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Abstract

Thermal stress and prior upper respiratory tract infection are risk factors for the Sudden Infant 

Death Syndrome. The adverse effects of prior infection are likely mediated by interleukin-1β 
(IL-1β). Therefore, we examined the single and combined effects of IL-1β and elevated body 

temperature on the duration of the Laryngeal Chemoreflex (LCR) in decerebrate neonatal piglets 

ranging in age from post-natal day (P) 3 to P7. We examined the effects of intraperitoneal (I.P.) 

injections of 0.3 mg/Kg IL-1β with or without I.P. 10 mg/Kg indomethacin pretreatment on the 

duration of the LCR, and in the same animals we also examined the duration of the LCR when 

body temperature was elevated approximately 2 °C. We found that IL-1β significantly increased 

the duration of the LCR even when body temperature was held constant. There was a significant 

multiplicative effect when elevated body temperature was combined with IL-1β treatment: 

prolongation of the LCR was significantly greater than the sum of independent thermal and IL-1β-

induced prolongations of the LCR. The effects of IL-1β, but not elevated body temperature, were 

blocked by pretreatment with indomethacin alone. We also tested the interaction between IL-6 

given directly into the nucleus of the solitary tract (NTS) bilaterally in 100 ngm microinjections of 

50 μL and pre-treatment with indomethacin. Here again, there was a multiplicative effect of IL-6 

treatment and elevated body temperature, which significantly prolonged the LCR. The effect of 

IL-6 on the LCR, but not elevated body temperature, was blocked by pretreatment with 

indomethacin. We conclude that cytokines interact with elevated body temperature, probably 

through direct thermal effects on TRPV1 receptors expressed pre-synaptically in the NTS and 

through cytokine-dependent sensitization of the TRPV1 receptor. This sensitization is likely 

initiated by cyclo-oxygenase-2 dependent synthesis of prostaglandin E2, which is stimulated by 

elevated levels of IL-1β or IL-6. Inflammatory sensitization of the LCR coupled with thermal 

prolongation of the LCR may increase the propensity for apnea and Sudden Infant Death 

Syndrome.
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1. Introduction

There is widespread recognition that apnea and subsequent hypoxia and bradycardia play an 

important role in the pathogenesis of SIDS (Hunt and Brouillette, 1987; Kahn et al., 1992; 

Kinney and Thach, 2009; Leiter and Böhm, 2007; Steinschneider, 1972). It seems likely that 

babies who die of SIDS experience an asphyxial stress associated with apnea during sleep to 

which they do not respond appropriately and from which they do not recover (Leiter and 

Böhm, 2007; Poets et al., 1999; Sridhar et al., 2003). Therefore, events or processes that 

initiate apnea or enhance apnea duration will promote the occurrence of SIDS, and events or 

processes that terminate apneas, restore eupnea and enhance arousal from sleep are likely to 

reduce the occurrence of SIDS. The laryngeal chemoreflex (LCR) is a protective response 

elicited when fluid enters the larynx, particularly fluid with a low chloride content or low pH 

(Boggs and Bartlett, 1982; Downing and Lee, 1975; Lee et al., 1977). The LCR is 

particularly prominent in neonatal animals and is frequently elicited in the normal course of 

neonatal life (Thach, 1997, 2001). The LCR consists of protective airway responses 

(laryngeal closure and apnea) that prevent aspiration of fluids into the upper airway, clear the 

fluids from the airway and preserve oxygen delivery to vital organs. To prevent aspiration, 

respiration is inhibited (Downing and Lee, 1975), and the glottis is closed (Haraguchi et al., 

1983; Sasaki, 1979). To clear the airway, coughing and swallowing are activated (Thach, 

2001; van der Velde et al., 2003). To preserve oxygen delivery, bradycardia occurs and blood 

flow may be redistributed to vital organs (Grogaard et al., 1982). These behaviors are 

elicited to varying degrees depending on the strength of the reflex response. Weak reflex 

responses may consist of brief respiratory disruption, coughing and swallowing; whereas the 

entire range of behaviors may be elicited when the LCR is strongly activated (Thach, 2001; 

van der Velde et al., 2003). Despite the protective nature of the LCR, many investigators 

have suggested that the LCR may be an important initiator of apneas that begin a chain of 

events leading to SIDS (Downing and Lee, 1975; Lanier et al., 1983; Leiter and Böhm, 

2007; Page and Jeffery, 2000; Page et al., 1996; Thach, 1997, 2001, 2005). Infants who are 

susceptible to SIDS may have stronger LCR responses and may have weaker arousal 

mechanisms and/or difficulty restoring eupnea after reflex apneas—they may fail to 

autoresuscitate (Cummings et al., 2011; Kinney and Thach, 2009; Leiter, 2009; Leiter and 

Böhm, 2007; Poets et al., 1999; Sridhar et al., 2003).

A variety of airway receptors contribute to the LCR, and the behavioral diversity of the 

reflex response may reflect the diversity of receptors activated within the larynx when the 

LCR is elicited. The LCR can be mediated by ‘water’ receptors within the mucosa of the 

larynx (Boggs and Bartlett, 1982). More than half of these water sensitive receptors are 

mechanoreceptive, and the afferent nerves derived from these receptors have rapid 

conduction velocities, typical of myelinated A-fibers (Anderson et al., 1990; Harding et al., 

1978). On the other hand, capsaicin-sensitive laryngeal afferents also elicit apnea, 

bradycardia, swallowing and other behaviors typical of the LCR. These capsaicin-sensitive 

fibers are unmyelinated C-fibers and clearly separable from water receptors (Mutoh et al., 

2000; Roulier et al., 2003). A-fibers and C-fibers express a different constellation of 

presynaptic receptors in the NTS (Jin et al., 2004), and transient receptor potential vanilloid 

1 (TRPV1) receptors are functionally associated with C-fibers. Both A-fibers and C-fibers 
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run in the internal branch of the superior laryngeal nerve and transmit sensory information 

from the larynx to the brainstem, where the afferents innervate second order neurons within 

the caudal NTS (Hayakawa et al., 2001; Patrickson et al., 1991). These second order neurons 

express non-NMDA glutamate receptors, and when visceral afferents are stimulated, 

glutamatergic excitatory post-synaptic currents (EPSCs) are elicited in the second order 

neurons (Doyle et al., 2002; Jin et al., 2004; Peters et al., 2010), and elicit apnea. In previous 

studies, we have focused on laryngeal stimuli and central regulatory pathways that 

emphasize the role of C-fiber modulation of the LCR (Xia et al., 2011).

Many risk factors for SIDS seem to enhance the LCR. For example, thermal stress (elevated 

room temperature, increased covering with bed clothes, etc.) is a risk factor for SIDS, and 

elevated body temperature enhanced laryngeal adduction induced by superior laryngeal 

nerve stimulation in dogs (Haraguchi et al., 1983) and prolonged the LCR elicited by 

injection small volumes of water into the larynx in decerebrate piglets (Curran et al., 2005). 

The effect of elevated body temperature on the LCR depends on activation of TRPV1 

receptors within the nucleus of the tractus solitarius (NTS) (Xia et al., 2011). A recent 

history of an upper respiratory tract infection (URI) is also a risk factor for SIDS 

(Steinschneider, 1972), and viral infections, particularly respiratory syncytial virus 

infections, may prolong reflex apneas in newborn lambs (Lindgren and Grogaard, 1996; 

Lindgren et al., 1992). The effect of recent URIs depends on the synthesis and release of 

inflammatory cytokines (Frøen et al., 2000, 2002). In anesthetized piglets, endotoxin 

administration, which initiates a cytokine cascade through a toll-like receptor, prolonged 

apneas elicited by insufflation of acidic water into the larynx, and systemic administration of 

interleukin-1β (IL-1β) prolonged apnea induced by ammonia saturated air insufflated into 

the larynx (Stoltenberg et al., 1994). Infections that increase IL-1β or tumor necrosis factor-

alpha (TNFα) may, therefore, sensitize the LCR. In neither of the foregoing studies was 

body temperature allowed to rise, but both endotoxin and IL-1β are pyrogenic. Elevated 

levels of IL-1β and TNFα generate a cascade of cytokines, including IL-6, which in turn 

stimulate cyclooxygenase-2 (COX-2) activity, and generate prostaglandins, especially 

prostaglandin E2 (PGE2), which is the ultimate mediator of altered neuronal activity in 

temperature sensitive cells in the hypothalamus that causes fever (Dinarello, 2004). 

Therefore, we investigated the interaction between inflammation mediated by IL-1β and the 

direct effects of temperature on the duration of the LCR. We tested the hypothesis that IL-1β 
and elevated body temperature would independently increase the duration of the LCR. In 

addition, we tested the hypothesis that IL-1β and elevated body temperature would 

demonstrate a significant interaction—that the combined stimuli would have a greater effect 

than the sum of the two individual stimuli. We also tested the effect of IL-1β in the presence 

of the mixed cyclooxygenase-1 and -2 inhibitor, indomethacin, to determine whether IL-1β-

dependent effects on the LCR are mediated by IL-1β itself or by downstream mediators such 

as PGE2. Moreover, we tested the hypothesis that the IL-1β-dependent effects on the LCR 

are mediated centrally within the brainstem by IL-6, the synthesis of which may be 

increased when IL-1β levels increase.
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2. Methods

Experiments were performed on 43 piglets (22 male and 21 female) ranging in age from 3 to 

7 days (4.9 ± 1.0 days; mean ± SEM) with an average weight of 2.3 ± 0.1 kg. The 

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

and experimental protocols.

2.1. Surgical preparation

Animals were anesthetized with 2% halothane (2-bromo-2-chloro-1,1,1-trifluoroethane; 

SigmaAldrich) in O2. A rectal probe was inserted, and rectal temperature (‘body 

temperature’) was maintained between 38 and 39 °C using a servo-controlled heating pad. 

Femoral arterial and venous catheters were inserted to measure blood pressure and 

administer drugs, respectively. Each animal was tracheostomized and artificially ventilated 

(Harvard Apparatus Dual Phase Respirator, South Natick, MA) to maintain the end-tidal 

CO2 concentration at approximately 5%, which was also servo-controlled so that end-tidal 

CO2 did not vary as a function of any of the experimental treatments. After exposing the 

carotid sinus regions bilaterally, the internal and external carotid arteries were ligated to 

facilitate decerebration. The vagus nerves were sectioned bilaterally to prevent entrainment 

of the phrenic rhythm to the mechanical ventilator (Graves et al., 1986; Petrillo et al., 1983). 

Each animal was placed prone with its head in a stereotaxic apparatus (Kopf Instruments, 

Tujunga, CA). The skull was opened, the animal was decerebrated at the level of the 

superior colliculi and all brain tissue rostral to the section was removed by suction. 

Following decerebration, isoflurane anesthesia was discontinued. Each animal was paralyzed 

using pancuronium bromide (1 mg/kg, iv; Elkins-Sinn Inc., Cherry Hill, NJ), and 

supplemental doses of pancuronium were given as required, usually at a rate of 0.5 mg/Kg/h. 

A phrenic nerve was exposed and sectioned, and the central cut end was placed on a bipolar 

recording electrode to monitor respiratory output. Phrenic activity was amplified (Gould 

Universal Amplifier, Cleveland, OH), and the moving time average (“integrated activity”) 

was calculated electronically (100 ms time constant; CWE, Ardmore, PA). Integrated 

phrenic nerve activity, body temperature, end-tidal CO2 and blood pressure were recorded 

on a computer (PowerLab, ADI, Australia) for later analysis.

Intravenous drugs were delivered through the femoral venous catheter. We made 

microinjections of drugs into the dorsal area of the brainstem using a 0.5 μl syringe (SGE 

Analytical Sciences, Austin, TX) with a 0.47 mm O.D. The needle of the injection syringe 

was flexible, and to control the location of the injections more effectively, the needle was 

passed through a rigid guide tube that ended just above the surface of the dorsal brainstem. 

The needle was advanced into the dorsal medulla perpendicular to the dorsal surface using 

visual landmarks—the obex primarily (Niblock et al., 2005). The needle for microinjections 

was placed in the medulla approximately 30 min before any tests of the LCR were 

performed. Respiratory activity was stable at the time of each injection. All drugs injected 

into the medulla were combined with 0.5 μm diameter fluorescent microbeads 

(Fluoresbrite® YG Micro-spheres, Polysciences, Inc., Warrington, PA). The beads were 

added to the drugs dissolved in the solvent vehicle (5 μl stock solution of microbeads, which 
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contained 3.64 × 1011 particles/ml, were added to 100 μl vehicle) and distributed within the 

solvent by shaking before being aspirated into the injection syringe.

We placed a pharyngeal catheter (PE-90) through a nostril and positioned the tip just above 

the larynx. The catheter was filled with water, and 0.1 ml of water was injected into the 

larynx using a computer controlled syringe pump each time that we elicited the LCR. Water 

remained in the catheter between tests, and as a consequence, the temperature of the water 

injected was near body temperature. The larynx was suctioned periodically as needed. At 

least 5 min elapsed between tests of the LCR, and the LCR was not tested unless phrenic 

respiratory activity was stable.

2.2. Neuroanatomy

At the conclusion of each experiment, each piglet was killed with an injection of 500 mg/Kg 

pentobarbital sodium followed by 5–10 ml of saturated potassium chloride administered I.V. 

The brainstem was removed from the animal, placed in cryo-embedding medium (Tissue-

Tek O.C.T. 458, Sakura Finetek, Torrance, CA) and frozen in isopentane at −70 °C. 

Brainstems were sectioned (50 μm) in a cryostat at −18 °C, and sections were mounted on 

gelatinized glass slides, fixed for 15 min in 4% paraformaldehyde in phosphate buffered 

saline (pH 7.0) and stained with cresyl violet (Bandroft and Cook, 1994; Luna, 1992). The 

location of the microinjection was identified using a combination of tissue disruption caused 

by the microinjection syringe tip and the location of fluorescent microbeads. The 

distribution of fluorescent microbeads was examined under fluorescent light using a TRITC 

filter (excitation 540 ± 25 nm; dichroic mirror 565 nm) on a Nikon Eclipse E800 microscope 

(Nikon Instruments Inc., Melville, NY). We recorded the location of the highest 

concentration of beads as the center of the injection, but we also noted the rostro-caudal 

extent of spread of the beads.

2.3. Experimental design to study IL-1

We studied three conditions to test the hypothesis that systemic administration of IL-1β 
would prolong the LCR. In the first study, we treated each animal with 10 mgs/kg 

indomethacin given IP approximately 60 min before testing the LCR under normothermic, 

hyperthermic and repeat normothermic conditions. In the second study, we treated each 

animal with 3 μg/Kg IL-1β given IP approximately 30 min before testing the LCR under the 

same three conditions. In the final study, we treated each animal with 10 mgs/Kg 

indomethacin given IP approximately 60 min before testing the LCR, and then we gave 3 

μg/Kg IL-1β IP approximately 30 min before testing the LCR again under normothermic, 

hyperthermic and repeat normothermic conditions. The interval between different 

temperature conditions was also about 30 min. The body temperature was maintained at 

approximately 38.5 °C during normothermic conditions and the body temperature was 

maintained at approximately 41 °C during hyperthermic conditions.

2.4. Experimental design to study IL-6

We studied two drug conditions, IL-6 microinjection into the region of the NTS and IL-6 

microinjection after indomethacin treatment, and four thermal conditions. We began the 

study with a normothermic, untreated, baseline condition before IL-6 treatment during 
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which bilateral 0.5 μL microinjections of vehicle alone were made just caudal to the obex. 

The LCR was elicited three times to assess the baseline duration of the LCR. After the first 

set of measurements, IL-6 was administered (100 ngm) in bilateral 0.5 μL microinjections 

into the NTS just caudal to the obex, and the LCR was tested three times under 

normothermic conditions approximately 30 min later, followed by assessment of the LCR in 

a hyperthermic condition and a final normothermic condition after the animal was cooled 

back its normal body temperature. In the second study, indomethacin 10 mg/Kg was given 

IP before the start of the study, and the sequence of thermal conditions described above was 

repeated: a normothermic set of LCR responses was obtained; IL-6, 100 ngm in 0.5 μL was 

injected bilaterally into the NTS;, and the LCR was studied in the same normothermic, 

hyperthermic and normothermic sequence of conditions as in the first IL-6 study.

2.5. Data analysis and statistics

We defined the duration of the LCR as the period of respiratory instability (defined as 

variability of phrenic amplitude and/or respiratory timing) from the beginning of the breath 

during which the water stimulus was delivered to the onset of at least five regular breaths. 

These five breaths did not need to have the same frequency or amplitude as the control 

breaths; we simply required that they be regular (Curran et al., 2005; van der Velde et al., 

2003; Xia et al., 2007b). The respiratory disruption measured in this way included both 

periods of unstable respiratory activity and apneas. We kept the definition of the LCR 

duration simple and applied it consistently across all animals. We also measured the longest 

apnea duration of each reflex trial, which is less subject to interpretation. Apnea was defined 

as a cessation of phrenic activity that was at least 120% greater than the duration of the 

breath preceding the respiratory cycle during which the water stimulus was delivered. 

However, apnea did not occur in all tests of the LCR. Measuring both the LCR duration and 

apnea duration, when present, provided a more complete analysis of the response since 

apnea duration alone does not capture the behavioral complexity of the LCR, and measuring 

the LCR duration alone can require subjective judgments. Stimulation of the LCR may 

induce bradycardia as well as apnea in intact animals. However, we did not analyze the heart 

rate responses because the animals were vagotomized.

We used a two-way ANOVA to analyze these studies (SYS-TAT 9.0, SPSS, Inc., Chicago, 

IL). Drug treatments were a between subjects factor, and thermal conditions were a within 

subjects, repeated factor in the two-way ANOVA. When the ANOVA indicated that 

significant differences existed among the treatments, specific pre-planned comparisons were 

made using orthogonal contrasts and P-values adjusted by the Bonferroni method. We made 

orthogonal contrasts between the two normothermic conditions that bracketed each 

hyperthermic condition and between the means of these normothermic conditions and the 

hyperthermic treatment condition. The apnea and LCR durations were not normally 

distributed, and the variances among treatments were not homogenous; both of which violate 

the assumptions upon which the ANOVA is based. Therefore, apnea and LCR durations 

were log-transformed for the statistical analysis, as we have done previously (Curran et al., 

2005; Duy et al., 2010), and the ANOVA was performed on the log-transformed data. Data 

are presented in the text and figures as the mean ± the standard error of the mean of the 

untransformed values of each variable.
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3. Results

3.1. Effects IL-1β on hyperthermic prolongation of the LCR

Examples of the responses of integrated phrenic nerve activity from a single piglet during 

four sequential treatment conditions are shown in Fig. 1. When the LCR was elicited first at 

normal body temperature in the control condition, the apnea elicited lasted 5.8 s and the 

LCR lasted 9.9 s. Next, the piglet was given IL-1β (3 μg/Kg I.P.), and the LCR was re-

evaluated at normal body temperature 20 min after the IL-1β injection when the apnea 

duration had increased to 19.6 s, and the LCR duration had increased to 23.1 s, even though 

body temperature had not changed. The combined effects of IL-1β and elevated body 

temperature were tested by raising the body temperature to 41.1 °C. In this setting, an apnea 

lasting 23.9 s, was elicited and the LCR lasted 29.3 s. In the final experimental condition, 

the animal was cooled to its normal body temperature, and when the LCR was elicited again, 

the apnea duration was reduced to 5.9 s, and the LCR lasted 7.2 s; durations. Thus, Il-1β 
prolonged the LCR under normothermic conditions, and there was a combined effect of 

IL-1β and hyperthermia to prolong the LCR even further. The entire sequence of tests took 

an hour or more, and the effect of IL-1β seemed to have disappeared after approximately 

120 min when the final measurements of the LCR were made.

To determine first, whether there was an interaction between hyperthermia and IL-1β 
treatment and second, whether IL-1β modified the LCR directly (or through activation of 

cyclooxygenase-1 or -2), we compared the effects of IL-1β treatment at normal and elevated 

body temperatures to the effect of indomethacin alone or in combination with IL-1β. The 

average values of the LCR duration, the longest apnea duration, respiratory frequency and 

body temperature are shown in Fig. 2 during each of these three treatment conditions 

(indomethacin, n = 6; IL-1β, n = 9 or indomethacin plus IL-1β, n = 7) at each sequential 

body temperature within each treatment condition. A two-way ANOVA revealed a 

significant drug treatment by temperature interaction for both apnea duration (P < 0.007) 

and the LCR duration (P = 0.005), and therefore, we made ten preplanned comparisons 

among the various treatments and temperatures, we adjusted the significance level to P = 

0.005 for each specific comparison in order to keep the probability of making a Type I error 

at 0.05 for the entire set of comparisons.

In the comparisons among indomethacin, IL-1β or indomethacin plus IL-1β (Fig. 2), it is 

apparent that when indomethacin was present with or without IL-1β (Fig. 2A and C), there 

was thermal prolongation of the LCR (P < 0.05, ‘†’) and though the apnea duration 

increased, this change did not reach statistical significance (‘NS’). In contrast, IL-1β alone 

dramatically altered the LCR responses (Fig. 2B). First, there was a significant initial 

normothermic effect of IL-1β as seen from the significant prolongation of the LCR 

comparing the normothermic effects after IL-1β treatment to the normothermic treatments 

after indomethacin and indomethacin plus IL-1β (P < 0.05, ‘*’). Apnea duration was longer 

under this first normothermic condition after IL-1β treatment compared to the combined 

normothermic indomethacin containing treatments, but this change was not statistically 

significant. During the second normothermic condition following IL-1β treatment, the LCR 

duration was not different from the preceding normothermic condition (‘NS’), but the apnea 
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duration was actually significantly less than the first normothermic condition (‘&’, P < 

0.05). Thus, IL-1β treatment increased the LCR duration even under normothermic 

conditions, a response that indomethacin treatment blocked.

The most interesting aspect of the results of IL-1β treatment are that riding on top of a 

relatively small normothermic IL-1β-related prolongation of the LCR, there is a large and 

statistically significant prolongation of both apnea and LCR duration during combined 

hyperthermia plus IL-1β treatment (P < 0.05, ‘#’; Fig. 2B), and this amplification of the 

hyperthermic prolongation of the LCR was absent in animals treated with indomethacin 

alone or in combination with IL-1β (Panels A and C). Temperature and IL-1β have an 

interactive effective - prolongation of the LCR after IL-1β treatment was much greater than 

the sum of the effects of hyperthermia plus either indomethacin or IL-1β treatment alone. 

We cannot draw this conclusion with certainty however: there are no results for 

hyperthermia alone, and it is possible that the apparent interaction is due to IL-1β having not 

yet reached its time of greatest effectiveness until the hyperthermic test within each 

treatment group. Finally, it seems unlikely that the IL-1β treatment effect is due to IL-1β 
itself, since indomethacin, which blocks synthetic processes downstream from IL-1β in the 

cascade of inflammatory mediators and cytokines, blocked the IL-1β-mediated effects on the 

LCR.

In previous studies of the thermal modulation of the LCR in decerebrate piglets, we have 

seen variable effects on respiratory frequency; the effects were often attributed to elevated 

body temperature, but sometimes attributable to drug treatments (Duy et al., 2010). In the 

current study, IL-1β treatment did not affect respiratory frequency (there was no drug 

treatment effect or drug treatment by temperature effect). Elevated body temperature on the 

other hand significantly increased the respiratory frequency in all three drug treatment 

conditions (P = 0.01, ‘@’). This thermal effect on respiratory frequency was not altered by 

indomethacin treatment, which is further evidence that IL-1β was not involved in this 

change in respiratory frequency.

We measured other variables to make sure that the piglets were physiologically similar 

across treatment conditions. First, baseline body temperature was not different among 

treatment groups, and the increase in body temperature during the hyperthermic conditions 

was similar in all three treatment groups and statistically significant (P < 0.001, ‘@’). Blood 

pressure was not different among treatment groups nor among the temperature conditions or 

drug treatments. The end-tidal CO2 was also similar across drug treatment groups, although 

it was approximately 1 mm Hg higher during the hyperthermic conditions compared to the 

normothermic condition in all three treatment groups (P = 0.01). This may reflect an 

increase in metabolic rate at the higher temperature, and it also reflects our imperfect ability 

as experimenters to match mechanical ventilation to metabolism with 1 mm Hg end-tidal 

PCO2 accuracy.

3.2. Effects of IL-6 on the LCR

Elevated levels of IL-1β initiate a cascade of pro-inflammatory cytokines, and IL-6 levels 

rise sharply after treatment with IL-1β. Moreover, IL-6 is a cytokine pyrogen in its own right 

(Dinarello, 2004; Tsakiri et al., 2008). Therefore, we tested the hypotheses that IL-6 
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treatment would prolong the LCR, and that any IL-6-mediated prolongation of the LCR 

would be amplified by increased body temperature. We also determined whether IL-6-

induced changes in the LCR were dependent on cyclo-oxygenase activity by combining IL-6 

plus indomethacin in one treatment group. We modified the experimental design by 

including an initial untreated, control condition of the LCR at normal body temperature to 

make it easier to detect any effect of IL-6 under normothermic conditions without a prior 

bout of hyperthermia. This modification of the experimental design allowed us to compare 

only two drug treatment groups (IL-6 (n = 6) versus combined IL-6 and indomethacin (n = 

6)) as shown in Fig. 3. In addition, we gave the IL-6 centrally, bilateral 100 ngm of IL = 6 in 

0.5 μL injections into the NTS, to determine whether IL-6 could act within the brainstem to 

prolong the LCR. As before, there was a significant drug treatment by the thermal treatment 

interaction, which permitted us to make a series of specific, orthogonal contrasts.

IL-6 treatment prolonged the LCR. The normothermic conditions after IL-6 treatment (the 

second and fourth within animal treatments; Fig. 3A) were not different from each other, but 

IL-6 treatment increased the durations of apnea and the LCR at normal body temperature 

compared to the normothermic pre-IL-6 condition (P < 0.05, ‘*’). Moreover, the apnea and 

LCR durations during the hyperthermic condition were significantly greater than the apnea 

and LCR durations during the normothermic conditions after IL-6 treatment (P < 0.05, ‘†’). 

When IL-6 was given in combination with indomethacin, there were no differences among 

any of the three normothermic conditions, though hyperthermia still increased the apnea and 

LCR durations compared to the normothermic conditions (P < 0.05, ‘&’). Moreover, the 

hyperthermic apnea duration was significantly greater in the IL-6 treatment group compared 

to the apnea and LCR durations in the combined IL-6 and indomethacin treatment (P = 

0.016 for apnea duration and P = 0.007 for the LCR duration). Thus, IL-6 treatment 

prolonged the LCR under normothermic conditions; IL-6-dependent prolongation was 

significantly amplified by elevating body temperature; and treatment with indomethacin 

completely blocked these effects of IL-6 treatment and revealed the isolated hyperthermic 

prolongation of the LCR.

In this set off studies, the respiratory frequency was elevated in the IL-6 treatment group 

across all body temperature conditions compared to the combined IL-6 and indomethacin 

treatment (P = 0.036, ‘**’). Thus, IL-6 may have some effect on respiratory frequency 

independent of cyclo-oxygenase activation. Body temperature was similar among drug 

treatment groups and treatment conditions and significantly elevated during the 

hyperthermic treatment condition (P < 0.001, ‘@’). Blood pressure and end-tidal CO2 levels 

were similar across all treatment conditions in all treatment groups.

The locations of the microinjections of IL-6 are shown in Fig. 4. The IL-6 microinjections 

are intermixed throughout the NTS. The sites of injections do not differ among the animals 

that received indomethacin or control injections. One set of microinjections was caudal to 

the NTS (not shown in Fig. 4). Nevertheless, the respiratory data for this animal, which 

received IL-6 and no indomethacin, were incorporated into the statistical analysis.
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4. Discussion

The main findings in this study are that IL-1β and IL-6, pro-inflammatory cytokines, 

prolong the LCR during normothermic conditions and amplify the prolongation of the LCR 

that occurred when body temperature was elevated approximately 2.5 °C. The lengthening 

of the LCR caused by IL-1β and IL-6 was prevented by co-administration of indomethacin, 

an inhibitor of cyclo-oxygenase-1 and -2. The results reveal separate, but interacting effects 

of elevated body temperature and IL-1β or IL-6 since the LCR was most effectively 

prolonged when both elevated body temperature and IL-1β or IL-6 were present. 

Indomethacin suppressed the response to IL-1β and IL-6, but some degree of thermally 

mediated prolongation of the LCR remained even after treatment with indomethacin.

4.1. Mechanisms of IL-1β activation of the LCR

The effect of IL-1β on apnea length has been investigated previously. IL-1β pretreatment 

increased the duration of apnea elicited either by inhalation of ammonia or laryngeal 

instillation of hydrochloric acid in anesthetized piglets even when body temperature was 

held constant (Frøen et al., 2000; Stoltenberg et al., 1994). These authors speculated about 

the possible mechanism of this effect, but since the role of TRPV1 in the regulation of the 

LCR was described (Xia et al., 2011), we can propose a mechanistically plausible, molecular 

chain of events between IL-1β and control of the LCR. TRPV1 channels are temperature 

sensitive, and particularly interesting, for that reason, in respect to the thermal prolongation 

of the LCR. TRPV1 channels, which are non-specific cation channels, are present in the 

laryngeal mucosa (Hamamoto et al., 2009), and in the nodose ganglion (Helliwell et al., 

1998) and also expressed within the NTS pre-synaptically on visceral C-fiber afferents 

(Mezey et al., 2000; Patterson et al., 2003; Sun et al., 2009). Activation of TRPV1 channels 

within the pre-synaptic membrane on unmyelinated C-fibers appears to amplify glutamate 

release onto second order neurons in the NTS. TRPV1 channels are usually thought to have 

a thermal threshold of greater than 42 °C (Julius and Basbaum, 2001). However, TRPV1 

channel activation in the NTS, which enhances asynchronous release of glutamate following 

visceral afferent stimulation, was thermally modulated by temperatures between 25 and 

38 °C (Peters et al., 2010). Consistent with this more physiological TRPV1 thermal 

threshold of activation, elevating body temperature in neonatal piglets by 1–2 °C was 

sufficient to elicit a TRPV1-dependent thermal prolongation of the LCR (Xia et al., 2011). 

Thus, the activity of TRPV1 channels in the NTS was modulated at temperatures well within 

the physiological range in neonatal animals.

TRPV1 channels are promiscuous and multiple, non-thermal stimuli may modify their 

activity, irrespective of temperature (Jia and Lee, 2007; Premkumar and Abooj, 2013). Many 

of the nonthermal activators and modulators of TRPV1 activity are mediators of 

inflammation. TRPV1 activation is elicited or potentiated by capsaicin, low pH, anandamide 

(Smart et al., 2000), bradykinin and a variety of cytokines, including TNF-a, IL-1β and IL-6 

(Schaible, 2014), some of which in turn stimulate the synthesis and release of eicosanoids, 

such as prostaglandin E2 (PGE2) (Hwang et al., 2000). PGE2 is produced by cyclo-

oxygenase-2 (COX-2), and expression of COX-2 is increased when IL-1β levels increase 

(Samad et al., 2001). PGE2 binds to the EP prostaglandin receptors, increases intracellular 
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levels of calcium and activates adenyl cyclase and increases cAMP, which leads to activation 

of protein kinase A (Kawabata, 2011; Premkumar and Abooj, 2013). Protein kinase A, in 

turn, phos-phorylates TRPV1, and it is the phosphorylation of TRPV1 that is thought to 

enhance its conductance and enhance calcium entry into the cell after exposure to PGE2 

(Jeske et al., 2008). PGE2-dependent sensitization of TRPV1 leads to greater presynaptic 

calcium entry and greater release of glutamate (Sekiyama et al., 1995). Thermal 

hyperalgesia in peripheral nerves is attributed to PGE2-dependent sensitization of TRPV1 so 

that thermal stimuli that previously caused no discomfort, now elicit pain (Latremoliere and 

Woolf, 2009; Moriyama et al., 2005; Samad et al., 2001). We believe that these same 

processes described in neurons in the dorsal horn are also present in C-fiber vagal sensory 

neurons that terminate in the NTS. Thus, IL-1β and IL-6 may increase PGE2 in the NTS and 

sensitize TRPV1 channels, and thereby amplify the potency of thermal information. The 

enhanced thermal prolongation of the LCR can be seen as a form of enhanced reflex thermal 

hyperalgesia or reflex allodynia analogous to enhanced painful thermal hyperalgesia in 

peripheral nerves following central sensitization, in which TRPV1 channels play a 

prominent role (Grace et al., 2014; Kawabata, 2011; Matta and Ahern, 2011; Premkumar 

and Abooj, 2013). Thus, the multiplicative effects of IL-1β and elevated body temperature 

arise from the interactions of these factors at the presynaptic TRPV1 receptors on laryngeal 

C-fibers.

It is our hypothesis that thermal activation of pre-synaptic TRPV1 channels within the NTS 

amplifies glutamate release at second order neurons when the body temperature is increased. 

In this model, the duration of the LCR is proportional to the intensity of glutamatergic 

excitations of the second order neurons within the NTS, and TRPV1-dependent enhanced 

glutamatergic excitation of second order neurons is responsible for thermal prolongation of 

apnea and respiratory disruption associated with the LCR. That the apneic response should 

be amplified by heating may reflect an inverse correlation between metabolic rate and 

temperature, as shown for the inhibitory duration of the Hering-Breuer reflex, which was 

also longer at higher temperatures, but lower metabolic rates (Merazzi and Mortola, 1999). 

Furthermore, we believe that IL-1β and IL-6 prolong the LCR as a result of increased 

binding of PGE2 to its receptor and the resulting phosphorylation and sensitization of 

TPRV1 receptors. Thus, TRPV1 and those modulators of TRPV1 that increase its activity or 

sensitivity appear to provide excitatory amplification of the activation of second order 

neurons in the NTS, which is transmitted to the respiratory control element(s) in the ventral 

medulla that ultimately generate apnea and prolong the LCR.

4.2. SIDS, inflammation and thermal stress

SIDS is often associated with heat stress (Blair et al., 2008; Guntheroth and Spiers, 2001; 

Kleemann et al., 1998; Williams et al., 1996). Although there is not universal agreement 

(Sheers-Masters et al., 2004), many reports indicate that death frequently occurs in 

overheated rooms or when the infant is excessively bundled or covered by blankets (Fleming 

et al., 1990; Ponsonby et al., 1998; Williams et al., 1996). As emphasized by Guntheroth and 

Spiers (2001), the danger of the prone sleeping position may relate more to heat stress than 

to asphyxia. Prone infants – particularly those who are covered by a blanket and/or have 

their faces in the bedclothes – lose heat more slowly than supine infants do, both from the 
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body surface and via the respiratory tract (Bolton et al., 1996). We hypothesize, therefore, 

that thermal stress, by enhancing the LCR, may increase the likelihood of prolonged apneas 

that result ultimately in sudden death in neonates in whom the LCR and the thermal effects 

on the LCR are particularly strong. The demonstration that TRPV1 channels provide a 

thermal sensor that enhances the LCR provides a molecular mechanism through which heat 

stress and other epidemiologically identified risk factors for SIDS may operate to increase 

the risk of prolonged apnea and sudden infant death.

Recent upper respiratory tract infections are also a risk factor for SIDS (Dalveit et al., 2003; 

Raza and Blackwell, 1999), and recent viral infection, particularly with Respiratory 

Syncytial Virus, increases the potency of the LCR (Lindgren et al., 1992). The infection-

related increase in potency of the LCR seems to be mediated by inflammatory mediators 

(TNF-α, IL-1β and IL-6). IL-1β does not cross the blood brain barrier well, but production 

of IL-1β and IL-6 can be induced in neurons and glia in the brainstem (Jafri et al., 2013), or 

IL-1β or activators of Il-1β may be transmitted retrograde from the larynx into the central 

nervous system through the superior laryngeal nerves (Lindgren and Grogaard, 1996; 

Lindgren et al., 1992; Park et al., 2005; Thrane et al., 1995). Thus, a recent respiratory tract 

infection may increase the concentration of inflammatory mediators and sensitize TRPV1 

channels (Julius and Basbaum, 2001; Venkatachalam and Montell, 2007). Increased activity 

of the TRP channels, even at normal body temperatures, may amplify the LCR and increase 

the likelihood of prolonged apneas and the risk of SIDS following infections. In the presence 

of fever plus cytokine-mediated TRPV1 sensitization, the LCR would be even further 

prolonged, as shown in Figs. 2 and 3 where there was a strong interaction between elevated 

body temperature and IL-1β or IL-6 pretreatment. Thus, TRPV1 channel activity may 

provide a common molecular mechanism for the epidemiological association of SIDS with 

thermal stress and recent infections.

4.3. Limitations of the methods

We have discussed the limitations of studying the LCR in decerebrate neonatal piglets in 

previous studies (Duy et al., 2010; Xia et al., 2008). We pointed out in these discussions that 

thermal stress has been identified as a risk factor for SIDS, but this does not mean 

necessarily that infants who died of SIDS had an elevated body temperature. In this respect, 

our studies of decerebrate piglets may not accurately mimic the thermal risk factors for 

SIDS. Another aspect of our experimental LCR maneuvers that distinguish them from 

naturally occurring apneas is that the animals are continuously ventilated and so do not 

become hypoxic or hypercapnic during the periods of phrenic “apnea”. We found in this 

study and have found in previous studies somewhat variable effects of drug or changes in 

body temperature on respiratory frequency (Curran et al., 2005; Xia et al., 2007a, b). It is 

worth noting that, to the extent an increased respiratory frequency represents an increased 

respiratory drive, such an increase in frequency would tend to decrease, rather than increase 

the duration of apnea and the LCR. Hence, the changes in LCR and apnea durations that we 

observed are not likely to be attributable to the changes in respiratory frequency that we 

observed. In addition, small differences in the level of decerebration can alter respiratory 

frequency among different animals.
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4.4. Summary

IL-1β and IL-6 prolonged the duration of the LCR in decerebrate piglets, an effect that was 

blocked by inhibition of cyclo-oxygenase. Therefore, the cytokine-mediated prolongation of 

the LCR probably depends on the synthesis of PGE2, which, through a cascade of 

intracellular messengers, phosphorylates and sensitizes TRPV1 channels. Sensitization of 

TRPV1 channels may create laryngeal chemoreflex allodynia in which moderate laryngeal 

stimulation, which may occur commonly even in normal infants, may cause profound apnea, 

especially in the setting of recent inflammation, which may accompany and follow recent 

upper respiratory tract infections—a well-known risk for SIDS. The impact of cytokine-

mediated sensitization of the LCR may be compounded if body temperature is also elevated 

since TRPV1 channels mediate thermal prolongation of the LCR, and there appears to be a 

multiplicative interaction between cytokine-mediated sensitization of the LCR and thermal 

prolongation of the LCR. Thus, a recent upper respiratory tract infection associated with 

increased IL-1β production and a fever may provide a particularly potent combination of 

factors that enhance the propensity for prolonged and severe apneas, which may begin the 

process that leads to sudden death in susceptible infants.
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Fig. 1. 
Integrated phrenic activity is shown during four tests of the LCR in a female piglet (post-

natal age 4 days and body weight equal 2.3 Kg). The control response to laryngeal injection 

of 0.1 ml of water (at the downward arrow) at a normal body temperature is shown in the top 

panel. Seventeen minutes following intraperitoneal injection of 3 μg/Kg IL-1β, the LCR was 

tested again at the normal body temperature (second panel), and the apnea and LCR 

durations were prolonged. Elevating the body temperature (third panel) and retesting the 

LCR 75 min after IL-1β treatment further prolonged the duration of the LCR. In the final 

condition, normal body temperature was restored, and the LCR was elicited again 120 min 
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after the IL-1β injection (bottom panel). The apnea and LCR durations were not different 

from the initial, untreated control condition (top panel). ‘BT,’ body temperature; ‘IP,’ 

intraperitoneal.
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Fig. 2. 
Mean body temperature, respiratory frequency (resp freq), the duration of the LCR and the 

duration of apnea have been plotted as functions of experimental conditions. Vertical lines 

indicate standard errors. One group of piglets received 10 mgs/Kg indomethacin only (Panel 

A, n = 6); a second group of piglets received 3 μg/Kg IL-1β IP (Panel B, n = 9); and the 

third group of animals received both indomethacin and IL-1β at these same doses (Panel C, 

n = 7). In all three conditions, hyperthermia (HT) was associated with a significantly 

increased respiratory rate compared to normothermic (NT) conditions. This main effect of 

the hyperthermic condition is indicated by ‘@’ (P < 0.01). Following treatment with 

indomethacin alone, the LCR was slightly prolonged during the hyperthermic condition 

compared to normothermic conditions (P < 0.05, ‘†’). The apnea duration was also increased 

by elevated body temperature, but this did not reach statistical significance (‘NS’). There 

were no differences in either LCR or apnea duration between the first and second 

normothermic conditions. After IL-1β treatment, the LCR duration, but not the apnea 

duration was significantly increased during the normothermic condition compared to the 

normothermic conditions during indomethacin treatment whether IL-1β was present or not 

(P < 0.05, ‘*’). Both the LCR and apnea durations were significantly increased during 

hyperthermia compared to normothermia in the same animals (P < 0.05, ‘#’), and the 

increases in LCR and apnea durations were significantly greater (P < 0.05) than the changes 

in these variables after treatment with indomethacin (Panel C). During the second 

normothermic condition following IL-1β treatment, the LCR duration was not different from 

the preceding normothermic condition (‘NS’), but the apnea duration was actually 

significantly less than the first normothermic condition (P < 0.05, ‘&’). When both 

indomethacin and IL-1β were given together, the response to IL-1β was absent, and the 

results were identical to indomethacin treatment alone: hyperthermia slightly but 

significantly prolonged the LCR (P < 0.05, ‘†’), and the mean apnea duration, though also 
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slightly increased, was not significantly different from the response during the normothermic 

condition (‘NS’).
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Fig. 3. 
Mean body temperature, respiratory frequency (resp freq), the duration of the LCR and the 

duration of apnea have been plotted as functions of experimental conditions. One group of 

piglets received 100 ngs IL-6 in 0.5 μl directly injected bilaterally into the NTS after the first 

normothermic condition (Panel A, the time of injection is indicated by the downward arrow), 

and a second group of piglets received 10 mgs/Kg indomethacin IP at the start of the study 

before 100 ngs IL-6 in 0.5 μl were directly injected bilaterally into the NTS at the time 

indicated by the downward arrow (Panel B). Body temperature increased significantly 

during the hyperthermic condition, by design, (P < 0.001, ‘@’). IL-6 treatment significantly 

increased the respiratory rate (P < 0.05, ‘**’), but this increase was present and unchanged 

in both normothermic and hyperthermic conditions. Following treatment with IL-6, both the 

LCR and apnea durations were significantly increased during normothermia (P < 0.05, ‘*’), 

and the LCR and apnea durations were significantly increased when hyperthermia and IL-6 

treatment were combined (P < 0.05, ‘†’). During the second normothermic condition after 

IL-6 treatment, the LCR and apnea durations were not significantly different from the 

preceding normothermic, IL-6 treated condition, but still longer than the original 

normothermic condition preceding IL-6 treatment (P < 0.05, ‘**’). Thus, the IL-6 and 

hyperthermia caused a significant increase in the durations of the LCR and apnea, which 

were significantly greater than in the normothermic condition (P < 0.05) and significantly 

greater than the effect of IL-6 when combined with indomethacin (Panel B). Administration 

of IL-6 after treatment with indomethacin did not increase the LCR and apnea durations 

above the simple effect of hyperthermia alone. During hyperthermia and combined IL-6 and 

indomethacin treatment, the LCR and apnea durations were both increased significantly 

compared to the preceding normothermic conditions, and the increase in LCR and apnea 
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durations was significantly less than the comparable increase in LCR and apnea durations 

when IL-6 alone was administered (P < 0.05, ‘&’).
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Fig. 4. 
The sites of injection of IL-6 are noted in the schematic cross-sections of the piglet 

brainstem, which start caudal to the obex of the neonatal piglet medulla. Microinjections in 

the same animal are ‘yoked’ together by lines. The sites of IL-6 injection were not different 

between the indomethacin treated and non-treated animals. In 4 animals, we found only a 

single injection site, and both microinjection sites were found caudal to the NTS in one 

animal treated with IL-6, but not indomethacin. Anatomical abbreviations: ROb, raphé 

obscurus; DMX, dorsal vagal motor nucleus; Amb, nucleus ambiguus; ION, inferior olivary 

nucleus; NTS, nucleus tractus solitaries; pyr, pyramids.
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