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Abstract

Severe postnatal systemic infection is highly associated with persistent disturbances in brain 

development and neurobehavioral outcomes in survivors of preterm birth. However, the 

contribution of less severe but prolonged postnatal infection and inflammation to such 

disturbances is unclear. Further, the ability of modern imaging techniques to detect the 

underlying changes in cellular microstructure of the brain in these infants remains to be 

validated. We used high-field ex-vivo MRI, neurohistopathology, and behavioral tests in 

newborn rats to demonstrate that prolonged mild-to-moderate postnatal systemic 

inflammation causes subtle, persisting disturbances in brain development, with 

neurodevelopmental delays and mild motor impairments. Diffusion-tensor MRI and neurite 

orientation dispersion and density imaging (NODDI) revealed delayed maturation of 

neocortical and subcortical white matter microstructure. Analysis of pyramidal neurons 

showed that the cortical deficits involved impaired dendritic arborization and spine 

formation. Analysis of oligodendrocytes showed that the white matter deficits involved 

impaired oligodendrocyte maturation and axonal myelination. These findings indicate that 

prolonged postnatal inflammation, without severe infection, may critically contribute to the 

diffuse spectrum of brain pathology and subtle long-term disability in preterm infants, with a 

cellular mechanism involving oligodendrocyte and neuronal dysmaturation. NODDI may 

provide high sensitivity and specificity for clinical detection of these microstructural deficits.

Keywords: Preterm; Inflammation; White matter injury; Grey matter injury; Diffusion tensor 

imaging (DTI); Neurite orientation dispersion and density imaging (NODDI)
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Introduction

Postnatal infection occurs in 20%65% of very premature infants (Strunk et al., 2014), and is 

highly associated with greater mortality, brain injury, and adverse neurodevelopmental 

outcomes (Cheong et al., 2017; Hagberg et al., 2015; Stoll et al., 2002). Severe infections 

such as culture-positive sepsis, meningitis, or necrotizing enterocolitis can cause severe white 

matter pathology (Adams-Chapman and Stoll, 2006; Procianoy and Silveira, 2012). with 

long-term impairment of learning and cognition, visual and auditory dysfunction, and 

cerebral palsy (Mwaniki et al., 2012; Stoll et al., 2015; van Vliet et al., 2013). Repeated 

infectious or inflammatory events further increase these risks (Glass et al., 2008; 

Korzeniewski et al., 2014; Yanni et al., 2017). However, such events account for a minority 

of long-term disability. It is notable that less severe but prolonged postnatal systemic 

inflammation is still associated with poor neurodevelopmental outcomes (Kuban et al., 2017; 

Leviton et al., 2019; O'Shea et al., 2013), even for non-infectious causes such as mechanical 

ventilation (Bose et al., 2013), supporting the hypothesis that inflammation itself is a major 

contributor to long-term disability independent of severe infection (Hagberg et al., 2015).

In contemporary preterm cohorts, the neuropathology underlying neurodevelopmental 

disability involves diffuse impairment of oligodendrocyte maturation, axonal myelination 

(Back, 2017; Buser et al., 2012; Dean et al., 2014; Riddle et al., 2011), and neuronal 

development (Ardalan et al., 2019; Dean et al., 2013; McClendon et al., 2014; Tibrewal et al., 

2018), with associated chronic reductions in white matter and grey matter growth and 

connectivity (Ball et al., 2012; Kersbergen et al., 2016; Lee et al., 2011; Ment et al., 2009; 

Pascoe et al., 2019; Smyser et al., 2019; Thompson et al., 2019). It remains unclear to what 

extent less severe but prolonged postnatal infection and inflammation contributes to this mild 

spectrum of human preterm brain pathology, independent of other inflammation-inducing 

events such as hypoxia or barotrauma (Galinsky et al., 2018). In part, this may relate to 

difficulties in accurately assessing the timing and severity of infection and inflammatory 

responses in very premature infants (Kuster et al., 1998). Further, although recent human 

imaging studies have reported associations of postnatal systemic infection and inflammation 

with reduced white matter and grey matter growth (Kuban et al., 2019; Shah et al., 2008) and 

altered microstructural development (Chau et al., 2012; Dubner et al., 2019; Glass et al., 

2018; Rogers et al., 2016), there are contrasting findings (Boardman et al., 2007; Hemels et 

al., 2012; Kuban et al., 2019). Additionally, similar associations of other clinical factors, 

including steroid use, surgery, procedural pain, and social factors, with these imaging 
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findings have been reported (Brummelte et al., 2012; Kersbergen et al., 2016; Rogers et al., 

2016).

Extensive clinical diffusion tensor imaging (DTI) studies have shown persisting 

changes in white matter and grey matter microstructure and connectivity at term equivalent 

and older after preterm birth (Ball et al., 2013; Nagy et al., 2003; Pascoe et al., 2019; 

Thompson et al., 2019; Vinall et al., 2013). However, despite its high sensitivity, a major 

limitation of DTI is its low specificity; i.e., it is difficult to directly attribute changes in DTI-

derived parameters to changes in any single microstructural aspect, especially in grey matter 

(Jones et al., 2013; Pecheva et al., 2018). For example, restriction of water diffusion in the 

brain depends on numerous factors, including cellular process density, diameter, and 

orientation (e.g., of axons and dendrites), membrane permeability, and myelination. Recently, 

the development of advanced diffusion imaging techniques such as neurite orientation 

dispersion and density imaging (NODDI) has provided more specific markers of cellular 

microstructure, including separate indices of cellular process density (the intra-cellular 

volume fraction [ficvf]) and dispersion (orientation dispersion index [ODI]) (Zhang et al., 

2012). Changes in NODDI indices in the white matter and grey matter, and associations with 

functional outcomes, have been reported in very preterm infants (Batalle et al., 2017; Eaton-

Rosen et al., 2015; Kelly et al., 2016; Murner-Lavanchy et al., 2018; Young et al., 2019). 

However, the impact of infection/inflammation and the specific neurohistopathologic 

correlates of these changes are unknown. 

Herein, we tested the hypothesis that prolonged mild-to-moderate postnatal systemic 

inflammation disrupts the microstructural development of the subcortical white matter and 

neocortex involving coordinated impairment of oligodendrocyte maturation and neuronal 

dendrogenesis, and that these subtle cellular changes can be detected by advanced diffusion 

imaging techniques. Postnatal systemic inflammation was induced using the gram-negative 

bacterial endotoxin lipopolysaccharide (LPS) in newborn rats from postnatal day 

(PND)1PND3, an age when brain development is broadly equivalent to that of extremely 

preterm infants (<28 weeks gestation) (Semple et al., 2013). We used high-field ex-vivo DTI 

and NODDI combined with neurohistopathologic analysis to reveal that prolonged postnatal 

inflammation, without severe infection, can cause diffuse abnormalities in oligodendrocyte 

maturation and axonal myelination, and neuronal dendritic arborization and spine formation, 

which may explain the motor and cognitive disturbances observed in preterm infants. The 
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NODDI parameters ficvf and ODI may be particularly useful for clinical detection of such 

subtle microstructural deficits.

Materials and methods

Animals and experimental design

All animal experiments were performed in accordance with the principles of laboratory 

animal care (NIH publication No. 86-23, revised 1985), and were approved by the Animal 

Ethics Committee, the University of Auckland (#R1045, #R1634). Pregnant Sprague-Dawley 

rats (specific pathogen free) were provided by the Vernon Jansen Unit (University of 

Auckland), and delivered within the small animal facility. On the day of birth (designated as 

PND0), litter sizes were standardized to 10 pups of both sexes. Dams and pups were housed 

in a 12 h light/dark cycle in a temperature- and humidity-controlled environment. Food and 

water were available ad libitum. 

On PND1, rat pups in each litter were randomly allocated into control (sterile saline) 

and LPS (from Escherichia coli, O55:B5; Sapphire Biosciences Ltd., Auckland, NZ; 0.3 

mg/kg body weight) groups. Saline or LPS were administered as single daily intraperitoneal 

injections (at 10 µl/g body weight). To minimize the effects of circadian rhythm, saline/LPS 

administration was performed at the same time each day (~12:00 h). Rat pups were sacrificed 

at either 4 h, 12 h, or 24 h (PND2) after the first LPS injection (by decapitation), or at PND4, 

PND7, PND14, or PND21 (by decapitation or CO2 asphyxiation/cervical dislocation) after 

three repeated LPS injections from PND1PND3. Body weights were measured daily, while 

brain weights and animal sex were assessed at post-mortem. Blood and brain tissues were 

collected at post-mortem for various analyses. A timeline of the experimental protocol is 

shown in Fig. 1.

A total of n = 500 rat pups were used (n = 250 control; n = 250 LPS). To avoid the 

potential confounding effects of birth weight, animals outside ±2 standard deviations of the 

mean PND1 body weight (6.89±1.64 g) were removed from final analyses ([n = 7 control; n 

= 3 LPS]. Thus, n = 490 animals were included in the final study (n = 243 control; n = 247 

LPS). 

Experimental outcomes

Temperature and heart rate recordings
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At baseline, 2 h, 4 h, and 20 h after each saline/LPS injection, the tip of a temperature probe 

(type T thermocouple; Physitemp Instruments, Inc., Clifton, NJ, USA) was inserted into the 

skin pocket between the left forepaw and the chest wall of rat pups. Axillary body 

temperature was recorded using data acquisition software (DASYLab; Measurement 

Computing Co., Norton, MA, USA) after a 30-s stabilization period. Axillary temperatures 

were used as a surrogate for body temperature to reduce the handling stress associated with 

rectal recordings (Xue and Del Bigio, 2005).

At baseline and 4 h after the first saline/LPS injection, the left hindpaw of each rat pup 

was placed into an annular sensor (MSTAT-5mm; MouseSTAT Pulse Oximeter Paw sensor 

for rat pups; Kent Scientific, Torrington, CT, USA), and heart rate was recorded using a data 

acquisition system (MouseSTAT™ Pulse Oximeter & Heart Rate Monitor; Kent Scientific) 

after a 30-s stabilization period (sampling rate, 10 ms; data averaged over 30 s recording).

Blood gas, electrolyte, and metabolite profiles

At 4 h after the first saline/LPS injection, rat pups were decapitated, and blood samples (100 

µl) were collected from the neck using pre-heparinized capillary tubes (Radiometer, 

Copenhagen, Denmark). Each blood sample was immediately analyzed for pH, O2 content, 

partial pressure of CO2, hemoglobin content, base excess, and K+ concentration (ABL800 

FLEX blood gas analyzer; Radiometer), and glucose and lactate levels (2300 STAT PLUS 

Glucose & L-Lactate Analyzer; YSI Life Sciences, Yellow Springs, OH, USA). 

Detection of inflammatory markers by reverse transcription-quantitative PCR

mRNA expression of the inflammatory markers interleukin (IL)-1β and tumor necrosis factor 

(TNF)-α in subcortical white matter and neocortical tissue samples was determined by 

reverse transcription-quantitative PCR (RT-qPCR). Animals were euthanized at PND2 and 

PND4, and the brains rapidly removed and processed in sterile ice-cold Hanks’ Balanced Salt 

solution (Life Technologies, Auckland, NZ) for enrichment of the subcortical white matter 

and neocortex, as described (Raymond et al., 2011). In brief, intact brains were removed from 

the overlying pial structures and cut into 300-µm-thick sections with a series of straight 

razors. The subcortical white matter and overlying neocortex were isolated from at least three 

sections under a dissecting microscope, and tissues snap frozen in liquid nitrogen and stored 

at −80°C until use. For RNA extraction, the tissues were homogenized in TRIzol® Reagent 

(1 ml per 100 mg tissue; Life Technologies) using the RINO Bead Lysis Kit (Next Advance, 

Inc., Troy, NY, USA) and the Bullet Blender Storm 24 (Next Advance, Inc.). Total RNA was 
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isolated according to the manufacturer’s protocol, and then stored −80°C until use. RNA 

concentration and purity were assessed using the NanoDrop 2000 (Thermo Fisher Scientific, 

Walthan, MA, USA). 

For cDNA synthesis, 1 µg of total RNA per reaction was transcribed into cDNA (5 

iScript™ Reverse Transcription Supermix for RT-qPCR; Bio-Rad Laboratories Pty., Ltd., 

Auckland, NZ) in a thermal cycler (T1000™; Bio-Rad Laboratories Pty., Ltd.) using 5 min at 

25°C, 30 min at 42°C, 5 min at 85°C, and cooling to 12°C. cDNA was stored at −20°C until 

use. qPCR was performed in 384-well clear optical reaction plates (Life Technologies) using 

the 7900HT fast PCR system (Applied Biosystems, Auckland, NZ). Each qPCR reaction was 

performed in triplicate, with a final volume of 10 µl containing 2 µl cDNA template, 5 µl 

TaqMan® gene expression master mix (Life Technologies), 0.5 µl probe-based assay 

(PrimeTime Predesigned qPCR Assays; Integrated DNA Technologies, Coralville, IA, USA; 

IL-1β [NM_031512(1)]: #Rn.PT.58.38028824; TNF-α [NM_012675(1)]: 

#Rn.PT.58.11142874; peptidylprolyl isomerase A [NM_017101(1)]: #Rn.PT.39a.22214830), 

and 2.5 µl RNAse-free water. All assays were pre-optimized by the manufacturer to 

maximize efficiency of amplification, were guaranteed to perform with efficiencies of 90%–

110%, and were exon-spanning to minimize the possibility of detecting genomic DNA. 

cDNA template was omitted for negative control wells. The qPCR conditions were as 

follows: hold stage (50°C × 2 min, 95°C × 10 min), PCR stage (95°C × 15 s, 60°C × 1 min), 

with a ramping speed of 1.6°C/s, for 40 PCR cycles.

Quantification cycle data were calculated with Data Assist v3.01 software (Applied 

Biosystems) using a manual baseline threshold of 0.1, while other calculations were 

performed in Microsoft Excel (Microsoft Co., Redmond, WA, USA). Technical replicates 

were averaged for each gene/sample, and mRNA fold changes were quantified by the ΔΔCq 

method for relative gene expression (Schmittgen and Livak, 2008), using the housekeeping 

gene peptidylprolyl isomerase A as the normalizer, and control (saline) tissues as reference 

samples for fold-change calculations. 

Detection of cytokines by ELISA

Blood samples and brain tissues for ELISA were collected from control and LPS animals 

recovered until +4 h post LPS, +12 h post LPS, PND2, PND4, PND14, and PND21. Blood 

samples were rapidly collected in ethylenediamine tetraacetate-treated microvette tubes 

(Sarstedt AG & Co., Nümbrecht, Germany) to prevent coagulation, and the plasma fraction 
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was extracted by repeated centrifugation, and stored −80°C until use. Whole brains were 

rapidly extracted, hemisected, snap-frozen in liquid nitrogen, and stored at −80°C until use. 

For protein extraction, the left hemispheres were homogenized (RINO Bead Lysis Kit, Bullet 

Blender Storm 24) 1:1 (w/v) in tissue lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 

1% Triton-X-100, 1% protease inhibitor cocktail [cOmplete ULTRA Tablets, Mini, 

EASYpack; Sigma-Aldrich, St. Louis, MO, USA]), centrifuged to extract the cytosolic 

fraction, and stored at −80°C until use. 

Cytokine concentrations in the plasma and brain samples were measured using a pre-

mixed MILLIPLEX® MAP Rat 27-plex cytokine/chemokine magnetic bead panel in a 96-

well plate assay (Merck Millipore, Auckland, NZ). Plasma samples were diluted 1:2 in the 

provided assay matrix, while brain protein samples were diluted 1:2 in the provided lysis 

buffer, and solutions were added to the ELISA plate according to the manufacturer’s 

instructions. The ELISA plate was read with a MAGPIX® machine (Luminex Co., Austin, 

Texas, USA) using the associated xPONent (Luminex Co.) and MILLIPLEX® Analyst v5.1 

software (Merck Millipore). 

Immunofluorescence studies

Whole brains were rapidly extracted from control and LPS animals at PND2, PND4, PND7, 

PND14, and PND21, and immersion fixed in 4% paraformaldehyde for 35 days at 4°C. For 

sectioning, fixed brains were set in 1% agarose in 50 mM PBS, and serial coronal sections 

(50 µm) were cut from the level of the onset of the forceps minor of the corpus callosum to 

the end of the hippocampus (e.g., from Plates 889 by (Paxinos and Watson, 2013)) in a 1:12 

series using a Leica VT1000S vibratome (Leica Biosystems, Nussloch, Germany), and stored 

in cryoprotectant (30% sucrose, 30% ethylene glycol, 15% 0.2 M PB) at 4°C until use. 

Free-floating brain sections were washed three times in 50 mM PBS and between each 

subsequent step unless stated otherwise. All sections were incubated in sodium citrate buffer 

(10 mM, pH 6.0) at 90°C for 10 min for antigen retrieval, washed, and then blocked in 5% 

normal goat serum (Life Technologies) or normal donkey serum (Life Technologies) in PBS 

+ 0.4% triton X-100 or PBS + 0.1% triton X-100 (O4 antibody) for 1 h at room temperature. 

Sections were then incubated in various combinations of primary antibodies diluted in 3% 

normal goat serum or 3% normal donkey serum in PBS + 0.4% triton X-100 or PBS + 0.1% 

triton X-100 (O4 antibody) for three nights at 4°C, then incubated in appropriate secondary 

antibodies (1:500 dilution in PBS; Alexa Fluor® goat anti-mouse 488, goat anti-rabbit 488, 
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donkey-anti-mouse 488, goat anti-mouse 594, goat anti-rabbit 594, donkey-anti-goat 594, 

donkey-anti-rabbit 647, Streptavidin 954 conjugate; Life Technologies) for 3 h at room 

temperature. The primary antibodies were rabbit anti-cleaved caspase-3 (apoptosis marker; 

1:1,000 dilution; #CTE9661S; Cell Signaling Technology, Inc., Danvers, MA, USA), mouse 

anti-oligodendrocyte transcription factor 2 (Olig2; pan-oligodendrocyte marker; 1:1,000 

dilution; #MABN50; Merck Millipore), rabbit anti-Olig2 (1:500 dilution; #AB9610; Merck 

Millipore), platelet derived growth factor receptor alpha (PDGFR-; early oligodendrocyte 

progenitor cell [OPC] marker; 1:500 dilution; #AF307NA; R&D Systems, Inc., Minneapolis, 

MN, USA), mouse anti-O4 (pre-oligodendrocyte [preOL] and immature/mature 

oligodendrocyte marker; 1:250 dilution; generously supplied by Dr. Ben Emery, OHSU, 

Portland, OR, USA), rabbit adenomatus polposis coli clone CC1 (CC1; mature 

oligodendrocyte marker; 1:500 dilution; #OP80; Calbiochem, Merck Millipore), mouse anti-

neuronal nuclei (NeuN; post-mitotic neuron marker; 1:500 dilution; #MAB377; Merck 

Millipore), rabbit anti-glial fibrillary acidic protein (GFAP; astrocyte marker; 1:500 dilution; 

#X0334; Dako Australia Pty., Ltd., Sydney, Australia), biotinylated lectin from Lycopersicon 

esculentum (microglial marker; 1:500 dilution; #VEB1175; Vector Laboratories, Burlingame, 

CA, USA), and rabbit anti-Ki67 (cell proliferation marker; 1:500 dilution; #AN9260; Merck 

Millipore). Tissue sections were counterstained with Hoechst 33324 (Sigma-Aldrich) to 

visualize nuclear morphology and define regional boundaries, and then mounted (Vectashield 

mounting medium; Vector Laboratories). Negative control sections without the primary 

antibody were included for all experiments to confirm the specificity of staining.

Immunofluorescence staining was visualized with a Zeiss Axio Imager M2 upright 

fluorescent microscope (Carl Zeiss, Oberkochen, Germany) and the ZEISS Apotome 2 (Carl 

Zeiss), and photographed with a cooled scientific complementary metal-oxide semiconductor 

camera (ORCA-Flash4.0 V3 Digital CMOS camera; Hamamatsu Photonics, Hamamatsu 

City, Japan) driven by Zen Pro (Carl Zeiss) or StereoInvestigator (MBF Bioscience Inc., 

Williston VT, USA) software. 

Quantification of cell death, oligodendrocyte lineage survival, proliferation, and 

maturation, and gliosis

The density of degenerating (identified by nuclear condensation/fragmentation with Hoechst 

(Segovia et al., 2008)) and cleaved caspase-3+ cells, GFAP+ astrocytes, and lectin+ microglia 

throughout the subcortical white matter and neocortex, and of Olig2+ oligodendrocytes, 
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PDGFR-+ OPCs, O4+ oligodendrocytes, CC1+ mature oligodendrocytes, and Ki67+ 

proliferating cells throughout the subcortical white matter, were assessed using 

StereoInvestigator software (Riddle et al., 2011). 

Regions of interest (ROIs) outlining the entire neocortex (including the motor and 

somatosensory cortices; see Fig. 4A) or subcortical white matter (including the corpus 

callosum, cingulate gyrus, and external capsule; see Fig. 5A) were traced at 2.5 objective 

(Carl Zeiss) on at least two adjacent sections per animal at the level of bregma/mid-striatum 

(e.g., Plate 33 by (Paxinos and Watson, 2013)). For each ROI, positive cells were counted 

under 40 (for cleaved caspase-3, Olig2, PDGFR-, O4, CC1, and Ki67; Plan-Neofluar/0.75; 

Carl Zeiss) or 63 (for GFAP and lectin; Plan-Apochromat/1.4 Oil DIC M27; Carl Zeiss) 

objectives from 4050 randomized sampling sites (60  60 µm counting frame). Section 

thickness was also measured at a minimum of 10 separate sites within each ROI. Cell density 

(cells/mm3) was calculated as: total cell markers / (number of sampling sites  counting 

frame size [µm2]  section thickness [µm])  109. An averaged cell density from multiple 

sections was calculated for each ROI for each animal. 

Stereological analysis of neuronal counts, and total cortical and white matter volumes

The total number of neurons in the neocortex was evaluated by design-based unbiased 

stereology (StereoInvestigator software), as we reported (Dean et al., 2013). ROIs outlining 

the entire neocortex or subcortical white matter were traced on NeuN/Olig2-stained sections 

(1:12 series) with a 2.5× objective. Cortical neurons were counted by light microscopy (63× 

oil objective) within the cortical ROIs using the optical fractionator probe (digital sampling 

grid, 800 × 1200 µm; counting frame, 40 × 40 µm; optical dissector [height of unbiased 

virtual counting zone], 15 µm; guard zone [distance from the top of section to optical 

dissector], 5 µm). Section thickness was measured at every sampling site. Inclusion criteria 

were a distinct and complete NeuN-positive nucleus in which the maximal nuclear diameter 

was in sharp focus within the optical dissector. This counting scheme resulted on average in 

counting 7701200 neurons in 400600 optical dissectors per animal. Neocortical and 

subcortical white matter volumes were determined from the ROIs defined above, using the 

Cavalieri principle (Dean et al., 2011b).

Transmission electron microscopy analysis of white matter axonal myelination 
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Control and LPS rats at PND21 were anaesthetized with isoflurane, and the brains fixed by 

intracardiac perfusion with ice-cold PBS for ~1 min, followed by a mixture of 2.5% 

paraformaldehyde + 2.5% glutaraldehyde in 0.1 M PB for 5 min. Brains were post fixed 

overnight in the same solution. The left hemisphere of each brain was cut serially in the 

coronal plane into 50-µm-thick sections (Leica VT1000S vibratome), which were stored in 

the same fixative until processing for transmission electron microscopy (TEM). Three 

adjacent brain sections at the level of bregma (mid-striatum) were selected per animal. Each 

brain section was prepared as previously described (Partadiredja et al., 2003), with minor 

modifications. In brief, sections were osmicated in 0.1% osmium tetroxide (pH 7.0) in 0.1 M 

PB for 1 h at room temperature, and sequentially dehydrated in 50%, 70%, and 90% ethanol 

for 15 min each, 100% ethanol for 3  20 min, and propylene oxide for 2  15 min. Sections 

were then sequentially incubated in a 2:1, 1:1, and 1:2 ratios of propylene oxide:resin for 30 

min each, followed by overnight incubation in fresh 100% EMbed 812 Resin (TAAB 

Laboratories Equipment Ltd., Reading, UK). The resin-infiltrated sections were then flat-

embedded between ACLAR® film at 60°C for 48 h. Before ultramicrotomy, an 

approximately 2  2 mm trapezoid-shaped area of the callosal periventricular white matter 

and the external capsule regions (Fig. 5A) were excised from each flat-embedded section. 

Finally, a resin chuck was positioned over each isolated white matter region, and the tissue 

was blocked and polymerized in fresh 100% resin by incubating at 60°C for 48 h. The final 

resin blocks were trimmed into a trapezoidal shape for ultramicrotomy, and ultrathin sections 

were cut from each block (1 μm then 80 nm sections), collected onto copper-mesh grids, and 

then stained with uranyl acetate and lead citrate in an ultrostainer.

TEM was performed with a Tecnai™ G² Spirit Twin TEM (FEI, Canberra, ACT, 

Australia), with a G3 Morada camera (Olympus Soft Imaging Solutions, Münster, Germany). 

For each white matter region, 15 consecutive images were taken per section at 9700× 

magnification, starting in a random slot of the copper grid containing myelinated axons. 

Starting from the first image, the first 100 myelinated coronally-cut axons per white matter 

region were used for assessment of axonal diameter, oligodendrocyte diameter, and the total 

fiber diameter (Fiji for ImageJ v2.0 software; NIH, Bethesda, MD, USA). Axons were 

included if they met the following criteria: i) the axon was fully encircled by a dark ring of 

myelin, ii) no blurring or lamellar separation occurred at the widest point of the axon, and iii) 

a distinction could be made between the bi-layered cell membrane and the overlying myelin 

sheath, as reported (Partadiredja et al., 2003). The g-ratio, a gold-standard measure for axonal 
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myelination, was then calculated as: Axonal diameter / ([Fiber diameter − Oligodendrocyte 

diameter] + Axonal diameter) (Fig. 5B).

Pyramidal neuron sampling criteria and dendritic reconstruction

Whole brains were rapidly extracted from control and LPS animals at PND21, and processed 

for Golgi-Cox impregnation using the FD Rapid GolgiStain™ kit (FD Neurotechnologies, 

Inc., Columbia, MD, USA), as per the manufacturer’s instructions. Each brain was serially 

sectioned (150-µm thick) in the coronal plane (Leica CM3050S cryostat; Leica Biosystems). 

The sections were mounted onto gelatin-coated slides, processed for Golgi visualization, 

dehydrated in a graded alcohol series, and cover-slipped with DPX non-aqueous mounting 

medium (Merck Millipore). Region-matched Golgi-stained tissue sections at the level of 

bregma/mid-striatum were used to assess the dendritic morphology of cortical pyramidal 

neurons using Neurolucida software (MBF Bioscience), as previously described (Dean et al., 

2013). From one to two adjacent sections per animal, separate ROIs for the motor cortex 

(both primary and secondary motor cortices) and somatosensory cortex (both primary and 

secondary somatosensory cortices) were outlined on both hemispheres (e.g., Plate 33 by 

(Paxinos and Watson, 2013)) under a 2.5× objective (Fig. 4A). For randomized and unbiased 

selection of pyramidal neurons, using the meander scan function under 20× objective, all 

pyramidal neurons (except for Betz cells [giant pyramidal neurons]) within each ROI were 

digitally selected when they met the following criteria (Juarez et al., 2008): (i) triangular-

shaped soma and apical dendrite perpendicular to pial surface, (ii) complete Golgi-

impregnation of the neuron allowing for visualization of the entire dendritic arbor and spines, 

(iii) neuronal soma and processes not obscured by other neurons, glia, or vasculature, and (iv) 

neurons exhibiting largely complete basilar dendritic tree with few truncated or cut processes. 

These criteria were confirmed on the preselected neurons under 40× objective to provide the 

final population of pyramidal neurons used for dendritic reconstruction. No distinctions were 

made between subtypes of pyramidal neurons.

By light microscopy (63× oil objective; ZEISS Axiocam 506 color digital camera; Carl 

Zeiss), the outlines of the neuronal soma and the entire basilar dendritic tree structure were 

traced in the x, y, and z coordinates. Apical dendrites were excluded from analysis because of 

their high rates of truncation after tissue sectioning. A total of 150 and 148 cortical pyramidal 

neurons were reconstructed in the sham group (motor cortex, n = 71; somatosensory cortex, n 

= 79) and LPS group (motor cortex, n = 71; somatosensory cortex, n = 77), respectively. 

Morphometric analysis of total dendritic length (summed lengths of all basal dendritic 
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branches per neuron) and dendritic complexity, including the number of branches, branch 

points (nodes), and terminal tips (endings), for basal dendrites of all reconstructed neurons 

was performed with Neuroexplorer software (MBF Bioscience). Branch order analysis was 

also performed for these parameters according to a centrifugal nomenclature (Uylings et al., 

1986), where the dendritic branches arising from the soma are considered first-order 

segments until they branch into second-order segments, which branch into third-order 

segments, etc. For further analysis of dendritic complexity, Sholl analysis (Sholl, 1956) was 

performed on all reconstructed neurons to calculate the number of intersections of dendrites 

per each Sholl ring (5-µm interval concentric spheres centered on the soma). 

Analysis of dendritic spine density

The density of dendritic spines was assessed on the same population of cortical pyramidal 

neurons sampled for dendritic morphology, with all traced motor cortex neurons and every 

third traced somatosensory cortex neuron selected for analysis. With light microscopy (63× 

oil objective), spine density was determined for each neuron by counting all visible spines on 

a maximum of five terminal second-order branches of basal dendrites that were at least 20 

µm long (Dean et al., 2013). Other neuronal exclusion criteria included dendrites that were 

incompletely filled or that were obscured by other processes. No distinction was made 

between subtypes of spines. Spine densities were calculated from a total of 95 and 101 

cortical pyramidal neurons in the sham group (motor cortex, n = 64; somatosensory cortex, n 

= 31) and LPS group (motor cortex, n = 69; somatosensory cortex, n = 32), respectively. 

Spine data were calculated on a per-neuron basis by averaging the spine densities from all 

assessed dendrites for each neuron. Data are presented as number of spines per micrometer. 

MRI assessment of brain microstructure

Whole brains were rapidly extracted from control and LPS animals at PND21, immersion 

fixed in 4% paraformaldehyde for 35 days at 4°C, and stored in 0.1 M PB at 4°C for a 

minimum of 6 weeks until MRI. The brains were then immersed in Fomblin® solution prior 

to MRI protocols. Ex-vivo MRI image acquisitions were performed on an actively shielded 

9.4 T/31 cm magnet (Varian Inc., Palo Alto, CA, USA) equipped with 12 cm gradient coils 

(400 mT/m, 120 µs) with a transceiver 25 mm birdcage radiofrequency coil. A spin-echo 

sequence was used to generate a multi-b-value shell diffusion-weighted imaging protocol. A 

field of view of 21  16 mm2 was sampled on a 128  92 Cartesian grid. Twelve slices (slice 
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thickness = 0.6 mm) were acquired in the axial plane, centered on the level of the mid-

striatum (e.g., Plate 33 by (Paxinos and Watson, 2013); Fig. 3A), which largely enclosed the 

genu to the splenium of the corpus callosum (e.g., Plates 1476 by (Paxinos and Watson, 

2013); Fig. 3B).

Scans were averaged three times with an echo time and repetition time of 45 ms and 

2000 ms, respectively. A total of 96 diffusion-weighted images were acquired. Fifteen of 

these images were the b0 reference image, and the remaining 81 directions were non-collinear 

and uniformly distributed in each shell with the following distributions, represented as the 

number of directions/b-values: 21/1750 s/mm2, 30/3400 s/mm2, and 30/5100 s/mm2. The 

diffusion tensor images were spatially normalized to the study-specific DTI template using 

DTI-TK (http://dti-tk.sourceforge.net/pmwiki/pmwiki.php), and from this mean diffusivity 

(MD) and fractional anisotropy (FA) were derived. 

Acquired data were then fitted using the NODDI toolbox to estimate diffusion in each 

voxel as three independent compartments: the isotropic volume fraction (fiso), ficvf, and the 

extra-cellular volume fraction. Fiso represents water diffusing isotropically (i.e., with the 

diffusivity of free water), ficvf represents the proportion of the remaining space occupied by 

cellular processes (i.e., the density of processes within a voxel; also termed the neurite 

density index), while the extra-cellular volume fraction represents diffusion hindered 

perpendicular to processes. The dispersion of water diffusion along a cellular process was 

also used to calculate the ODI, which represents the angular variation of cellular process 

orientations, reflecting the bending and fanning of processes and areas of crossing fibers; low 

ODI values represent tightly-aligned diffusion (i.e., aligned cellular processes/fibers), while 

high ODI values represent more dispersed diffusion (i.e., more dispersed cellular 

processes/fibers). Note that a supplementary parameter, the intra-restricted volume fraction, 

was used to improve the analysis of ex-vivo imaging data, which corresponds to water 

trapped in the tissue following fixation and without any diffusion (Dhital et al., 2018).

To avoid partial volume effects, direction-encoded color maps were then used to 

delineate ROIs in the neocortex (motor cortex, somatosensory cortex) and subcortical white 

matter (corpus callosum, periventricular white matter, external capsule, and internal capsule) 

on eight different image planes (i.e., eight axial slices) from the splenium to the genu of the 

corpus callosum (Fig. 3B). DTI- (MD and FA) and NODDI- (ficvf, fiso, and ODI) derived 

parameter values were averaged across the eight different image planes to obtain one data set 

per structure for each rat. 
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Assessment of developmental milestones

The emergence and maturation of reflexes, and other sensorimotor behaviors, in control and 

LPS rats was assessed in a series of behavioral tests on PND4, PND7, PND14, and PND21. 

The testing protocol developed was based on previously documented tests for 

neurobehavioral toxicity, as reported (Lubics et al., 2005), and included negative geotaxis, 

cliff aversion, open field, and auditory startle. Testing was performed at the same time each 

day (10:00 h), and if the pup was unable to complete the test within the time limit (30 s), the 

time taken was recorded as the maximum time allowed for the test. 

Assessment of motor function

Global motor function and coordination of rats at PND21 was assessed using the accelerating 

rotarod test (ROTO-ROD Series 8; IITC Inc., Life Sciences, Woodland Hills, CA, USA). 

Animals received daily rotarod training on PND17PND20. At 1 h prior to training or 

testing, animals were brought into the behavioral testing room and left to habituate. On 

training days, rats were first placed on a still rod for 2 min to acclimate, followed by 

progressive training on a rotating rod at constant speeds of 5, 10, and 20 revolutions per min 

for approximately 2 min each, with 5 min intervals between each trial. On the testing day 

(PND21), rats were placed on the rotarod set to accelerate linearly from 4–40 revolutions per 

min over 5 min. Each rat received three trials, and the average latency to fall was calculated.

Statistical analysis

All data analysis was performed with statistical software (IBM SPSS Statistics v20.0; IBM, 

Armonk, NY, USA; GraphPad Prism v7.0; GraphPad Software, San Diego, CA, USA). 

KaplanMeier curve analysis was used to assess mortality following LPS exposure. The 

ShapiroWilks test for normality was performed to test data distribution. For normally 

distributed data, the effects of treatment at a single time-point were assessed by an unpaired t-

test, the effects of treatment (control versus LPS) and sex were assessed by two-way 

ANOVA at a single time-point, and the effects of treatment, sex, and age were assessed by 

three-way ANOVA. A two-way ANOVA was used to assess the effects of treatment on 

dendritic complexity and axonal diameter, while a repeated measures ANOVA was use to 

assess the effects of treatment on body temperature and behavior. When there was a 

significant interaction of treatment with age or treatment with sex (P < 0.05), post-hoc 
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analysis was performed using the HolmSidak’s multiple comparisons test. For data without 

a normal distribution, the Kruskal–Wallis test was performed to assess the effects of 

treatment and sex. Specific details of statistical tests performed in this study can be found in 

the figure legends. All data are presented as mean±standard error of the mean. All analyses 

were performed by investigators blinded to the study groups.

Results

Systemic exposure to LPS reduces survival and postnatal growth status

In infants born prematurely, exposure to postnatal infection and inflammation is associated 

with increased mortality and altered postnatal growth status (including persisting reductions 

in brain volumes) (Ehrenkranz et al., 2006; Franz et al., 2009), which is an important 

predictor of adverse neurodevelopmental outcomes (Belfort et al., 2011; Franz et al., 2009). 

Thus, the survival, body and brain growth trajectories, and volumes of the neocortex and 

subcortical white matter following mild-to-moderate early life inflammation were examined 

in rats exposed to LPS from PND1PND3 (Fig. 2). 

Compared with controls, LPS animals showed significantly higher mortality (Fig. 2A; 

control: n = 2 deaths [0.8%]; LPS: n = 37 deaths [15.0%]). All deaths occurred within the 

first 2 days of the experimental period (control: 0.8% after the first injection, 0% after second 

injection; LPS: 13.4% after first injection, 15.3% after second injection). LPS animals 

showed a significant overall reduction in body (Fig. 2B) and brain (Fig. 2C) growth 

trajectories from PND4–PND21 compared with age-matched controls. At PND21, LPS 

animals showed significantly smaller volumes of the neocortex (by ~15%; Fig. 2D) and 

subcortical white matter (by ~23%; Fig. 2E).

These findings indicate that prolonged systemic exposure to the gram-negative bacterial 

endotoxin LPS during early postnatal life causes persisting impairment of body and brain 

growth trajectories. 

Systemic exposure to LPS alters MRI-defined microstructure in the developing 

neocortex and subcortical white matter

To determine the utility of MRI for detecting microstructural changes in the brain following 

early life inflammation, ex vivo high-field advanced diffusion imaging was performed in 

PND21 rats exposed to LPS from PND1PND3, using the DTI-derived parameters MD and 

FA, and the NODDI estimates ficvf, fiso, and ODI (Fig. 3A, B).
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Compared with controls, LPS animals showed a significantly higher FA in both the 

motor and somatosensory cortices (Fig. 3C), but no changes in MD. LPS animals also 

showed a significantly lower ODI in both the motor and somatosensory cortices, but no 

changes in ficvf or fiso. Note that the changes in FA and ODI in LPS animals were most 

pronounced in the motor cortex (FA: motor cortex, 13% higher than controls versus 

somatosensory cortex, 4% higher than controls; ODI: motor cortex, 21% less than controls 

versus somatosensory cortex, 4% less than controls). 

Compared with controls, LPS animals showed a significantly lower FA in the internal 

capsule (10% reduction), and a similar pattern of change in the corpus callosum (6% 

reduction), periventricular white matter (5% reduction), and external capsule (5% reduction) 

(Fig. 3D), while there were no changes in MD in any region. LPS animals also showed a 

significantly higher ODI in the periventricular white matter (22% increase) and external 

capsule (29% increase), and a similar pattern of change in the corpus callosum (21% 

increase) and internal capsule (22% increase). Further, LPS animals showed a significant 

increase in ficvf in the periventricular white matter (10% increase) and external capsule (7% 

increase), while there were no changes in fiso in any region.

These findings show that prolonged mild-to-moderate inflammation in early postnatal 

life alters the long-term microstructural development of the brain. Further, the DTI and 

NODDI techniques may provide a similar sensitivity for detecting alterations in the 

neocortex, while NODDI may be more sensitive for detecting white matter alterations.

Systemic exposure to LPS disrupts neuronal arborization and spine formation in the 

developing neocortex

To determine the specific cellular pathology underlying the changes in MRI-defined 

microstructure in the neocortex following early life inflammation, three-dimensional 

morphological reconstruction of basal dendritic development and spines of pyramidal 

neurons in the motor and somatosensory cortices was performed in PND21 rats exposed to 

LPS from PND1PND3 (Fig. 4A, B). 

Compared with controls, LPS animals showed a significantly lower number of basilar 

dendritic branches (Fig. 4C), total basilar dendritic length (Fig. 4D), total number of basilar 

nodes (Fig. 4E), total number of basilar endings (Fig. 4F), and spine density on terminal 

second-order basal dendritic branches (Fig. 4G) in the motor cortex (Fig. 4B). Note that there 

was also a significant independent effect of sex on spine density (male LPS: 8% reduction 
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versus controls; female LPS: 11% reduction versus controls). By contrast, there were no 

significant changes in any parameters in the somatosensory cortex (Fig. 4CG). 

These region-specific changes in pyramidal neuron basilar dendritic complexity were 

confirmed by Sholl analysis, which showed significantly less dendritic intersections from 

40105 µm from the neuronal soma in the motor cortex (Fig. 4H), but no changes in the 

somatosensory cortex (Fig. 4I). Further analysis according to centrifugal nomenclature 

(branch order analysis) suggested that this decrease in dendritic complexity in the motor 

cortex was driven by a decrease in total basilar branch number at branch orders 24 (Fig. 4J), 

total basilar dendritic length at branch orders 23 (Fig. 4K), and the total number of basilar 

nodes at branch orders 13 (Fig. 4L). There were no changes in any parameters by branch 

order analysis in the somatosensory cortex (data not shown). 

There were no differences in the number of primary basilar dendrites (motor cortex: 

control, 8.1±0.3 versus LPS, 7.4±0.3; somatosensory cortex: control, 8.0±0.3 versus LPS, 

8.0±0.3) or neuronal soma size (motor cortex: control, 354.6±17.8 µm2 versus LPS, 

350.9±13.2 µm2; somatosensory cortex: control, 306.1±8.5 µm2 versus LPS, 317.9±9.0 µm2). 

Further, the deficits in neuronal development were independent of cellular degeneration (Fig. 

4M), apoptotic cell death (Fig. 4N), or neuronal loss (Fig. 4O).

These findings suggest a persisting, motor cortex-specific, disruption of the normal 

maturation of basal dendrites of cortical pyramidal neurons following prolonged exposure to 

inflammation in early postnatal life. These deficits in neuronal development may underlie the 

microstructural changes in the motor cortex identified by DTI and NODDI MRI (Fig. 3C).

Systemic exposure to LPS disrupts axonal myelination in the developing subcortical 

white matter

To determine the specific cellular pathology underlying the changes in MRI-defined 

microstructure in the white matter following early life inflammation, TEM was used as the 

gold-standard measure for axonal myelination. Specifically, the g-ratio, myelin thickness, and 

axonal diameter were calculated from myelinated axons in the periventricular white matter 

and external capsule at PND21 in rats exposed to repeated LPS from PND1PND3 (Fig. 5).

Compared with controls, LPS animals showed a significantly higher g-ratio in both the 

periventricular white matter and external capsule (Fig. 5C). Analysis based on axonal caliber 

showed that this involved axons of 0.21.8 µm in diameter (Fig. 5F). Further, this increase in 

the white matter g-ratio in LPS animals was driven by a significant reduction in axonal 
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myelin thickness (Fig. 5D), rather than a change in axonal caliber (Fig. 5E). Note that LPS 

animals also showed evidence of frequent lamellar separation of the myelin sheath on TEM 

images (Fig. 5G). 

These findings suggest persisting deficits in axonal myelination and myelin 

microstructure in the white matter following prolonged exposure to inflammation in early 

postnatal life. These deficits in white matter myelination may underlie the changes in white 

matter microstructure identified by DTI and NODDI MRI (Fig. 3D).

LPS-induced deficits in subcortical white matter myelination involve disruption of pre-

myelinating oligodendrocyte development

To determine the cellular mechanisms underlying the chronic deficits in white matter 

myelination, the temporal patterns of survival, proliferation, and maturation of cells within 

the oligodendrocyte lineage were assessed in the subcortical white matter of rats exposed to 

LPS from PND1PND3 (Fig. 6). 

Compared with controls, LPS animals showed a significant overall increase in the 

number of degenerating cells (identified with Hoechst) (Fig. 6B) and apoptotic cells 

(identified with cleaved caspase-3; from PND2PND7; Fig. 6C) throughout the subcortical 

white matter. Double-labelling of cleaved caspase-3 with Olig2 (labels all stages of 

oligodendrocyte development) confirmed that this cell death was largely oligodendrocyte 

specific (Fig. 6D; Fig. 6FH).

Next, the specific population of oligodendrocytes affected was assessed by labelling for 

OPCs (identified as PDGFR-+) and preOLs (identified as O4+; note that although O4 labels 

both preOLs and immature/mature oligodendrocytes, OPCs and preOLs are the predominant 

population before PND5 in the rat (Dean et al., 2011a)). Compared with controls, LPS 

animals showed a significant overall decrease in the number of PDGFR-+ OPCs (at PND2 

and PND4; Fig. 6I) and O4+ preOLs (Fig. 6K) throughout the subcortical white matter. 

However, immunohistochemical evidence of cellular degeneration (identified by nuclear 

condensation/fragmentation with Hoechst or by cleaved caspase-3 co-localization) was only 

observed in the O4+ preOL population (Fig. 6H), with no degenerating PDGFR-+ OPCs (not 

shown).

Overall, these changes were associated with a significant reduction in the total pool of 

oligodendrocytes (Olig2+) throughout the subcortical white matter from PND2PND14 in 

LPS animals compared with controls (Fig. 6E). Nevertheless, despite this depletion of 
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oligodendrocytes, LPS animals continued to show a progressive increase in the total number 

of oligodendrocytes with increasing age, and by PND21, total oligodendrocyte numbers were 

restored to control levels (Fig. 6E). This recovery of oligodendrocyte numbers in LPS 

animals was associated with a significant overall increase in proliferation of PDGFR-+ 

OPCs (Ki67+; Fig. 6J) compared with controls.

Finally, changes in the mature oligodendrocyte population throughout the subcortical 

white matter were assessed by double-labelling with Olig2+ and CC1+ (post-mitotic 

oligodendrocyte marker). LPS animals showed a significant decrease in the number of CC1+ 

oligodendrocytes at PND14 and PND21 compared with controls (Fig. 6L). This was 

associated with a significantly lower proportion of CC1+ oligodendrocytes to total Olig2+ 

oligodendrocytes at PND14 and PND21 in LPS animals (Fig. 6M), despite the restoration of 

total oligodendrocyte numbers at PND21 (Fig. 6E). 

These findings provide evidence for acute preOL degeneration, a regenerative response 

driven by OPC proliferation, but disrupted maturation into mature oligodendrocytes, 

throughout the subcortical white matter following prolonged exposure to inflammation in 

early postnatal life. This impaired maturation of pre-myelinating oligodendrocytes may 

underlie the deficits in axonal myelination (Fig. 5) and altered white matter microstructure on 

MRI (Fig. 3D). 

LPS-induced neuropathology is associated with central inflammation, without fever, 

hypoxia, or bradycardia

To confirm that systemic inflammation induces central inflammation and is a driving factor 

underlying the long-term disruptions in brain maturation, the acute phase (PND1–PND4) and 

chronic phase (PND14, PND21) changes in inflammatory mediators in the plasma and brain 

were examined in rats exposed to LPS from PND1–PND3 (Fig. 7).

Compared with controls, LPS animals showed significant changes in protein 

concentrations of the pro-inflammatory cytokines IL-1α, IL-1β, and TNF-α in both the 

plasma (Fig. 7DF) and the brain (Fig. 7GI). In the acute phase, plasma IL-1α (Fig. 7D), IL-

1β (Fig. 7E), and TNF-α (Fig. 7F) levels were significantly increased at 4 h and 12 h after the 

first LPS injection, but returned to control levels by PND2 (24 h after the first LPS injection), 

and were also similar to controls at PND4 (24 h after the final LPS injection). In the chronic 

phase, plasma IL-1α (Fig. 7D) and IL-1β (Fig. 7E) levels were significantly decreased at 
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PND14 in LPS animals, but restored by PND21, while plasma TNF-α levels were unchanged 

at PND14 in LPS animals, but significantly increased at PND21 (Fig. 7F). 

In the acute phase, brain IL-1α (Fig. 7G), IL-1β (Fig. 7H), and TNF-α (Fig. 7I) levels 

were significantly increased at 4 h after the first LPS injection, but returned to control levels 

by 12 h after the first injection of LPS and at PND2 (24 h after the first LPS injection). At 

PND4 (24 h after the final LPS injection), brain IL-1β and TNF-α levels were similar to 

controls, while brain IL-1α levels were significantly increased. In the chronic phase, there 

were no changes in brain cytokine concentrations. LPS animals also showed a significant 

increase in the relative gene expression of IL-1β mRNA in the subcortical white matter (Fig. 

7B) and neocortex at PND2 (~three-fold increase for both regions) and PND4 (~4-fold 

increase for both regions), but no changes in TNF-α mRNA expression (Fig. 7C).

This central inflammatory response to LPS was also associated with a significant 

increase in the density of GFAP+ astrocytic cell bodies (Fig. 7J, L) and lectin+ microglia (Fig. 

7K, L) throughout the subcortical white matter at PND4, but no changes in the neocortex 

(Fig. 7J, K). These changes were most evident in the periventricular white matter, cingulum, 

and medial aspects of the external capsule, and were suggestive of reactive gliosis (Fig. 7L). 

To determine other potential contributors to neuropathology, the body temperature, 

heart rate, and blood gas/electrolyte/metabolite profiles were examined in rats exposed to 

LPS from PND1PND3 (Fig. 8). Compared with controls, LPS animals showed a significant 

reduction in body temperature (Fig. 8A) at 2 h, 4 h, and 20 h after the first LPS injection 

(peak fall of ~3.8°C at 4 h), which returned to control levels by 24 h recovery. Similarly, 

there was a significant, but less marked, reduction in body temperature at 2 h and 4 h after the 

second LPS injection (by ~1.2°C). By contrast, there were no temperature changes after the 

final LPS injection. There were also no changes in heart rate (Fig. 8B), or blood pH (Fig. 8C), 

O2 content (Fig. 8D), partial pressure of CO2 (Fig. 8E), base excess (Fig. 8G), or K+ 

concentrations (Fig. 8J) at 4 h after the first LPS injection (time of peak cytokine response). 

However, LPS animals showed a significant increase in blood hemoglobin content (Fig. 8F) 

and blood lactate concentration (Fig. 8I), and a significant decrease in blood glucose 

concentration (Fig. 8H), at this time.

Overall, these findings support a role for propagation of central inflammation, as a 

direct response to prolonged peripheral immune activation, and independent of hypoxia, 

bradycardia, or fever, in driving the associated long-term disruptions in brain development.



22

LPS-induced neuropathology is associated delays in neurobehavioral milestones and 

motor deficits

Finally, to determine the functional outcomes associated with the long-term disruptions in 

brain maturation following early life inflammation, the development of neurobehavioral 

milestones (PND4PND21) and motor function (PND21) were examined in rats exposed to 

LPS from PND1PND3 (Fig. 9). 

Compared with controls, LPS animals showed a significant delay in the onset of 

auditory development (auditory startle test: control, 9.7±0.3 days versus LPS, 10.7±0.3 days; 

P = 0.0258), and significantly slower trajectories in development of milestones including 

open field (Fig. 9A), negative geotaxis (Fig. 9B), and cliff aversion (Fig. 9C). Further, using 

the accelerating rotarod test to examine motor function and coordination (Fig. 9D), LPS 

animals showed a significant reduction in the latency to fall compared with controls (by 

~20%). Importantly, there was no association of latency to fall with body weight (r2 = 0.07).

These data suggest that the long-term disruptions in brain development following 

prolonged early life inflammation manifest functionally as delays in normal behavioral 

milestones and impairment in motor coordination. 

Discussion

The present study revealed that prolonged mild-to-moderate postnatal systemic inflammation 

in neonatal rats causes subtle, persisting disturbances in brain development, with 

neurobehavioral delay and mild motor impairments, consistent with the typical constellation 

of findings in very and extremely preterm survivors. DTI and NODDI revealed delayed 

maturation of neocortical and subcortical white matter microstructure. The underlying 

neurohistopathologic disruptions involved impaired dendritic arborization and dendritic spine 

formation of neurons in the motor cortex, and delayed oligodendrocyte maturation and axonal 

myelination in the subcortical white matter. These findings highlight the critical vulnerability 

of developing neurons and oligodendrocytes to inflammatory injury, and indicate that 

prolonged mild-to-moderate postnatal inflammation, without severe infection or other clinical 

events, may be a key cause of the diffuse spectrum of brain pathology and long-term 

disability in modern cohorts of premature infants. 

In a seminal human study, the chronic deficits in white matter myelination in preterm 

infants involved failure of oligodendrocyte maturation, rather than depletion of the total 

oligodendrocyte pool (Buser et al., 2012). Our data provide new evidence that prolonged 
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postnatal systemic inflammation can trigger a comparable pattern of failure of white matter 

myelination, involving acute pre-oligodendrocyte cell death, regenerative proliferation of 

oligodendrocyte progenitors, but disrupted oligodendrocyte maturation. Experimentally, 

limited animal studies have shown that prolonged mild-to-moderate postnatal systemic 

infection and inflammation can reduce white matter brain growth and myelination (Biouss et 

al., 2019; Du et al., 2011; Malaeb et al., 2014; Wang et al., 2009). However, in those studies 

the infectious/inflammatory stimuli were continued to an age equivalent to the near-term 

human. In newborn mice, Favrais and colleagues also reported that repeated systemic 

injection of low-dose IL-1β for 5 days (PND1PND5) was associated with a long-lasting 

disruption of oligodendrocyte maturation and white matter myelination in male but not 

female pups (Favrais et al., 2011). This key study supported a role for chronic low-level 

systemic inflammation in males, but the apparent lack of effect in females (Stolp et al., 2019) 

is inconsistent with human pathology. Potentially, this discrepancy may reflect the use of a 

highly specific cytokine, in contrast with the very broad systemic inflammation reported in 

large clinical cohorts of very preterm infants (Leviton et al., 2011).

In the present study, we found neuroinflammation in the form of elevated pro-

inflammatory cytokines and diffuse astrogliosis/microgliosis (Fig. 7). These are hallmark 

features of human preterm white matter injury, supporting the relevance of our experimental 

paradigm (Buser et al., 2012; Yoon et al., 1997). Critically, these inflammatory events 

regulate a range of signaling pathways involved in oligodendrocyte survival and maturation 

(Huang et al., 2019; Shiow et al., 2017; Srivastava et al., 2018; van Tilborg et al., 2018). 

Thus, the disruptions in oligodendrocyte development in the present study were likely 

directly related to the central inflammatory response to systemic inflammation. This is further 

supported by the lack of hypoxia, bradycardia, or fever during LPS exposure (Fig. 8).

Disturbances in cortical growth and connectivity are a major pathological substrate of 

disability in modern cohorts of preterm infants (Ball et al., 2013; Pascoe et al., 2019; Vinall et 

al., 2013). Our findings provide new evidence for a direct role of prolonged mild-to-moderate 

postnatal systemic inflammation in causing these cortical deficits, by impairing development 

of the dendritic arbor and spine formation of cortical neurons, without neuronal loss. In 

humans, a prolific increase in neuronal dendritic growth is the primary driver of the marked 

cortical expansion that occurs over the last trimester (Lu et al., 2013; Mrzljak et al., 1992); 

these events are largely postnatal in the rat (Miller, 1981). The present findings suggest that 

this period of dendrogenesis is particularly vulnerable to disruption by inflammation. 
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Consistent with an impairment of neuronal development, two small case series reported 

reduced dendritic length of cortical neurons in very preterm infants with either diffuse white 

matter injury (Stolp et al., 2019) or severe necrotic white matter injury (Takashima et al., 

1982). Similar disturbances in neuronal dendritic arborization and spine formation are 

observed in other human neurodevelopmental disorders including Retts syndrome 

(Armstrong et al., 1995), autism (Raymond et al., 1996), and schizophrenia (Kalus et al., 

2000). There are few comparable experimental studies. Intrauterine LPS exposure was 

associated with decreased neuronal dendritic complexity in the retrosplenial cortex of 

newborn rabbits (Balakrishnan et al., 2013), and decreased dendritic complexity of pyramidal 

neurons in the medial prefrontal cortex of rat offspring at P10 and P35 (Baharnoori et al., 

2009). Postnatally, mild systemic inflammation following repeated IL-1β in newborn male 

mice was associated with reduced interneuron spine density at P40, but no changes in 

dendritic arborization (Stolp et al., 2019).

Interestingly, impaired neuronal development in the present study was found in the 

motor cortex, and was associated with impaired motor function. Thus, although modern 

imaging studies suggest a causative role for disruption of white matter motor tracts in mild 

motor disturbances in preterm infants (Hollund et al., 2018; Shah et al., 2008), our data 

suggest a potential contribution of altered motor cortex development. Indeed, two recent 

imaging and functional MRI studies of preterm infants with diffuse white matter injury 

reported a reduced volume and connectivity of the motor cortex at 1012 years of age, which 

were associated with motor impairment (Lee et al., 2011; Wheelock et al., 2018). Loss of the 

maturational decrease in the DTI metric FA (Fig. 3) in the motor cortex, but not the 

somatosensory cortex, was also reported in preterm born infants at term-equivalent age 

(Bouyssi-Kobar et al., 2018), although there are contrasting findings (Ball et al., 2013). 

The specific mechanism by which systemic inflammation impairs neuronal 

development is unknown and requires further study, but likely relates to the central 

inflammatory response (Fig. 7). In vitro, the proinflammatory cytokines IL-1β, TNF-α, IL-6, 

and interferon-γ can inhibit dendritic outgrowth and branching, and synapse formation and 

function, in developing cortical and hippocampal neurons in a dose-dependent manner 

(Gilmore et al., 2004; Kim et al., 2002; Neumann et al., 2002). Deficits in multiple growth 

factors (e.g., insulin-like growth factor) and neurotrophins (e.g., nerve growth factor, brain-

derived neurotrophic factor) important for neuronal development are also reported in 
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neonates with evidence of systemic inflammation (Hansen-Pupp et al., 2007; Holm et al., 

2017; Skogstrand et al., 2019).

Alternatively, retrograde axonal signaling is an important regulator of dendritic growth 

and synapse formation during development (da Silva and Wang, 2011), and may be altered 

after white matter injury (Hayden et al., 2019). In this scenario, given that different white 

matter tracts innervate different grey matter regions, regional differences in white matter 

injury may explain the regional effects on cortical neuron development (i.e., motor cortex 

versus somatosensory cortex). Other potential mechanisms for the motor cortex-specific 

effects include intrinsic differences in the timing, rates, and mechanisms of neuronal dendritic 

development and synaptogenesis compared with the somatosensory cortex.

The present findings indicate that NODDI is more sensitive than DTI for detecting 

microstructural changes involving white matter myelination deficits following postnatal 

inflammation (Fig. 3D; DTI: no change in FA; NODDI: higher ficvf and ODI; c.f. PVWM and 

EC). By contrast, DTI and NODDI had a similar sensitivity for detecting microstructural 

changes in the cerebral cortex involving impaired dendritic development (Fig. 3D; DTI: 

higher FA; NODDI: lower ODI). The DTI-derived parameter FA is used extensively in 

preterm infants to detect microstructural changes in the brain, which are seen after severe 

postnatal infection (Chau et al., 2012; Dubner et al., 2019; Glass et al., 2018; Rogers et al., 

2016). However, the NODDI model provides individual measures of two factors that are 

related to the changes in FAcellular process density (ficvf) and cellular process orientation 

(ODI)thus providing greater microstructural specificity than for DTI (Zhang et al., 2012). 

In the white matter, FA increases with normal development in humans and other species 

(Karmacharya et al., 2018; Young et al., 2019), which reflects more mature microstructural 

organization, including increases in axon density and axon diameter, more aligned axon 

orientation distribution, and progression of axonal myelination (Jelescu et al., 2015; Jones et 

al., 2013; Kunz et al., 2014; Pecheva et al., 2018). Recent NODDI studies also show a 

developmental increase in ficvf (i.e., increased process density and/or axonal myelination) and 

decrease in ODI (i.e., more tightly-aligned processes and/or axonal myelination) in human 

white matter (Jelescu et al., 2015; Kunz et al., 2014; Lynch et al., 2020). As such, our finding 

of a higher ODI likely reflects the histologic evidence of impaired axonal myelination (Fig. 

5), while the higher ficvf, despite decreased myelination, likely reflects an increased axonal 

packing density related to the confounding effect of reduced white matter volumes (Fig. 2). In 

support, a higher white matter ODI was reported in experimental models of axonal 
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demyelination and in multiple sclerosis patients (Granberg et al., 2017; Luo et al., 2019), as 

well as in preterm born infants compared with age-matched controls (Kelly et al., 2016; 

Young et al., 2019).

In contrast to the white matter, the human cortex shows a developmental decrease in 

FA up to term age (i.e., less restricted water diffusion) (Ball et al., 2013; Batalle et al., 2019). 

NODDI studies show an associated increase in ODI (i.e., more dispersed cellular processes) 

related to progressive dendritic branching (Batalle et al., 2019; Eaton-Rosen et al., 2015), and 

a decrease in ficvf (i.e., decreased process density) related to contrasting effects of increasing 

dendritic branching versus cortical expansion (Batalle et al., 2019; Huttenlocher, 1990). As 

such, our findings of a higher FA and lower ODI in the cerebral cortex likely reflect the 

histologic evidence of impaired neuronal dendrogenesis (Fig. 4). Note that the lack of effect 

on ficvf (i.e., process density), despite decreased dendritic complexity, is likely related to the 

confounding effect of reduced cortical volumes following injury. Although there are no 

comparable NODDI studies, these findings are consistent with human evidence for 

impairment of the normal developmental decrease in cortical FA in preterm born infants (Ball 

et al., 2013; Vinall et al., 2013). A higher FA in the cerebral cortex associated with reduced 

dendritic complexity of pyramidal neurons was also reported at 4-weeks’ recovery from 

hypoxia-ischemia in preterm fetal sheep (Dean et al., 2013). Further, a higher FA and lower 

ODI in the cortex were reported in term infants with congenital heart disease (Kelly et al., 

2019).

Overall, our study indicates that prolonged postnatal inflammation, without severe 

infection, can cause persisting and coordinated, diffuse deficits in white matter and grey 

matter microstructural development, and is likely a major contributor to long-term motor and 

cognitive disabilities that are common in survivors of preterm birth. These findings highlight 

the critical vulnerability of developing oligodendrocytes and neurons to dysmaturation 

following central inflammation, and support a mechanism of dysfunction of brain maturation, 

rather than irreversible brain injury, following preterm birth. Thus, agents that limit the 

central immune response to systemic inflammation, or which promote oligodendrocyte 

differentiation and neuronal dendritic development, may be viable preventative therapies. 

Advanced diffusion imaging techniques such as NODDI may provide high sensitivity and 

specificity for clinical detection of these microstructural deficits, and for assessing the 

efficacy of novel therapeutic interventions.
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Figures and Legends

Fig. 1. Experimental design. Neonatal rats received single daily intraperitoneal (i.p.) 

injections of lipopolysaccharide (LPS) or saline on postnatal days (PND)1–PND3, and were 

recovered to a range of time points for various outcome measures. ●, Time points for brain 

extraction and plasma collection. HR, heart rate; RT-qPCR, reverse transcription-quantitative 

PCR; TEM, transmission electron microscopy.
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Fig. 2. Survival and postnatal growth following repeated LPS exposure. (A) 

KaplanMeier curve analysis of survival in saline-treated controls (CON; solid line, n = 243) 

and LPS-treated (LPS; dashed line, n = 247) animals. GehanBreslowWilcoxon test, P < 

0.0001. (B, C) Postnatal (B) body weight and (C) brain weight growth trajectories (CON: 

black bars, n = 2845 per age; LPS: white bars, n = 2040 per age). Three-way ANOVA 

with treatment  sex  age (treatment  age effect [body weight: P = 0.022; brain weight: P = 

0.018]) and HolmSidak’s multiple comparisons test (MCT) post hoc. (D, E) Volumes of the 

(D) neocortex and (E) subcortical white matter (WM) measured by stereology at PND21 

(CON: n = 56; LPS: n = 56). Two-way ANOVA with treatment  sex (treatment effect 

[cortical volume: P = 0.004; WM volume: P < 0.0001]). For all measured parameters, there 

were no effects of sex between CON and LPS animals. Data are expressed as mean±standard 

error of the mean (SEM). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 3. Repeated peripheral LPS exposure induces microstructural abnormalities in the 

neocortex and subcortical WM at PND21. (A) Representative images of diffusion-derived 

parameters (mean diffusivity [MD], s/mm2; fractional anisotropy [FA]; red, green, blue 

[RGB] color encoded maps; intra-cellular volume fraction [ficvf]; isotropic volume fraction 
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[fiso]; orientation dispersion index [ODI]) at PND21 in CON and LPS animals. (B) 

Representative images of the posterior-to-anterior brain levels and brain regions assessed 

using MRI (motor cortex [M CTX]; somatosensory cortex [SS CTX]; corpus callosum [CC]; 

periventricular WM [PVWM]; external capsule [EC]; internal capsule [IC]). (C, D) 

Diffusivity in the (C) neocortex and (D) subcortical WM of CON (black bars; n = 10) and 

LPS (white bars; n = 9) animals. Mann–Whitney U test (treatment effect [M CTX: FA, P = 

0.019, ODI, P = 0.030; SS CTX: FA, P = 0.025, ODI, P = 0.034; PVWM: ficvf, P = 0.037, 

ODI, P = 0.041; EC: ficvf, P = 0.029, ODI, P = 0.001; IC: FA, P = 0.010]). Note that because 

of the data distribution, a treatment  sex interaction could not be tested. Data are expressed 

as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 4. Repeated peripheral LPS exposure reduces pyramidal neuron complexity and 

spine density in the motor cortex at PND21. (A) Representative image of the rat brain 

indicating regions of interest used for neocortical cell counts and Golgi-cox analysis. (B) 

Golgi-cox stained pyramidal neurons showing the effects of LPS on dendritic development 

(scale bar = 15 µm) and spine density (scale bar = 5 µm) in the M CTX. (CG) Golgi-cox 

analysis of (C) number of basilar dendritic branches, (D) total basilar dendritic length, (E) 
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total number of basilar dendritic nodes, (F) total number of basilar dendritic endings, and (G) 

spine density on terminal dendritic branches at PND21 in CON (black bars; M CTX: n = 71 

neurons, SS CTX: n = 79 neurons [from eight animals]) and LPS (white bars; M CTX: n = 71 

neurons, SS CTX: n = 77 neurons [from seven animals]) groups. Two-way ANOVA with 

treatment  sex (M CTX: treatment effect [number of branches: P = 0.029; total dendritic 

length: P = 0.014; number of nodes: P = 0.010; number of endings: P = 0.036; spine density: 

P = 0.021]; M CTX: sex effect [spine density: P = 0.018]). (H, I) Sholl analysis of the 

number of dendritic intersections in the (H) M CTX and (I) SS CTX in CON () and LPS (□) 

animals. Two-way ANOVA with treatment  distance (treatment  distance effect [M CTX: 

P < 0.0001]) and HolmSidak’s MCT post hoc. (JL) Branch order analysis of (J) the 

number of basilar dendritic branches, (K) total basilar dendritic length, and (L) the total 

number of basilar nodes in the M CTX. Two-way ANOVA with treatment  distance 

(treatment  distance effect [total branch number: P = 0.0032; total dendritic length: P = 

0.036; total number of nodes: P < 0.0001]) and HolmSidak’s MCT post hoc. (M, N) 

Quantification of (M) degenerating cells (identified with Hoechst) and (N) apoptotic cell 

death (identified with cleaved caspase-3 [CC3+]) in CON (n = 7–10 per age) and LPS (n = 7–

9 per age) animals. Two-way ANOVA with treatment  age. (O) Stereological quantification 

of neuronal number in the entire neocortex for CON (n = 6) and LPS (n = 6) animals at 

PND21. Two-way ANOVA with treatment  sex. Unless stated, there were no effects of sex 

between CON and LPS animals for all measured parameters. Data are expressed as 

mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. Repeated peripheral LPS exposure reduces axonal myelination in the subcortical 

WM at PND21. (A) Schematic of the rat brain indicating regions of interest used for the 

assessment of axonal myelination with TEM, and (B) the formula used to calculate the g-

ratio, axonal diameter [AxonD], fiber diameter [FiberD], and oligodendrocyte diameter 

[OligD]. (CE) Quantification of the (C) g-ratio, (D) myelin thickness, and (E) axonal 

diameter in the PVWM and EC in CON (black bars; n = 800 myelinated axons from eight 

animals) and LPS (white bars; n = 900 myelinated axons from nine animals) animals. Two-

way ANOVA with treatment  sex (treatment effect [g-ratio: P < 0.001 for both regions; 

myelin thickness: P < 0.0001 for both regions]). (F) The relationship between the g-ratio and 

axonal diameter for all axons combined from the PVWM and EC in CON and LPS animals. 

Two-way ANOVA with treatment  axon diameter (treatment  axon diameter effect [P = 

0.0004]) and HolmSidak’s MCT post hoc. (G) Representative image of axonal myelination 

in the EC assessed with EM in CON and LPS animals (Left panels: original magnification 

26,500×, scale bar = 500 nm; Right panels: original magnification 135,000×, scale bar = 100 
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nm). Note the evidence of frequent lamellar separation of the myelin sheath in LPS animals 

(arrow heads). For all measured parameters, there were no effects of sex between CON and 

LPS animals. Data are expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001.
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Fig. 6. Repeated peripheral LPS exposure induces oligodendrocyte cell death and 

disrupts oligodendrocyte maturation in the subcortical WM. (A) Developmental timeline 

of oligodendrocyte maturation in the neonatal rat brain, and the equivalent trajectory 

observed in humans. Scale bar = 15 µm. (BE) Quantification of (B) Hoechst+ degenerating 

cells, (C) CC3+ apoptotic cells, (D) CC3+/oligodendrocyte transcription factor 2 [Olig2]+ 

apoptotic oligodendrocytes, and (E) the total number of Olig2+ oligodendrocytes throughout 

the subcortical WM in CON (black bars; n = 8–12 per age) and LPS (white bars; n = 8–9 per 

age) animals. Two-way ANOVA with treatment  age (treatment  age effect [Olig2+ cells: P 

= 0.0021; CC3+ apoptotic cells: P = 0.0278]; treatment effect [Hoechst+ degenerating cells: P 

< 0.0001]) and HolmSidak’s MCT post hoc, or unpaired t-test (CC3+/Olig2+: P < 0.0001). 

(F, G) Representative double labelled immunofluorescent staining of apoptotic (CC3+; red) 
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oligodendrocytes (Olig2+; green; arrowheads) in the EC in (F) CON and (G) LPS animals. 

Scale bar = 25 µm. (H) Representative double labelled immunofluorescent staining of 

apoptotic (CC3+; red) pre-oligodendrocytes (O4+; green). Scale bar = 10 µm. (IM) 

Quantification of (I) platelet derived growth factor receptor alpha [PDGFR-α]+ 

oligodendrocytes, (J) percentage of proliferating PDGFR-α+ oligodendrocytes, (K) O4+ 

oligodendrocytes, (L) adenomatus polposis coli clone CC1 (CC1)+ oligodendrocytes, and 

(M) the percentage of mature CC1+ oligodendrocytes in CON or LPS animals (n = 8–12 per 

treatment/age). Two-way ANOVA with treatment  age (treatment  age effect [PDGFR-α+: 

P = 0.0405; CC1+: P = 0.0495; mature CC1+: P = 0.0017]; treatment effect [proliferating 

PDGFR-α+: P < 0.0001; O4: P = 0.0394]) and HolmSidak’s MCT post hoc. Data are 

expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 7. Repeated peripheral LPS exposure induces systemic and central inflammation. 

(A) Schematic of the brain indicating regions of interest used for the assessment of (B, C) 

cytokine gene expression, (DI) cytokine protein concentrations, and (JL) astrocyte and 

microglial gliosis. Relative mRNA expression (versus controls) of (B) interleukin [IL]-1β and 

(C) tumor necrosis factor [TNF]-α in the subcortical WM and CTX of LPS animals at PND2 

and PND4 (n = 3–5 per group). Plasma and brain protein concentrations of (D, G) IL-1α, (E, 
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H) IL-1β, and (F, I) TNF-α during the acute phase (4 h, 12 h, and 24 h [PND2] after the first 

LPS injection, and 24 h after the final LPS injection [PND4]) and chronic phase (PND14, 

PND21) of recovery in CON (black bars; n = 10) or LPS (white bars; n = 810) animals. 

Two-way ANOVA with treatment  age (acute phase: treatment  age effect [plasma IL-1α: 

P = 0.0006; brain IL-1α: P < 0.0001; plasma IL-1β: P < 0.0001; plasma TNF-α: P < 0.0001; 

brain TNF-α: P < 0.0001]; acute phase: treatment effect [brain IL-1β: P < 0.0001]; chronic 

phase: treatment  age effect [plasma IL-1α: P = 0.0210; plasma IL-1β: P = 0.0488; plasma 

TNF-α: P = 0.001]; chronic phase: treatment effect [brain IL-1α: P = 0.0010; brain IL-1β: P 

< 0.0001]) and HolmSidak’s MCT post hoc. Quantification of (J) glial fibrillary acidic 

protein [GFAP]+ astrocytes and (K) and lectin+ microglia in the subcortical WM and CTX of 

CON (black bars; n = 10–12) and LPS (white bars; n = 8–10) animals. Two-way ANOVA 

with treatment  age (treatment  age effect [WM GFAP: P = 0.0009]; treatment effect [WM 

lectin: P = 0.0212]). (L) Representative images depicting the distribution and morphology of 

GFAP+ astrocytes and lectin+ microglia in the brain at PND4 in CON and LPS animals. Scale 

bar = 25 µm. Data are expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001.
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Fig. 8. Physiological effects of repeated peripheral LPS exposure. (A) Body temperature 

profile of animals during the LPS injection period (PND1–PND3; n = 60 per group). 

Repeated measures ANOVA with treatment  time (treatment  time effect [P < 0.0001]) 

and HolmSidak’s MCT post hoc. (BJ) Changes in (B) heart rate (beats per min [BPM]), 

(C) pH, (D) blood O2 content (ctO2), (E) blood partial pressure of CO2 (pCO2), (F) blood 

hemoglobin content (ctHb), (G) blood base excess (cBase), (H) blood glucose concentrations, 

(I) blood lactate concentrations, and (J) blood K+ concentrations at 4 h after the first LPS 

injection (n = 30 per group) in CON (black bars, n = 16–18) or LPS (white bars, n = 10–13) 

animals. Unpaired t-test (ctHb: P = 0.0088; glucose: P = 0.0045; lactate: P = 0.0008). Data 

are expressed as mean±SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 9. Repeated LPS exposure induces delays in development of neurobehavioral 

milestones, and long-term motor impairment. (AC) Assessment of development of 

neurobehavioral milestones in CON (black bars; n = 52) and LPS (white bars; n = 47) 

animals. (A) Open field, (B) cliff aversion, and (C) negative geotaxis assessed from PND4–

PND21 in CON and LPS animals. Repeated measures ANOVA with treatment  time 

(treatment  time effect [negative geotaxis: P = 0.0486; cliff aversion: P = 0.0423]; treatment 

effect [open field: P = 0.0004]) and HolmSidak’s MCT post hoc. (D) Assessment of global 

motor function and coordination using the accelerating rotarod in CON (n = 13) and LPS (n = 

14) animals. Two-way ANOVA with treatment  sex (treatment effect [P < 0.0001]). 

Unpaired t-test, P = 0.0013. For all measured parameters, there were no effects of sex 

between CON and LPS animals. Data are expressed as mean±SEM. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001.
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Highlights

 Early exposure to inflammation causes subtle alterations to brain microstructure 

 Impaired dendritic development underlies altered cortical microstructure

 Impaired oligodendrocyte development underlies altered white matter microstructure

 NODDI MRI provides additional information about brain microstructural changes


