the caudal NTS in all animals 

studied. Moreover, there was no change in 5-HT3 binding when comparing younger and 

older pups exposed to RA during gestation.

Discussion

We examined the effect of gestational IH experienced by both the dam and fetuses on the 

LCR measured under normoxic conditions during the postnatal period in rat pups. To assess 

the impact of gestational IH on the LCR in rat pups, we also tested the hypothesis that 5-HT 

would shorten the LCR, and we tested the hypothesis that gestational IH would alter 5-HT3 

receptor binding in the NTS since the effect of 5-HT microinjection to shorten the LCR is 

mediated by 5-HT3 receptors (Donnelly et al., 2016; Donnelly et al., 2017). There are three 

main findings in this study. First, the LCR was enhanced in the younger rat pups exposed to 

IH during gestation even though all rat pups were raised in RA conditions from the time of 

birth onward. This enhanced sensitivity of the LCR in pups exposed to IH during gestation 

waned as the animals matured, and the LCR durations were approximately equal at P18 

based on the intersection of regressions of LCR duration as a function of animal age in the 

RA and IH groups (Figure 5B). Serotonin injected into the NTS shortened the LCR as we 

have seen previously. However, 5-HT injected into the NTS failed to alter either apnea 

duration or LCR duration in the rat pups exposed to gestational IH (Figure 4). At the age at 

which 5-HT injected into the NTS had no effect on the LCR duration in the IH pups (P8 to 

approximately P16), 5-HT3 receptor binding was also reduced compared to RA pups at the 

same age and compared to older animals (at which time there was no difference in 5-HT3 

binding between the RA and IH pups).

Hypoxic sensitization of the LCR

The LCR is elicited when water, low chloride concentration solutions or acid interact with 

receptors in the larynx (Boggs and Bartlett, 1982; St. Hilaire et al., 2005). Receptors capable 

of transducing these varied stimuli within the upper airway and eliciting the LCR send 
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afferent signals via both A- and C-fibers to the brainstem where both fiber types terminate in 

the nucleus of the solitary tract (NTS) and release glutamate to activate secondary neurons 

(Anderson et al., 1990; Harding et al., 1978; Hayakawa et al., 2001; Jin et al., 2004; Mutoh 

et al., 2000; Patrickson et al., 1991; Roulier et al., 2003). The strength and duration of the 

LCR is modulated by presynaptic receptors on C-fibers responsible for eliciting the LCR 

(Donnelly et al., 2016; Donnelly et al., 2017; Doyle et al., 2002; Fawley et al., 2014; Hermes 

et al., 2016; Xia et al., 2011, 2016). Foremost among these presynaptic receptors is the 

transient receptor potential vanilloid 1 (TRPV1) channel, which is expressed on C-fibers 

and, which when activated, increases intracellular calcium in the presynaptic neuron and 

enhances glutamate release. We have shown that activation of TRPV1 receptors in the NTS 

prolongs the LCR (Xia et al., 2011) and inflammation, acting through the cytokines 

interleukin 1beta (IL-1β) and IL-6, enhances the LCR and may increase the risk of SIDS 

(Guntheroth, 1989; Marty et al., 2008; Stoltenberg et al., 1994; Xia et al., 2016). Gestational 

and postnatal hypoxia promote neuroinflammation (Darnall et al., 2017; Golan and Huleihel, 

2006), and sensitization of the LCR by IL-1β or IL-6 associated with neuroinflammation 

may be one process through which IH prolonged the LCR (Fig. 4). Alternatively, hypoxia is 

associated with increased levels of reactive oxygen species, and reactive oxygen species also 

sensitize TRPV1 receptors and increase reflex responses to TRPV1 stimulation (Taylor-

Clark, 2016). Thus, the effect of IH-exposure to prolong the LCR, both by primary 

sensitization of the reflex (which we have called reflex allodynia since it resembles central 

pain sensitization in the spine mechanistically (Grace et al., 2014), and by delayed 

development of 5-HT3 receptors, which when activated tend to shorten the LCR, is 

consistent with our two step hypothesis in which risk factors for SIDS may sensitize 

apneogenic reflexes and simultaneously blunt responses that terminate apneas and promote 

eupnea and arousal.

Mechanistic Relationship of 5-HT3 Receptors and Modulation of the LCR

Reduced 5-HT3 binding may indicate reduced receptor affinity or reduced receptor 

expression presynatically within the NTS, more likely the latter. Regardless of mechanism, 

there is a functional reduction in 5-HT effectiveness. The LCR causes apnea when glutamate 

activates second order neurons within the NTS that, in turn, project to the ventral respiratory 

group in the medulla where apnea is elicited as the activity from the NTS seems to hold the 

respiratory cycle in an extended post-inspiratory pause, a post-inspiratory apneusis, until the 

apnea is terminated, and the normal sequence of inspiratory, post-inspiratory and expiratory 

activity is restored (Czyzyk-Krzeska and Lawson, 1991; Remmers et al., 1986). Apnea and 

eupnea are, therefore, mutually exclusion; those neurons in the NTS that communicate with 

and inhibit the post-inspiratory neurons in the ventral medulla to cause the post-inspiratory 

apneusis prevent the emergence of eupnea. Therefore, the restoration of eupnea after apnea 

requires the inhibition of those second order neurons in the NTS causing apnea. Activation 

of 5-HT3 receptors in the NTS seems to participate in the inhibition and termination of 

apnea (Donnelly et al., 2016; Donnelly et al., 2017), so that eupnea may emerge. We have 

speculated that 5-HT3 receptors are presynaptic to GABAergic interneurons that inhibit the 

apnea generating second order neurons (Donnelly et al., 2017). Exposure to IH during 

gestation was associated with reduced 5-HT3 receptor binding in the NTS at postnatal ages 

when IH was associated with a reduced apnea-shortening response to 5-HT injected into the 
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NTS. Thus, the reduced 5-HT3 receptor binding is likely mechanistically related to the 

reduced capacity of 5-HT in the NTS to terminate apnea and shorten the LCR, strengthening 

a possible link between a 5-HT3 receptor defect and an increased risk of SIDS.

Sensitization of the LCR waned as the animal matured so that by ~ P16, the rat pups 

exposed to intrauterine IH during development had LCR responses that were similar to 

animals born to mothers exposed to RA throughout gestation. The rate of normalization of 

the LCR seemed to be accelerated once the pups were consistently exposed to a RA 

environment. Moreover, 5-HT3 receptor binding in the NTS was also normalized as the rats 

grew and matured in a normoxic environment. This acquisition of mature, RA-associated 5-

HT3 receptor binding levels and reduced LCR sensitivity, resembles the way in which 

human infants seem to outgrow the risk for SIDS. However, maturational changes in 5-HT3 

receptor binding cannot be the cause of the normal maturational shortening of the LCR seen 

in the RA-exposed pups because there was no change in 5-HT3 receptor binding in the 

control, RA pups over the postnatal age range during which the LCR normally shortens 

(Haraguchi et al., 1983; Thach, 2007). Thus, reduced 5-HT3 receptor binding in the NTS 

may prolong the LCR, but other factors must also contribute to the normal, age-dependent 

waning of the LCR.

Impact of Gestational Intermittent Hypoxia on Development of the Caudal Serotonergic 
system

The ultimate cause of SIDS is unknown. However, Naeye (Naeye, 1980) identified multiple 

histopathological changes in different organs of infants who died of SIDS and ascribed these 

pathological findings to a common mechanism of antenatal hypoxia. Subsequent studies 

confirmed the presence of some of these pathological markers of antenatal hypoxia (Valdes-

Dapena, 1986; Valdes-Dapena et al., 1976), and the presence of gliosis in regions of the 

brainstem associated with autonomic function has been found consistently in multiple 

investigations (Kinney et al., 1983; Takashima et al., 1978). In addition, numerous 

epidemiological investigations have confirmed an association between conditions that my 

compromise fetal oxygen delivery and an increased risk of SIDS. A variety of placental 

abnormalities, such as maternal smoking, eclampsia, and placental abruption, are risk factors 

for SIDS (Bulterys et al., 1990; Getahun et al., 2004; Goldstein et al., 2016; Klonoff-Cohen 

et al., 2002; Li and Wi, 2000; McDonnell-Naughton et al., 2012; Poets et al., 1995). 

Premature birth is a risk factor for SIDS (Malloy, 2002) and for Sudden Unexpected Infant 

Death (which combines SIDS and asphyxia-related deaths together) (Ostfeld et al., 2017). 

Fetal growth retardation and shorter gestation may be risk factors for SIDS (Buck et al., 

1989; Oyen et al., 1997) and may originate, in part, from reduced uterine blood flow and 

intrauterine hypoxia (Naeye, 1989). Maternal anemia during pregnancy increases the risk of 

SIDS (Klonoff-Cohen et al., 2002; Naeye et al., 1976), especially when combined with 

cigarette smoke exposure during pregnancy (Bulterys et al., 1990; Poets et al., 1995). All 

these pathological changes and risk factors associated with SIDS seem to result from 

chronic, prenatal events that reduce oxygen delivery to the fetus, and so for many infants, 

SIDS looks like an acquired, congenital, neuropathological disorder, an idea that was 

endorsed by the National Institute of Child Health and Human Development SIDS Strategic 

Plan 2001 (Goldwater, 2011).
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Pathologists describe the brains of infants who died of SIDS as immature and attribute this 

to hypoxia-associated developmental delay, and the findings of immature serotonergic 

neuronal morphology, delayed myelination, and increased numbers of dendritic spines fit 

this description (Becker, 1990; Bright et al., 2017a; Kinney et al., 1991; Paterson et al., 

2006b; Quattrochi et al., 1985; Takashima et al., 1978; Takashima and Becker, 1991; 

Takashima et al., 1982). Our findings of heightened sensitivity to the LCR, a diminished 

sensitivity of the LCR to 5-HT, and reduced 5-HT3 receptor binding in younger rat pups 

exposed to gestational IH can be seen as persistence of fetal patterns of reflex responses and 

delayed emergence of normal 5-HT3 receptor levels. These findings are consistent with the 

hypothesis that prenatal hypoxia may cause neurodevelopmental abnormalities in humans 

that are associated with delayed brain development and a persistent fetal phenotype, 

including an increased frequency of behaviors that make SIDS more likely (reflex apnea) 

and a reduced capacity to terminate those apneas (activation of 5-HT3 receptors in the NTS). 

A variety of neurotransmitters have been examined in infants who died of SIDS (Bright et 

al., 2017b; Broadbelt et al., 2011; Duncan et al., 2010; Duncan et al., 2008; Hunt et al., 

2015; Kinney et al., 1995; Lavezzi et al., 2016; Nachmanoff et al., 1998; Ozawa and Okado, 

2002; Ozawa and Takashima, 2002; Panigrahy et al., 1997), but the distribution and density 

of 5-HT3 receptors have never been examined in any neuropathological study of which we 

are aware. The results of our previous studies (Donnelly et al., 2016; Donnelly et al., 2017) 

and the current findings indicate that an examination of the density and distribution of 5-HT3 

receptors in infants who died of SIDS may be informative.

Serotonergic Deficits in SIDS: Cause and Effect

A variety of neuropathological abnormalities in the brainstem have been described in babies 

whose deaths were attributed to SIDS, and these include reduced neurotransmitter receptor 

binding (Duncan et al., 2010; Kinney et al., 1995; Panigrahy et al., 1997; Paterson et al., 

2006a), especially 5-HT1a receptors (Duncan et al., 2010; Panigrahy et al., 2000; Paterson et 

al., 2006a) and also 5-HT2a receptors(Ozawa and Okado, 2002; Ozawa and Takashima, 

2002), increased numbers of immature serotonergic neurons (Bright et al., 2017a; Paterson 

et al., 2006b), gliosis (Naeye, 1976; Obonai et al., 1996; Takashima et al., 1978; Takashima 

and Becker, 1985) and increased numbers of dendritic spines (Quattrochi et al., 1985; 

Takashima and Mito, 1985; Takashima et al., 1994). But what are the functional 

consequences of these pathological findings? The physiological recordings of infants who 

died of SIDS demonstrate a sequence of prolonged apneas and bradycardia. In those 

episodes when recovery is successful, gasping develops late in the apnea; oxygen levels rise 

as a result of the gasps; eupnea is restored; and the infant arouses. When recovery from 

apnea and bradycardia is unsuccessful, one or more of these processes (gasping, apnea 

termination, restoration of eupnea or arousal) fails. Serotonin deficiency reduced the 

effectiveness of autoresuscitation (Cummings et al., 2011; Erikson et al., 2007; Erikson and 

Sposato, 2009; Givan and Cummings, 2016), and enhanced serotonergic function restored 

effective autoresuscitation in 5-HT-deficient mice (Chen et al., 2013). Serotonin stimulates 

eupnea by acting on 5-HT2 and 5-HT4 receptors in the ventral medulla (Ptak et al., 2009; St. 

John and Leiter, 2008). Cortical arousal are initiated caudally through an ascending arousal 

system that originates in the rostral pons, projects through the parabrachial nucleus to the 

basal forebrain, and ultimately to the cortex (Fuller et al., 2011; Kaur et al., 2013). The 
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parabrachial nucleus receives serotonergic inputs from the serotonergic raphe nuclei (Bang 

et al., 2012; Miller et al., 2011), and 5-HT acting through 5-HT2A receptors enhances 

arousal from hypercapnia (Buchanan and Richerson, 2010; Buchanan et al., 2015). The 

rostral projections from the caudal serotonergic raphe nuclei target excitatory receptor 

subtypes including 5-HT2A, 5-HT3 and 5-HT4 receptors. Thus, the functional consequences 

of the pathological abnormalities in the caudal 5-HT system summarized above will be 

deficient activation of the sequence of events that normally proceed serially from the caudal 

brainstem, where the mechanisms of gasping, termination of apnea, and restoration of 

eupnea reside, to the midbrain and cortex where arousal from sleep is organized. The 

presence of negative feedback in virtually every biological process makes it difficult to 

identify what is a primary defect and what is a secondary response to the primary defect. 

Assuming that the primary effect of prenatal hypoxia is to delay development, then the 

primary serotonergic defect is likely to be delayed emergence of excitatory serotonergic 

neuronal activity, delayed emergence of 5-HT receptors, and low 5-HT levels (Duncan et al., 

2010). If the primary defect in infants at risk for SIDS is deficient excitatory serotonergic 

activity, then a compensatory downregulation of inhibitory 5-HT1A binding would tend to 

liberate the endogenous and reflex activity of the serotonergic neurons and restore more 

neuronal activation. The increased number of immature serotonergic neurons, as reported in 

SIDS infants (Bright et al., 2017a; Paterson et al., 2006b), might be yet another 

compensatory mechanism in response to fetal hypoxia and its associated developmental 

delay and deficiency of excitatory serotonergic activity. A similar line of argument may 

explain the reduced GABAA receptor binding in medullary nuclei found in infants who died 

of SIDS (Broadbelt et al., 2011) in that reduced inhibitory activity via GABA receptors 

acting on serotonergic neurons in a hyposerotonergic system would tend to restore 

serotonergic activity (Broadbelt et al., 2010), just as a reduction in 5-HT1A receptors would.

The rapid rate at which the pups exposed to IH during gestation outgrew the excessive LCR 

sensitivity and restored normal 5-HT3 receptor levels is surprising and suggests that the 

restoration of normoxia was sufficient to allow ‘catch-up’ growth and development of the 

brain. We did not examine any effects of postnatal hypoxia, but it seems likely that episodes 

of postnatal hypoxia could delay this catch-up development just as much as intrauterine 

hypoxia did. Many postnatal risk factors for SIDS, such as prone sleeping, apnea of 

prematurity, and postnatal cigarette exposure, may cause hypoxia after birth in the infant, 

and there is biochemical evidence of hypoxia of indeterminate age in many babies who died 

of SIDS (Butterworth and Tennant, 1989; Jones et al., 2003; Le Cam-Duchez et al., 1999). 

Therefore, continuing hypoxia in the postnatal period may compound and prolong any 

developmental delays and prolong the putative hyposerotonergic state that originated from 

prenatal hypoxia in utero. Hence, hypoxia, whether prenatal or postnatal, may delay the 

acquisition of more adult reflex, respiratory, and arousal responses appropriate for air 

breathing and may prolong the period of vulnerability to SIDS.

Limitations of the Methods

Intermittent hypoxic exposure of the dam to simulate intrauterine hypoxia in the fetus does 

not simulate the usual causes of hypoxia in human neonates. Usually, but not always, fetal 

hypoxia is caused by functional or anatomical placental insufficiency, and the fetus is 
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hypoxic when the mother generally is not. Moreover, IH altered the behavior of the dams 

and their pups during the early postnatal period. The mothers appeared more skittish and 

anxious, and we cannot be sure that litter sizes and birth weights were not changed by 

exposure to IH. Thus, environmental hypoxic exposures is a weak aspect of the model that 

we used. It may also be useful to confirm that hypoxia restricted to the fetus created by 

uterine artery embolization or ligation leads to similar behavioral and neuroanatomical 

changes.

We tested only one level of hypoxia. The level of hypoxia that we chose arbitrarily did not 

seem to lead to fetal wastage, but did produce physiological and neuropathological effects. 

However, it would be useful to test different doses of hypoxia to determine if the severity or 

duration of hypoxia is correlated with the degree of prolongation of the LCR and the extent 

to which 5-HT3 receptor binding is reduced. If the severity of intrauterine hypoxia dictates 

the degree of maturational delay and the severity of the behavioral and neurotransmitter 

defects that we found, then the greater the degree of intrauterine hypoxia, the greater should 

be the prolongation of the LCR, the less effectively 5-HT injected into the NTS should 

shorten the LCR, and the lower level of 5-HT3 receptor binding should be at any postnatal 

age. In this context, it would be useful to examine in this rat model of prenatal hypoxia the 

entire phenotypic profile of serotonergic and GABAergic abnormalities described in infants 

who died of SIDS.

The threshold level and duration of hypoxia to elicit fetal growth retardation (defined as a 

body weight less than the 10th percentile of the normal population body weight for that 

gestational age) was an FIO2 less than 14% for 7 or more days in rats (Jang et al., 2015). We 

did not detect fetal growth retardation, as best we can tell (see Table 1), and the threshold of 

gestational hypoxia associated with significant behavioral and neurochemical abnormalities 

may require less severe hypoxia than that required to cause growth retardation (which is 

consistent with the normal birth weights and postnatal growth patterns of many babies who, 

nevertheless, died of SIDS). We exposed the rat pups to IH from early in gestation ~P4-5, 

and we cannot determine if there is a critical time of hypoxia in the rats. The serotonergic 

system emerges starting at E11.5 in rat pups, so the rats we studied were certainly exposed 

to IH for days preceding and throughout the intrauterine development of the serotonergic 

system. In any future hypoxic dose ranging study, different start dates, levels of hypoxia and 

durations of hypoxic exposure should be explored to define the critical times and level of 

hypoxia associated with developmental delay and serotonergic deficits.

Conclusions

The findings in the current study are consistent with our two step hypothesis of SIDS (Leiter 

and Böhm, 2007): we found that exposure to IH during gestation increased the sensitivity 

and severity of the LCR in younger rat pups (P8 to ~P16), and diminished the capacity of 5-

HT to terminate the LCR. Moreover, we demonstrated that prenatal hypoxia may alter the 

development of a caudal serotonergic function in an animal model that may recapitulate one 

of the risk factors for SIDS (prenatal hypoxia). The reduction in 5-HT3 receptor binding in 

the NTS in younger rat pups was temporally correlated with the reduced capacity of 5-HT 

microinjected into the NTS to shorten the LCR, confirming a novel and unexpected role for 
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activation of 5-HT3 receptors within the NTS by 5-HT that originates, at least in part, from 

the caudal raphe (Donnelly et al., 2017). This study provides mechanistically specific insight 

into how delayed development of the serotonergic system associated with prenatal hypoxia 

might affect important physiological process in both the initiation of apneas and their 

termination. Infants who died of SIDS demonstrated recurrent prolonged apneas and 

associated bradycardia, and, ultimately, failure to recover from those apneic episodes. Given 

the results of the current study, an investigation of 5-HT3 receptor binding in human infants 

who died of SIDS or in circumstances associated with asphyxia seems warranted.
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Highlights:

• Intrauterine hypoxia may be a risk factor for Sudden Infant Death Syndrome 

(SIDS). Reflex laryngeal apneas in infants are thought to be a common 

initiating event that may lead to sudden infant death. Therefore, we tested the 

hypothesis that intermittent intrauterine hypoxia (IH) would prolong laryngeal 

chemoreflex (LCR) apnea.

• Prenatal exposure to IH was associated with prolongation of the LCR in 

younger, anesthetized, postnatal (P) rat pups age P8 to P16, but not older 

pups.

• Serotonin (5-HT) microinjected into the nucleus of the solitary tract (NTS) 

shortened the LCR in younger rat pups exposed to room air (RA), but 5-HT 

microinjected into the NTS failed to shorten the LCR in rat pups exposed to 

prenatal IH.

• The 5-HT3 receptor binding was reduced in younger rat pups age P8 to P12 

exposed to IH compared to control, RA-exposed rat pups of the same age. 

Therefore, the failure of the 5-HT injected into the NTS to shorten the LCR 

seems to reflect a developmental difference in 5-HT3 receptor binding 

associated with exposure to IH.

• Prenatal IH seems to sensitize reflex apnea mechanisms and blunt processes 

that terminate reflex apneas and facilitate restoration of eupneic breathing in 

neonatal rats.
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Figure 1: 
A schematic of the experimental design is shown above (A). Two groups of pregnant dams 

were exposed either to room air (RA) or intermittent hypoxia (IH) starting at embryological 

age 4-5 days. Once the rat pups were born (postnatal day 0), the mothers and pups from both 

treatment groups were removed from the exposure chamber and each litter and mother were 

placed in RA in a plexiglass cage with appropriate bedding and food and water ad libitum. 

Pups were selected for LCR testing between P8 and P20. The scheme of IH is shown in 

panel B. Intermittent hypoxia, nominally 5% FIO2 (red command O2 line), was administered 

every other 5-minute interval of every other hour 24 hours per day (so alternate hours of 

intermittent hypoxia or room air) for the duration of the exposure, which started on e4 or e5 

of the pregnancy and ended when the rat pups were born (usually an exposure of 17 days). 

The RA mothers were housed in RA, but adjacent to the hypoxia-exposure chamber and 

were exposed to the same environmental noises as the solenoids controlling gas entry into 

the chambers were activated by the sequence of intermittent gas changes. The exposure 

chambers are large and accommodated 2-3 pregnant dams, but the size of the chamber meant 

that the time constant of gas exchange was long. Therefore, 5% FIO2 resulted in an 
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approximately exponential fall in the FIO2 within the hypoxic chamber, and 5% hypoxia was 

not consistently reached (blue or yellow actual O2 measured by chamber sensors). The inset 

shows that the nadir of each hypoxic interval was quite brief within each 5 minutes of 

hypoxia. Moreover, the pressure in the nitrogen supply reservoir decreased over the course 

of each hour of hypoxia, and therefore, the actual nadir of the oxygen concentration became 

less hypoxic in a relatively linear fashion from ~4.5% to a value less than 10% in the final 

hypoxic episode of each hour of IH.
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Figure 2: 
Examples of integrated diaphragm EMG activity during the LCR from a rat pup born to a 

dam exposed to RA during gestation (A) and a pup born to a dam exposed to IH during 

gestation (B). Examples of the LCR before and after receiving a microinjection of 4 mM 5-

HT into the caudal NTS in each animal are shown left to right. The downward arrow 

indicates when the intralaryngeal injection of water was made to elicit the LCR. The LCR 

was virtually eliminated after microinjection of 5-HT into the NTS in the pup exposed to RA 

during gestation. The LCR was negligibly affected by 5-HT injected into the NTS in the rat 

pup exposed gestationally to IH. The time scales vary, but the distance between two tick 

marks is 5 seconds on every graph.
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Figure 3: 
An example of the electrocardiogram and respiratory activity before and during the LCR in a 

rat pup exposed to IH during gestation in which the animal failed to recover. The traces are 

split, but the time is continuous. The downward arrow indicates the point at which water was 

injected into the larynx to elicit the LCR. Following a prolonged apnea, there was a long 

burst of abdominal activity (that looked expiratory to the experimenter). Once the abdominal 

EMG activity ceased, gasping (G) emerged, but autoresuscitation was unsuccessful, and 

apnea persisted. Note that bradycardia developed slowly (at about the onset of abdominal 

activity) and became progressively more severe. The electrocardiogram is more apparent in 

the lower diaphragm EMG tracing late in the apnea. The chain of events recorded resembles 

events recorded from human babies who died of SIDS (Sridhar et al., 2003).
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Figure 4: 
In upper panel, the individual and average apneic and LCR durations are shown from 

animals born to mothers exposed to RA during gestation (A and C) and mothers exposed to 

IH during gestation (B and D). Within each of these treatment conditions, the duration of 

apnea (upper panels) or the duration of the LCR (lower panels) are shown after a 

microinjection of 4 mM 5-HT into the caudal region of the NTS. The apnea and LCR 

durations were significantly less after 5-HT injection in the RA animals, but not different 

from control values in the IH pups. In the lower part of the figure, a schematic of coronal 

sections of the NTS are shown with the locations of each microinjection in each animal 

marked (x) in the location where fluorescent beads included in the microinjection were 

identified (schematic coronal sections adapted from Paxinos and Watson (2005). Sec – 

second; ** - P < 0.01; *** - P < 0.001; ns – not significant). The Paxinos and Watson atlas 

was based on adult rats, and the plate numbers and distances from bregma shown above 

represent the relative locations and distances in the anatomically smaller and immature 

brains of the rat pups that were studied.
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Figure 5. 
In A, the LCR stimulation volume has been plotted as a function of age and gestational 

exposure to RA (RAC and RAH) or IH. The stimulation volume required to elicit the LCR 

rose significantly as rat pups increased in age (P < 0.001), but at any given age, the same 

volume of water was sufficient to elicit the LCR in rats exposed to gestational RA or IH. In 

the lower panels (B), the apnea duration and the LCR have been plotted as a function of 

postnatal age. As animals mature, the duration of apnea and the LCR diminish, and this 

change was significantly more pronounced in animals exposed to gestational IH because the 

LCR was sensitized in the youngest rat pups (P < 0.05 for apnea “*”; P < 0.01 for the LCR 

“**” – a phenomenon that they appeared to outgrow (note that the LCR diminishes as 

animals mature, but the rate of decrease was much greater in the IH exposed pups). The 

apnea and LCR durations were age-invariant and not altered by 5-HT microinjection into the 

NTS in the IH-exposed pups, as shown in Figure 3 and indicated by (ns). In the RA-exposed 

pups, apnea and LCR durations were reduced significantly compared to the pre-5-HT 

microinjection levels, as shown in Figure 3 and indicated by (*), and the apnea and LCR 

durations were short and age-invariant after 5-HT microinjection.
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Figure 6. 
Examples of autoradiographs are shown in A. The 2 panels on the left were taken from 

young pups (P8 - P12) exposed to either RA or IH during gestation. The 2 panels on the 

right were taken from older pups (P18-P23), exposed to either RA or IH during gestation. 

Representative sections from the rostral, mid, and caudal levels of the NTS are shown. 

Stereotaxic coronal images (Paxinos and Watson, 2005) are shown in the middle panel of 

Figure 6A to denote the anatomical location of 5-HT3 binding. Note that 5-HT3 binding was 

concentrate in the midline in the NTS in all animals, there is little 5-HT3 binding in the 

brainstem outside of the NTS. In B, the levels of receptor binding have been plotted as a 

function of the age of the animals, the gestational gas exposure, and the levels of the NTS. 

Note that the relative density of 5-HT3 binding in the NTS was similar in all groups of 

animals. The 5-HT3 binding levels, when averaged across both ages and gas exposure 

regimens, were significantly different among all three NTS levels sampled (mid-NTS > 

rostral – P = 0.022 indicated by short vertical line and ‘*’; mid- >> caudal NTS – P < 0.001 

indicated by the intermediate length vertical line and ‘**’; and rostral > caudal NTS – P < 

0.001 indicated by longest vertical line and ‘**’). The interaction between age and 

gestational gas exposure is also shown, and the level of 5-HT3 binding was significantly less 

across all three NTS levels in the young animals exposed to gestational IH compared to the 

young animals exposed to RA during gestation (P << 0.001; indicated by the ‘##’). In 

contrast, 5-HT3 receptor binding was not identifiably different in older animals regardless of 

whether they were exposed to IH or RA during gestation (indicated by ‘ns’). fmol/mg 

indicates femtomoles per milligram of tissue.
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Table 1.

Comparison of animal age at the time the LCR was tested, body weight at the time of testing and anesthetic 

dose given prior to LCR testing. None of these variables was different between the RA- and IH-exposed rat 

pups.

Maternal exposure: Room air Intermittent
hypoxia

p-values

Age at the time of testing (postnatal days) 13.7 ± 3.9 12.9 ± 3.7 0.66

Body weight (gms) 27.8 ± 10.3 30.5 ± 9.9 0.57

Anesthetic dose (sum of urethane and chloralose in mg/gm body weight) 4.2 ± 1.2 3.6 ± 1.2 0.33

Number of animals 6 21
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