1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurobiol Dis. Author manuscript; available in PMC 2017 October 01.

-, HHS Public Access
«

Published in final edited form as:
Neurobiol Dis. 2016 October ; 94: 116-128. doi:10.1016/j.nbd.2016.06.010.

Maternal inflammation leads to impaired glutamate homeostasis
and up-regulation of Glutamate Carboxypeptidase Il in activated
microglia in the fetal/newborn rabbit brain

Zhi Zhang?!, Bassam Bassam?, Ajit G. Thomas3, Monica Williams?, Jinhuan Liul, Elizabeth
Nancel, Camilo Rojas3, Barbara S. Slusher?:3, and Sujatha Kannan?

1Department of Anesthesiology and Critical Care Medicine, Johns Hopkins School of Medicine,
1800 Orleans St, Baltimore, MD, 21287, USA

2Department of Neurology, Johns Hopkins School of Medicine, 1800 Orleans St, Baltimore, MD,
21287, USA

3Johns Hopkins Drug Discovery, Johns Hopkins School of Medicine, 1800 Orleans St, Baltimore,
MD, 21287, USA

Abstract

Astrocyte dysfunction and excessive activation of glutamatergic systems has been implicated in a
number of neurologic disorders, including periventricular leukomalacia (PVL) and cerebral palsy
(CP). However, the role of chorioamnionitis on glutamate homeostasis in the fetal and neonatal
brains is not clearly understood. We have previously shown that intrauterine endotoxin
administration results in intense microglial ‘activation’ and increased pro-inflammatory cytokines
in the periventricular region (PVR) of the neonatal rabbit brain. In this study, we assessed the
effect of maternal inflammation on key components of the glutamate pathway and its relationship
to astrocyte and microglial activation in the fetal and neonatal New Zealand white rabbit brain. We
found that intrauterine endotoxin exposure at gestational day 28 (G28) induced acute and
prolonged glutamate elevation in the PVVR of fetal (G29, 1 day post-injury) and postnatal day 1
(PND1, 3 days post-injury) brains along with prominent morphological changes in the astrocytes
(soma hypertrophy and retracted processes) in the white matter tracts. There was a significant
increase in glutaminase and N-Methyl-D-Aspartate receptor (NMDAR) NR2 subunits expression
along with decreased glial L-glutamate transporter 1 (GLT1) in the PVR at G29, that would
promote acute dysregulation of glutamate homeostasis. This was accompanied with significantly
decreased TGF-B1 at PND1 in CP kits indicating ongoing neuroinflammation. We also show for
the first time that glutamate carboxypeptidase 11 (GCPII) was significantly increased in the
activated microglia at the periventricular white matter area in both G29 and PND1 CP kits. This
was confirmed by in vitro studies demonstrating that LPS activated primary microglia markedly
upregulate GCPII enzymatic activity. These results suggest that maternal intrauterine endotoxin
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exposure results in early onset and long-lasting dysregulation of glutamate homeostasis, which
may be mediated by impaired astrocyte function and GCPII upregulation in activated microglia.
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Introduction

Neuroinflammation and glutamate excitotoxicity are common pathophysiologic mechanisms
that are involved in perinatal/neonatal brain injury, including cerebral palsy (CP) (Vexler and
Ferriero, 2001, Vannucci and Hagberg, 2004, Folkerth, 2005, Johnston, 2005, Johnston and
Hoon, 2006, Leonardo and Pennypacker, 2009). Glutamate is the major excitatory
neurotransmitter in the mammalian central nervous system and plays important roles in a
variety of physiological and pathological functions (Choi, 1988). Glutamate is mainly
produced from glutamine by glutaminase localized in neurons (Martinez-Hernandez et al.,
1977, Erecinska and Silver, 1990, Westergaard et al., 1995), astrocytes (Cardona et al., 2014)
and activated microglia/macrophages (Huang et al., 2011, Thomas et al., 2014). Glutamate
can also be produced by the hydrolysis of N-acetylaspartylglutamate (NAAG), an abundant
peptide neurotransmitter in the mammalian brain, into N-acetylaspartate (NAA) and
glutamate by glutamate carboxypeptidase 11 (GCPII) that has been shown in several studies
to be primarily localized to the astrocyte cell membrane in the central nervous system (CNS)
(Robinson et al., 1987, Sacha et al., 2007) (Fig. 1A) and satellite cells and Schwann cells in
the peripheral nervous system (Carozzi et al., 2008).

Glial cells, such as astrocytes and microglia, play important roles in both normal brain
function and in injury (Vernadakis, 1996, Vesce et al., 1999, Grady et al., 2003, Kou and
VandeVord, 2014). We have previously demonstrated that intrauterine infection with LPS
induced microglial activation and pro-inflammatory cytokine release, which results in
hypomyelination and motor deficits that persist even at PND5 (8 days after the insult)
(Kannan et al., 2007, Saadani-Makki et al., 2008, Kannan et al., 2012, Balakrishnan et al.,
2013) in the neonatal rabbits. The severity of the motor deficits correlated with the extent of
microglial activation in the brain at birth as determined by in vivo imaging by positron
emission tomography (PET) using the ligand [11C] PK11195 which is specific for activated
microglia (Kannan et al., 2011a). We have also demonstrated the presence of neuronal injury
in this model as evidenced by decreased neuronal counts in the thalamus (Kannan et al.,
2012, Balakrishnan et al., 2013). The thalamic neuronal loss was associated with decreased
dendrites and spines in the retrospenial cortex, a major projection site from the anterior
thalamic neurons (Balakrishnan et al., 2013), as well as a decrease in the serotonin staining
thalamocortical fibers in the parietal somatosensory cortex (Kannan et al., 2011b).

Studies show that activated macrophages and microglia release glutamate (Choi, 1988, Piani
et al., 1992) and inflammation promotes glutamate release (Wan et al., 1994, al-Shabanah et
al., 1996). Under normal circumstance, glutamate induces calcium influx through NMDARs
to promote neuronal plasticity and survival (Citri and Malenka, 2008). However, under
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pathological conditions, excessive extracellular glutamate causes over-activation of
NMDARs, which results in neuronal damage (Choi, 1992) and initiates astrocyte pathology
(Floyd et al., 2005).

The homeostasis of extracellular glutamate concentration is mainly controlled by astrocytes
that play an important role in regulating glutamate formation and glutamate receptor
function (Danbolt, 2001, McKenna, 2007, Kreft et al., 2012, Schoushoe et al., 2014).
Moreover, astrocytes play a crucial role in the clearance of extracellular glutamate to
maintain glutamate homeostasis and restore low basal extracellular glutamate concentration,
which is essential for ongoing neurotransmission and reducing neuronal cell death
(Rothstein et al., 1996, Tanaka et al., 1997). Glutamate uptake and regulation by astrocytes
is tightly associated with a multi protein complex which includes GLT-1 (Haugeto et al.,
1996). GLT1 plays an important role in regulating glutamate concentration in the
extracellular space to maintain normal synaptic function (Danbolt, 2001) and prevent
excitotoxicity (Tanaka et al., 1997). GLT-1 level can be regulated by transforming growth
factor-p1 (TGF-p1). Depletion of TGF-B1 results in a loss of GLT-1 and decreased
glutamate uptake in the mouse hippocampus (Koeglsperger et al., 2013). TGF-p1lis
expressed by neuron and glial cells (Unsicker et al., 1991) and exerts a protective effect
against various neuronal insults (Prehn et al., 1993, Flanders et al., 1998).

Most of the research on the role of glial cells in neuroinflammation and glutamate
excitotoxicity has focused almost exclusively on adult neurodegeneration and neurological
diseases [review (Sidoryk-Wegrzynowicz et al., 2011)]. The presence of astrogliosis in the
white matter regions of the brain in periventricular leukomalacia has been demonstrated in
several animal studies and human post-mortem studies (Leviton and Gilles, 1981, Sen and
Levison, 2006, Pierson et al., 2007). In this study, the effects of maternal intrauterine
inflammation on changes in astrocyte morphology along with glutamate receptor and
enzyme expressions in the periventricular region of the brain over time after injury are
evaluated. This study provides an initial foundation for further studies in exploring the link
between neuroinflammation and glutamate excitotoxicity in neonatal and perinatal brain
injuries. A better understanding of this will be crucial in determining novel therapeutic
targets for brain injury following maternal intrauterine inflammation.

Materials and Methods

Animals

Time pregnant New Zealand white rabbits were ordered from Robinson Services Inc. (North
Carolina, U.S.A.) and arrived at the facility one week before surgery. All animals were
housed under ambient conditions (22°C, 50% relative humidity, and a 12-h light/dark cycle),
and necessary precautions were undertaken throughout the study to minimize pain and stress
associated with the experimental treatments. Experimental procedures were approved by the
Johns Hopkins University Animal Care and Use Committee (IACUC).
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Animal Model

After one week of acclimation, the pregnant rabbits were randomly divided into a control
group (n=27 rabbits) and an endotoxin group (n= 30 rabbits), and underwent laparotomy at
gestational day 28 (G-28). The endotoxin group received a total of 8,000 EU of LPS (E.coli
serotype 0127:B8, Sigma Aldrich, St Louis MO) in saline, that was equally divided and
injected along the wall of the uterus as previously described (Saadani-Makki et al., 2008,
Kannan et al., 2011b). Control group received an equal volume of saline injection. For the
G29 study, the pregnant rabbits from control and endotoxin groups went through cesarean
section on G29 and the kits were sacrificed and brains harvested. For the postnatal day 1
(PND?1) study, the kits from control and endotoxin groups were born spontaneously on G31
(full term) and kept in incubators with the temperature of ~32—35°C and relative humidity of
~60-70% until sacrifice. Necessary precautions were undertaken throughout the study to
minimize pain and stress associated with the experimental treatments.

Neurobehavior

Neurobehavioral tests were carried out on PND1 by personnel blinded to the experimental
groups. Each animal was videotaped for 10 min and scored on a scale of 0-3 (0, worst; 3,
best) for posture, movements of head and limbs, and duration and intensity of movements on
a flat surface, as previously described for rabbits (Derrick et al., 2004, Zhang et al., 2015).
The kits were fed with rabbit milk using a syringe attached to an artificial nipple and the
suck and swallow were assessed on a scale of 0-3 (worst-best) (Derrick et al., 2004). The
hops and steps were scaled at 0-4 (0, no step or hop; 4, =10 steps or 4 hops) (Kannan et al.,
2012). Olfaction was tested by the intensity of aversive response to a cotton swab soaked
with 100% ethanol (Georgiadis et al., 2008, Eixarch et al., 2012). The total possible
behavioral score was 22 and cerebral palsy (CP) phenotypes were defined as: 0-6, severe; 6—
12, moderate; 12-18 mild; 18-22, healthy.

Glutamate concentration

Kits from control and endotoxin groups were sacrificed at G29 and PND1. The brains were
quickly harvested and the periventricular regions (PVR), including part of the corpus
callosum, corona radiata, internal capsule, caudate and dorsal hippocampus, were micro-
dissected and stored at —80°C until use. 50 mg of dissected tissue was homogenized in 500
ul lysis buffer (Promega, Madison, WI, USA) using a motorized homogenizer. The tissue
weight was normalized to the lysis buffer volume such that for every mg of tissue 10uL of
lysis buffer was used. This accounted for any minor variability in the weight between
samples. After three frozen-thaw cycles, the tissue homogenate was centrifuged at 12,000xg
for 20 min at 4°C and the supernatant was collected. The glutamate concentration was
measured using Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit (Life
Technologies, Grand Island, NY, USA) in 50 ul of the supernatant according to the
manufacturer’s instructions. The total tissue glutamate concentration, which includes the
extracellular and intracellular glutamate, was expressed in mM.
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Real-time PCR

Kits from control and endotoxin groups were sacrificed at G29 (control=8, from 5 litters;
endotoxin=9, from 6 litters) and PND1 (control=8, from 7 litters; endotoxin=8, from 7
litters). The brains were quickly harvested and stored in RNAlater solution (Life
technologies, Grand Island, NY, USA). The PVR were micro-dissected and the total RNA
was extracted using TRIZOL (Life Technologies, Grand Island, NY, USA) according to the
manufacturer instructions. RNA samples were quantified using the Nanodrop ND-1000
Spectrophotometer. The single-stranded complementary DNA (cDNA) was first reverse
transcribed from the total RNA samples using the High Capacity cDNA Reverse
Transcription Kit with RNase inhibitor (Life Technologies, Grand Island, NY, USA). The
real-time PCR was performed with Power SYBR Green PCR Master Mix (Life Technology,
Grand Island, NY, USA) using Fast 7500 Real-time PCR systems (Life Technologies, Grand
Island, NYY, USA). Amplification conditions included 30 min at 48°C, 10 min at 95°C, 40
cycles at 95°C for 15 s and 60°C for 1 min. List of primers and their specifications are
described in Table 1. Primers were custom designed and ordered from Integrated DNA
technology (lowa, USA). Comparative Ct method was used to assess differential gene
expressions between control and endotoxin groups at different time points. The gene
expression levels for each sample were normalized to its expression level of the
housekeeping gene encoding glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (ACt);
the difference between the endotoxin group and the control group was used to determine the
AACt. The 2-AACt gave the relative fold changes in gene expression between control and
endotoxin animals

Western blot

Kits from control and endotoxin groups were sacrificed at G29 (control=8, from 4 litters;
endotoxin=9, from 7 litters) and PND1 (control=8, from 8 litters; endotoxin=9, from 8
litters). Total protein was isolated from the PVR brain tissues using RIPA solution (100 mg
brain tissue/1 ml RIPA solution) (Cell Signaling, Danvers, MA, USA) according to the
manufacturer’s instructions. Protein concentration was determined by using the BCA kit
(ThermoFisher Scientific, Waltham, MA, USA). 20 ug of protein was run on the precast
NUPAGE 4-12% Bis-Tris gel (Life Technologies, Grand Island, NY, USA) and transferred
on the nitrocellulose membrane using iBlot® Transfer Stack (Life Technologies). After
blocking, the membranes were incubated with mouse anti-GLT-1 (1:500, Novus Biologicals,
Littleton, CO, USA). Membranes were washed and then incubated with goat anti-mouse 1gG
H&L (HRP) (Abcam, Cambridge, MA, USA). B-actin (ThermoFisher Scientific) was used
as an endogenous control to normalize the loading and compare the expression of target
proteins between different groups. Membranes were developed with Amersham ECL
western blotting detection reagents (GE healthcare, Pittsburgh, PA, USA). Gel images were
scanned and analyzed by using ImageJ software.

Immunohistochemistry

The rabbits were anesthetized and transcardially perfused with saline at G29 (control=5 Kits,
from 3 litters; endotoxin=7 kits, from 4 litters) or PND1 (control=7 Kits, from 7 litters;
endotoxin=5 kits, from 3 litters), followed by 4% paraformaldehyde (PFA) in PBS. The
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brains were removed and post-fixed in 4% PFA overnight and cryoprotected in graded
sucrose solutions. Coronal sections (30 um, 1:6 series) were incubated in 0.3% hydrogen
peroxide (H,0,) solution, blocked by 3% normal goat serum in 0.1 M phosphate-buffered
saline (PBS). Sections were then incubated overnight at 4°C with chicken anti-GFAP (1:500,
abcam, MA. U.S.A.) or mouse anti-GCPII (1:250, GeneTex, CA, U.S.A.). Sections were
subsequently washed and incubated with biotinylated secondary antibodies (1:250; Vector
Laboratories, Burlingame, CA) for 4 h at room temperature. Next, the sections were
incubated for 2 h in avidin-biotin substrate (ABC kit, Vector Laboratories, Burlingame,
CA). All sections were then incubated for 2 min in 3,30-diaminobenzidine (DAB) solution
(Vector Laboratories). Sections were dehydrated in ethanol and Histo-Clear™ 11 (Fisher
Scientific, Pittsburg, PA, U.S.A.), and cover-slipped using mounting medium. Co-
localization of IBA1/GCPII and GFAP/GCPII were done by incubating the sections
overnight at 4°C with chicken anti-GFAP (1:250, abcam, MA. U.S.A.)/mouse anti-GCPII
(1:200, GeneTex, CA, U.S.A)), or goat anti-IBA1 (1:250, abcam, MA. U.S.A.)/mouse anti-
GCPII (1:200, GeneTex, CA, U.S.A.). Sections were subsequently washed and incubated
with fluorescent secondary antibodies (1:250; Life Technologies, MA, U.S.A.) for 2 h at
room temperature. Next, the sections were incubated with DAPI (1:1000, Invitrogen) for 15
min. After wash, the slides were dried and cover slipped with mountain medium (Dako,
Carpinteria, CA, USA). Confocal images were acquired with Zeiss ZEN LSM 710 (Zeiss,
CA, U.S.A)) and processed with ZEN software.

Area measurement of glutamate carboxypeptidase Il (GCPII)

Brain sections from control and endotoxin kits at G29 (control=5 kits, from 3 litters;
endotoxin=7 Kits, from 4 litters) and PND1 (control=7 kits, from 7 litters; endotoxin=>5 Kits,
from 3 litters) were stained with GCPII antibody. All slides and images were coded and the
analysis was performed with personnel blinded to the experiments. Images (40X, 4-5
images/brain region/animal) were randomly acquired from corpus callosum and internal
capsule regions using Nikon Eclipse 90i and Stereo Investigator software (MBF Bioscience,
Williston, VT, U.S.A.). The percentage of area of GCPII expressions were measured using
particle analysis function in ImageJ software according to the software instructions. In brief,
the images were converted to 8-bit greyscale and the threshold was manually adjusted
followed by application of the ‘analyze particles’ function with the size parameters (pixel
units) of 0.0001-infinity and circularity 0-1 (show outlines). The optimum parameters were
identified by manually tracing using “freehand” tool on one image and systematically
varying one parameter at a time while fixing all other parameters to avoid detecting
artefacts. Once the optimal parameters had been determined, these were applied to all
images, threshold being the only user-dependent parameter for this method. Finally, a visual
check was performed utilizing the ‘merge channel” function in ImageJ, which merges the
outline of the measured areas with the original image, to show the maximum merging of
images. The percentage area were averaged and compared between control and endotoxin
groups.

Fluorescence intensity measurement

Brains from control and endotoxin kits at G29 (control=5 kits, from 2 litters; endotoxin=4
kits, from 3 litters) and PND1 (control=6 kits, from 4 litters; endotoxin=5 Kits, from 3 litters)
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were collected. Coronal sections from the bregma to the dorsal hippocampus (30 um of
thickness, 180 um apart) were co-stained with GCPII and IBA1 antibody, and incubated with
fluorescent secondary as described previously. All slides and images were coded and the
analysis was performed with personnel blinded to the experiments. Confocal images (63X,
9-12 images/brain region/animal) were randomly acquired from corpus callosum and
internal capsule regions using Zeiss ZEN LSM 710 (Zeiss, CA, U.S.A.). The camera settings
were kept the same during image acquirement. The confocal images were exported into
green (IBAL), red (GCPII) and blue (DAPI) fluorescence channels using ZEN2 (blue
edition) software (Zeiss, CA, U.S.A.). The green (IBA1) and red fluorescent (GCPII) images
were loaded into MCID™ Core software (MCID Image Analysis Software Solutions for Life
Science). The fluorescence intensity of the IBA1 and GCPII in the same microglial cells
were measured using MCID™ Core software according the manufacturer’s instructions.
Microglial cells (IBAL) were delineated in the green channel and redirected sampling was
used to measure fluorescence within this area in the red channel (GCPII). The fluorescence
intensity of IBA1, GCPII and the ratio of GCPII/IBAL fluorescence intensity of individual
microglial cells were calculated, averaged and compared between control and endotoxin

kits.

Cell culture and treatment

Cells were obtained from confluent mixed glial cultures (10-21 days in vitro) of Sprague-
Dawley 1-2 day old pup brains following the method developed previously (Giulian and
Baker, 1986). Cells were treated in serum and phenol red-free medium (DMEM) for 24 h
with/without LPS (1 pg/mL) and the GCPII inhibitor 2-phosphonomethyl pentanedioic acid
(2-PMPA) (1 pM). Cell lysates were collected and GCPII enzymatic activity was quantified.

GCPIl enzyme activity assay

The GCPII activity assay was carried out as previously described (Rojas et al., 2002).
Briefly, the reaction mixture contained NAA[3H]G (20 nM, 4.3 nmol/uCi), GCPII source,
either purified recombinant human GCPII (5-300 pM) for positive controls (Barinka et al.,
2002) or cell lysate in Tris—HCI (pH 7.4, 40 mM) containing CoCI2 (1 mM), in a total
volume of 50 pL. The reaction was carried out at 37 °C for 1h and stopped with ice-cold
sodium phosphate buffer (pH 7.5, 0.1 M, and 50 uL). An aliquot of the reaction mixture (90
uL) was transferred to a 96-well spin column containing AG1X8 ion-exchange resin; the
spin column was centrifuged at 900 rpm for 3-5 min using a Beckman GS-6R centrifuge
equipped with a PTS-2000 rotor. NAA[3H]G bound to the resin and [3H]G eluted in the
flow through. The columns were then washed twice with formate (1 M, 90 uL) to ensure
complete elution of [3H] G. The flow through and the washes were collected in a deep 96-
well block; an aliquot (200 pL) was transferred to a solid scintillator-coated 96-well plate
(Packard) and dried to completion. The radioactivity corresponding to [3H] G was
determined with a scintillation counter (Topcount NXT, Packard, counting efficiency 40%).
Assay points for each experiment were the average of 6-8 determinations.

Area measurement of GFAP expression

Brain sections from control and endotoxin kits at G29 (control=5 kits, from 3 litters;
endotoxin=7 kits, from 4 litters) and PND1 (control=7 kits, from 7 litters; endotoxin=5 Kits,
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from 3 litters) were stained with GFAP antibody. All slides and images were coded and the
analysis was performed with personnel blinded to the experiments. Images (40X, 4-5
images/brain region/animal) were randomly acquired from corpus callosum and internal
capsule regions using Nikon Eclipse 90i and Stereo Investigator software (MBF Bioscience,
Williston, VT, U.S.A.). The percentage area of GFAP expression was measured using
particle analysis function in ImageJ software as described above. The percentage area were
averaged and compared between control and endotoxin groups.

Astrocytes reconstruction and morphological analysis

Brain sections from control and endotoxin kits at G29 (control=5 kits, from 3 litters;
endotoxin=7 kits, from 4 litters) and PND21 (control=7 kits, from 7 litters; endotoxin=5 Kits,
from 3 litters) were stained with GFAP antibody. All slides and images were coded and the
analysis was performed with the personnel blinded to experiments. Images (40X, 4-5
images/brain region/animal) were randomly acquired from corpus callosum and internal
capsule regions using Nikon Eclipse 90i and Stereo Investigator software (MBF Bioscience,
Williston, VT, U.S.A.). Astrocytes to be traced (40X, 2-3 cells/image) were chosen at
random from the corpus callosum and internal capsule regions from control and endotoxin
kits at G29 and PND1. The astrocytes that met the following criteria were traced: (1) Cell
body located in the corpus callosum and internal capsule; (2) Processes are completely
contained within the slice; (3) Cells sufficiently stained to allow for tracing processes. The
soma morphology and processes of the astrocytes were analyzed using the Neurolucida
Explorer software package (MBF Bioscience, Williston, VT, U.S.A.).

Statistical analysis

Results

All data were processed with GraphPad Prism. Data were presented as mean values =
S.E.M. with the exception of the neurobehavioral data, which were expressed as Median
with range. Two-tail unpaired t-test was used for group comparisons. Statistical significance
was set at p<0.05 for all analyses.

Endotoxin kits had severe CP phenotype

For the G29 study, the kits in the control and endotoxin groups were collected by C-section
and sacrificed immediately. For the PND1 study, we assessed the kits phenotype with
neurobehavioral tests on PND1. The kits from the endotoxin group exhibited a severe CP
phenotype with crossing of hind limbs, hindlimb hypertonia, and poor motor function as
demonstrated by individual scores of 0-1 and total behavioral scores <6 (posture, suck and
swallow, head and limb movements, steps, and aversive response to alcohol, Table 2).

Elevated glutamate level in the periventricular region in endotoxin kits

Although glutamate is abundant in the brain, only a fraction of it is present extracellularly at
concentrations of 1-10 uM (Hamberger and Nystrom, 1984); while, intracellular glutamate
concentration is several thousand-fold higher (Ottersen et al., 1992). Intracellular glutamate
is generally considered non-toxic, while high concentrations of extracellular glutamate are
toxic due to the excessive activation of glutamate receptors (Choi, 1987). We measured the
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total tissue glutamate level, which includes both intracellular and extracellular glutamate, in
the PVR from control and endotoxin Kits at G29 and PND1. We found that the glutamate
level was significantly increased at G29 in endotoxin kits (n=9, from 5 litters) when
comparted to control Kits (n=5, from 1 litters) [t(12)=2.7, p=0.02]. The elevated glutamate
level was persistent at P1 in endotoxin Kits (n=9, from 7 litters) compared with control kits
(n=8, from 5 litters) [t(15)=2.2, p=0.04] (Fig. 1B).

Increased glutaminase and NMDARs mRNA levels in CP kits

We measured the mRNA expressions of glutaminase and NMDARs in the PVR on G29 and
PNDL1. In humans, glutaminases are encoded by two paralogous genes, glutaminase [kidney-
type (K) isozyme] (Mock et al., 1989, Mates et al., 2013) and glutaminase?2 [liver-type (L)
isozyme], located in distinct chromosomes (Aledo et al., 2000, Olalla et al., 2002, Marquez
et al., 2013). We found that the glutaminase2 mRNA expression in the PVR was
significantly increased [t(15)=3.0, p=0.009] at G29 (1 day after injury), while there was no
significant difference in the glutaminase mMRNA expression [t(15)=0.6, p=0.6]. The MRNA
expressions of glutaminase [t(14=2.2, p=0.048] and glutaminase2 [t(14)=3.6, p=0.003] were
significantly decreased at PND1 (3 days after injury) (Fig. 2A, B).

NMDAR signaling is involved in cell death, survival and plasticity (Hardingham and
Bading, 2003). Calcium influx through NMDA receptors is responsible for the excitotoxicity
(Choi, 1987) and is implicated in a variety of neurological conditions (Dong et al., 2009).
We measured the NR2A and NR2B subunits of NMDA receptors and found that the mRNA
levels of NR2A [t(15)=3.2, p=0.006] and NR2B [t(15)=2.3, p=0.04] were significantly
increased in the endotoxin kits at G29, compared with control kits. There was a significant
decrease in NR2B [t(14)=2.9, p=0.01], with no difference in the NR2A [t(14)=0.7, p=0.5]
MRNA levels in the endotoxin Kits at PND1, compared with control kits (Fig. 2C, D). The
decreased mRNA expression of glutaminase enzyme and NMDAR NR2 subunits on PND1
may be attributed to the neuronal loss that has been shown in this model previously or it may
be due to a compensatory response to the elevated glutamate levels that persists even 3 days
after injury (PND1).

Decreased GLT-1 protein level in CP kits

GLT-1 is a major transporter of glutamate in the brain, which plays an important role in
regulating extracellular glutamate concentration (Danbolt, 2001) and preventing
excitotoxicity (Tanaka et al., 1997). We measured GLT-1 protein levels at G29 and PND1
using Western blot. We found that the GLT-1 level was significantly decreased in endotoxin
kits at G29 [t(15)=3.2, p=0.006], but came back up to control levels by PND1 [t(;5=0.1,
p=0.9] (Fig. 2E).

Decreased TGF-f1 mRNA level in CP kits

TGF-p 1 regulates cellular physiology, such as cell growth (Henrich-Noack et al., 1996),
mediates pathophysiological processes, such as inflammation and tissue repair (Roberts et
al., 1990), modulates both excitatory and inhibitory synaptic transmission in the adult
mammalian brain (Krieglstein et al., 2011) and attenuates microglial activation and promotes
an anti-inflammatory phenotype in resting and activated microglia (Norden et al., 2014). We
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measured the TGF-B1 mRNA levels in the PVR on G29 and PND1. We found that there was
no change in the TGF-B1 level at G29 [t(15=1.8, p=0.1], however, the TGF-B1 level
significantly decreased at PND1 [t(14)=2.3, p=0.04] (Fig. 2F).

GCPIl enzyme activity and expression in the white matter area in CP kits

GCPII is a transmembrane peptidase that cleaves NAAG to free glutamate in the synaptic
cleft (Robinson et al., 1987). GCPII is present in membrane and cytosolic fractions (Barinka
et al., 2002). We measured GCPII activity, which included both the membrane and cytosolic
fractions, in the PVR of the brains from PND1 kits (control=5, from 3 litters; endotoxin=4,
from 4 litters). We found that the GCPII enzyme activity in PVR was similar in both the
control and the endotoxin Kits [t7)=0.8, p=0.4] (Fig. 3B). However, regional protein
expression, as determined by immunohistochemistry staining for GCPII, demonstrated
significantly increased GCPII expression in CP Kits in the corpus callosum [t(30)=2.1,
p=0.04] at G29, and a significant increase in GCPII expression in the internal capsule
[t(29)=2.3, p=0.03] at PND1, when compared to age matched controls (Fig. 3A, C and D).

Co-localization of GCPII with astrocytes and activated microglia

GCPII has been previously shown to be primarily expressed in astrocytes. Due to the
increased GCPII staining in the periventricular white matter regions in the endotoxin Kits,
the cellular localization of GCPII in these regions was evaluated and compared between
control and endotoxin kits. We co-stained GFAP/GCPII and IBA1/GCPII and analyzed the
co-localization of GCPII with astrocytes and/or microglia on G29 and PND1. We found that
GCPII was mainly co-localized with astrocytes in both control and endotoxin Kits on G29
and PND1 (Fig. 4A-D). However, GCPII was also found to co-localize with activated
microglia in CP Kkits at both time points (Fig. 4E-H).

GCPll is significantly upregulated in the activated microglial cells at the PVR in the
endotoxin kits

To verify up-regulation of GCPII in activated microglia, brain sections from control and
endotoxin kits were co-stained with IBA1 and GCPII. The fluorescence intensity of IBAL,
GCPIl in the IBA1 labelled cells, and the ratio of GCPII/IBAL in the same microglial cells
in the corpus callosum and internal capsule were calculated, averaged and compared
between control and endotoxin kits at G29and PND1. We found that the IBA1 fluorescence
intensity was increased in corpus callosum [G29: t(516)=7.22, p<0.001; PND1: t(740)=4.87,
p<0.001] and internal capsule [G29: t(208)=7.50, p<0.001; PND1: t(50g)=7.60, p<0.001] in
the endotoxin kits (Fig. 5A-D, G). Along with this, the GCPII fluorescent intensity in the
microglial cells was markedly upregulated in the corpus callosum [G29: t(516)=16.09,
p<0.001; PND1: t(740)=24.86, p<0.001] and internal capsule [G29: t2,8)=16.77, p<0.001,
PND1: t(g08)=28.33, p<0.001] in the endotoxin kits (Fig. 5E, H) when compared to controls.
This was further confirmed by the ratio of GCPII/IBA1 which was significantly higher in
corpus callosum [G29: t(516)=9.59, p<0.001; PND1: t(740)=17.55, p<0.001] and internal
capsule [G29: t(,8=4.70, p<0.001; PND1: t(508)=9.82, p<0.001] in the endotoxin Kits (Fig.
5F,1), indicating that the increase in GCPII expression was due to upregulation of the protein
and not just due to proliferation or increase in microglial cells.
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GCPIl is markedly upregulated in microglial cells activated by LPS

To ascertain if GCPII is upregulated in activated microglia, rat primary microglial cells were
treated with and without 1ug/mL of LPS and GCPII enzymatic activity was quantified in the
cell lysates upon hydrolysis of its substrate NAA[3H]G, that was added exogenously. GCPII
activity was strongly up-regulated in rat primary microglia activated by LPS while it was
very low in the cells that were not exposed to LPS. GCPII activity was suppressed by co-
treatment with 2-PMPA, a small molecule inhibitor of GCPII (Fig. 5J). This indicates that
GCPII is constitutively expressed at low levels in normal, resting microglia but is
significantly upregulated in microglia activated by LPS exposure. This is similar to what we
see in vivo where GCPII co-localization and expression in microglia was significantly higher
in the endotoxin kits compared to age matched controls.

Changes in the astrocyte morphology

Since astrocytes play a major role in glutamate homeostasis and since GCPII is located on
the membrane of astrocytes, we also evaluated the changes in the astrocyte morphology in
the PVR of the endotoxin and control Kits both prenatally and at term. Brain sections from
control and endotoxin kits at G29 and PND1 were stained for GFAP and percentage area
with GFAP expression/staining in the corpus callosum and internal capsule was compared
between the two groups. There was no difference in the percentage of area stained between
the control and endotoxin exposed kits (Fig. 6A, B, C). However, a significant change in
morphology indicated by an increase in the area of the soma, along with decrease in the
length of processes and number of nodes was noted in the corpus callosum [t(s)=4.5,
p<0.001, t(51)=4.9, p<0.001 and t(51)=5.7, p<0.001, respectively] and internal capsule
[t(s5)=3.3, p=0.002, t(s5)=4.2, p<0.001 and t(55)=5.5, p<0.001, respectively] at G29, with
persistence in the decreased process length [tgg)=3.3, p=0.002] and decreased process nodes
[t69)=2.5, p=0.02] seen in the internal capsule even three days after the intrauterine insult at
PND1 (Fig 6A, D-I).

Discussion

In this study, using a previously established rabbit model of maternal inflammation induced
cerebral palsy, we evaluated the role of intrauterine endotoxin exposure on the progression
of glutamate pathway dysregulation and astrocyte dysfunction in the fetal and neonatal
brains. We have previously shown that this model results in a robust increase in microglial
proliferation and increase in pro-inflammatory cytokines in the periventricular region of
newborn rabbit brain that peaks at PND1 and persists until PND5 (Kannan et al., 2007,
Kannan et al., 2012). The periventricular region (PVR) is the classic area that is affected in
patients with cerebral palsy and in perinatal/neonatal brain injury. This area also corresponds
to the region where maximal microglial proliferation and ‘activation’ occurs in this model
following an insult and in other models of periventricular leukomalacia (Kannan et al., 2007,
Saadani-Makki et al., 2008, Falahati et al., 2013). Microglial cells are present in the PVR in
preterm infants and activated glia are increased in numbers in those with periventricular
white matter injury (Merney et al., 2012). Since glial activation may be responsible in part
for the glutamate mediated excitotoxicity, we focused on those areas (PVR) where glial
activation is typically seen in perinatal brain injury. Here, we show that intrauterine
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inflammation results in acute dysregulation of glutamate homeostasis along with changes in
astrocyte morphology in the PVR that is predominant in the fetal brain at G29 (1 day post-
injury), as evidenced by the significantly elevated glutamate levels, increased glutaminase
and NR2A and NR2B expression, as well as decreased GLT-1 levels at this age. This
increase in total glutamate level measured in the brain persists even at PND1 (3 days post-
injury) in the newborn rabbit kits with severe CP phenotype. This is in spite of the decrease
in MRNA expression of glutaminase and NMDAR, and normalization of GLT-1 expression
by PND1. This paradox may be explained in part by the increased GCPII in activated
microglia along with persistent abnormalities in astrocyte morphology in areas such as the
internal capsule that may indicate an inability to compensate for the initial glutamate
toxicity. The decreased mRNA of glutaminase and NR2 NMDARs may be secondary to
neuronal loss that has been described previously by our group in this model (Balakrishnan et
al., 2013) or may represent a compensatory response to higher glutamate levels.

Glutamate-mediated excitotoxicity causes extensive damage to the developing brain in
animal models of hypoxia/ischemia (Silverstein et al., 1986). GCPII, previously called N-
acetyl-a-linked acidic dipeptidase or NAALADase, catalyzes the hydrolysis of the
neuropeptide NAAG to NAA and glutamate (Robinson et al., 1987, Stauch et al., 1989,
Serval et al., 1990, Slusher et al., 1992, Fuhrman et al., 1994, Berger et al., 1999). Previous
studies have demonstrated that GCPII is expressed in astrocytes in the CNS. Our study is the
first one to demonstrate that LPS exposure induces upregulation of GCPII /n vivoin
activated microglia in the PVR in kits with CP, and /n7 vitroin LPS activated primary
microglial cells. Increased GCPII levels may play an important role in producing pathogenic
levels of glutamate. In this case, although the overall GCPII enzyme activity did not change
between control and endotoxin kits at PND1, the upregulation of GCPII protein levels
specifically in activated microglia can lead to increased glutamate production in the PVVR in
endotoxin Kits. We have previously shown in our model that there is increase in activated
microglia, decreased microglial mobility and increased pro-inflammatory cytokine
formation in the PVR (Saadani-Makki et al., 2008, Kannan et al., 2011a, Kannan et al.,
2012, Zhang et al., 2016). One of the mechanisms by which neuoinflammation may lead to
ongoing injury is through glutamate dysregulation. Although it is possible that glutamate
formation from NAAG hydrolysis alone may not be enough to lead to the substantial
increase in glutamate concentration noted here, increased GCPII expression may worsen the
injury in multiple ways, one of which may be by decreasing the levels of neuroprotective
NAAG. NAAG activates mGIuR3 which plays a strong role in inhibiting presynaptic
glutamate release (Hovelso et al., 2012). Since we have measured total glutamate in this
study, we do not know what fraction of this glutamate is extracellular. Future studies using
microdialysis may help in distinguishing and characterizing this further. GCPII or
NAALADase expressed in other peripheral organs and in tumors/neovasculature has been
shown to increase glutamate levels by mechanisms other than NAAG hydrolysis, such as
hydrolysis of -y linked glutamy! folates and laminin peptides (Conway et al., 2013).
However, this function has only been reported in peripheral organs and not in the CNS yet
(Foss et al., 2012), therefore it is probably not a likely source of excess glutamate in the
PVR in this model.
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Another neuroprotective function of NAAG involves its role in regulating inflammation
through its effect on astrocytes. Reactive astrocytes exert both pro- and anti-inflammatory
functions at different locations and at different times in response to injury and during repair
(Eddleston and Mucke, 1993, John et al., 2003). Astrocytes can modulate microglia
activation (von Bernhardi and Ramirez, 2001, Min et al., 2006, Cerbai et al., 2012) and exert
both pro- and anti-inflammatory effects on microglia (Min et al., 2006, Farina et al., 2007).
NAAG binds to mGIuR3 on astrocytes and can increase TGF-p1 release (Slusher et al.,
1999, Thomas et al., 2001). Astrocyte-derived TGF-B1 inhibits microglial activation (Endo
et al., 2015) and promotes a ‘resting’ or ‘normal’ microglial phenotype (Butovsky et al.,
2014). TGF-p1 attenuates cytokine, chemokine, adhesion molecule and reactive oxidative
species (ROS) production (Lodge and Sriram, 1996, Brionne et al., 2003, Paglinawan et al.,
2003, Smith et al., 2013). Decreased TGF-p1 is known to contribute to a more pro-
inflammatory micro-environment and can decrease the mobility of microglia (De Simone et
al., 2010), as seen in our model (Zhang et al., 2016). The decreased TGF-p1 in the PVR in
our study may imply the dysfunction of white matter astrocytes and contribute to the
persistent pro-inflammatory and ‘activated’ state of microglia in the PVR that has been
demonstrated previously by us in this rabbit model of CP (Kannan et al., 2007, Saadani-
Makki et al., 2009, Kannan et al., 2012). Therefore, the astrocyte changes, GCPII
upregulation and glutamate dysregulation demonstrated in the acute phase in this study may
influence the function of microglia in the white matter tracts leading to the persistent neuro-
inflammation seen in our model.

In our study, we found that administration of 2-PMPA, a specific GCPII inhibitor, reduced
GCPII activity in LPS exposed microglia. Inhibition of GCPII could provide neuroprotective
effects against excitotoxicity by reducing the production of extracellular glutamate (Slusher
et al., 1999) both by decreasing liberation of glutamate from NAAG and by increasing
NAAG concentrations which activates mGIuR3 (Neale, 2011) and decreases presynaptic
glutamate release (Wroblewska et al., 1997, Bruno et al., 1998b, Zuo et al., 2012). NAAG
has also been shown to prevent NMDA-induced neuronal death (Puttfarcken et al., 1993,
Valivullah et al., 1994, Khacho et al., 2015), and induce TGF- release via activation of
Mitogen-activated protein kinases (MAPK) and phosphoinositide 3-kinase (P13K) (Bruno et
al., 1998a, D’Onofrio et al., 2001). This may explain the neuroprotective effects of GCPII
inhibition and NAAG administration in several adult models of neuroinflammation (Ghadge
et al., 2003, Thomas et al., 2003, Rahn et al., 2012) and in hypoxic-ischemia (Slusher et al.,
1999, Cai et al., 2002).

Under physiological conditions, astrocytes maintain homeostasis of extracellular glutamate
(Mazzanti et al., 2001), provide metabolic substrates for neurons (Kasischke et al., 2004),
regulate cerebral blood flow (Mulligan and MacVicar, 2004) and control synapse formation
(Ullian et al., 2001). Under pathological conditions, astrocytes are activated (Chen and
Swanson, 2003, Barreto et al., 2011) and react to injury by cellular hypertrophy,
proliferation and increasing GFAP expression (Burns et al., 2009, Schachtrup et al., 2010,
Sofroniew and Vinters, 2010). In a rodent model of diffuse white matter injury, chronic
perinatal hypoxia delayed astrocyte maturation and compromised astrocyte function, as
indicated by the decreased glial-specific glutamate transporter expression and function
(Raymond et al., 2011). In our study, we found that there was significant decrease in the
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GLT-1 protein level at G29, suggesting impaired glutamate uptake by astrocytes, which may
increase the synaptic glutamate concentration and cause prolonged glutamate receptor
activation and glutamate excitotoxicity. The GLT-1 level returned to normal at PND1,
however, whether inflammation induces functional changes in GLT-1 needs to be further
investigated.

In this study, we found that the expression of GFAP was similar between the control and CP
kits, indicating no astrocyte proliferation. However, there were significant changes in the
astrocyte morphology in the endotoxin kits compared to controls. An increase in the size of
the soma along with a decrease in process length and nodes were seen in both the corpus
callosum and internal capsule, indicating inflammation-induced astrocyte activation in the
white matter. The morphological changes persisted (decreased process length and nodes) in
the internal capsule at PND1, indicating ongoing astrocyte activation three days after the
insult. These structural changes could be a direct result of the injury and/or the insult, or a
compensatory mechanism to the injury or both. However, the presence of increased
glutamate, along with decreased GLT-1, decreased TGF B and persistent microglial
activation indicate that the changes in astrocyte morphology may indicate a negative effect
or an inability of the astrocytes to adequately compensate for the increased glutamate and
these effects may continue in some of these regions for a longer time period.

Studies demonstrate that diffuse innate immune activation (e.g. system bacterial infections)
can induce mild or moderate reactive astrogliosis, which results in variable GFAP up-
regulation (Sofroniew, 2009), variable hypertrophy of soma and processes in individual
astrocytes (Wilhelmsson et al., 2006). Moreover, hypoxia ischemia injury induces astrocytes
cell death and reduces GFAP-positive cell density in newborn piglets (Martin et al., 1997)
and little or no astrocyte proliferation in human cerebral palsy patients (Villapol et al.,
2008). Our results are consistent with these previous studies. These results are also in
accordance with our previous studies where we found the greatest changes in parallel
diffusivity and fractional anisotropy on diffusion tensor imaging, in the corpus callosum and
internal capsule in newborn rabbits (Kannan et al., 2007). The decreases in parallel
diffusivity and fractional anisotropy can be explained by the changes in astrocyte and
microglial morphology seen in the white matter tracts. (Kannan et al., 2007, Kannan et al.,
2009).

In summary, our study demonstrates that normal glutamate homeostasis is dysregulated in a
complex manner by involvement of several pathways over time and this may in turn trigger
and promote the persistent pro-inflammatory state that is seen in the neonatal brain
following exposure to intrauterine inflammation even after removal from the maternal
environment (Saadani-Makki et al., 2009, Kannan et al., 2012). Neuroinflammation induced
upregulation of GCPII in activated microglia may play an important role in glutamate
excitotoxicity. Thus, GCPII inhibition can decrease glutamate release and promote the
release of endogenous TGF-B1 which may provide additional methods of modulating the
neuroinflammatory response as a therapeutic intervention following neonatal brain injury.
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. Maternal inflammation leads to glutamate dysregulation in the fetal/newborn
brain

. Glutamate carboxypeptidase Il is upregulated in ‘activated” microglia

. Inflammation results in changes in astrocyte morphology in the white matter
tracts

. Intrauterine endotoxin exposure leads to decreased TGF-B1 in the newborn
brain
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Figure 1.
Glutamate pathway and glutamate concentration. A, Schematic drawing of the glutamate

pathway in neurons, microglia and astrocytes. B, Glutamate concentration is expressed as
mM. Total glutamate concentration (both extracellular and intracellular glutamate) was
measured in brain tissue micro-dissected from the periventricular region (Extracted from
50mg tissue in 500uL of buffer volume). Compared with the controls, the glutamate
concentration was significantly increased in endotoxin kits at G29 (control=5, endotoxin=9)
and PND1 (control=8, endotoxin=9). *p<0.05, compared with controls.
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Figure 2.
A-D, In utero endotoxin exposure results in changes in mMRNA expression of major

glutamate enzymes and receptors. The mRNA expression of glutaminase (A), glutaminase 2
(B), NR2A (C), NR2B (D) were measured using real-time PCR. The mRNA levels of
glutaminase 2, NR2A and NR2B significantly increased at G29 (1 day post-injury;
control=8, endotoxin=9); the mRNA levels of glutaminase, glutaminase 2 and NR2B
significantly decreased at PND1 (3 days post-injury; control=8, endotoxin=8). E, In utero
endotoxin exposure leads to decreased GLT-1 protein expression in CP kits. Compared with
controls, the GLT-1 protein level significantly decreased at G29 (control=8, endotoxin=9)
and returned to control level at PND1 (control=8, endotoxin=9). F. The mRNA expression of
TGF-p1 was significantly decreased in the CP kits at PND1 (control=8, endotoxin=8)
*p<0.05, **p<0.01, ***p<0.001, compared with controls.
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Figure 3.

GCPII expression and enzyme function at the PVR. A, Representative GCPII antibody
staining images at the PVR regions from control and endotoxin kits at G29 and PND1. B,
GCPII enzyme function was similar between control and endotoxin Kits at PND1 (control=5,
endotoxin=4). C, The percentage of area of GCPII expression significantly increased in the
corpus callosum at G29 (control=5 kits, endotoxin=7Kkits), but no change was noted at PND1
(control=7 Kits, endotoxin=>5 kits). D, The percentage area of GCPII expression in the
internal capsule significantly increased at PND1, but not at G29. *p<0.05, compared with
controls. Scale bar: 20 um.
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Figure 4.
Co-localization of GCPII with astrocytes and activated microglia in the PVR of CP kits. A,

Representative GFAP and GCPII co-staining images from control and endotoxin Kits at G29.
B, The high magnification images indicated by the box in A. C, Representative GFAP and
GCPII co-staining images from control and endotoxin kits at PND1. D, The high
magnification images indicated by the box in C. E, Representative IBAL and GCPII co-
staining images from control and endotoxin kits at G29. F, The high magnification images
indicated by the box in E. G, Representative IBA1 and GCPII co-staining images from
control and endotoxin kits at PND1. H, The high magnification images indicated by the box
in G. Scale bars in A,C,E,G: 20 um. Scale bars in B,D,F,H: 10 um. Arrows indicated some
of the co-localization sites.
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Figure 5.
GCPII expression is upregulated in activated microglia in the PVR of endotoxin Kits and

GCPII activity is upregulated in LPS activated rat primary microglial cells. A,
Representative brain sections showing the location of the corpus callosum and internal
capsule. B, Representative images of GCPII expression in activated microglia (IBA1
staining) in the corpus callosum in control and endotoxin Kits at G29 and PND1. Scale bar:
10 um. C, Representative images of GCPII expression in activated microglia (IBA1 staining)
in the internal capsule in the control and endotoxin Kits at G29 and PND1. Scale bar: 10 pm.
D-I, The fluorescence intensity of IBA1, GCPII in IBAL stained microglia and the ratio of
the florescent intensity of GCPII/IBAL were upregulated in the corpus callosum (D-F) and
internal capsule (G-I) in endotoxin Kits at both G29 and PND1. ***p <0.001. J, GCPII
enzymatic activity was up-regulated in rat primary microglial cell lysates as quantified by
the hydrolysis of its substrate NAA[3H]G. Cells were treated for 24 h with/without LPS (1
ug/mL) and GCPII inhibitor 2-PMPA (1 uM). ***p <0.001 for LPS stimulated microglia vs.
resting microglia and LPS + 2-PMPA vs. LPS.
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Figure 6.
In utero endotoxin exposure alters astrocytes morphology. A, Representative GFAP antibody

staining images at the PVR regions from control and endotoxin kits at G29 and PND1. The
Neurolucida tracing images represent the astrocytes marked with red arrows on the original
images. Scale bars: 20 um. B,C, There was no difference in the percent area of GFAP
expression between control and endotoxin Kits at G29 and PND1 in the corpus callosum (B)
or in the internal capsule (C). D,E, The area of the soma of astrocytes in the corpus callosum
(D) and internal capsule (E) was significantly larger in the endotoxin kits at G29, but not at
PND1, when compared to controls. F,H The length of the processes (F) were significantly
shorter and the nodes of the processes (H) were significantly decreased in the corpus
callosum in endotoxin kits at G29, but not at PND1. G,I, In the internal capsule, the length
of the processes (G) were significantly shorter and the nodes (1) were significantly decreased
in the endotoxin kits at both G29 and PND1. *p<0.05, **P<0.01, ***P<0.001, compared
with controls.
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Primers for the real-time PCR.

Table 1

Gene Accession Number | Forward primer Reverse Primer

Glutaminase XM_002712344.1 AGGTGGTGATCAAAGGGTAAAG | CCATGGCTGACAAAGCAAATC
Glutaminase 2 | XM_002711081.1 GACGGTGGTGAACCTGTTAT GGGAGTCGTAGTCTTTCTGTTC
NR2A XM_002711787.1 CAAGGATCCCACGTCTACTTTC AAGACGTGCCAGTCGTAATC
NR2B XM_008259603.1 GGAAGAAGCCACCTACATCTTT AGGGCACGGTATCTGTATCT
TGF-B1 XM_002722312.1 TGAGAGGTGGAGAGGAAATAGA | GGAACTGATCCCGTTGATGT
GAPDH NM_001082253.1 TGACGACATCAAGAAGGTGGTG | GAAGGTGGAGGAGTGGGTGTC
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Neurobehavior tests scores in the control and endotoxin groups at PND1.
Behavioral scores of control and endotoxin rabbit kits on PND1. The endotoxin Kits had significant

Table 2

Page 30

impairments in locomotion and olfaction compared to control groups. Data were expressed as Median and
range. P values were calculated using two-tailed unpaired t-test.

Groups
Qutcome Control (n=8) | Endotoxin (n=8) | tvalue | p value
Posture 3.0 (2.3,3.0) 0.5 (0.1, 1.3) 6.7 | <o0.0001
Suck and Swallow 3.0(3.0,3.0 0.8(0.1,1.0) 9.3 < 0.0001
Head movement 2.5(2.0,3.0) 0.0 (0.0,0.4) 9.4 <0.0001
Forelimb movement 3.0(3.0,3.0) 0.5 (0.0, 1.0) 9.0 <0.0001
Hindlimb movement 25(2.1,3.0) 0.0 (0.0, 0.4) 10.6 <0.0001
Steps 1.0 (1.0, 1.0) 0.0 (0.0, 0.4) 76 | <o0.0001
Aversive response to alcohol 3.0(3.0,3.0) 0.8 (0.5, 1.0) 10.4 <0.0001
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