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Abstract 

Background  Antenatal infection/inflammation is associated with disturbances in neuronal connectivity, impaired 
cortical growth and poor neurodevelopmental outcomes. The pathophysiological substrate that underpins these 
changes is poorly understood. We tested the hypothesis that progressive inflammation in late gestation fetal sheep 
would alter cortical neuronal microstructure and neural function assessed using electroencephalogram band power 
analysis.

Methods  Fetal sheep (0.85 of gestation) were surgically instrumented for continuous electroencephalogram 
(EEG) recording and randomly assigned to repeated saline (control; n = 9) or LPS (0 h = 300 ng, 24 h = 600 ng, 
48 h = 1200 ng; n = 8) infusions to induce inflammation. Sheep were euthanised 4 days after the first LPS infusion for 
assessment of inflammatory gene expression, histopathology and neuronal dendritic morphology in the somatosen-
sory cortex.

Results  LPS infusions increased delta power between 8 and 50 h, with reduced beta power from 18 to 96 h (P < 0.05 
vs. control). Basal dendritic length, numbers of dendritic terminals, dendritic arborisation and numbers of dendritic 
spines were reduced in LPS-exposed fetuses (P < 0.05 vs. control) within the somatosensory cortex. Numbers of micro-
glia and interleukin (IL)-1β immunoreactivity were increased in LPS-exposed fetuses compared with controls (P < 0.05). 
There were no differences in total numbers of cortical NeuN + neurons or cortical area between the groups.

Conclusions  Exposure to antenatal infection/inflammation was associated with impaired dendritic arborisation, 
spine number and loss of high-frequency EEG activity, despite normal numbers of neurons, that may contribute to 
disturbed cortical development and connectivity.
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Introduction
Exposure to antenatal infection/inflammation is a leading 
cause of brain injury and neurodevelopmental impair-
ment [1]. For example, exposure to infection/inflamma-
tion increases the risk of cerebral palsy by 2- to 12-fold 
in near-term/term infants [2, 3]. Improving our under-
standing of the pathogenesis of brain injury is essential 
for better injury detection and development of interven-
tions to improve outcomes, and reduce the socioeco-
nomic burdens on the affected individuals, their families 
and society [4].

Perinatal infection/inflammation is common in low, 
middle and high-income countries [5], and is associated 
with grey matter abnormalities. For example, neuroimag-
ing studies have shown that chorioamnionitis is indepen-
dently associated with reduced sulcal depth and cortical 
volume in the temporal lobe, without overt grey matter 
injury [6, 7].

In rodents, chorioamnionitis induced with a single 
intrauterine injection of lipopolysaccharide (LPS) was 
associated with reduced dendritic arborisation in corti-
cal neuronal cultures [8]. In pregnant rat dams, twelve 
hourly intraperitoneal (i.p.) injections of inactivated 
group B Streptococcus (109 CFU) between G19 and G22 
(term) led to cortical thinning and neuromotor impair-
ments in the offspring at postnatal day 40 [9]. Similarly, 
mild-to-moderate inflammation in neonatal rats using 
daily i.p. LPS (0.3 mg/kg) injections from P1–3 reduced 
dendritic arborisation and spine formation in cortical 
pyramidal neurons without overt neuronal loss [10].

While these preclinical data provide a compelling link 
between acute inflammation and impaired cortical devel-
opment, the most common clinical fetal and neonatal 
scenario involves a progressive inflammatory response 
without severe fetal compromise [11]. Consistent with 
this, in fetal sheep live bacterial inoculation is associated 
with progressive systemic inflammation [12]. Similarly, 
recent clinical evidence strongly suggests that antenatal 
inflammation is a progressive process that persists into 
the newborn period [13] and supports the concept that 
sustained inflammation is associated with long-term 
impairments in brain development [14–17].

It is important to find ways to rapidly and non-inva-
sively identify such progressive inflammation-induced 
injury at the bedside. Electroencephalography (EEG) is 
widely used to identify functional impairments in cases 
of preterm and term encephalopathy [18, 19]. However, 
the relationship between EEG and abnormal develop-
ment of the neuronal microstructure is poorly under-
stood. Thus, in the present study we tested the hypothesis 
that progressive antenatal inflammation induced by 
repeated, increasing-dose infusions of Gramnegative 
LPS would be associated with cortical inflammation and 

altered neuronal microstructural development. Further-
more, we hypothesised that pathological changes asso-
ciated with altered cortical neuronal microstructural 
development could be detected using EEG assessment of 
neural function.

Materials and methods
All procedures were approved by the Hudson Institute 
of Medical Research Animal Ethics committee and were 
conducted in accordance with the National Health and 
Medical Research Council Code of Practice for the Care 
and Use of Animals for Scientific Purposes (Eighth Edi-
tion). The experiments are reported in accordance with 
the ARRIVE guidelines for reporting animal research 
[20]. In this study, we compared two groups of interest: 
(i) vehicle controls and (ii) antenatal inflammation. The 
key outcome measures were: (i) cortical inflammation, 
(ii) neuronal microstructural development, assessed 
using dendritic length, numbers of dendritic terminals, 
neuronal arborisation and numbers of dendritic spines 
and (iii) EEG measures of neuronal function. Seven-
teen pregnant Border-Leicester ewes bearing singleton 
or twin fetuses underwent aseptic surgery at either 124 
or 125 days of gestation. Food but not water was with-
drawn approximately 18  h before surgery. Anaesthe-
sia was induced by i.v injection of sodium thiopentone 
(20 mL) and maintained using 2–3% isoflurane in oxygen 
(Bomac Animal Health, New South Wales, Australia). 
Ewes received prophylactic antibiotics (ampicillin: 1  g 
i.v; Austrapen, Lennon Healthcare, St. Leonards, NSW, 
Australia, and engemycin: 500  mg i.v; Schering-Plough, 
Upper Hutt, New Zealand) immediately before surgery. 
Isoflurane levels, heart rate, oxygen saturation, and res-
piratory rate were continuously monitored throughout 
surgery by trained anaesthetic staff.

Fetal instrumentation
A midline maternal laparotomy was performed, the fetus 
was exposed and partially removed from the uterus for 
implantation of polyvinyl catheters into the right bra-
chiocephalic artery and amniotic cavity. In twin preg-
nancies, only one twin was instrumented. Two pairs 
of electroencephalograph (EEG) electrodes (AS633-
7SSF; Cooner Wire, Chatsworth, CA, USA) were placed 
through burr holes onto the dura over the parasagittal 
parietal (somatosensory) cortex (10 and 20 mm anterior 
to bregma, and 10 mm lateral) and secured using surgi-
cal bone wax and cyanoacrylate glue. A catheter was 
inserted into the left fetal axillary vein for administra-
tion of post-operative antibiotics and lipopolysaccharide 
(LPS) or vehicle (saline). The fetus was returned to the 
uterus in its original orientation and all fetal leads were 
exteriorised through the maternal flank. A catheter was 
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inserted into the maternal jugular vein for administration 
of post-operative antibiotics and euthanasia at the end of 
the experimental period. At the completion of surgery, 
ewes received fentanyl for 3 days via a transdermal patch 
placed on the left hind leg (75 μg/h; Janssen Cilag, North 
Ryde, NSW, USA).

Ewes were housed together in separate pens in a tem-
perature controlled (20 ± 2  °C and relative humidity of 
50 ± 10%) room with a 12-h light–dark cycle with access 
to food and water ad  libitum. Four to five days of post-
operative recovery were allowed before experiments 
commenced. Ewes and fetuses received daily i.v. infusions 
of ampicillin (800 mg, maternal i.v. and 200 mg, fetal i.v.) 
and engemycin (500 mg, maternal i.v.) for three consecu-
tive days after surgery. Catheters were maintained patent 
with a continuous infusion of heparinised saline (25 IU/
mL) at a rate of (0.2 mL/h).

Experimental recordings
Fetal EEG was continuously recorded from 24  h prior 
to the first saline or LPS infusion (129 days of gestation) 
until the end of the experiment (134  days of gestation). 
The analogue fetal EEG signal was bandpass-filtered with 
a cut-off frequency set at 1 and 22 Hz and digitised at a 
sampling frequency of 400  Hz. EEG power was derived 
from the analogue signal, whilst spectral edge was cal-
culated as the frequency below which 90% of the inten-
sity was present. Relative (%) spectral power in the Δ 
(0–3.9 Hz), θ (4–7.9 Hz), ɑ (8–12.9 Hz), and β (13–22 Hz) 
frequency bands were quantified. This involved calculat-
ing power spectra, by fast Fourier transform, of the EEG 
on sequential epochs using a 10-s Hanning window to 
minimise spectral leakage, as previously described [21, 
22].

Experimental protocol
Experiments started at 129  days of gestation (term 
is ~ 147  days). This study examined 0.85 gestation fetal 
sheep, at an age when brain development is broadly 
equivalent to that of a near term/term human infant [23].

Fetuses were randomly allocated to two groups: vehi-
cle (saline, n = 9 [6 males, 3 females]) or LPS (Escheri-
chia coli, O55:B5, MilliporeSigma, MO, USA; n = 8 [6 
males, 2 females]). Fetuses received 300 ng, 600 ng, and 
1200  ng infusions of LPS diluted in 2  mL of saline i.v. 
(infusion rate: 1 mL/min) at 0, 24 and 48 h, respectively, 
along with a 3  mL vehicle (saline) infusion at a rate of 
0.75  mL/h starting 1  h after the saline infusion, as pre-
viously described [24]. Control and LPS groups received 
the 3  mL vehicle infusion. Inflammation was confirmed 
based on increased plasma cytokine concentrations 
relative to baseline after LPS infusion. Serial cytokine 
measurements have been previously reported in Kelly 

et  al. [24]. This model is relevant to the fetal inflamma-
tory response syndrome caused by chorioamnionitis and 
reproduces the acute inflammatory exacerbations associ-
ated with adverse neurodevelopment [25, 27, 27]. Con-
trols received an equivalent volume of saline at the same 
infusion rate. Randomisation was stratified by cohort to 
control for the time of year and twin pregnancy. Fetal 
preductal arterial blood samples were collected every 
morning (0900  h) starting from 30  min before the start 
of the experiment until the day of post-mortem for pH, 
blood gases, and glucose and lactate concentrations (ABL 
90 Flex Plus analyser; Radiometer, Brønshøj, Denmark). 
Four days after the start of infusions, sheep were euthan-
ised by intravenous injection of pentobarbitone sodium 
(100 mg/kg, Lethabarb, Virbac, NSW, Australia).

Brain collection and processing
At post-mortem the right hemisphere was immersion-
fixed with 10% phosphate-buffered formalin for 3  days 
before processing and embedding using a standard par-
affin tissue preparation. Using a brain mould, the right 
hemisphere was cut with a blocking blade into 5-mm-
thick coronal blocks. Blocks from the forebrain, approxi-
mately 23 mm anterior to stereotaxic zero, with a clearly 
visible lateral gyrus containing the somatosensory cortex 
were sectioned into 8-μm-thick coronal sections using a 
microtome (Leica Microsystems, Victoria, Australia).

Region matched tissue sections from the left hemi-
sphere were rinsed in distilled water and immersion-
fixed using a commercially available FD Rapid Golgi 
Stain Kit (FD Neurotechnologies Inc., MD, USA). Tissue 
containing a clearly visible lateral gyrus containing the 
somatosensory cortex was frozen and sectioned with a 
Leica VT1200S vibratome at 100 μm. The sections were 
mounted onto coverslips, processed for Golgi visualisa-
tion, dehydrated in a graded series of alcohol solutions 
and cover slipped.

Gene expression analysis
Remaining grey matter tissue from the lateral gyrus, 
adjacent to the section collected for Golgi staining, was 
dissected, snap-frozen in liquid nitrogen and stored 
at − 80 °C for mRNA analysis of inflammatory genes. The 
tissue was homogenised and total mRNA was isolated 
using an RNeasy Midi Kit (QIAGEN, Venlo, Nether-
lands) and reverse transcribed into single stranded cDNA 
(SuperScript III First-Strand Synthesis System, Invit-
rogen, MA, USA). Relative mRNA expression levels of 
interleukin (IL)1A, IL1B, and IL6 were measured by qRT-
PCR using an Applied Biosystems Quantstudio 6 Real-
Time PCR system. Relative mRNA levels of the genes of 
interest were normalised to the 18S RNA for each sam-
ple by subtracting the cycle threshold (Ct) value for 18S 
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from the Ct value for the gene of interest (ΔCt). mRNA 
levels of genes of interest were normalised using the for-
mula 2 − ΔCt and the results expressed as a fold change 
from control. A threshold value (Ct) for each sample was 
measured in triplicate and a control sample containing 
no cDNA template was included in each run. Details of 
the primers used are presented in Table 1.

Immunohistochemistry
Slides were baked at 60  °C for 1  h then dewaxed in 
xylene, rehydrated in increasing concentrations of etha-
nol and washed in 0.1  mol/L phosphate buffered saline 
(PBS). Antigen retrieval was performed in citrate buffer 
(pH 6) using a microwave for 15  min. Endogenous per-
oxide quenching was performed by incubating slides in 
0.1% H2O2 in methanol. Non-specific antigen blocking 
was performed using 3% normal goat serum. Sections 
were labelled with 1:250 rabbit anti-IL-1β (cat#: NB600-
633, Novus, CO, USA), 1:200 rabbit anti-ionised cal-
cium binding adaptor molecule 1 (Iba-1, cat#: ab153696, 
Abcam, Cambridge, UK) 1:200 rabbit anti-glial fibrillary 
acidic protein (GFAP; cat#: ab68428, Abcam) 1:350 rab-
bit anti-neuronal nuclei (NeuN, cat#: ab177487, Abcam), 
and 1:800 rabbit anti-Caspase3 (cat#: AF835, R&D Sys-
tems, MS, USA), overnight at 4  °C. Sections were incu-
bated in biotin conjugated IgG goat anti-rabbit (1:200; 
Dako, Victoria, Australia) for 3  h at room temperature 
before being incubated in avidin–biotin complex (Mil-
liporeSigma) for 45  min at room temperature. Sections 
were reacted with 3,3’-diaminobenzidine tetrahydrochlo-
ride (MilliporeSigma). The reaction was stopped in PBS 
and slides were then dehydrated in xylene followed by 
increasing concentrations of ethanol, mounted in dibutyl 
phthalate polystyrene xylene and cover slipped.

ApopTag was used to detect single and double-stranded 
breaks in DNA associated with apoptosis [28]. Staining 
was carried out according to manufacturer’s instruc-
tions (MilliporeSigma, s7100, ApopTag Peroxidase in Situ 
Apoptosis Detection Kit). In brief, tissue was dewaxed 
in xylene, rehydrated in increasing concentrations of 

ethanol, and washed in PBS. The tissue was then pre-
treated with proteinase K for 15 min, washed in PBS, and 
background peroxidase activity quenched in 3.0% hydro-
gen peroxide for 5  min. The equilibration buffer was 
added for 10 s, before the TdT enzyme was added and left 
for 1 h at 37 °C. The reaction was stopped in stop buffer 
for 10  min, then washed before adding the anti-digoxi-
genin conjugate for 30 min at room temperature. Finally, 
peroxidase substrate was added for 6 min before the tis-
sue was counterstained in 50% haematoxylin (cat#MH-
1NPR, Trajan Scientific, VIC, Australia), dehydrated in 
xylene followed by increasing concentrations of ethanol, 
mounted in dibutyl phthalate polystyrene xylene and 
cover slipped.

Immunohistochemistry analysis
Cortical areas were quantified using QuPath imaging 
software (version 0.2.3) [29]. Microglia (Iba-1 + cells), 
neuronal nuclei (NeuN + cells), and caspase 3 + cells 
were visualised using light microscopy (Olympus, Tokyo, 
Japan) at 40 × magnification using CellSens imaging soft-
ware (version 2.3; Olympus). Caspase 3 + cells display-
ing both immunostaining and apoptotic bodies were 
counted. NeuN + cells were counted only if they were 
morphologically normal, while cells displaying con-
densed or fragmented nuclei were not counted [30]. 
IL-1β-stained sections were scored at 20 × magnification 
using an immunoreactivity scoring system adapted from 
Girard et al. [31]. Scoring was based on the intensity of 
staining whereby 1 = light, 2 = moderate, 3 = moderate to 
intense and 4 = intense, as previously reported [32]. The 
area fraction of GFAP (astrocyte) staining was quantified 
in ImageJ software (v2.0, LOCI, University of Wiscon-
sin) using a standard intensity threshold. ApopTag + cells 
were quantified using QuPath imaging software. Total 
numbers of positive cells were counted within the lateral 
gyrus from the parietal lobe between cortical layers 3 and 
5. For all other immunohistochemical analyses, positive 
cells or immunoreactivity were quantified for each field 
of view (1 field from the base of the gyrus and 1 field from 

Table 1  Primer sequences for qPCR

Gene Species Accession number Primer sequence Amplicon 
length, nt

18S Rat NR_046237.1 5ʹ-GTA​ACC​CGT​TGA​ACC​CCA​TT-3ʹ
3ʹ-CCA​TCC​AAT​CGG​TAG​TAG​CG-5ʹ

151

IL1A Sheep NM_001009808.1 5ʹ-GTC​CAT​ACA​TGA​CGG​CTG​CTA-3ʹ
3ʹ-GGT​GTC​TCA​GGC​ATC​TCC​TTAT-5ʹ

184

IL1B Sheep NM_001009465.2 5ʹ-CGA​TGA​GCT​TCT​GTG​TGA​TG-3ʹ
3ʹ-CTG​TGA​GAG​GAG​GTG​GAG​AG-5ʹ

121

IL6 Sheep NM_001009392 5ʹ-CGC​AAA​GGT​TAT​CAT​CAT​CC-3ʹ
3ʹ CCC​AGG​AAC​TAC​CAC​AAT​CA-5ʹ

108
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the top of the gyrus; Fig. 1) from two sections per subject 
using ImageJ. For each field of view, average scores from 
two slides from the right hemisphere were calculated. 
The size of the field of view was the same for all assess-
ments (20 x magnification = 0.489 mm2 and 40 x magni-
fication = 0.130 mm2). All imaging and cell counts were 
performed by an assessor who was blinded to the treat-
ment group by independent coding of slides and data 
files. 

Golgi analysis
Coded region-matched Golgi-stained tissue sections (10 
serial sections per subject) were used to assess basal den-
drites from pyramidal neurons in layers 3 and 5 of the 
lateral cortex as described previously [33, 34]. The Golgi 
staining tended to produce less complete filling of the 
apical dendrites relative to the basal dendrites. Thus, api-
cal dendrites were not analysed. Basal dendrites were vis-
ualised using an Olympus BX61 stereology microscope 
(Olympus) equipped with an Olympus DP73 colour cam-
era (× 0.5 lens) at 60 × magnification and CellSens imag-
ing software (version 2.3; Olympus). From each subject, 
basal dendrites from a total of 20 pyramidal neurons 
selected from 10 serial sections of the lateral gyrus met 
the inclusion criteria for imaging. A total of 10 neurons 
were selected from the base of the gyrus and 10 were 
selected from the top of the gyrus (Fig. 1). We found that 
20 was the maximum number of neurons per subject 

that could be selected based on the pre-defined selection 
criteria. Neurons were selected based on morphological 
criteria [34]: triangular shaped soma and apical dendrites 
perpendicular to the pial surface, complete Golgi impreg-
nation of the cell that permitted visualisation of the 
entire dendritic arbour and spines, neuronal soma and 
processes not obscured by other neurons, glia or blood 
vessels, and neurons exhibiting a complete basilar den-
dritic tree without truncated or cut processes. Pyramidal 
neuronal subtypes were not distinguished. A preliminary 
analysis of n = 4 subjects per group showed no significant 
differences between neurons selected from the base of 
the gyrus and neurons selected from the top of the gyrus 
for dendritic length (control: gyrus base = 2874 ± 495, 
gyrus top = 3261 ± 517; LPS: gyrus base = 1663 ± 137, 
gyrus top = 1945 ± 173) and numbers of terminals (con-
trol: gyrus base = 42 ± 2, gyrus top = 48 ± 3; LPS: gyrus 
base = 30 ± 3, gyrus top = 32 ± 2). Nevertheless, equal 
numbers of neurons from the gyrus base (n = 10) and 
top (n = 10) were analysed from each subject to ensure 
our data were not confounded by potential regional dif-
ferences in neuronal development. Images were cropped 
and separated into individual channels using ImageJ. 
The images were then imported into Imaris (version 
9.2.1, Bitplane, Oxford Instruments Company, Abington, 
UK). Measures of dendritic complexity including sum-
mated dendritic length, numbers of dendritic terminals 
and Sholl analysis (numbers of dendrite intersections 

Fig. 1  Schematic outlining the study design. The study consisted of two groups: control (vehicle, n = 9) and LPS (n = 8). The solid lines show the 
timing of the lipopolysaccharide (LPS)/vehicle infusions which were given over 2 min at increasing doses (300 ng, 600 ng, and 1200 ng). Controls 
received an equivalent volume of vehicle (saline) during the infusion period. Continuous electroencephalogram (EEG) recordings were performed 
throughout the experiential period. At 96 h, brains were collected for Golgi staining to examine neuronal arborisation and numbers of dendritic 
spines, immunohistochemistry to assess neuroinflammation, neuronal numbers and cortical area and mRNA assessment of proinflammatory 
proteins. Boxes indicate regions of interest used for immunohistochemical and Golgi analysis. Image source:[86]
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per Sholl ring) were assessed using the Imaris filament 
tracer tool. Sholl intersections were analysed using 5 μm 
interval concentric rings centred on the soma. Numbers 
of dendritic spines were quantified using the Imaris fila-
ment tracer and dendritic spine classification (filopo-
dia, long thin, stubby, mushroom) was performed using 
the MATLAB spine classification extension (MATLAB, 
R2019a, Mathworks Inc., CA, USA).

Data analysis and statistics
Offline analysis of physiological data was performed 
using LabChart Pro software (v8.1.3; ADInstruments, 
Sydney, NSW, Australia). EEG data were processed as 
hourly averages and presented from 24 h before the first 
saline or LPS infusion until the end of the experiment. 
Due to small differences in baseline spectral edge fre-
quency between the group, spectral edge frequency was 
normalised by subtracting the baseline values (average of 
24 h before the first saline/LPS infusion) from the abso-
lute value. EEG data during the baseline, 24 h period after 
LPS/saline infusion, and recovery (from 24  h after the 
final LPS infusion until the end of the study, i.e. 72–96 h) 
periods were analysed separately. Sleep stage cycling was 
assessed using the raw EEG spectral edge frequency trace 
during the last 5 h of the experimental period (91–96 h). 
Sleep stage cycling was defined as a repetitive alternat-
ing pattern of high and low-frequency activity, with 
each phase lasting approximately 20  min, as previously 
described [35]. Data were tested for normality using the 
Shapiro–Wilk test. Histological and PCR data were ana-
lysed using an unpaired t-test. Mann–Whitney U-tests 
were used for testing non-parametric data. For EEG data 
and Sholl analysis of dendritic morphology, when statis-
tical significance was found between groups, group and 
time (EEG) or group and radius (Sholl analysis) post hoc 
comparisons were made using the Fisher’s least signifi-
cant difference test [36]. Linear and non-linear regres-
sion were used to assess the relationship between EEG 
spectral edge frequency and band power with neuronal 
microstructure. Post hoc power analysis for summated 
dendritic length showed 85% power to detect a minimum 
difference of 970 µm. Statistical significance was accepted 
when P < 0.05. Data are presented as scatter plots with 
mean ± standard error of the mean (SEM).

Results
Baseline period
Before LPS exposure, fetal arterial blood gases, pH, glu-
cose, lactate and EEG power and frequency did not dif-
fer between groups and were within the normal range for 

our laboratory. Blood gas data and EEG power have been 
previously published in Kelly et al. [24].

Confirmation of systemic inflammation
All LPS-exposed fetuses had increased plasma cytokine 
levels relative to baseline after LPS infusions [24], 
confirming the induction of a systemic inflammatory 
response.

Spectral edge frequency (SEF)
After the first LPS infusion, SEF was lower in the LPS 
group at 7  h (P < 0.05 vs. controls, Fig.  2A). After the 
second LPS infusion, SEF was reduced in the LPS group 
from 28–31  h (i.e., 4–7  h after the second infusion; 
P < 0.05 vs. controls). After the third LPS infusion, SEF 
was reduced in the LPS group from 50–52, 57–58 and 
at 65  h (i.e., at 2–4  h, 9–10  h and 17  h after the third 
infusion, P < 0.05 vs. controls). Qualitative assessment 
of EEG spectral edge frequency during the last 5  h of 
the recording period (91–96  h) showed sleep stage 
cycling was present in all control and LPS-exposed 
fetuses.

Spectral band power analysis
After the first LPS infusion, delta band power increased 
in the LPS group from 7–15  h (P < 0.05 vs. controls, 
Fig.  2B). After the third LPS infusion, %delta band 
power was higher in the LPS group from 48–50  h 
(i.e., 0–2  h after the third infusion, P < 0.05 vs con-
trols, Fig.  2B). There were no differences in %theta 
and %alpha band powers after LPS infusions between 
groups (Fig. 2C, D).

After the first LPS infusion, %beta band power 
decreased in the LPS group from 7–9  h and 16–18  h 
and at 22  h (P < 0.05 vs. controls, Fig.  2E). After the 
second LPS infusion, %beta band power was lower in 
the LPS group from 31–33 h and 38–40 h and at 47 h 
(i.e., at 7–9 h, 14–16 h, and 23 h after the second LPS 
infusion; P < 0.05 vs. controls, Fig.  2E). After the third 
LPS infusion, %beta band power was lower at 48 h and 
between 55–66  h, 73–86  h, and 92–94  h (i.e., at 0  h, 
7–18 h, 25–38 h, and 44–46 h after the third LPS infu-
sion; P < 0.05 vs. controls, Fig. 2E).

Gene expression analysis
There were no significant changes in mRNA expression 
of IL1A, IL1B (P = 0.06) and IL6 (P = 0.09) in the soma-
tosensory cortex in the LPS group compared with con-
trols (Fig. 3).
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Neuronal basal dendrite morphology
The summated basal dendritic length of cortical 

pyramidal neurons was significantly reduced in the 
LPS group (by ~ 36%) compared to control (control: 
2716 ± 314 µm vs. LPS: 1738 ± 92 µm; P < 0.05, Figs. 4A, 
6A). The number of basal dendritic terminals was sig-
nificantly reduced in the LPS group (by ~ 31%) com-
pared with controls (control: 46 ± 3 vs. LPS: 32 ± 3, 
P < 0.01, Figs. 4B, 6B). Sholl analysis of pyramidal neu-
ron complexity showed reduced dendritic arborisation 
in the LPS group at 40–230  μm away from the soma 
(P < 0.05 vs. controls; Fig. 4C).

Neuronal basal dendritic spine number and morphology
The total number of basal dendritic spines was reduced in 
the LPS group compared with controls (P < 0.05, Figs. 5E, 
6C). Spine morphology classification showed reduced 
numbers of long thin spines in the LPS group compared 
to control (P < 0.05; Fig.  5B). There were no differences 
in numbers of filopodia, stubby or mushroom spines 
between the groups (Fig. 5A, C, D, respectively).

Histopathology
Immunoreactivity of IL-1β was increased in the soma-
tosensory cortex of the LPS group (P < 0.05 vs. controls; 
Figs. 7A, 8A). Numbers of Iba-1 + microglia were signifi-
cantly increased in the LPS group (P < 0.01 vs. controls, 
Figs. 7B, 8B). There was no difference in area fraction of 
GFAP + astrocyte staining between the groups (Figs. 7C, 
8C). Numbers of caspase3 + cells were increased in the 
LPS group compared with controls (P < 0.05; Figs.  7D, 
8E). There were no differences in the total numbers 
of ApopTag + cells between the groups (Figs.  7E, 8F). 
Finally, there were no differences in either numbers of 
NeuN + neurons (Figs.  7F, 8D) or cortical area (control: 
2.7 × 107 ± 2.4 × 106 µm2 vs LPS: 2.6 × 107 ± 3.4 × 106 µm2) 
in the lateral gyrus between the groups.

A

B

C

D

E

Fig. 2  Neurophysiological changes over time. From the top down, 
the figure shows spectral edge frequency (A), %delta activity (B), 
%theta activity (C), %alpha activity (D), and %beta activity (E) in the 
control (black, n = 9) and LPS (red n = 8) groups. Vertical lines indicate 
the timings of LPS administration. Data are hourly means ± standard 
error (SE). *P < 0.05 vs. control

Fig. 3  Interleukin (IL)1A, IL1B, and IL6 mRNA levels in the 
somatosensory cortex in tissue sections adjacent to samples 
processed for Golgi staining from controls (white circles, n = 7, two 
subjects had undetectable values), and LPS (black circles; IL1B, n = 7 
[one subject had undetectable values], IL1A, n = 8, and IL6, n = 8) 
groups. Data are means ± SE and are expressed as the fold change 
from the mean control values
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Correlative analysis
Mean %beta band power during the final 12 h of the experi-
ment was positively correlated with dendritic length (linear 
regression: R2 = 0.30, p = 0.0417) and neuronal arborisation 
(linear regression: R2 = 0.30, P = 0.0423). There were no 
significant correlations between beta band power and 
numbers of dendritic terminals and numbers of dendritic 
spines. There were no significant correlations between 
spectral edge frequency, or the %delta, %theta and %alpha 
spectral bands and markers of neuronal microstructure.

Discussion
This study demonstrates that antenatal inflammation 
reduced the length, number and complexity (arbori-
sation) of basal dendrites, and reduced the numbers 
of dendritic spines on pyramidal neurons within the 
somatosensory cortex in late gestation fetal sheep. The 
reduction in dendritic length and complexity was associ-
ated with an increased number of microglia and IL-1β-
positive staining but was not associated with changes in 
the number of cortical neurons or cortical area. Func-
tionally, the inflammation-induced reduction in dendritic 
length and complexity were associated with transient 
increases in delta (slow wave) activity, reduced beta 
(fast wave) activity and an overall reduction in the spec-
tral edge frequency of the EEG. Given the association 
between exposure to perinatal inflammation and reduc-
tions in cortical growth and connectivity [6, 7, 37], the 
present study provide critical new insight into the deficits 
in neuronal structure and function arising from antenatal 
inflammation.

Clinically, Gram-negative infections, including E.  coli, 
continue to be among the most common pathogens 
linked to perinatal infection/inflammation and increased 
risk of perinatal brain injury [38, 39]. We sought to repro-
duce features of Gram-negative infection/inflammation 
using repeated increasing doses of LPS infusions to pro-
mote a chronic progressive fetal inflammatory response 
that is commonly associated with adverse neurodevel-
opmental outcomes [24, 40]. By contrast, most of the 
previous preclinical studies have focused on the patho-
physiological consequences of single or repeated bolus 
doses of LPS or other infectious/inflammatory stimuli 
[41].

This study showed that inflammation induced by 
increasing doses of LPS infusions was associated with 
increased numbers of microglia and greater immunore-
activity of IL-1β in the somatosensory cortex but no sig-
nificant increases in cortical IL1B (p = 0.06), IL6 (p = 0.09) 
or IL1A mRNA expression. Consistent with this obser-
vation, human post-mortem studies have reported 
increased numbers of  microglia and IL-1β immuno-
reactivity in areas of white and grey matter inflamma-
tion and injury [42–44]. Indeed, cerebral recognition of 
pathogen-associated molecular patterns such as LPS by 
innate immune receptors, including toll like receptor 4, 
on microglia and other immune cells leads to glial cell 
activation and nuclear factor kappa B induced transcrip-
tion of bioactive IL-1β [45]. Furthermore, circulating 
cytokines, including IL-1β, can penetrate the blood brain 
barrier [46–48] to recruit and activate microglia within 
the central nervous system [45]. Thus, the concomitant 
increase in numbers of microglia and IL-1β immunoreac-
tivity observed in this study strongly supports sustained 

Fig. 4  Summated dendritic length (μm) (A), number of dendritic 
terminals (B) and Sholl analysis (C) showing the number of dendritic 
intersections (dendritic arborisation) indicated by the number of 
intersections at 5 μm intervals away from the soma in the control 
(white circles, n = 7; two subjects had limited Golgi penetration) and 
LPS (black circles, n = 7; 1 subject had limited Golgi penetration) 
groups. Data are means ± SE, *P < 0.05 vs control
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inflammation in the somatosensory cortex 4  days after 
beginning intravenous LPS infusions.

In this experimental model of antenatal inflammation, 
we have previously reported progressive increases in 
concentrations of systemic pro- and anti-inflammatory 
cytokines (IL-1β, tumour necrosis factor [TNF], IL-6 
and IL-10), in addition to diffuse white matter gliosis 

and reduced numbers of precursor oligodendrocytes 
[24]. Clinically, in large prospective studies of preterm 
infants, increased concentrations of these inflamma-
tory proteins in cord blood and postnatal blood sam-
ples have been associated with perinatal brain injury 
and impaired neurodevelopment in childhood [49]. The 
present study shows that exposure to inflammation did 

Fig. 5  Numbers of filopodia, long thin, stubby, mushroom and total dendritic spines in control (white circles, n = 7; two subjects had limited Golgi 
penetration) and LPS (black circles, n = 7; 1 subject had limited Golgi penetration) groups. Data are means ± SE, *P < 0.05 vs control
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not affect overall numbers of neurons (NeuN +) or neu-
ronal density in the areas of the somatosensory cortex 
evaluated in this study, suggesting a lack of overt cortical 
injury. This is further confirmed by the similar numbers 
of TUNEL + cells between groups, suggesting no effect 
of LPS-exposure on acute cell death in the somatosen-
sory cortex. This observation is consistent with neonatal 
experimental and clinical studies showing limited or no 
neuronal cell death in cases of perinatal encephalopa-
thy, including after systemic inflammation [10, 49, 50]. 

By contrast, we observed increased numbers of caspase 
3 + cells in LPS-exposed fetuses compared to controls. 
This finding of increased numbers of caspase-3-positive 
cells without increased cell death has been reported in 
the adult and perinatal brain [51–54] and is likely to be 
linked to other roles played by caspases, which include 
immune/microglial activation and cell differentiation 
[54–56].

We observed a reduction in neuronal dendritic com-
plexity in LPS-exposed fetuses as shown by reduced 

Fig. 6  Representative Golgi stained (A) and traced (B) images of basal dendrites and dendritic spines (C) from pyramidal neurons in the 
somatosensory cortex from control and LPS-exposed subjects. Scale bar panel A = 100 μm, panel B = 50 μm and panel C = 15 μm
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dendritic length, numbers of dendritic terminals, den-
dritic arborisation, and numbers of dendritic spines. 
In humans, the marked cortical expansion that occurs 
during the last trimester primarily reflects the prolific 
increase in neuronal dendritic growth and complexity 
during this stage of development [57, 58]. Our observa-
tions suggest that at this period in late gestation, neu-
ronal development within the somatosensory cortex in 
the developing fetus is highly vulnerable to inflamma-
tion-induced impairments of dendritic arborisation and 
spine formation. These data are consistent with previ-
ous studies that reported reduced neuronal arborisation 
in the frontal cortex of fetal sheep after acute cerebral 
ischaemia at mid-gestation, and reduced dendritic num-
ber and spine density in the retrosplenial cortex of new-
born rabbits (P1) after a single bolus of intra-amniotic 
LPS (20 µg/kg) [59]. Similarly, in separate rodent studies 

examining the long-term effects of prenatal and early 
postnatal LPS-induced inflammation, reduced dendritic 
arborisation was seen in the motor cortex and medial 
prefrontal cortex on postnatal days 21 and 60 [10, 60]. 
Furthermore, these data support a link between diffuse 
white matter injury, which we have previously reported 
in the same experimental paradigm [24], and impaired 
neuronal development. For example, human case series 
have shown reduced dendritic length in cases of both dif-
fuse and necrotic white matter injury [61, 62]. Similarly, 
moderate LPS-induced inflammation in neonatal rodents 
(from P1-P3) was associated with reduced dendritic 
arborisation in the motor cortex, diffuse white matter 
injury, and impaired myelination and motor function on 
postnatal day 21 [10].

The somatosensory cortex has been shown to syn-
apse with cervical excitatory neurons and modulate 

Fig. 7  Interleukin 1(IL)-1β immunoreactivity scores (A), numbers of ionised calcium binding adaptor molecule (IBA-1) + microglia (B), glial 
fibrillary acidic protein (GFAP +) area fraction staining (C), numbers of caspase 3 + cells (D), numbers of ApopTag (TUNEL) + cells (E) numbers of 
NeuN + neurons (F), in the lateral gyrus (LG) in control (open circles, n = 9) and LPS groups (black circles, n = 8) groups. Data are means ± SE, *P < 0.05 
vs control
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locomotion independently of the motor cortex [63]. 
Consistent with this observation, we have previously 
reported reduced fetal movements in the same fetal 
sheep paradigm, as shown by reduced nuchal electro-
myographic activity from 3 days after starting LPS infu-
sions until the time of post-mortem [24]. Although we 

did not evaluate neuronal complexity within the motor 
cortex in this study, our data raise the possibility that 
impaired neuronal development in the somatosensory 
cortex may contribute to the inflammation-induced 
reduction in fetal body movements observed in this 
preclinical model of antenatal infection/inflammation. 
Taken together, these data support a close link between 
impaired neuronal development in the somatosensory 
cortex and inhibition of motor function.

Although the precise mechanism/s underpinning the 
inflammation-induced impairment in neuronal devel-
opment are yet to be identified, it is likely to include 
a direct effect of inflammation on the central nervous 
system. For example, in  vitro studies have shown that 
cortical neurons exposed to inflammatory cytokines, 
including IL-1β, IL-6, TNF, and interferon gamma, 
show reduced dendritic branching and synapse for-
mation [64, 65]. This is supported by our findings of 
increased numbers of cortical microglia, which are 
known to secrete proinflammatory cytokines, along 
with increased IL-1β immunoreactivity observed in 
the LPS-exposed fetuses. Microglial processes have 
also been shown to interact with synapses to eliminate 
spines, suggesting a direct effect of microglial activation 
on spine density [66, 67]. Furthermore, reduced circu-
lating concentrations of neural growth factors, includ-
ing nerve growth factor and brain derived neurotrophic 
factor, have been reported in human and animal studies 
of perinatal infection/inflammation [59, 68, 69].

Consistent with the inflammation-induced reduc-
tion in neuronal complexity in the present study, neu-
ronal activity in LPS-exposed fetuses was impaired, 
as shown by an overall reduction in the spectral edge 
frequency of EEG activity along with an increase in 
the proportion of EEG activity in the delta band and a 
reduced proportion of activity in the beta band. Col-
lectively, these data indicate loss of high-frequency 
activity after LPS-exposure with a shift to lower fre-
quency activity. The inflammation-induced change in 
EEG spectra could reflect alterations to fetal behaviour/
sleep stages. The fetus is never awake, but rather cycles 
between low voltage (high frequency) and high voltage 
(low frequency) sleep [70]. Qualitative analysis of EEG 
frequency signals over the last 5 h of the experimental 
period showed sleep stage cycling was present in all 
control and LPS-exposed fetuses. Consistent with these 
data, pre- and post-natal immune challenges in mice 
have shown inflammation-induced increases in slow 
wave sleep in association with a shift in spectral band 
power (increased low-frequency and reduced high-fre-
quency activity) that was consistent with our analysis 
[71]. Although sleep stage cycling was observed in all 
fetuses in the present study at the end of the recording 

Fig. 8  Representative photomicrographs showing 
immunohistochemical staining of IL-1β (A), IBA-1 (B), GFAP (C), 
NeuN (D), caspase3 (E) and ApopTag (TUNEL, F) in the lateral gyrus. 
Arrowheads point to Caspase 3 + cells and arrows point to ApopTag 
(TUNEL +) cells. Scale bar = 100 μm
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period, immediately prior to post-mortem, it is possible 
that the inflammation-induced changes in EEG spectra 
are associated with subtle changes in the proportions of 
high and low-frequency sleep.

We have previously reported that there were no differ-
ences in myelin density or numbers of mature myelinat-
ing oligodendrocytes at this timepoint in this cohort of 
LPS-exposed fetuses [24]. This suggests that the changes 
in EEG frequency in the present study are not related 
to altered myelination. Alternatively, the inflammation-
induced reduction in high-frequency activity may reflect 
inhibition of synaptic activity. This could be due to the 
reduced neuronal arborisation and numbers of dendritic 
spines on cortical neurons directly underlying the EEG 
electrodes (i.e., a direct functional consequence of inflam-
mation-induced changes in neuronal pathology). Alter-
natively, elevated central levels of IL-1β have been shown 
to induce NMDA-mediated suppression of synaptic 
function [72]. Consistent with this, TNF inhibition using 
the soluble TNF receptor antagonist, etanercept, reduced 
the magnitude of EEG suppression in fetal sheep exposed 
to LPS [73], possibly due to reduced NMDA receptor 
activation [74]. Furthermore, in  vivo and in  vitro stud-
ies have shown that both LPS- and IL-1β-induced central 
inflammation actively mediate EEG suppression through 
the release of inhibitory neuromodulators, such as allo-
pregnanolone and adenosine [75, 76]. Taken together, the 
present data suggest that inflammation-induced suppres-
sion of EEG activity is mediated by a combination of acti-
vation of anti-excitotoxic mediators as well as reduced 
complexity of the neuronal microstructure.

Clinical studies have shown that reduced EEG fre-
quency strongly predicts subsequent brain injury and 
neurodevelopmental impairment in preterm and term 
infants. For example, in a cohort study, reduced EEG 
frequency was associated with the severity of neona-
tal white matter injury [77]. Similarly, depression of 
the EEG background pattern was associated with both 
motor and cognitive impairment in preterm and term 
infants with evidence of central inflammation [78, 
79]. Furthermore, increased latency of somatosensory 
evoked potentials was reported in children with bilat-
eral spastic cerebral palsy. Notably, the latency of soma-
tosensory evoked potentials correlated with a history 
of exposure to perinatal infection/inflammation [80]. 
Functional MRI studies have shown reduced cortical 
functional connectivity in fetuses exposed to inflamma-
tion before birth [37]. Similarly, reduced cortical func-
tional connectivity was observed in preterm infants 
without evidence of overt cortical injury [81]. Subse-
quent investigation of infants with moderate to severe 
white matter injury, but without overt cortical injury, 
showed a reduction in cortical functional connectivity 

that correlated with the severity of white matter injury 
[82]. Our data suggest that in the absence of overt neu-
ronal injury or white matter loss, reduced neuronal 
complexity and synaptic density may contribute to 
reduced functional connectivity within and between 
major grey matter structures after exposure to perinatal 
inflammation.

This study was not designed to test the effect of sex 
and is not large enough to determine whether there 
were sex-specific effects of antenatal inflammation 
on neuronal microstructure or EEG activity. Previous 
studies in perinatal rodents reported sex-dependant 
effects in central and peripheral immune activation, as 
well as neuronal development [83, 84]. Further studies 
evaluating the impact of sex on inflammation-induced 
changes to neuronal structure and function in large 
animals are needed.

In conclusion, this study demonstrates that an inflam-
mation-induced reduction in high-frequency spec-
tral band power was associated with reduced cortical 
neuronal arborisation and dendritic spine density. 
Collectively, these data support the concept that inflam-
mation-induced impairments in neuronal maturation 
and function, rather than overt neuronal loss, make a key 
contribution to disturbed cortical development and con-
nectivity, and subsequent  impaired neurodevelopmental 
outcomes, in infants exposed to perinatal inflammation. 
We propose that early EEG monitoring combined with 
neuroimaging modalities that enable more sensitive 
assessment of brain microstructure [10, 85] and thera-
peutics designed to mitigate systemic and central inflam-
mation, could provide an effective approach for early 
detection and therapeutic intervention.
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