
Arnold	  

	   1	  

 
 
 
 
 
 
 
 
 
 
 
 

Placental Tryptophan Metabolism: A Novel Pathway for the Developmental Origins of 
Neurological Disorders 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NEUR 494 Honors Thesis 
 

Kathryn Arnold 
 

Advisor: Dr. Irving Biederman 
 

13 May 2015 
 
 
 
 
 
 
 
 



Arnold	  

	   2	  

Abstract 
 
Serotonin (5-HT) has been shown to critically influence fetal brain development, serving as an 
important regulator of neuronal cell proliferation, migration, and brain wiring. Previous work 
from our laboratory has demonstrated that the placenta constitutes a critical source of 5-HT, 
metabolizing maternally derived tryptophan (TRP) into 5-HT and delivering it to the fetal 
brain1,2. There, 5-HT modulates a number of critical neurodevelopmental processes. Thus, 
genetic and environmental factors that disrupt the placental tryptophan metabolic pathway during 
pregnancy may adversely affect neurodevelopment of the embryo, contributing to the onset of 
neuropsychiatric and developmental disorders. Associations between maternal immune 
activation (MIA) and a host of developmental disorders have been well characterized; however, 
the underlying molecular mechanisms remain poorly understood. We investigated the effects of 
the immunostimulant polyriboinosinic-polyribocytidylic acid [poly(I:C)] on TRP metabolism in 
the placenta and its downstream impact on fetal neurodevelopment. We show that poly(I:C) 
mediated MIA rapidly upregulates placental 5-HT synthesis, leading to accumulation of 5-HT 
within the fetal forebrain. Simultaneously, serotonergic axonal outgrowth is disrupted within 
specific regions of the forebrain. These results demonstrate that altered placental TRP 
metabolism is a novel mechanism linking MIA and disruption of 5-HT dependent neurogenic 
processes in the fetus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Arnold	  

	   3	  

Introduction 
 
Fetal programming of mental illness, or the idea of insults to maternal health during pregnancy 
influencing mental health of the offspring later in life, has been widely discussed in the 
literature3-7. Many correlative studies have found links between maternal illness during gestation 
and increased risk of neurological disorders in children, including cognitive delay, autism 
spectrum disorders (ASD), and schizophrenia8,9. For example, a study of more than 10,000 cases 
in the Danish Medical Register found a significant association between viral infection of the 
mother during the first trimester and development of autism in offspring8. Moreover, in a review 
of birth cohort studies, it was reported that the risk of schizophrenia was seven times higher for 
individuals whose mothers were infected with influenza during the first trimester and 1.8 times 
higher for those with prenatal exposure to herpes simplex virus type 29. The link between 
maternal infection during gestation and neurological symptoms in offspring has been described 
both for vertically transmitted disease (bacterial and viral infections, such as herpes simplex, that 
are transmitted from mother to child) and non-vertically transmitted disease, such as influenza, 
suggesting that the maternal immune activation resulting from infection is sufficient to alter 
neurodevelopment without direct fetal exposure to the pathogen. 
 
In both rats and humans, the presence of proinflammatory cytokines in the fetomaternal 
circulation has been linked to neurological deficits in offspring10,11. Studies in rodents have 
shown that maternal exposure to high doses of the immunostimulant poly(I:C) results in a 
significant and sustained increase in the level of cytokines in maternal blood, which accumulate 
in the placenta and fetal brain12,13. However, even subclinical intrauterine inflammation, which 
poses little risk to the mother, can induce inflammatory cascades sufficiently potent to impair 
fetal neurodevelopment14,15 and has been associated with damage to the fetal central nervous 
system16. Subclinical episodes of maternal infection are infrequently detected, but studies report 
that between 20 to 35% of women experience some form of inflammation during pregnancy17,18. 
Because this common and often undetectable event poses a serious risk to offspring, it is of great 
importance that the mechanism linking maternal inflammation with neurological damage to the 
fetus be studied. In order to investigate the effect of subclinical inflammatory episodes, this study 
utilizes a smaller dosage of poly(I:C) (2 mg/kg) for MIA instead of the larger doses (20 mg/kg) 
employed in previous studies12,13, mimicking physiological magnitudes of inflammation. 
 
Mild inflammatory episodes may influence fetal brain development by altering placental 
metabolic pathways19, specifically the synthesis of 5-HT and kynurenine (KYN) from TRP. This 
pathway converts maternally derived TRP to 5-HT via the placental tryptophan hydroxylase 1 
(TPH1) enzyme, and to KYN and other neuroactive metabolites by indoleamine 2,3-dioxygenase 
(IDO1). IDO1 pathway activity serves a beneficial purpose during implantation, protecting the 
fetus from maternal rejection by depleting placental TRP levels and consequently arresting T-cell 
growth20-22. However, during maternal infection, the IDO1 pathway is upregulated to shield the 
fetus from maternal immune response23,24, resulting in alteration of placental 5-HT levels and 
production of neuroactive metabolites25. Previous studies characterized the effects of MIA on 
placental IDO1 activity, but the effects on the TPH1 pathway were less clear. While activation of 
these pathways may be beneficial from an immunosuppressive and bacteriostatic standpoint, 
altered 5-HT output to the fetus may significantly impact neurodevelopment1,2,26.  
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Here we demonstrate that mild MIA in mice results in a transient increase in the expression and 
activity of TPH1 in the placenta, increased placental synthesis and delivery of 5-HT to the fetus, 
and increased concentrations of 5-HT in the fetal forebrain, where cell proliferation and axonal 
circuit formation are disrupted in specific regions of the developing forebrain.  
 
 
Materials and Methods  
 
Maternal Immune Activation and Dissection 
 
Pregnant CD-1 mice were obtained at E11 and allowed to acclimate to the environment for 24 
hours. At E12, intraperitoneal injections were performed with either saline (0.9% sterile solution) 
or 2 mg/kg poly(I:C) at a rate of 5 µl per gram mouse; dams were randomly assigned to each 
treatment group. At E13/14, dams were anesthetized with isoflurane gas and sacrificed by 
cervical dislocation. Embryos were immediately dissected in ice cold 1x phosphate buffered 
saline (PBS). The placenta, forebrain, and hindbrain (separated by precollicular coronal 
bisection) were removed, weighed, snap-frozen in liquid nitrogen, and stored at ˗80 °C until 
experimental use. Relative position in the uterus was recorded for each embryo.  
 
Genotyping 
 
The tail of each embryo was removed during dissection and stored at -80 °C until the genotyping 
procedure. Tails were digested at 95 °C for 2 hours in 100 µl of a 25 mM NaOH, 0.2 mM EDTA 
solution, agitated every 30 minutes. Samples were cooled on ice for 10 minutes before adding 
100 µl of a 40 mM Tris-HCl (pH 5.0) solution. PCR tubes were prepared, each containing 12.5 
µl Taq PCR Master Mix, 8.5 µl RNAse free water, 1 µl SRY 1 primer, 1 µl  SRY 2 primer, and 2 
µl tail DNA solution. PCR was performed on a BioRad Cfx96 thermocycler. After PCR, 10 µl of 
PCR product was removed from each tube and used for electrophoresis, run on a 1.5% agarose 
gel at 85 volts for 40 minutes.  
 
Quantitative RT-PCR (qRT-PCR) Analysis 
 
Brain and placenta tissue samples were transferred from the -80 °C freezer to a mortar and pestle 
containing liquid nitrogen and ground into a powder. Three fetal tissue samples from each dam 
were pooled, and RNA was extracted from 40 mg samples using the Bio-Rad Aurum Total RNA 
Mini Kit. Extracted RNA was quantified and tested for purity with a spectrophotometer, and 
RNA quality was assessed using an Agilent Technologies 2100 bioanalyzer with high sensitivity 
RNA Screentape. Only samples with an RNA integrity number of 8.5 or higher, and a 260/280 
ratio of 1.8-2.2 were used for subsequent qRT-PCR analysis. Next, 1 µg of RNA was reverse-
transcribed to cDNA using the Invitrogen SuperScript III First-Strand Synthesis SuperMix for 
qRT-PCR kit. qRT-PCR reactions were performed in triplicate using the Invitrogen Single Tube 
TaqMan Gene Expression Assays and TaqMan Gene Expression Master Mix, and cycled and 
analyzed using the Invitrogen StepOnePlus Real-Time PCR System. For each gene and template 
combination, 20 µl reactions were set up in triplicate containing 10 µl TaqMan Gene Expression 
Master Mix, 1 µl TaqMan Gene Expression Assay, and 9 µl cDNA diluted in ultrapure water to a 
concentration of 10 ng template per well. Once all reactions were set up in 96-well plates, they 
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were transferred to the StepOnePlus thermocycler, and run using standard cycling conditions of a 
2 minute hold at 50 °C, a 10 minute hold at 95 °C, and 50 cycles of 15 seconds at 95 °C followed 
by 60 seconds at 60 °C. Completed reactions were analyzed, comparing expression of target gene 
to expression of reference gene to quantify relative changes in gene expression. TATA Box 
Binding Protein (Tbp) was used as the reference gene. 
 
In Vitro 5-hydroxytryptophan (5-HTP) Synthesis Assays 
 
Placenta, forebrain, and hindbrain tissues were thawed on ice and ultrasonically homogenized in 
400, 100, or 80 µl of extraction buffer (0.05 M Tris buffer, pH 7.5; 1 mM dithiothreitol; 1 mM 
EGTA), respectively. Homogenized tissues were centrifuged at 21,000xg for 15 minutes at 4°C, 
then assayed for tryptophan hydroxylase 1/2 (TPH 1/2) activity. 20 µl of supernatant was added 
to tubes containing 80 µl of reaction or control buffer to give a solution with the following 
concentrations: 0.05 M Tris buffer (pH 7.5), 1 mM EGTA, 50 µg/ml catalase, 200 µM L-
tryptophan, 100 µM ammonium iron (II) sulfate, and 100 µM tetrahydrobiopterin (BH4). Control 
buffers did not include tryptophan or BH4 (a cofactor required for TPH function). Tubes were 
incubated for 30 minutes at 37 °C and reactions terminated by adding 100 µl of 0.2 M perchloric 
acid with 100 µM EDTA to cause protein denaturation. Samples were placed on ice for 15 
minutes to allow for complete termination of the reactions, and then centrifuged for 15 minutes 
at 21,000xg at 4°C. 5-hydroxytryptophan (5-HTP) concentration was measured using high-
performance liquid chromatography (HPLC) with electrochemical detection in order to 
determine TPH1/2 activity. Protein concentration of the supernatants was measured using a DC 
protein assay, and enzymatic activity was quantified as pg 5-HTP · µg protein-1 · 30 min-1.  
 
High Performance Liquid Chromatography 
 
Forebrain and hindbrain tissue samples of 10-150 mg were dissected, weighed, quickly frozen in 
liquid nitrogen and stored at -70 °C. Frozen samples were brought to -20C and were prepared by 
addition of 200 uL of ice-cold internal standard solution containing 1% ascorbic acid and 0.02 
ng/µL of N-methylserotonin (NMS) and dihydroxybenzylamine (DHBA) as internal standards. 
Samples were kept on ice and following sonication, 50 µL of 1.7 M perchloric acid was added 
and samples again mixed. Samples were kept on ice for 10 min, centrifuged, and the supernate 
stored at -70 °C until analyzed. Indoles [TRP, 5-hydroxyindoleacetic acid (5-HIAA), 5-HT and 
NMS] were determined (5-10 uL injected) by HPLC with fluorometric detection as previously 
described27. Kynurenine was determined (40 uL injected) in a similar manner with detection by 
UV absorbance at 370 nm. Following HPLC separation using a mobile phase of 1.5% acetic acid 
containing 250 mM zinc acetate (pH 4.55) and 16% methanol, KYA was detected 
fluorometrically (λEX 335, λEM 410). Compounds were determined in placental tissue (~100 
mg) using similar methods, but with sonication in 1.0 mL of internal standard solution containing 
0.1 ng/uL of NMS and DHBA.  
 
The HPLC analysis of perfusion samples was performed on an Eicom 700 system consisting of 
an ECD-700 electrochemical detector, an Eicom 700 Insight autosampler, and Envision 
integration software. An Eicompak SC-3ODS 3 µm C18 reversed-phase column (3.0 x 100 mm 
I.D.) analytical column was used for separation. Samples were extracted in a 1:1 volume of 0.2 
M perchloric acid with 100 µM EDTA, and a volume of 10 µL was injected into the column. The 
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mobile phase used for separation consisted of 0.1M citric acid, 0.2M sodium phosphate dibasic, 
7% methanol, and 5 mg EDTA in ultrapure water at a flow rate of 450 µL/min.  
 
Ex-vivo Placental Perfusion 5-HT Synthesis Assay 
 
A single placenta was harvested and quickly transferred to a thermostatically controlled 
incubation chamber at 37 °C. The uterine artery was cannulated with a 200 µm diameter catheter, 
and perfused at 20 µl/minute with Dulbecco’s Modified Eagle Medium (DMEM), containing 200 
µM L-TRP and 100 µM BH4. The umbilical artery was cannulated with a 105 µm diameter 
catheter and perfused at 5 µl/minute with DMEM. The eluate was collected from the umbilical 
vein for 90 minutes, and analyzed for 5-HT concentration with HPLC. See 18 for a detailed 
protocol.   
 
Slide Preparation 
 
Fetal brains were dissected in ice cold PBS and incubated in 4% paraformaldehyde (PFA) at 4°C 
for 24 hours. Brains were then incubated in 10%, 20%, and 30% sucrose (dissolved in PBS) for 
24 hours each at 4°C. Following incubation, brains were embedded in cryomolds on dry ice 
using tissue tek, and stored at ˗80 °C until sectioning. Embedded brains were removed from the 
freezer the night before sectioning and allowed to warm to ˗20 °C. Brains were cut into 20 µm 
coronal sections using a Cryocut 1800 cryostat at -22 °C. Sections were stored on glass slides at 
˗80 °C until staining.  
 
Immunohistochemistry 
 
Slides were thawed for fifteen minutes then washed in a 1x PBS + 0.1% Triton solution (PBST) 
for fifteen minutes. Slides were removed from PBST bath and incubated for two hours in a 
staining tray, in 700 µl of PBST + 2% fetal bovine serum (FBS) per slide. PBST + FBS solution 
was removed from slides. Slides were incubated overnight at room temperature in 700 µl of 
primary antibody (rabbit anti-5-HT, 1:1000; mouse anti-netrin G1α, 1:250) diluted in PBST + 
FBS solution. After 24 hours, slides were washed four times for five minutes in PBST with 
agitation. Slides were removed from PBST bath and incubated for two hours in 700 µl of 
secondary antibody (Alexa 488 conjugated rabbit anti-goat, 1:200; Rhodamine Red-X 
conjugated donkey anti-rabbit, 1:800) diluted in PBST + FBS solution. PBST + FBS solution 
was removed from slides, which were then washed in PBST four times for five minutes. 
Dilution, incubation and washing were conducted in the dark. Slides were then mounted with 
ProLong Gold Antifade Reagent with DAPI. All steps were conducted at room temperature. 
Slides were stored in the dark at room temperature until imaging. 
 
Imaging and Intensity Quantification 
 
Images were acquired with a Zeiss AxioCam MRm camera using Zeiss AxioVision 4.8.2 
software. 5-HT fluorescent intensity was quantified using ImageJ. In every section, the 
fluorescence intensity was normalized to the background. 
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Results  
 
Mild maternal inflammation alters placental synthesis and delivery of TRP metabolites to 
the fetal brain 
 
Because subclinical inflammatory events during pregnancy have been associated with poor fetal 
outcomes, we investigated the effect of low dose poly(I:C) exposure on placental function. 
Maternal inflammation has been shown to induce IDO1 enzyme activation in the placenta20,23, 
but the effects on other TRP metabolic pathways have not been characterized, especially at 
subclinical levels. 24 and 48 hours after low dose poly(I:C)-induced inflammation, qRT-PCR 
analysis revealed differential upregulation of TRP metabolic gene expression in the placenta only 
(Figure 1). Placental expression of monoamine oxydase A (Maoa), Ido1 and Tph1 genes were 
significantly upregulated 24 hours after poly(I:C) injection (Figure 1A). The most significant 
increase was observed for Ido1 gene expression, followed by Tph1 gene expression and Maoa 
gene expression. Interestingly, the levels and patterns of changes in gene expression are much 
different 48 hours after poly(I:C) injection when compared to the 24 hour condition. As shown 
(Figure 1B), Maoa gene expression was not significantly different from control level, whereas 
Ido1 gene expression was still significantly elevated over controls and Tph1 gene expression 
became significantly reduced.  
 

 

Figure 1 | Effect of maternal immune activation on TRP metabolic gene expression in the 
placenta. Maternal immune activation was induced by 2 mg/kg poly(I:C) injected in pregnant 
mice at E12. Changes in placental gene expression were measured 24 and 48 hours later by qRT-
PCR. (A) Placental expression of Maoa, Ido1 and Tph1 genes is significantly upregulated 24 
hours after poly(I:C) exposure compared to saline. (B) 48 hours after poly(I:C) injections, Maoa 
gene expression is not significantly different from control level, whereas Ido1 gene expression is 
still significantly elevated and Tph1 gene expression is significantly reduced. N = 4 dams for 
saline, n = 5 dams for poly(I:C), 3 placentas pooled per dam. **, p< 0.005; ***, p<0.001; ****, 
p<0.0001.  

To determine whether altered gene expression ultimately impacts the placental conversion of 
maternal TRP to 5-HT, we directly examined TPH1 enzymatic activity in placentas harvested 
from the same litters as above. In these assays, placental extracts were incubated with TRP and 
the co-factors necessary for TPH1 enzymatic activity for 30 minutes. As an index of TPH1 
enzymatic activity, the concentration of neo-synthesized 5-HTP (the first metabolic product of 
TRP and immediate precursor of 5-HT) was quantified by HPLC. Results indicate that TPH1 
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enzymatic activity was significantly upregulated in the placenta 48 hours after treatment with 
poly(I:C) (Figure 2A). Similar enzymatic assays performed on the corresponding fetal brains 
reveal that in contrast to the placenta, poly(I:C) exposure does not affect TPH2 enzymatic 
activity in the fetal hindbrain (Figure 2A).  
 
To examine whether the increase in placental TPH1 activity affects placental 5-HT synthesis and 
delivery to the fetus, we measured the real-time 5-HT output of ex vivo perfused placentas from 
saline and poly(I:C) injected dams. 48 hours after exposure to low dose poly(I:C), placentas were 
harvested from pregnant dams and reperfused with a cell culture media spiked with TRP and 
TPH1 cofactors. We observed a significant increase in release of 5-HT into the umbilical vein 
when comparing placentas from the poly(I:C) condition to placentas from the saline condition 
(Figure 2B). There was no significant difference between treatment groups for the concentration 
of 5-HT remaining in the organ at the end of the perfusion. When taken together, these results 
demonstrate that maternal immune activation results in a cascade of genetic and enzymatic 
changes within the placenta that ultimately result in increased 5-HT output to the fetal brain.  
 

 

Figure 2 | Effect of maternal immune activation on placental TPH1 enzymatic activity and 
ex vivo 5-HT output to the fetus. (A) 48 hours after poly(I:C) injections (2 mg/kg) at E12, 
placentas and fetal hindbrain were harvested, proteins extracted and TPH1/2 enzymatic activity 
measured over a 30 minute incubation period. Maternal immune activation triggered by 
poly(I:C) injection induces a significant increase in TPH1 activity over control level (measured 
in placental extracts from saline-injected dams), but not of TPH2 in the fetal hindbrain. (B) 48 
hours after poly(I:C) injections (2 mg/kg) at E12, a single placenta was quickly harvested and its 
vasculature reconnected inside of an ex vivo placental perfusion chamber. Cell culture medium 
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supplemented with TRP and BH4 (TPH1 cofactor) was perfused through the uterine artery into 
the placenta. The umbilical artery was perfused with basic culture medium, and the output from 
the umbilical vein was collected and analyzed by HPLC. Significantly more 5-HT is synthesized 
and released from the placenta following 2 mg/kg poly(I:C) exposure compared to saline 
exposure. N = 3 dams (3 tissue samples pooled per dam) per treatment for the in vitro assay; n = 
4 dams (1 placenta per dam) for the saline treatment and n = 3 dams for the poly(I:C) treatment 
for the ex vivo assay. *, p< 0.05.  

Mild maternal inflammation and altered placental TRP metabolism impacts fetal 
neurochemistry 
 
Since the placenta constitutes a major source of 5-HT for the developing fetal brain, we next 
investigated if changes in placental TRP metabolism mediated by maternal immune activation 
affect concentrations of 5-HT in fetal brains in vivo. 24 and 48 hours after low dose poly(I:C) 
exposure, there was a significant increase in fetal forebrain, but not hindbrain, 5-HT 
concentrations (Figure 3A,C) compared to saline controls. In contrast, fetal brain concentrations 
of 5-HIAA, the primary metabolite of 5-HT, remained unchanged at both time points. Poly(I:C) 
treatment also induced an elevation of KYN in the fetal brain at both time points compared to 
controls, although a statistically significant increase was observed only in the hindbrain at 24 
hours (Figure 3B) and forebrain at 48 hours (Figure 3C). No significant differences were 
observed when comparing male to female embryos for any of the treatments at either time point.  
These results show that maternal inflammation indirectly modulates fetal forebrain 5-HT, 
whereby a host of neurodevelopmental processes may be impacted.  
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Figure 3 | Effect of maternal immune activation on TRP metabolite tissue concentration in 
the fetal brain. Maternal immune activation was induced by poly(I:C) injection (2 mg/kg) at 
E12. Fetal brain tissue concentration of 5-HIAA, 5-HT, and KYN were measured by HPLC. (A, 
B) Maternal immune activation induces a significant increase of 5-HT in the fetal forebrain (A), 
but not hindbrain (B) 24 hours after injection. The increase in KYN concentration is significant 
in the fetal hindbrain only. (C, D) 48 hours after poly(I:C) injection, 5-HT is still significantly 
increased in the fetal forebrain (C), but not hindbrain (D). At this time point, KYN concentration 
is significantly increased in the fetal forebrain (C) but not hindbrain (D).  5-HIAA tissue 
concentration is not significantly altered at any time point in forebrain or hindbrain. N = 3 dams 
per time point and per treatment (4-5 fetal brains analyzed per dam). *, p< 0.05; ***, p<0.0005.  

Mild maternal inflammation disrupts 5-HT mediated fetal neurodevelopment during a 
critical gestational window 
 
Maternal immune activation at E12 results in disruption of fetal neurodevelopment, while MIA 
at E18 does not result in significant changes in 5-HT axon outgrowth. Immunohistochemical 
(IHC) analysis of E12 brains revealed significant blunting of caudal to rostral 5-HT axon growth 
in the fetal forebrain (Figure 4A) in the poly(I:C) condition compared to saline. Quantification of 
IHC staining showed both an overall difference in intensity between poly(I:C) and saline 
treatment groups and a caudal-rostral gradient when individual sections were analyzed (Figure 
4B). IHC analysis of E18 brains did not reveal any changes in axonal projections (Figure 4C); 
this was confirmed by intensity quantification, which demonstrated an insignificant difference in 
intensity between saline and poly(I:C) conditions (Figure 4D). 
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Figure 4 | Maternal inflammation disrupts specific aspects of fetal neurodevelopment.  
(A) Immunohistochemical analysis of 5-HT axons in fetal brains 48 hours after maternal 
exposure at E12 to either saline or 2 mg/kg poly(I:C) reveals blunted growth of 5-HT axons in 
the fetal forebrain when comparing saline to poly(I:C) treatments. (B) Quantification of 5-HT 
axon density (normalized fluorescence intensity) throughout E14 fetal forebrains obtained from 
saline or poly (I:C) treatment groups 48 hours after exposure. (C) Immunohistochemical analysis 
of 5-HT axons in fetal brains 48 hours after maternal exposure at E18 to either saline or 2 mg/kg 
poly(I:C). (D) Quantification of 5-HT axon density does not reveal any significant change in 
axon outgrowth. *, p< 0.05; ***, p<.001. 
 
 
Discussion 
 
Consistent with an indirect impact of elevated maternal cytokines on the fetal brain through 
modulation of placental function, our results demonstrate that low dose poly(I:C) exposure alters 
TRP metabolism in the placenta. Several studies have demonstrated that upregulation of the 
IDO1 pathway, which depletes extracellular TRP concentrations in the placenta, is necessary to 
protect the fetus from rejection by locally suppressing the maternal immune response21-24. It was 
recently hypothesized that IDO1 pathway upregulation would lessen the amount of TRP 
substrate available to the competing TPH1 pathway, ultimately decreasing placental 5-HT output 
to the fetal brain30. Contrary to this hypothesis, our analyses demonstrate that TRP metabolism 
through the TPH1 pathway is increased following MIA. MIA during early gestation leads to 
increased placental 5-HT output to the fetus, increased 5-HT concentrations in the fetal forebrain 
and disrupted neurodevelopment. Thus, in the first 24-48 hours following poly(I:C) treatment, 



Arnold	  

	   12	  

MIA rapidly increases placental TRP metabolism through both TPH1 and IDO1 pathways, 
leading to increased delivery of 5-HT to the developing fetal brain. Compensatory 
downregulation of fetal MAOA activity can be ruled out as the cause of elevated fetal 5-HT 
because no accompanying decrease in forebrain 5-HIAA is observed.  
 
Previous studies have demonstrated that extracellular 5-HT modulates axonal pathfinding by 
acting on 5-HT receptors located on the growth cone of serotonergic axons, constituting an 
intrinsic feedback mechanism that modulates axonal morphology31. This autofeedback model is 
supported by the alterations in axonal growth that occur when 5-methoxytryptamine (5-MT), a 5-
HT receptor agonist, is applied to dissociated raphe nuclei cells32. In addition, experimental 
manipulation of 5-HT receptor expression in utero between E12-E14, the same gestational 
period investigated in this study, indicated that changes in 5-HT signaling during early 
pregnancy could disrupt thalamocortical axon wiring, leading to neural dysfunction later in 
development33. These studies suggest that extracellular 5-HT has a significant effect on 5-HT 
circuit formation during neurodevelopment. Consistent with this hypothesis, we demonstrated 
that mild MIA from E12 to E14 results in a blunting of 5-HT axon growth into the fetal 
forebrain. Because extracellular 5-HT is elevated in the fetal forebrain during this time, alteration 
in axonal outgrowth may be caused by increased synthesis and output of 5-HT from the placenta 
to the fetal forebrain. More extensive characterization of the effect of MIA on pre and postnatal 
5-HT signaling-dependent processes is currently being investigated in our laboratory. 
 
Additionally, the observed changes in 5-HT axonal wiring were specific to the cohort exposed to 
MIA at E12-E14 and were not replicated in the E16-E18 MIA cohort. This suggests the existence 
of a gestational window during which the developing fetal brain is sensitive to the impact of 
maternal infection. These findings are supported by studies in humans that have demonstrated 
increased risk of neurological disorders in individuals exposed to maternal infection specifically 
during the first and second trimesters34, such as work that implicated maternal influenza infection 
during the first third to the first half of pregnancy in development of schizophrenia in offspring35. 
This preliminary evidence of a prenatal sensitivity window is supported by work from Meyer et 
al. that showed maternal immune challenge at E9 results in cytokine and pathological profiles in 
offspring that are dissociable from the effects of maternal infection at E17, in late gestation36. 
Moreover, it may be explained by the timing of 5-HT axon development. Serotonergic neurons 
are generated from E10-E12, making them susceptible to inflammatory effects during early MIA 
(E12-E14) but not late (E16-E18), when axonal growth is complete37. Further research remains 
to be done to confirm these results and provide a more detailed understanding of a timeline for 
fetal programming. MIA should be induced over a range of gestational ages, and its effects on 
fetal neurochemistry and neurodevelopment compared at each time point, in order to frame a 
timeline and identify a specific critical period of susceptibility.   
 
A number of studies have established that the placenta is an active immunologic organ, playing a 
significant role in fetal growth and development38. While the placenta affords crucial protection 
to the fetus through IDO1 and TPH1 pathway metabolism, enabling successful implantation and 
defense against maternal immune response, the transient increase in 5-HT synthesis and delivery 
to the fetal brain induced by maternal inflammation can critically disrupt neurodevelopment. 
Recent research demonstrated that 20% of pregnancies, and 85% of extremely premature births, 
are accompanied by inflammatory episodes14, marking these results as clinically significant. 
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Moreover, some chronic inflammatory disorders, such as maternal obesity, have also been 
associated with alterations in fetal neurodevelopment39. The prevalence of maternal 
inflammation and its correlation with neurological disorders highlight the importance of 
understanding the mechanisms linking maternal inflammation with fetal neurodevelopment. Our 
results suggest that abnormal placental synthesis of 5-HT may be an important therapeutic target 
for preventing or treating neurodevelopmental disorders.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Arnold	  

	   14	  

References 
 
1. Goeden, N. & Bonnin, A. Ex vivo perfusion of mid-to-late-gestation mouse placenta for 

maternal-fetal interaction studies during pregnancy. Nat. Protoc. 8, 66–74 (2012). 
 
2. Bonnin, A. et al. A transient placental source of serotonin for the fetal forebrain. Nature 472, 

347–50 (2011). 
 
3. Brown, A. S. Epidemiologic studies of exposure to prenatal infection and risk of 

schizophrenia and autism. Dev. Neurobiol. 72, 1272–6 (2012). 
 

4. Malkova, N. V, Yu, C. Z., Hsiao, E. Y., Moore, M. J. & Patterson, P. H. Maternal immune 
activation yields offspring displaying mouse versions of the three core symptoms of autism. 
Brain. Behav. Immun. 26, 607–16 (2012). 

 
5. Stolp, H., Neuhaus, A., Sundramoorthi, R. & Molnár, Z. The long and the short of it: Gene 

and environment interactions during early cortical development and consequences for long-
term neurological disease. Front. Psychiatry 3, 50 (2012). 

 
6. Moreno, J. L. et al. Maternal influenza viral infection causes schizophrenia-like alterations of 

5HT2A and mGlu2 receptors in the adult offspring. J. Neurosci. 31, 1863–72 (2011). 
 
7. Khandaker, G. M., Zimbron, J., Lewis, G. & Jones, P. B. Prenatal maternal infection, 

neurodevelopment and adult schizophrenia: a systematic review of population-based studies. 
Psychol. Med. 43, 239-257 (2013).  

 
8. Atladottir, H. O. Maternal infection requiring hospitalization during pregnancy and autism 

spectrum disorders. J. Autism Devel. Dis. 40, 1423-1430 (2010).  
 
9. Brown, A. S. & Derkits, E. J. Prenatal infection and schizophrenia: a review of 

epidemiologic and translational studies. Am. J. Psychiatry 167, 261–80 (2010). 
 
10. Bell, M. J. & Hallenbeck, J. M. Effects of intrauterine inflammation on developing rat brain. 

J. Neurosci. Res. 70, 570–9 (2002). 
 
11. Dammann, O. & Leviton, A. Infection remote from the brain, neonatal white matter damage, 

and cerebral palsy in the preterm infant. Semin. Pediatr. Neurol. 5, 190–201 (1998). 
 
12. Hsiao, E. Y. & Patterson, P. H. Activation of the maternal immune system induces endocrine 

changes in the placenta via IL-6. Brain Behav. Immun. 25, 604–15 (2011). 
 
13. Arrode-Bruses, G. & Bruses, J. Maternal immune activation by poly(I:C) induces expression 

of cytokines IL-1β and IL-13, chemokine MCP-1 and colony stimulating factor VEGF in 
fetal mouse brain. J. Neuroinflammation 9, 83 (2012). 
 



Arnold	  

	   15	  

14. Redline, R. W. Disorders of placental circulation and the fetal brain. Clin. Perinatol. 36, 
549–59 (2009). 

 
15. Vrachnis, N. et al. Intrauterine inflammation and preterm delivery. Ann. N. Y. Acad. Sci. 

1205, 118–22 (2010). 
 
16. Redline, R. W. Infections and other inflammatory conditions. Semin. Diagn. Pathol. 24, 5–13 

(2007). 
 
17. Bergström, S. Infection-related morbidities in the mother, fetus and neonate. J. Nutr. 133, 

1656S–1660S (2003). 
 
18. Romero, R. et al. Sterile and microbial-associated intra-amniotic inflammation in preterm 

prelabor rupture of membranes. J. Matern. Fetal. Neonatal Med. 7058, 1–16 (2014). 
 
19. Jansson, T. & Powell, T. L. Role of the placenta in fetal programming: underlying 

mechanisms and potential interventional approaches. Clin. Sci. (Lond). 113, 1–13 (2007). 
 
20. Mellor, A. L. & Munn, D. H. Tryptophan catabolism prevents maternal T cells from 

activating lethal anti-fetal immune responses. J. Reprod. Immunol. 52, 5–13 (2001). 
 
21. Mellor, A. L. et al. Prevention of T cell-driven complement activation and inflammation by 

tryptophan catabolism during pregnancy. Nat. Immunol. 2, 64–8 (2001). 
 
22. Munn, D. H. et al. Prevention of allogeneic fetal rejection by tryptophan catabolism. Science 

281, 1191–3 (1998). 
 
23. Ueno, A. et al. Transient upregulation of indoleamine 2,3-dioxygenase in dendritic cells by 

human chorionic gonadotropin downregulates autoimmune diabetes. Diabetes 56, 1686-1693 
(2007). 

 
24. Mellor, A. L. & Munn, D. H. Tryptophan catabolism and regulation of adaptive immunity. J. 

Immunol. 170, 5809-5813 (2003). 
 
25. Grohmann, U., Fallarino, F., & Puccetti, P. Tolerance, DCs and tryptophan: much ado about 

IDO. Trends in Immunol. 24, 242-248 (2003). 
 
26. Boccuto, L. et al. Decreased tryptophan metabolism in patients with autism spectrum 

disorders. Mol. Autism 4, 16 (2013). 
	  
27. Hervé, C., Beyne, P., Jamault, H. & Delacoux, E. Determination of tryptophan and its 

kynurenine pathway metabolites in human serum by high-performance liquid 
chromatography with simultaneous ultraviolet and fluorimetric detection. J. Chromatogr. B. 
Biomed. Appl. 675, 157–61 (1996). 

 



Arnold	  

	   16	  

28. Meyer, U. Prenatal poly(i:C) exposure and other developmental immune activation models in 
rodent systems. Biol. Psychiatry 75, 307–15 (2014). 

 
29. Girard, S., Tremblay, L., Lepage, M. & Sébire, G. IL-1 receptor antagonist protects against 

placental and neurodevelopmental defects induced by maternal inflammation. J. Immunol. 
184, 3997–4005 (2010). 

 
30. Sato, K. Placenta-derived hypo-serotonin situations in the developing forebrain cause autism. 

Med. Hypotheses 80, 368–72 (2013). 
 
31. Daubert, E. A. & Condron, B. G. Serotonin: a regulator of neuronal morphology and 

circuitry. Trends Neurosci. 33, 424–34 (2010). 
 
32. Whitaker-Azmitia, P. Behavioral and cellular consequences of increasing serotonergic 

activity during brain development: a role in autism? Int. J. Dev. Neurosci. 23, 75-83 (2005). 
 
33. Bonnin, A., Torii, M., Wang, L., Rakic, P., & Levitt, P. Serotonin modulates the response of 

embryonic thalamocortical axons to netrin-1. Nat. Neurosci. 10, 588-597 (2007).  
 
34. Brown, A.S., Cohen, P., et al. Prenatal rubella, premorbid abnormalities, and adult 

schizophrenia. Biol Psychiatry 49, 473-486 (2001). 
 
35. Brown, A.S., Begg, M.D., et al. Serologic evidence of prenatal influenza in the etiology of 

schizophrenia. Arch. Gen. Psychiatry 61, 774-80 (2004). 
 
36. Meyer, U. et al. The time of prenatal immune challenge determines specificity of 

inflammation-mediated brain and behavioral pathology. J. Neurosci. 26, 4752-4762 (2006). 
 
37. Gaspar, P., Cases, O., & Maroteaux, L. The developmental role of serotonin: news from 

mouse molecular genetics. Nat. Rev. Neurosci. 4, 1002-1012 (2003). 
 
38. Redline, R. W. Inflammatory responses in the placenta and umbilical cord. Semin. Fetal 

Neonatal Med. 11, 296–301 (2006). 
 
39. Krakowiak, P. et al. Maternal metabolic conditions and risk for autism and other 

neurodevelopmental disorders. Pediatrics 129, 1121-1128 (2012). 


