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acetic acid (a precursor of serotonin) levels in the periven-
tricular region of the fetal brain. These results indicate that 
maternal inflammation shunts tryptophan metabolism away 
from the serotonin to the kynurenine pathway, which may 
lead to excitotoxic injury along with impaired development 
of serotonin-mediated thalamocortical fibers in the new-
born brain. These findings provide new targets for preven-
tion and treatment of maternal inflammation-induced fetal 
and neonatal brain injury leading to neurodevelopmental 
disorders such as cerebral palsy and autism. 

 © 2017 S. Karger AG, Basel 

 Introduction 

 Maternal infection and inflammation have been impli-
cated in white matter injury and periventricular leuko-
malacia, and can lead to disorders such as cerebral palsy 
and is implicated in autism spectrum disorders  [1–4] . 
Previous investigations by our group have shown that 
maternal intrauterine administration of noninfectious 
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 Abstract 

 Maternal inflammation has been linked to neurodevelop-
mental and neuropsychiatric disorders such as cerebral pal-
sy, schizophrenia, and autism. We had previously shown that 
intrauterine inflammation resulted in a decrease in sero-
tonin, one of the tryptophan metabolites, and a decrease in 
serotonin fibers in the sensory cortex of newborns in a rabbit 
model of cerebral palsy. In this study, we hypothesized that 
maternal inflammation results in alterations in tryptophan 
pathway enzymes and metabolites in the placenta and fetal 
brain. We found that intrauterine endotoxin administration 
at gestational day 28 (G28) resulted in a significant upregula-
tion of indoleamine 2,3-dioxygenase (IDO) in both the pla-
centa and fetal brain at G29 (24 h after treatment). This en-
dotoxin-mediated IDO induction was also associated with 
intense microglial activation, an increase in interferon gam-
ma expression, and increases in kynurenine and the kyn-
urenine pathway metabolites kynurenine acid and quinolin-
ic acid, as well as a significant decrease in 5-hydroxyindole 
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endotoxin lipopolysaccharide (LPS) on gestational day 28 
(G28) results in motor deficits in the newborn rabbit 
(G31). Prenatal LPS treatment was also associated with 
activated microglia and astrocytes in the neonatal brain 
 [5–8] , increased proinflammatory cytokine levels and de-
generation and abnormal arborization of the thalamic 
and cortical neurons  [6, 9] . Studies by other groups have 
demonstrated increased tryptophan (TRP) metabolism 
by the kynurenine (KYN) pathway in the placenta in 
women with intrauterine infections  [10]  and in activated 
human microglia in culture  [11] , and may be related to 
the risk for autism spectrum disorders associated with 
prenatal infection  [12] .

  TRP is an essential amino acid that can be metabolized 
along 2 metabolic pathways: methoxyindoles and KYNs 
 [13] . Metabolism of TRP along the methoxyindole route 
results in the formation of 5-hydroxytryptamine (5-HT/
serotonin) and 5-methoxy-N-acetyltryptamine (melato-
nin)  [14] . The KYN pathway ( Fig. 1 ) is a major degrada-

tive metabolic route for TRP, and a key regulator of the 
immune response. TRP is converted into KYN predomi-
nantly through 2 rate-limiting enzymes: indoleamine 
2,3-dioxygenase (IDO), which is expressed in a number 
of cell types in the brain including astrocytes, microglia, 
microvascular endothelial cells, and macrophages  [15]  
and also has roles in systemic inflammatory immune re-
sponses, and tryptophan 2,3-dioxygenase (TDO), which 
is also expressed in the brain  [16–18] , but is primarily re-
sponsible for systemic degradation of TRP into the cel-
lular cofactor NAD+ in tissues such as the liver and kid-
ney  [19] . Unlike TDO, IDO expression is upregulated by 
interferon gamma (IFN-γ)  [20]  and proinflammatory cy-
tokines  [21–23] , and is therefore highly induced during a 
myriad of inflammatory insults including bacterial and 
viral infections  [24] . KYN, a pivotal metabolite in the 
pathway, can in turn be metabolized via 2 distinct path-
ways: the neuroprotective kynurenic acid (KYNA) branch 
via the enzyme KYN amino transferase (KAT), and the 
neurotoxic branch leading to the production of 3-hy-
droxy- L -KYN (3-HK) and quinolinic acid (QUIN) via 
KYN monooxygenase (KMO)  [25] .

  KYN pathway metabolism has been evaluated in the 
presence and absence of immune activation in patients 
 [10, 26] , nonhuman primates  [27, 28] , guinea pigs  [29] , 
mice  [30] , and rats  [31] . Most recently, inflammation-in-
duced activation of IDO in the brains of SIV-infected pig-
tailed macaques coincided with depletion of TRP in the 
CSF, increased levels of KYN and its downstream me-
tabolites in the brain and CSF, a significant reduction in 
striatal serotonin levels, and an encephalitic pathology 
 [28] . Additionally, intracerebroventricular administra-
tion of LPS in mice triggered depressive-like symptoms 
that were linked to induction of the KYN pathway in the 
brain  [32] , suggesting KYN pathway involvement in a 
number of psychological and psychiatric disorders in-
volving the TRP/serotonin axis  [33] . Our previous study 
likewise demonstrated that maternal inflammation in-
duced with endotoxin decreased cortical serotonin in 
neonatal rabbits in a model of cerebral palsy  [34] . Sero-
tonin functions as a neurotransmitter and a substrate for 
melatonin synthesis in the central nervous system. Sero-
tonin also plays an important role in the developing brain, 
influencing neurogenesis, neuronal migration, and syn-
aptogenesis  [35],  and regulates differentiation of its target 
cells in the developing brain  [36] . Deficient production of 
serotonin contributes to the delayed neuronal cortical de-
velopment  [37, 38] , disruption of thalamocortical affer-
ents  [39] , disturbances in circadian rhythm and sleep, and 
the pathogenesis of depression  [40] . In this study, we in-
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  Fig. 1.  Schematic diagram of the KYN pathway in the brain. TRP 
that enters the brain from the peripheral circulation is converted 
into KYN by IDO in both the astrocytes and microglia, or into
serotonin and its metabolites. Proinflammatory cytokines (e.g., 
IFN-γ, TNF-α, and IL-1β) can upregulate IDO expression. KYN is 
converted into kynurenic acid via KAT-2 located in astrocytes, or 
converted into QUIN via KMO located in microglia cells. Kynuren-
ic acid is an NMDA receptor antagonist, which can prevent excito-
toxicity, whereas QUIN is an NMDA receptor agonist, which can 
lead to excitotoxicity and increased oxidative stress.                                               
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vestigated the effects of in utero endotoxin exposure on 
the KYN pathway by measuring the expression of IFN-γ, 
IDO, KAT, and KMO, as well as the quantification of TRP 
and its major metabolites in the placenta and fetal brain. 
A better understanding of the role of maternal inflamma-
tion-induced alterations in TRP metabolism is crucial for 
the development of therapeutic strategies targeted toward 
manipulating the KYN pathway in preventing fetal and 
neonatal brain injury.

  Materials and Methods 

 Animal Model 
 All animal procedures were approved by the Institutional Ani-

mal Care and Use Committee at Johns Hopkins University. Timed-
pregnant New Zealand white rabbits were purchased from Robin-
son Services Inc. (Mocksville, NC, USA). After 1 week of acclima-
tion, rabbits were randomly divided into control ( n  = 10) and 
endotoxin ( n  = 10) groups. The average weight of the pregnant 
rabbits was 4.7 kg. Pregnant rabbits in the endotoxin group under-
went laparotomy under general anesthesia at G28, and  ∼ 8,000 EU 
of LPS ( Escherichia coli  serotype O127:B8; Sigma Aldrich, St. Lou-
is, MO, USA) was injected along the wall of the uterus as previ-
ously described  [8] . The control group did not receive any treat-
ment except for intravenous fluids. One day after surgery (G29), 
dams were euthanized with an overdose of pentobarbital (120 mg/
kg) intravenously. For each dam, fetuses were rapidly removed 
from the uterus, and fetal brains and placentae were harvested. For 
region-specific analysis, the brain was cut in the coronal plane us-
ing a brain block and the periventricular region (PVR), including 
the corpus callosum, corona radiata, lateral ventricles, and part of 
the dorsal hippocampus were dissected. The fetal brains were pro-
cessed differently for each of the measures and littermates were 
taken for the different studies.

  Real-Time PCR 
 Total RNA from the fetal brain PVR or the placenta (50–100 

mg fresh tissue) was extracted using TRIzol (Life Technologies, 

Grand Island, NY, USA) according to the manufacturer’s instruc-
tions ( n  = 6–12 kits per each group). RNA samples were quantified 
using the Nanodrop ND-1000 Spectrophotometer. The single-
stranded complementary DNA (cDNA) was first reverse tran-
scribed from the total RNA samples using the High Capacity 
cDNA Reverse Transcription Kit with RNase inhibitor (Life Tech-
nologies, USA). Real-time PCR was performed with SYBR Green 
PCR Master Mix (Life Technology, USA) using Fast 7500 Real-
time PCR systems (Life Technologies, USA). Amplification condi-
tions 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. The samples were analyzed for mRNA 
expression of IFN-γ, IDO1, KMO, and KAT-2 (responsible for
the KYNA production in the brain), using primers designed for 
rabbits. A list of primers and their specifications are detailed in 
 Table 1 . Primers were custom designed and ordered from Inte-
grated DNA Technology. The comparative CT method was used to 
assess differential gene expression between the control and endo-
toxin groups at different time points. First, gene expression levels 
for each sample were normalized to the expression level of the 
housekeeping gene encoding glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) within a given sample (ΔCT); the difference 
between the endotoxin and control groups were used to determine 
the ΔΔCT. 2 –ΔΔCT  gave the relative fold increase in gene expression 
of the control and endotoxin animals.

  Immunohistochemistry 
 G29 rabbit kits were anesthetized and intracardially perfused 

with saline followed by 10% formalin and then postfixed for 24 h. 
Brains were then cryoprotected with sucrose and 30-μm cryostat 
sections were mounted onto poly- L -lysine-coated slides (Sigma 
Aldrich, USA). The sections were blocked with 3% donkey serum 
followed by incubation with goat polyclonal anti-Iba1 primary an-
tibody (1:   250; Abcam, Cambridge, MA, USA) overnight at 4   °   C. 
After washing, sections were incubated with Alexa Fluor ®  488 
donkey anti-goat IgG (H+L) secondary antibody (1:   250; Life Tech-
nologies, USA) for 2 h at room temperature, and then incubated 
with DAPI (1:   1,000; Invitrogen) for 15 min. The slides were 
washed, dried, and cover slipped with mounting medium (Dako, 
Carpinteria, CA, USA). Colocalization of GFAP/IDO was done by 
incubating the sections overnight at 4   °   C with chicken anti-GFAP 
(1:   250; Abcam, USA)/mouse anti-IDO (1:   200; GeneTex, USA). 
Colocalization of IBA1/IDO was done by incubating the sections 

 Table 1.  Primers used for real-time PCR

Gene Forward primer Reverse primer

KMO GTA GGA TGT GAT GGA GCC TAT TC CTC CAT GTA TCC GTG AGG AAT G
IDO1 GGA GAC ATC CGA AAG GTC TTG CAG TCA GCA TAC ACG AGA ATA GG
KAT-2 GTC CCA AAT GGC AAC AAC CC ACA CGC CCA TCA ACA TCC AT
IFN-γ TGT CCA GTT GCT GCC TAT TT CAG AGG ACA AGG TCA CAT CAC
TPH CTTTGCAGACTCGGCTATGA TTGTTGAGCTCCCGGAATAC
TDO CATGAGTGGGTGCCCATATT GTCTTCGTCCCTGCTTTCTAC
GAPDH TGA CGA CAT CAA GAA GGT GGT G GAA GGT GGA GGA GTG GGT GTC

 KMO, kynurenine monooxygenase; IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; 
KAT, kynurenine amino transferase; IFN-γ, interferon gamma; GAPDH, glyceraldehyde 3-phosphate dehydro-
genase.
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overnight at 4   °   C with goat anti-IBA1 (1:   250; Abcam, USA) and 
mouse anti-IDO (1:   200; GeneTex, USA). Sections were subse-
quently washed and incubated with fluorescent secondary anti-
bodies (1:   250; Life Technologies, USA) for 2 h at room tempera-
ture. Next, the sections were incubated with DAPI (1:   1,000; Invi-
trogen) for 15 min. After wash, the slides were dried and cover 
slipped with mounting medium (Dako, USA). Confocal images 
were acquired with Zeiss ZEN LSM 710 (Zeiss, USA) and pro-
cessed with ZEN software (version 10.0).

  Cell Counts 
 All slides and images were coded and the analysis was per-

formed with the personnel blinded to the experimental groups. 
Confocal images (×63; 4–6 images/animal) were randomly ac-
quired from corpus callosum using Zeiss ZEN LSM 710 (Zeiss, 
USA). The confocal images were exported into individual channels 
using ZEN software (version 10.0). The IBA1 +  (green), IDO +  (red), 
and IBA + /IDO +  (merged) cells were counted and averaged to the 
area of the region of interest.

  Gas Chromatography-Mass Spectrometry 
 Dissected PVR brain tissue and placental tissue were weighed 

and diluted 1/20 (weight/volume) with ice-cold 0.1% ascorbic acid 
and sonicated 3 times at 30% amplitude for 3 s on ice. On ice, brain 
homogenates (50 μL) were spiked with 50 μL of a heavy standard 
solution containing 1 μ M  [ 2 H 5 ] TRP (CDN Isotopes, Canada),
5 μ M  [ 2 H 6 ] KYN (custom synthesis from Sigma Aldrich Isotec), 
and 0.2 μ M  [ 2 H 3 ] QUIN (custom synthesis from Synfine, Canada). 
Samples were spiked with 50 μL of –20   °   C acetone and centrifuged 
at 20,000  g  for 5 min. The supernatants (120 μL) were transferred 
to microcentrifuge tubes, spiked with 50 μL of a 2:   5 ratio 
methanol:chloroform, and centrifuged at 20,000  g  for 10 min.
The aqueous layers (80 μL) were transferred to glass vials and eva-
porated to dryness. Samples were derivatized with 120 μL of 
2,2,3,3-pentafluoro-1-propanol (Sigma) and 135 μL of pentafluo-
ropropionic anhydride (Sigma) by heating at 75   °   C for 30 min. 
Derivatized samples were evaporated to dryness and stored at 
–80   °   C. GC/MS/MS conditions and multiple reaction monitoring 
transitions were as previously described  [41] . Deidentified samples 
were injected in a randomized order at least twice. Data were ana-
lyzed with Agilent MassHunter software, Build B.04. Peak areas for 
each compound were normalized to their heavy standards. These 
values were then fit to the matrix-spiked light standard curve for 
each compound based on the standard addition method. No heavy 
standard was spiked in for 3HK, which was instead normalized to 
heavy KYN because of their similar properties.

  High-Performance Liquid Chromatography 
 The placenta or PVR tissues ( ∼ 200 mg) were homogenized in 

1 mL of deionized water, centrifuged at 15,000 rpm for 10 min, and 
then 1 mL of the supernatant was collected and vortexed with 3 mL 
of chloroform to remove fatty acids and lipids. Obtained mixtures 
were centrifuged at 4,000 rpm for 10 min. The aqueous fraction 
(0.8 mL) was mixed with acetonitrile (3 mL) for protein precipita-
tion and left on ice for 30 min for their coagulation, followed by 
centrifugation at 4,000 rpm for 10 min at 4   °   C. The supernatant 
was divided into 2 aliquots of 1.6 mL each and evaporated under 
vacuum. For high-performance liquid chromatography (HPLC) 
analysis, residues were dissolved in 1 mL of deionized water and 3 
injections of 200 μL for each sample were performed. All processed 

samples were analyzed using a Waters 1525 binary HPLC separa-
tion module (Waters Corp., Milford, MA, USA), equipped with an 
in-line degasser AF, a 717 Plus autosampler (kept at 4   °   C), a 2998 
PDA detector, and a 2475 multiwavelength fluorescence detector, 
controlled by Empower software. Isocratic separations were run 
on TSK-Gel ODS-80 Ts (250 × 4.6 mm i.d., 5 μm) and TSK-Gel 
guard columns with 0.1% acetic acid in H 2 O:ACN (90:   10 v/v) at a 
flow rate of 0.6 mL/min. Elution was simultaneously monitored by 
a PDA detector (collecting UV-Vis spectra from 190 to 800 nm, 
which can provide chromatograms at the desired wavelength in 
this range) as well as a fluorescence detector having 3 channels
set as follows: channel 1 – excitation at 297 nm and emission at
344 nm for detection of TRP and 5-hydroxyindole acetic acid
(5HIAA); channel 2 – excitation at 330 nm and emission at 390 nm 
for detection of KYNA; and channel 3 – excitation at 364 nm and 
emission at 480 nm for detection of KYN. The calibration curves 
and the limits of detection for each analyte were obtained by inject-
ing various amounts of the analytes (ranging from 1 pg to 1 μg) 
into the HPLC, and used as reference calibration curves for their 
quantification in the placental samples and in PVR brain tissue 
obtained from fetal rabbits (gestation day 29). Data from the HPLC 
measurements are expressed as ratios of the metabolite to its sub-
strate for KYNA/KYN and 5HIAA/TRP.

  Statistical Analysis 
 The RNA expression data and metabolite values were normal-

ized by log transformation prior to statistical analysis. The log 
transformation helped to reduce the variability in the data and the 
effect of outliers on the final analysis  [42] . Kits were nested within 
litters for the analysis. Generalized estimating equations with an 
exchangeable correlation structure were used to investigate the dif-
ference between log-transformed RNA expression in treatment 
(endotoxin) versus control. We used generalized estimating equa-
tions because it takes into account independence of observations 
within litters. The analyses were performed using R version 3.2.2 
(R foundation for Statistical Computing, Vienna, Austria). Statisti-
cal significance was set as  p  < 0.05, and all tests were 2-sided. Data 
is expressed as medians and interquartile ranges in the graphs. 
GraphPad prism was used to generate the graphs.

  Results 

 Maternal Inflammation-Induced Changes in 
Microglial Morphology 
 The extent of microglial activation was assessed by im-

munohistochemistry using the specific microglial mark-
er, Iba1. In the control group, the microglial cells were 
ramified with multiple branches, whereas the microglial 
cells in the endotoxin group had hypertrophied soma and 
shortened branches. In addition, a subset of the microg-
lial cells in the endotoxin group had an amoeboid shape, 
and no ramifications could be detected on the cells 
( Fig. 2 ). This change in morphology (associated with ac-
tivation) was noted extensively in the regions of the cor-
pus callosum, the angle of the lateral ventricles, and the 
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  Fig. 2.  In utero endotoxin exposure increased microglial activation 
in the PVR.  a  Microglia/macrophages were labeled with Iba1, and 
the staining patterns indicated that in utero endotoxin exposure 
increased microglia/macrophage activation in the periventricular 
regions, including the corpus callosum, the angle of the lateral ven-

tricle, and the internal capsule, compared with controls.  b  The ac-
tivated microglia/macrophages showed an amoeboid shape and 
retracted and thickened branches compared with the controls. LV, 
lateral ventricle. 
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internal capsule in the endotoxin kits ( Fig. 2 ), and was 
similar to what had been observed previously in this
model  [8] .

  Maternal Inflammation Upregulates the KYN 
Pathway in the Fetal Brain 
 We measured IDO1, KAT-2, KMO, and IFN-γ mRNA 

expression in G29 brains and placenta from control and 
endotoxin-treated groups. The range of the variability in 
the log-transformed mRNA expression data was 0.0001–
1.9. There was a 6-fold increase in mRNA expression of 
IFN-γ in the PVR of the fetal brain in endotoxin kits when 
compared to age-matched controls ( p  = 0.001). This was 
associated with a 5-fold increase in expression of IDO1 
and a 2-fold increase in KMO in the endotoxin kits ( p  = 
0.008 and  p  = 0.01, respectively, when compared to con-
trols). There was no significant change in the expression 
of KAT-2 ( p  = 0.79) ( Fig. 3 a–d). In addition, we also mea-
sured TDO mRNA expression (control: 0.70 [0.23, 5.08] 
vs. endotoxin 0.59 [0.11, 11.25];  p  = 0.08) and TPH (con-
trol 0.56 [0.41, 0.87] vs. endotoxin 2.92 [1.19, 5.57];  p  = 
0.08), and there was no significant difference.

  To correlate this with the functional activity of the en-
zymes, the major metabolites of the KYN pathway were 
measured in the fetal brains of control and endotoxin-
exposed littermates using GCMS and HPLC (see Meth-
ods). KYN levels were significantly elevated in the PVR of 
G29 endotoxin kits when compared to controls ( p  < 0.01). 
However, there was no significant difference in TRP lev-
els in the PVR between the groups, indicating that this is 
related to the upregulation of IDO in this region ( Fig. 3 e, 
f). This increase in KYN was associated with an increase 
in the QUIN levels in the PVR of endotoxin kits ( p  < 
0.001) ( Fig. 3 g). A significant increase in the neuroprotec-
tive metabolite KYNA was noted in the endotoxin-
exposed G29 kits ( Fig. 3 h). While there was a significant 
difference in KYNA, there was no difference in KAT-2 
mRNA expression, the enzyme which metabolizes KYN 
to KYNA. Increased KYNA may be related to increased 
KYN precursor for KAT-2 or due to increased expression 
of the KAT-2 protein (not measured). A significant de-
crease in the serotonin metabolite 5HIAA was noted in 
the G29 kits ( Fig. 3 i), indicating decreased conversion of 
TRP to serotonin due to shunting of TRP along the KYN 
pathway in the fetal brain exposed to maternal intrauter-
ine inflammation. This is in accordance with our previous 
studies where decreased serotonin was seen in the cortex 
and PVR of newborn rabbit kits exposed to maternal
inflammation.

  Maternal Intrauterine Inflammation Leads to 
Dysregulated TRP-KYN Metabolism in the Placenta 
 In the placenta there was a significant increase in pla-

cental IDO1 mRNA expression ( ∼ 3-fold higher expres-
sion,  p  < 0.001) and KMO expression (21-fold higher,  p  < 
0.001) in the endotoxin-treated dams compared to con-
trols. No significant change in placental expression of 
IFN-γ ( p  = 0.09) or KAT2 ( p  = 0.16) mRNA was noted 
between the groups ( Fig. 4 a–d). Although there was a de-
crease in both the TRP and KYN levels in the placenta of 
endotoxin kits when compared to the controls ( Fig. 4 e, f), 
a significant increase was noted in the KYN to TRP ratio 
( Fig. 4 h), indicating that most of the TRP was being con-
verted to KYN in the placenta of endotoxin-exposed rab-
bits as confirmed by the increased expression of IDO1 
mRNA. In spite of a decrease in the KYN level, no sig-
nificant difference was noted in QUIN levels between the 
endotoxin and control placenta ( Fig. 4 g). This along with 
the increased expression of KMO indicates that more of 
the KYN in the endotoxin kits is converted to QUIN 
when compared to controls.

  IDO Is Colocalized with Astrocytes and Microglia in 
the PVR in Control and Endotoxin Kits 
 Previously, IDO has been shown to be expressed in 

both astrocytes and microglia cells  [43, 44] . We costained 
GFAP/IDO and IBA1/IDO and analyzed the colocaliza-
tion of IDO with astrocytes and/or microglia on G29 
(control = 3 kits, from 1 litter; endotoxin = 5 kits, from 3 
litters). We found that IDO was colocalized with astro-
cytes ( fig. 5 a, b) and microglia ( Fig. 5 c, d) in both control 
and endotoxin kits on G29. The IDO antibody mainly 
stained the soma and proximal processes of the astrocytes 
and microglia. However, the overall IDO staining was 
greater in the activated microglial cells in the endotoxin 
kits due to the increased soma size ( fig. 5 c, d). We further 
quantified the number of IBA1 +  (microglial marker), 
IDO + , and IBA + /IDO +  cells in the corpus callosum in 
both control and endotoxin-exposed kits. We found that 
the IBA1 +  (control 365 ± 22/mm 2  vs. endotoxin 1,033 ± 
118/mm 2 ,  p  < 0.0001), IDO +  (control 334 ± 22/mm 2  vs. 
endotoxin 1,026 ± 114/mm 2 ,  p  < 0.0001), and IBA + /IDO +  
(control 334 ± 22/mm 2  vs. endotoxin 1,013 ± 117/mm 2 ,
 p  < 0.0001) cells were significantly increased in endotox-
in-exposed kits. These results are consistent with the in-
creased IDO mRNA expression and increased functional 
activity of the enzyme as evidenced by the KYN levels in 
the PVR. This indicates that the KYN pathway activation 
in the endotoxin-exposed brains is primarily by the mi-
croglia.
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  Fig. 3.  TRP pathway metabolites and en-
zymes in the periventricular white matter 
region (PVR) of the fetal brain.  a–d  mRNA 
expression of the major enzymes in the 
TRP pathway. Kits from the control and 
endotoxin groups were sacrificed at G29. 
After perfusion, the PVR were harvested. 
In utero endotoxin exposure significantly 
increased the IDO1 ( a ) and IFN-γ ( b ) 
mRNA expression in the endotoxin kits.
 c  There were no significant changes in the 
KAT-2 mRNA expression.  d  There was a 
significant upregulation of KMO mRNA 
expression in the endotoxin kits.  e–g  Me-
tabolites were measured in the PVR by 
GCMS.  e  There was no significant differ-
ence in the TRP level between the control 
and endotoxin kits. KYN levels ( f ) and 
QUIN levels ( g ) were significantly in-
creased in the endotoxin kits. KYNA ( h ) 
and 5HIAA ( i ) levels were measured by 
HPLC in the PVR.  h  The KYNA level was 
significantly increased in the endotoxin 
kits.  i  5HIAA (a preserotonin metabolite) 
was significantly decreased in the PVR of 
the endotoxin group. Tables are presented 
as medians with interquartile ranges.  *   p  < 
0.05,  *  *   p  < 0.01,  *  *  *   p  < 0.001, compared to 
the controls. 
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  Discussion 

 In this study, we used a rabbit model of maternal uter-
ine inflammation to investigate dysregulation of TRP me-
tabolism in the placenta and fetal brain. We administrat-
ed LPS (8,000 EU of ultrapure endotoxin of O127:B8 

strain of  E. coli ) into the wall of the uterus at G28 (late 
term), which mimics the most common human scenario 
of subclinical chorioamnionitis (close to full term), where 
the dam is relatively unaffected but the newborn rabbits 
are affected. The ultrapure form of LPS was used since 
this has <1% contamination with protein or RNA, in or-
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  Fig. 4.  TRP pathway metabolites and en-
zymes in the placenta.  a–d  mRNA expres-
sion of the major enzymes in the TRP path-
way.  a  In utero endotoxin exposure signif-
icantly increased IDO1 mRNA expression 
in the placenta. There was no significant 
change in the IFN-γ ( b ) and KAT-2 ( c ) 
mRNA expression.  d  There was a signifi-
cant increase in KMO mRNA expression in 
the endotoxin-treated placenta.  e–h  Me-
tabolites were measured in the placenta by 
GCMS after perfusion. Both TRP levels ( e ) 
and KYN levels ( f ) were significantly de-
creased in the endotoxin-exposed placenta 
when compared to controls.  g  There was 
no significant change in the QUIN levels 
between control and endotoxin-treated 
placentas.  h  The KYN/TRP ratio was sig-
nificantly higher in the endotoxin-treated 
placenta. Tables are presented as medians 
with interquartile ranges.        *   p  < 0.05,  *  *   p  < 
0.01,  *  *  *    p  < 0.001, compared to the con-
trols.  
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der to minimize off target effects. The same batch and lot 
numbers were maintained between experiments to mini-
mize variability. The endotoxin dose (8,000 EU) used in 
our study is equivalent to  ∼ 20 μg/kg of  E. coli  endotoxin. 
We have previously demonstrated that this dose of LPS at 
G28 (late term) leads to  ∼ 70% survival at birth, without 
maternal mortality, and rabbit kits exposed to maternal 
inflammation showed motor deficits and hypertonia, a 
behavioral phenotype similar to that seen in children with 
spastic cerebral palsy  [8] . In addition, our previous stud-
ies demonstrated that there was robust microglial activa-
tion in the brain PVR that up to postnatal day 8, hypomy-
elination in the white matter areas  [6–8] , neuronal injury 
in anterior thalamus and retrosplenial cortical regions 

 [9] , decreased serotonin staining in thalamocortical fi-
bers in the parietal somatosensory cortex  [34] , and in-
creased glutamate excitotoxicity  [45] , consistent with his-
tological findings reported in postmortem brain of hu-
man neonates with periventricular leukomalacia  [46] . 
Similar methods have been used in mouse models, in 
which intrauterine infusion of LPS (250 μg in 100 μL) in-
duced preterm birth and decreased microtubule-associ-
ated protein 2 staining, and decreased the number of
dendrites in the mouse fetal brain  [47] .

  Variability between models and studies evaluating ef-
fects of prenatal LPS exposure have been described, which 
may be due to variations in the LPS make, lot, batch, pu-
rity, mode of administration, and species-specific re-
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  Fig. 5.  IDO colocalizes with astrocytes and microglia in the PVR 
of control and endotoxin kits.  a ,  b  Colocalization of GFAP/IDO. 
 a  Representative GFAP and IDO costaining images from control 
and endotoxin kits at G29.  b  The high magnification images are 
indicated by the box in  a .  c ,  d  Colocalization of IBA1/IDO.  c  Rep-

resentative IBA1 and IDO costaining images from control and
endotoxin kits at G29.  d  The high magnification images are indi-
cated by the box in  c . Arrows indicate some of the colocalization 
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sponse to the LPS  [48] . Although the LPS dose, route of 
administration and time of gestation might be different, 
the majority of studies demonstrate that the prenatal neu-
roinflammation induced by LPS results in abnormal 
brain development and behavioral deficits. For example, 
LPS (200 ng, intravenous bolus infusion) has been ad-
ministered to preterm fetal sheep (70% gestation) prior to 
myelination onset, and leads to impairment in both white 
matter and cortical development  [49] . LPS administra-
tion (300 μg, intraperitoneally) at 70% gestation to the 
pregnant guinea pigs induces cell death in the brain of 
neonate offspring  [50] . In rodent models, maternal expo-
sure to LPS (100 μg/kg, intraperitoneally) at G15/16 
(midterm) induced social behavior changes in neonate 
rats  [51] , while maternal exposure to LPS (300 μg/kg, in-
traperitoneally) at G19/20 (later term) leads to transient 
motor dysfunction in neonatal rats  [52] . In a rat model, 
maternal exposure to LPS (100 μg/kg q12 h intraperitone-
ally from E17 to birth) followed by HI after birth led to 
motor deficits involving both spontaneous and forced 
motor activities along with extensive bilateral cortical and 
subcortical lesions of diffuse motor networks mimicking 
deficits in human preterm infants  [53] .

  Using our rabbit intrauterine LPS inflammation mod-
el, we demonstrate here that maternal inflammation at 
G28 significantly increased IFN-γ and IDO1 mRNA in 
the PVR of the fetal brain following endotoxin exposure 
at G29 (1 day after injury). The induction in IDO1 mRNA 
expression was associated with increases in levels of KYN, 
KYNA, and QUIN in the brain of endotoxin-exposed 
kits. Conversely, there was a significant decrease in the 
ratio of the serotonin metabolite 5HIAA to TRP in the 
brains of the endotoxin-exposed kits, suggesting the 
shunting of TRP metabolism from the serotonin pathway 
to formation of the KYN pathway metabolites. In the 
brain, this upregulation of the KYN pathway appears to 
be driven by microglial activation in the PVR of the fetal 
brain as evidenced by changes in microglial morphology 
determined by Iba1 staining and increased IDO staining 
that colocalized with the “activated microglia.” Activated 
microglial cells are known to accelerate conversion of 
TRP into QUIN  [11, 54] , which is consistent with in-
creased QUIN levels in the PVR in our study.

  Maternal infection-induced immune responses in off-
spring, such as microglial activation and cytokine/che-
mokine release, are associated with TRP pathway dys-
function and development of perinatal brain injury  [34] . 
Proinflammatory cytokines, such as IFN-γ  [55–57] , 
TNF-α  [58] , IL-1, IL-12, IL-18, and PGE 2   [59, 60]  can 
transcriptionally induce IDO in a variety of immune cells. 

Previous studies have shown that IDO is upregulated in 
activated microglia in the mouse cerebellum during acute 
viral encephalitis  [61] . The increased IDO in our study 
might be due to marked microglial activation and in-
creased proinflammatory cytokines, such as IFN-γ, 
TNF-α, and IL-1β, in the PVR region, which are consis-
tent with these previous studies  [20, 24, 62] .

  IDO is the rate-limiting enzyme for the conversion of 
TRP to KYN; therefore, an increased IDO level could shift 
the balance of TRP metabolism toward formation of KYN 
 [63] . Serotonin plays an important role in the formation 
of thalamocortical afferents, neuronal development, and 
maturation [for recent review, see  64 ], and is associated 
with abnormal neuronal architecture in newborn rabbits 
 [9] . Recent studies indicate that fetal brain hypoxia-isch-
emia induces tetrahydrobiopterin (BH4) insufficiency, 
and tetrahydrobiopterin treatment can prevent hyperto-
nia in hypoxic fetal brain in the newborns  [65, 66] . BH4 
is a natural pterin and an essential cofactor for aromatic 
amino acid hydroxylases, such as tyrosine hydroxylase 
and TRP hydroxylase  [67] . TRP hydroxylase is the rate-
limiting enzyme in the biosynthesis of serotonin  [67] . 
Therefore, BH4 deficiency may also decrease serotonin 
levels. It is possible that an added BH4 deficiency along 
with the IDO upregulation may result in a more severe 
serotonin deficiency in the developing brain.

  KYN can be further metabolized by either the KYNA 
pathway that leads to formation of KYNA, an NMDA an-
tagonist  [68] , or the nicotinamide adenine dinucleotide 
(NAD) pathway that leads to formation of the NMDA ag-
onist QUIN and free radical generators (3-hydroxy-KYN 
and 3-hydroxyanthranilic acid)  [69] . It has been shown 
that KYNA in physiological concentrations exerts a neu-
romodulatory effect, while elevated concentrations of 
KYNA under pathological conditions can inhibit NMDA 
receptor hyperactivation and ameliorate glutamate exci-
totoxicity  [70] . QUIN, on the other hand, is a specific 
competitive agonist of the NR2A and NR2B NMDA re-
ceptor subtypes. Under pathological conditions, elevated 
QUIN can activate NMDA receptors, provoke lipid per-
oxidation, potentiate oxidative stress  [29] , and induce re-
lease of cytokines such as IFN-γ, IL-1β, and TNF-α from 
astrocytes  [71] . These proinflammatory cytokines in turn 
will further upregulate the expression of IDO, thereby in-
creasing TRP metabolism to KYN. Proinflammatory cy-
tokines also activate KMO, which converts KYN into 
3-HK and further shifts the KYN pathway towards the 
neurotoxic 3-HK/QUIN pathway instead of KYNA. We 
did in fact find that elevations in IFN-γ were associated 
with elevations in KMO in the PVR of endotoxin kits and 
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in the placenta, as well as an overall increase in QUIN lev-
els in both the endotoxin kits and placentas compared to 
controls. However, 3HK levels were unchanged in the tis-
sues and were close to the limit of detection, which may 
reflect the extremely labile nature of 3HK and its rapid 
turnover into downstream metabolites. Importantly, the 
significantly increased formation of QUIN that we ob-
served could result in NMDA-mediated excitotoxicity 
 [72–74] , and might contribute to the motor deficits and 
higher mortality seen in kits exposed to endotoxin  [8] . 
Studies show that QUIN increases neuronal glutamate re-
lease, decreases astrocytes glutamate uptake, and inhibits 
astroglial glutamine synthetase, potentiating glutamate 
toxicity  [71, 75, 76] . Moreover, QUIN promotes ROS gen-
eration  [77–79] , increases nitric oxide production  [80]  
and phosphorylation of cellular structural proteins and 
tau  [81, 82] , leading to dysregulation of astroglial func-
tions  [83] . Therefore, QUIN can be used as a biomarker 
that indicates activation of KYN pathway metabolism.

  We also found that the KYNA levels were significantly 
increased in the fetal brain. The increased KYNA level in 
the endotoxin kits may be a compensatory, protective re-
sponse toward inflammation-induced excitotoxicity. We 
have previously shown that the NMDA receptors NR2A 
and NR2B are upregulated in the fetal brain exposed to 
endotoxin  [45] . This is associated with increased gluta-
mate levels in the fetal brain  [45]  that can work synergis-
tically with QUIN in promoting excitotoxicity. However, 
studies also show that persistent and chronic elevations 
of KYNA can induce excessive NMDA receptor and α7 
nicotinic acetylcholine receptor (α7nAChR) antagonism, 
which has been implicated in the pathogenesis of psychi-
atric disorders, such as schizophrenia  [84, 85] . In this 
case, the elevated KYNA level can be both beneficial and 
detrimental, which needs to be further investigated over 
time in our model.

  Studies show that placental 5-HT synthesis from ma-
ternal TRP precursor contributes to fetal 5-HT during 
crucial periods in utero in mice  [86–89] . The time during 
which 5-HT synthesized in the placenta contributes to 
brain 5-HT in the mouse corresponds to the first trimester 
and early second trimester in humans  [87] . In mice, the 
5-HT source for the forebrain is primarily exogenous 
from the placenta till late gestation, after which serotonin 
is produced endogenously in the fetal and newborn brain 
 [87] . Our results demonstrating upregulation of IDO in 
the placenta after maternal inflammation is consistent 
with other previous studies  [10, 90, 91] . A recent study 
demonstrated a transient increase in placental TRP and 
increased 5-HT levels in the forebrain of fetal mice ex-

posed to a low level poly-I:C-induced maternal inflamma-
tion during midgestation that was not associated with in-
creased cytokines in the fetal brain  [91] . However, in our 
study we found that placental TRP levels were significant-
ly lower in the rabbits exposed to  E. coli  endotoxin near 
term, when compared to age-matched controls. This may 
be due to decreased transport of TRP because of competi-
tion of other amino acids at the AA transporter in the pla-
centa in the presence of inflammation  [92] . Increased 
shunting of TRP to the fetus may explain the preservation 
of the TRP levels in the fetal brains even in the endotoxin 
kits. In our study we showed a significant decrease in the 
level of the serotonin metabolite 5HIAA in the fetal PVR, 
in spite of no differences in TRP levels in the brain be-
tween control and endotoxin kits, indicating that the up-
regulation of the KYN pathway and KYN metabolites in 
the brain occurs independently from that in the placenta. 
We also measured the mRNA expression of TPH, and we 
found that its expression is similar to what we have previ-
ously noted in postnatal day 1 rabbits where there was no 
difference in TPH 1/2 detected between the endotoxin and 
control kits  [34] . The decrease in serotonin metabolite 
and serotonin in the fetal and newborn brain (present 
study and  [34] ) appears to be primarily related to the ro-
bust neuroinflammation and microglial activation, in-
duced by proinflammatory cytokines such as IFN-γ, in the 
PVR of the fetal and newborn brain that shunts TRP me-
tabolism towards KYN pathway in this model. This is also 
in accordance with other studies involving patients with 
neuroinflammatory disorders, where the KYN/TRP ratio 
is elevated even when the TRP levels may be low, indicat-
ing upregulation of the KYN pathway  [33, 93] . A limita-
tion of this study is that the extent of microglial activation 
could not be correlated directly with the changes in KYN 
metabolites in the same brain. This is because the fetal 
brain is small, and due to differences in methods used to 
process the tissue, the same tissue could not be used for 
different measures. However, we show an increase in the 
IDO-positive microglia in the fetal brains exposed to ma-
ternal inflammation. This indicates that maternal endo-
toxin exposure leads to upregulation of the KYN pathway 
in the fetal microglia.

  Understanding the effect of abnormal TRP metabolism 
in the perinatal period will facilitate the design of specific 
therapies targeted towards this pathway in the fetus and 
neonate. The IDO levels were significantly elevated in 
both the placenta and fetal brains at G29 following endo-
toxin treatment; hence, therapies that inhibit IDO might 
be beneficial in the early postnatal period following expo-
sure to intrauterine inflammation. Because inhibition of 
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IDO during pregnancy leads to allogeneic rejection of the 
fetus  [94, 95] , targeting this enzyme in the prenatal period 
is not a viable therapeutic option. However, postnatal IDO 
inhibition may be feasible, especially if IDO expression 
continues to be persistently elevated in neonates due to 
ongoing neuroinflammation and microglial activation. 
Meanwhile, the expression of KMO was higher in the G29 
fetal brains and the placentas in the endotoxin kits, which 
suggests that a prenatal treatment with a KMO inhibitor 
that can cross the placenta could potentially be helpful.

  Conclusion 

 In this study, we demonstrate that the maternal intra-
uterine inflammation induced by a bacterial endotoxin 
induces the dysregulation of TRP metabolism, which 

might be responsible for impaired thalamocortical de-
velopment in the fetus and newborn. Altered KYN path-
way metabolites may promote neurotoxicity while de-
creased 5-HT may lead to developmental changes relat-
ed to altered developmental regulation. These findings 
can facilitate the design of therapeutic strategies targeted 
towards manipulating the KYN pathway both prenatal-
ly and postnatally, and for the prevention of fetal and 
neonatal brain injury and altered developmental regula-
tion.
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