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Abstract

Background—Intrauterine infection is a significant cause of early preterm birth. We have 

developed a fetal-neonatal model in the rhesus macaque to determine the impact of chronic 

intrauterine infection with Ureaplasma parvum on early neonatal reflexes and brain development.

Methods—Time-mated, pregnant rhesus macaques were randomized to be inoculated with U. 
parvum (serovar 1; 105cfu) or control media at ~120 dGA. Neonates were delivered by elective 

hysterotomy at 135–147 dGA (term=167d) stabilized and cared for in our nonhuman primate 

neonatal intensive care unit. Neonatal reflex behaviors were assessed from birth and fetal and 

postnatal brain MRIs were performed.

Results—A total of 13 preterm and 5 term macaque infants entered the study. 10 preterm infants 

survived to 6 months of age. U. parvum infected preterm neonates required more intensive 

respiratory support than control infants. MRI suggest potential perturbation of brain growth and 

white matter maturation with exposure to intra-amniotic infection.
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Conclusion—We have demonstrated the feasibility of longitudinal fetal-neonatal studies in the 

preterm rhesus macaque after chronic intrauterine infection. Future studies will examine long-term 

neurobehavioral outcomes, cognitive development, neuropathology and in vivo brain imaging to 

determine the safety of antenatal antibiotic treatment for intrauterine infection.

INTRODUCTION

Intrauterine infection can lead to premature labor and preterm birth during early gestation1. 

Ureaplasma spp. are microbes most commonly associated with preterm birth, identified in 

47% of placentae from women in preterm labor with histological chorioamnionitis 2. Early 

preterm birth (<28 weeks gestation) is associated with high mortality and morbidity in 

survivors as well as a disproportionate share of perinatal health care costs 3. 

Bronchopulmonary dysplasia and neurodevelopmental abnormalities are sequelae of early 

prematurity associated with intrauterine infectious and inflammatory processes 4.

Studies from our laboratory have established a nonhuman primate (NHP) model of 

infection-induced preterm birth using intra-amniotic inoculation with U. parvum 5. This 

maternal-fetal model results in a robust intrauterine pro-inflammatory response, a sequential 

up-regulation of amniotic fluid (AF) leukocytes, pro-inflammatory cytokines, prostaglandin 

E2 and F2α and matrix metalloproteinase-9, increased uterine activity leading to premature 

labor 5. Histological chorioamnionitis and a systemic fetal inflammatory response, fetal lung 

injury and pneumonitis were also observed. Clinically, isolation of Ureaplasma spp. in 

amniotic fluid from preterm births is associated with adverse psychomotor development and 

increased risk of cerebral palsy diagnosis at 2 years age 6. Additionally, intra-amniotic U. 
parvum inoculation has been associated with central microgliosis and disrupted neuronal 

development in the neocortex of fetal mouse brains 7. However, the long-term, 

neurodevelopmental effects of perinatal Ureaplasma infections have not been adequately 

studied 8.

This paper describes our new model for the assessment of postnatal outcomes following 

chronic intra-amniotic infection with Ureaplasma parvum. This model enables the 

longitudinal study of physiological and neurodevelopmental consequences of infection-

associated preterm birth and provides a platform for the assessment of insults across the 

perinatal period, along with evaluation of new antenatal and postnatal therapeutic strategies.

METHODS

Maternal-Fetal Animal Model of Chronic Intra-Amniotic Infection

Study protocols were approved by the Oregon National Primate Research Center (ONPRC) 

Institutional Animal Care and Use Committee. Strict guidelines for humane care were 

followed, with adherence to the Public Health Service Policy on the Humane Care and Use 

of Laboratory Animals. Animals were allocated to the study by assignment from the 

ONPRC breeding colony. Time-mated pregnant rhesus monkeys (Macaca mulatta) were 

adapted to a vest and mobile catheter protection device 9 and intrauterine surgery was 

performed at a mean of 106 days gestational age (dGA, range: day 101–111; n=12) to 

implant catheters in the amniotic cavity, and the maternal femoral vein and artery. Pre- and 
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post-operative Cefazolin sodium (Apotex Çorp., Weston, FL USA) was administered 

intravenously to prevent infection, and tocolytic medications (e.g., Terbutaline sulfate and/or 

Atosiban) were used to control post-surgical uterine irritability as previously published 5,10. 

Animals were divided into three groups as shown in Fig. 1, with experiments performed 

concurrently.

Microorganism—As previously published 5,10 a low passaged clinical isolate of U. 
parvum (serovar 1) (Diagnostic Mycoplasma Laboratory, University of Alabama at 

Birmingham, AL) was utilized. To induce chronic U. parvum IAI, intra-amniotic 

inoculations with 1.4×105 CFU/mL were performed at 124±1.9 days gestational. Sterile 

media was administered to gestational-age matched controls.

Maternal-Fetal Physiological Monitoring and Sampling

Uterine activity—Intra-amniotic pressure was recorded, digitized and analyzed using 

PowerLab system and LabChartPro (ADInstruments, Colorado Springs, CO) 10. The 

integrated area under the curve for intra-amniotic pressure was used as the measure of 

uterine activity and reported as the mean of the cumulative hourly contraction area (HCA, 

mmHg.sec/hr). The average peak HCA per day prior to inoculation (with U. parvum or 

media control) represents baseline contractility and was compared to the peak HCA per day 

from inoculation until delivery (post-inoculation).

Amniotic Fluid (AF) Cytokines—AF was sampled at 0, 12, 24, 48 and 72hrs post-

inoculation and then twice weekly. AF concentrations of the pro-inflammatory mediators 

interleukin-1β (IL-1β); IL-6; tumor necrosis factor-alpha (TNF-α) and prostaglandins PGE2 

and PGF2α were determined using commercially available human or rhesus monkey–

specific enzyme-linked immunosorbent assay kits (Life Technologies, Grand Island, NY 

USA) previously validated for use in the rhesus monkey 5,10,11. The minimum detectable 

levels of IL-1β, IL-6 and TNF-α assays were <1–2pg/mL. The inter-assay coefficient of 

variance was below 15% for all assays.

Culture and PCR Detection of U.parvum—Quantitative cultures/PCR for U. parvum 
were performed on samples of AF, placenta, fetal membranes and neonatal nasal 

swabs 10,12,13.

Preterm Delivery and Neonatal Intensive Care

Elective hysterotomies were performed for delivery of preterm infants between 135–147 

dGA (n=12). All preterm neonates were immediately transferred to our Special Care 

Nursery for resuscitation and stabilization. Control and IAI preterm infants received 

prophylactic postnatal azithromycin (20mg/kg/d, IV for 5 days, Fresenius Kabi USA, LLC, 

Grand Island, NY) to reflect standard clinical practice for suspected neonatal Ureaplasma 
infection and to prevent secondary pneumonitis 14,15.

Respiratory Stabilization and Support—A standardized neonatal resuscitation 

algorithm (modified Neonatal Resuscitation Program 16) was utilized to ensure consistency 

across experimental groups. Neonatal resuscitation began with room air (21% inspired 
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oxygen concentration (FiO2)) and positive pressure ventilation (PPV) using a Neo-Tee® 

infant T-piece Resuscitator (Mercury Medical, Clearwater, FL). Targeted peak inspiratory 

pressure (PIP, 20–30cm/H2O) and positive end-expiratory pressure (PEEP, 5cm/H2O) were 

maintained. Neonates with clinical evidence of respiratory failure and/or signs of increasing 

respiratory distress (e.g. tachypnea >60 breaths per minute with intercostal retractions, and 

with required FiO2> 40%) were intubated with a 1.0–2.0 ID endotracheal tube and 

administered bovine-derived surfactant (100 mg phospholipids/kg of birth weight, 4mL/kg 

intratracheal; Survanta Beractant, AbbVie Inc., North Chicago, IL) and synchronized 

intermittent mandatory ventilation (SMIV, 40 breaths/min, peak inspiratory pressure 

15cm/H2O and positive end expiratory pressure 5cm/H2O Servo300 Maquet, Solino, 

Sweden). Infants were weaned from ventilator support when breathing in excess of the 

ventilator and oxygen saturation was stable while receiving Fi02 of 0.21. Newborn Health 

Assessments (modified APGAR scores 17) were performed immediately at 5 & 20 min after 

birth, with a score of 10–12 indicating good physical condition.

Intravenous Access and Parenteral Nutrition—IV access was achieved by placement 

of a peripheral IV catheter in the distal saphenous or cephalic vein (Introcan Safety IV 

Catheter, 22G × 1″, Teflon Straight, Braun Medical Inc., Bethlehem, PA). Within the first 

hour of age, a peripherally inserted central catheter (PICC) was also placed in the saphenous 

vein (First PICC™ S/L 26GA, 1.9F, Argon Medical Devices, Athens, TX) for administration 

of total parenteral nutrition (TPN). Radiographs confirmed correct placement and terminus 

of the PICC within the inferior vena cava at the level of the liver. Standard preterm neonatal 

TPN multivitamins and trace elements (ExactaMix, Baxter Healthcare Corporation, 

Englewood, CO) were administered at 120mL/kg/day, increasing daily by 20mL/kg/day. 

Enteral feeding with donated human breast milk (0.5–1.0mL) was introduced every 2hrs, 

over a 3–5 day period per os or via nasal/oral gastric gavage (3.5 PVC Feeding Tube w/

Radiopaque Line, Covidein, Mansfield, MA) until a suckling reflex was evident. Bovine 

milk infant formula (Similac® for Supplementation, Abbott Nutrition, Lake Forest, IL) was 

then introduced ad lib, and total intake adjusted based on parenteral and enteral volumes. 

Adequate enteral feeding volumes and presence of regular bowel movements were criteria 

for removal of the PICC line and cessation of parenteral feeding.

Infant Behavioral Assessment Scale (IBAS)

From the day of birth and then every 2–3 days as clinical condition allowed, all infants were 

assessed using neuromotor, sensory-motor and basic survival reflex tests (as previously 

published 17–19) by trained personnel with inter-operator reliability of >90%. Reflexes tested 

included rooting (elicited by lightly brushing the cheek), snouting (lightly brushing the 

nose), suck (nipple placed in mouth), startle (auditory startle to sudden loud noise), grasping 

(with each hand or foot), clasping (ability for infant to support bodyweight by holding on to 

“mother”), proprioception (placing of hands and feet when moving the infant down towards 

a counter surface), visual orientation and following (near and far distances) and auditory 

orientation (to lip-smacking with the infant facing away from the tester). The post-

conception age at which animals achieved a criterion response for each reflex (using a 

scoring scale outlined by Sackett et al 19) was recorded.
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Fetal and Neonatal Brain Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) were performed on a Siemens 3T Tim Trio system 

(Erlangen, Germany). In utero examinations of the fetal brain were carried out at 139dGA 

following published procedures 20. Anatomical and diffusion MRI data were acquired and 

analyzed for neonatal brains at term equivalent age, term plus one month and term plus six 

months of age (see Supplemental Methods).

Statistical Analyses

Data in the text are presented as mean ± SD. MRI results are presented for control (n=3), IAI 

(n=4) and term control animals (n=3). Uterine activity data, colony counts and pro-

inflammatory mediators are shown for control (n=3) and IAI (n=5) animals. Neonatal 

reflexes data are shown for control (n=4), IAI (n=5) and term control (n=3). A single control 

pregnancy was not catheterized due to previous surgical history of hysterotomy. This animal 

is included in postnatal assessments only. One-way ANOVA, paired T-test or Two-way 

ANOVA with repeated measures and post-hoc Sidak’s multiple comparison test were used 

for analyses of neonatal reflexes and AF pro-inflammatory mediators. P<0.05 was 

considered statistically significant. Analyses were performed using Prism v6.0 for MacOSX 

(GraphPad Software Inc., La Jolla, CA).

RESULTS

Maternal-Fetal Model of Chronic Intra-Amniotic Infection

After inoculation with U. parvum, there was an exponential growth of microorganisms in the 

AF that peaked between 8.4×104 and 1.2×106 CFU/mL of AF within 4d and stabilized 

thereafter (Fig. 2). A single animal had peak AF colony growth of 1.1×107 CFU/mL at 15 

days. Interestingly, despite a lower inoculum than previously used 10, colony growth rates 

and peak levels were comparable to our previous studies. In AF, infant nasal/throat swabs, 

placenta and fetal membranes were 100% positive for U. parvum by culture/PCR at the time 

of delivery. All control animals were negative by culture/PCR. For the neonates that 

completed the study, the inoculation to delivery interval was 18±2d (range: 15–21d). The 

two IAI neonates that were euthanized before 6 months of postnatal age showed early signs 

of preterm labor and were delivered after 9 and 13 days infection, attributed to secondary AF 

infection (Staphylococcus epidermidis) and significant growth restriction, respectively.

Before intra-amniotic inoculation, the uterus was quiescent. The maximal HCA per day was 

calculated for the pre-inoculation baseline and post-inoculation periods and are shown in 

Table 1. The peak daily uterine contractility was significantly elevated in the post-

inoculation period for the U. parvum infected group when compared to baseline. Uterine 

activity of control animals remained stable with no increase in the period following control 

inoculation with sterile media. Uterine activity was not determined in uncatheterized Term 

pregnancies.

Amniotic Fluid Pro-Inflammatory Mediators

Coinciding with the increased uterine activity following intra-amniotic inoculation with U. 
parvum, AF concentrations of pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) and 
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prostaglandins (PGE2 and PGF2α) were significantly elevated post-inoculation when 

compared to baseline (both control and IAI) and to media control post-inoculation values 

(Table 1; P<0.05). There were no differences between baseline and post-inoculation pro-

inflammatory mediators for control animals.

Delivery and Neonatal Outcomes

The average gestational age at C-section delivery was 144±2.2d for control (n=5) and 

141±4.6d in IAI (n=7) animals (Term=~167dGA21). Birth weight was slightly higher in the 

control vs. IAI groups (394±91g and 355±52g, respectively), however this difference was 

not significant (P=0.46). Of the preterm infants, one control and two IAI animals were 

euthanized prior to 6 months of age and completion of the study. The control animal that did 

not complete the study was euthanized at 9d postnatal age after developing clinical signs of 

necrotizing enterocolitis (NEC) that did not respond to antibiotic treatment (7 days of 

5mg/kg/day S.Q. Gentamicin (Fresenius Kabi, Lake Zurich, IL) and 100mg/kg B.I.D. I.V. 

Ampicillin (Sandoz, Holzkirchen, Germany)) and complete gastrointestinal rest. A second 

animal from the IAI group that developed NEC responded to treatment and completed the 

study. Two neonatal deaths occurred in the IAI group at 12hrs and 21hrs post-birth were due 

to respiratory failure, complicated by secondary infection and growth restriction. Both 

animals had histologic evidence of atelectasis and pneumonitis present at necropsy.

All infants required resuscitation at delivery and were supported with supplemental oxygen 

(FiO2 up to 0.30–0.40) and/or mechanical ventilation as indicated by clinical signs. During 

the first 30 min of resuscitation and stabilization, U. parvum IAI infants required higher 

concentrations of inspired oxygen compared to preterm control animals to achieve SpO2 

levels between 60–80% (FiO2, 0.49 vs. 0.37 respectively, P<0.05). Neonatal respiratory 

distress syndrome (RDS), characterized by significant tachypnea, sternal retractions, and 

labored breathing was present in 3 of 7 (43%) IAI infants and 1 of 4 (25%) control preterm 

infants. Length of ventilation was 2.2hrs for the control infant and an average of 10hrs for all 

IAI infants or 5.6hrs for only those IAI infants that completed the study. Infants exposed to 

chronic U. parvum IAI required a significantly longer duration of TPN compared to control 

preterm infants before achieving full enteral feedings (10.2±1 d IAI vs. 4.3±2 d control, 

P<0.05).

Fetal Brain Development

Figure 3 shows a T2-weighted brain image acquired in utero of a control fetus at 139d 

gestational age (dGA). Brain lesions secondary to inflammatory processes can be identified 

with T2-weighted MRI 22. However, normal variation in white matter signal intensity 

associated with brain development can confound lesion identification. High signal intensity 

is observable in late developing white matter structures such as within the frontal and 

temporal lobes (Fig. 3a, arrowheads). Conspicuous lesions attributable to brain inflammation 

have not been observed by MRI in the IAI fetuses examined to date. Histological 

examinations are currently ongoing. As shown in Figure 3d–f, the 3D T2-weighted images 

facilitate construction of cerebral cortical surface models, which enable characterization of 

fetal brain development 23,24.
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Neonatal Brain Growth and Development

Figure 4 shows template T1-weighted (top row), fractional anisotropy (FA, middle row), and 

T2-weighted (bottom row) image axial views at the three postnatal ages chosen for MRI 

examination. The six white matter (WM) sub-regions are overlaid onto one hemisphere of 

the T1-weighted images. In addition to overall changes in brain size with development, MRI 

signal intensity changed within WM for each of the three modalities over the first six months 

of life (fig. 5d).

Brain growth data for term control, control and IAI groups are shown in Fig. 5. Overall brain 

volume increased with age (data not shown) but decreased with age when normalized to 

body weight. The brain volume.to body weight ratios (corrected to term, term plus 1 month 

and term plus 6 months ages) were similar across all groups (Fig. 5a), with no significant 

differences between infants born at term or preterm. As expected, brain volume at 6 months 

age was proportional to fetal brain weight measured at necropsy at the same age (Fig. 5b). 

Brain volume fractions of grey matter, WM, hippocampus and lateral ventricles are shown in 

Fig. 5c–f, and were highly similar between groups. The grey matter volume fraction 

decreased in all groups from term to 1 month old and remained stable from 1 month to 6 

months of age. From term age to 6 months old, the volume occupied by WM increased in all 

groups. No significant differences were observed between IAI and control groups in volume 

fraction of hippocampus and lateral ventricles.

Neuroimaging indices of white matter maturation are shown for the internal capsule (Fig. 

6a,c) and frontal WM (Fig. 6b, d). As expected, the water T2 decreases with age (Fig. 6a, b), 

and FA increased with age (Fig. 6c, d) over the first six months of life. Within both regions 

displayed, the average value for the water T2 was slightly longer in IAI animals compared to 

controls at term-equivalent age, and the average value for FA was slightly lower in IAI 

animals compared to controls at one month of age. These findings suggest perturbed WM 

maturation in IAI animals relative to controls, however neither of these differences reached 

statistical significance.

Infant Behavioral Assessments

IBAS testing was performed on preterm and term neonates with most “survival” and motor 

reflexes present within the first two postnatal weeks of life. This is consistent with data from 

Sackett et al 19 in nursery-reared rhesus infants born between 151–161dGA from a study of 

assisted reproduction technology. When comparing post-conception age between preterm 

and term infants in our study (Fig. 7), term control animals reached criterion at significantly 

later post-conception age (but similar postnatal age) for startle, rooting, suckling, righting, 

grasp, clasp and auditory orient reflexes when compared to both preterm groups (P<0.05). 

Criterion for grasp reflex developed significantly earlier post-conception age in IAI animals 

compared to control (P<0.001), potentially due to earlier gestational age at delivery in this 

group as postnatal ages at criterion were similar. Unlike survival and motor reflexes that 

assess maturity of spinal and subcortical nervous system functions, the placing reflex and 

sensorimotor visual reflexes that require more complex neural mechanisms developed at a 

similar post-conception age for both term and preterm cohorts despite differences in 

gestational age at birth.
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DISCUSSION

This study outlines the successful expansion of our maternal-fetal model of intra-amniotic 

U. parvum infection to allow postnatal assessments of NHP infant outcomes following 

preterm birth. Neonatal NHP studies, including those of respiratory therapies and brain 

development in the preterm baboon and behavioral development in pigtail macaques have 

previously demonstrated the value of NHP models for the study of important perinatal 

outcomes that are difficult to assess clinically 19,25–29. By combining our established 

catheterized pregnant monkey model 10 with our newly developed NHP Special Care 

Nursery we are able to examine longitudinal outcomes in preterm rhesus monkeys across the 

fetal and postnatal periods. The long-term goal of these studies is to assess more complex 

aspects of postnatal cognitive development following infection-associated preterm birth and 

the safety of potential antenatal antibiotic treatments.

This study demonstrates our ability to perform serial in vivo fetal and postnatal MRI studies 

of the developing rhesus brain. Fetal MRI is a valuable diagnostic tool for predicting future 

neurobehavioral outcomes in preterm infants with reduced white and grey matter volumes 

indicative of fetal brain injury and insults such as periventricular leukomalacia 30,31. While 

our studies have not identified significant differences by MRI, minor changes in brain 

volume and development warrant further investigation. By combining clinically relevant MR 

imaging modalities and advances in technology and analysis techniques with an 

experimental NHP model of intrauterine infection we are able to leverage the power of a 

controlled experimental setting with data that is highly translatable to clinical practice.

We also provide early neonatal reflex data for infant monkeys following infection-associated 

preterm birth. In the current study, development of reflexes requiring simpler neural 

processing, such as the “survival” reflexes, were associated with postnatal age in term and 

preterm infants. These reflexes were present soon after birth despite differences in 

gestational age. However, more complex reflexes requiring integration of sensory and motor 

functions across a number of brain regions, such as visual following and placing 19, 

developed at similar post-conception ages in both term and preterm control or IAI infants. 

This suggests that premature birth and/or infection in these monkeys did not delay 

development of these later neonatal reflexes. Small differences in gestational age and 

bodyweight at birth between animals in the preterm control and IAI groups are a potential 

source of variation between the groups. However, no associations between birth weight and 

the acquisition of neonatal reflexes were identified (data not shown). Additionally, the 

necessary use of postnatal antibiotics to treat Ureaplasma infected infants (and therefore also 

preterm controls) and clinical use for treatment of NEC may be considered a potential 

confounder, but represent normal clinical outcomes and practice. While we have not 

identified marked differences in early reflex outcomes, ongoing examination of recognition 

and procedural memory, which require more advanced prefrontal cortex, striatal and 

cerebellar maturity may identify functional differences in preterm infants not observed in the 

early neonatal period.

The current study characterizes a chronic intra-amniotic infection resulting in long-term 

exposure of the fetus to infection and inflammation. We have previously inoculated rhesus 
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monkeys with 107CFU/mL or 105CFU/mL U. parvum at 128 or 138dGA, respectively 5,10. 

Despite differences in inoculum size, AF colony counts reached similar peak levels around 

106CFU/mL across studies 5,10. Ammonia produced by Ureaplasma spp. has been shown to 

reach inhibitory concentrations in in vitro culture media 5,32 and likely inhibits growth in 

AF. However, we also observed a muted response in AF pro-inflammatory mediator 

concentrations in the chronic model compared to short-term infection. Gestational age may 

mediate this effect, with the inoculation-to-delivery interval and production of pro-

inflammatory mediators decreasing as age at inoculation increased 5,10. This is consistent 

with increased sensitivity of the uterus to inflammatory (pro-labor) mediators and 

heightened uterine contractility as gestation progresses. Chronic exposure to inflammation, 

beginning at an earlier gestational age likely mimics clinical cases of intrauterine infection, 

with microorganisms detected in AF as early as 16 weeks gestation in women, many weeks 

before the onset of labor 33. The length of in utero exposure to U. parvum and inflammation 

may also mediate the severity of fetal brain injury and level of postnatal functional deficits 

associated with intrauterine inflammation 34–37. The mechanisms of perinatal inflammatory 

brain injury remain poorly understood. Co-morbidities including prematurity, hypoxic-

ischemic insults, intrauterine growth restriction, neonatal resuscitation efforts and 

polymicrobial infection further complicate our understanding of these processes, particularly 

with respect to the “second-hit hypothesis”, in which perinatal inflammation may increase 

vulnerability to injury from other fetal or postnatal sources.

These studies have focused on the need to characterize the neurodevelopmental 

consequences of intrauterine infection. However, the authors recognize the importance of 

perinatal infection in the etiology of preterm lung injury and bronchopulmonary 

dysplasia 38. A technical limitation of this study is that volume-targeted ventilation was not 

used. Our use of respiratory support was determined by the clinical needs of each infant 

based on Neonatal Resuscitation Guidelines 16. Steps were taken to reduce the FiO2 and 

duration of intubation and invasive respiratory support. Continuous mask CPAP was not 

required beyond the resuscitation period but CPAP was used intermittently (5min intervals) 

in the first 48hrs of life in response to apneic events or precipitous drop in SpO2. Whilst lung 

inflammation and pathology have not been reported in this study, future work will include 

assessments of lung injury and function in these animals, including consideration of the 

greater level of respiratory support required by IAI infants and the consequences this may 

have on both lung and brain development 26,39,40.

We have previously shown in a fetal rhesus study that intra-amniotic U. parvum infection 

leads to a robust lung inflammatory response and that maternal azithromycin treatment can 

ameliorate this injury and also eradicate U. parvum from the AF, fetal tissues, resulting in a 

prolongation of gestation 10. However, the importance of providing clear evidence of 

functional outcomes for such treatments has been highlighted by the Oracle Trials and the 

potential effect antenatal antibiotic exposure may have on neurodevelopmental 

outcomes 41,42. Correlating functional and histological findings is a priority of future studies 

utilizing this new NHP model in order to examine the long-term safety of antimicrobial 

interventions for premature birth.
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The development of this fetal-neonatal model demonstrates our ability to study the intra-

uterine environment, during infection and pharmaceutical or physiological interventions, 

providing direct physiological measurements across gestation. By combining these 

measurements with assessments of postnatal functional outcomes correlated with both in 
vivo imaging techniques and in vitro assays, we have the ability to assess a broad range of 

insults across the perinatal period. The emergence of new threats such as the Zika virus 

highlight the need for basic research utilizing relevant animal models with the ability to 

advance our understanding and treatment of human obstetrical and perinatal questions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Flowchart of Study Groups
Preterm infants from catheterized pregnancies were randomized to control and intra-

amniotic infection (IAI). An additional group of term control animals were obtained from 

non-catheterized pregnancies from the ONPRC colony. Deaths that occurred during the 

neonatal period prior to the completion of the study.
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Figure 2. Amniotic fluid Ureaplasma parvum (colony-forming units [cfu/mL] growth curve [log 
scale])
Data are presented as mean ± SD for animals following intra-amniotic inoculation (IAI; 

filled circles) and in gestationally age-matched controls (open circles) from inoculation to 

delivery. All control animals were negative for U. parvum for the duration of the experiment.
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Figure 3. In utero T2-weighted control fetal brain images and cortical surface at 139dGA
T2-weighted image was acquired using HASTE along the axial direction. From axial (a), 

coronal (b), and sagittal (c) view, tissue contrast between cortical grey matter, fetal white 

matter and deep nuclei is evident (a–c). Heterogeneous signal intensity within the 

developing cerebral cortex is present at this developmental stage (A, arrowheads). The 

cerebral cortical surface was generated from segmentations of the T2-weighted image (d–f). 

At this developmental stage, all primary and secondary sulci and gyri present in adult cortex 

are identifiable.
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Figure 4. 
Age-specific reference T1-weighted (a–c), Fractional Anisotropy (d–f), and T2-weighted (g–

i) brain templates were constructed from term control subject scans at term (a, d, g), term 

plus one month (b, e, f) and term plus six months age (c, f, i). For T1-weighted images six 

white matter parcellations are overlaid on the left brain hemisphere, where occipital white 

matter in red, parietal white matter in green, internal capsule in blue, external capsule in 

yellow, temporal white matter in cyan and frontal white matter in magenta. The T2-weighted 

images corresponding to a TE of 100 ms were constructed from parameter maps of proton 

density and T2 determined from the dual echo measurement, as described in the 

supplementary methods.
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Figure 5. Comparison of average age-related total and regional brain volumes for control and 
IAI groups
(a) The brain volumes at term, term plus 1 month and term plus 6 months age are shown for 

Term Control (triangle), Control (open circle) and Intra-Amniotic Infection (IAI; filled 

circle). (b) Brain volumes calculated from MRI is linearly related with brain weight at the 

same age measured at necropsy. Regional brain volumes as a proportion of total brain 

volume are shown for grey matter (c), white matter (d), hippocampus (e) and lateral ventricle 

(f).
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Figure 6. Comparison of age-related average regional T2 and FA values between control and IAI 
groups
T2 and FA values in the internal capsule (a, c) and the frontal white matter (b, d) regions are 

shown at term, term plus one month and term plus six months age for Term Control 

(triangle), Control (open circle) and Intra-amniotic Infection (IAI; filled circle) animals.
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Figure 7. Neonatal Reflex Behaviors
Post-conception age at which criterion was reached for (a) survival, (b) motor [values for 

placing are plotted against the right y-axis] and (c) sensorimotor neonatal reflexes for Term 

Control (triangles), Control (open circles) and Intra-Amniotic Infection (IAI; filled circles) 

animals. Term Control animals reached criterion at significantly later post-conception age 

(but similar postnatal age) for startle, rooting, suckling, righting, grasp, clasp and auditory 

orient reflexes when compared to preterm control and IAI animals. Criterion for grasp reflex 

developed significantly earlier in IAI animals compared to control. P<0.05, ANOVA.
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Table 1

Amniotic Fluid Proinflammatory Mediators and Uterine Activity after Intra-Amniotic Ureaplasma parvum 
Inoculation

Variable

Control Intra-Amniotic Infection

Baseline Post-Inoculation Baseline Post-Inoculation

PGE2 (pg/mL) 32 ± 8 55 ±14 80 ± 23 2580 ± 1045*

PGF2a (pg/mL) 35 ± 8 84 ±22 40 ± 6 733 ± 162*

TNF-alpha (pg/mL) not detectable not detectable not detectable 1035 ± 320*

IL-1B (pg/mL) not detectable not detectable not detectable 239 ± 71*

IL-6 (ng/mL) 0.5 ± 0.1 1.0 ±0.7 0.7 ± 0.1 57.8 ± 9.3*

UA (mmHg.sec/hr) 1174 ± 300 1256 ±285 909 ± 232 1545 ± 260**

Data are Mean ± SEM. Concentrations of amniotic fluid pro-inflammatory mediators represent the average concentration prior to intra-amniotic 
inoculation (baseline) and the maximal concentration reached post-inoculation. Uterine Activity (UA) is expressed as the average of the maximal 
hourly cumulative area (HCA) under the contraction curve per day prior to inoculation (baseline) and post-inoculation. Intra-amniotic infection 
(IA) animals received inoculation with U. parvum (serovar1) 10^5 CFU/mL and gestationally age-matched controls received vehicle inoculation 
only. PG, prostaglandin; TNF, tumor necrosis factor; IL, interleukin.

*
Indicates AF pro-inflammatory mediator post-inoculation values were significantly increased from control baseline, control peak and IAI baseline 

values;

**
Post-inoculation UA was significantly increased compared baseline in the IAI group (p<0.05 paired 2-way ANOVA, Šídák’s multiple 

comparison).
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