
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Lysophosphatidic acid receptor 1 signaling initiates neonatal post-hemorrhagic 
hydrocephalus through ciliated ependymal cell loss

Permalink
https://escholarship.org/uc/item/9q1782nq

Author
Lummis, Nicole Christine

Publication Date
2018
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9q1782nq
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA SAN DIEGO 

 

Lysophosphatidic acid receptor 1 signaling initiates neonatal post-hemorrhagic 

hydrocephalus through ciliated ependymal cell loss 

 

 

A dissertation submitted in partial satisfaction of the  

requirements for the degree Doctor of Philosophy 

 

in 

 

Biomedical Sciences 

 

by 

 

Nicole Lummis 

 

 

Committee in Charge: 

Professor Jerold Chun, Chair 

Professor Jeff Esko, Co-Chair 

Professor Richard Daneman 

Professor Joan Heller Brown 

Professor William Joiner 

Professor Frank Powell 

 

2018 

 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Nicole Lummis, 2018 

All rights reserved. 



iii 
 

The Dissertation of Nicole Lummis is approved, and it is acceptable in quality and form for 

publication on microfilm and electronically: 

 

 

___________________________________________________________________________ 

 

 

___________________________________________________________________________ 

 

 

___________________________________________________________________________ 

 

 

___________________________________________________________________________ 

 

 

___________________________________________________________________________ 

Co-chair 

 

 

___________________________________________________________________________ 

Chair 

 

University of California San Diego 

2018 

  



iv 
 

TABLE OF CONTENTS 

Signature Page .......................................................................................................................... iii 

Table of Contents ....................................................................................................................... iv 

List of Abbreviations ................................................................................................................. vi 

List of Figures ......................................................................................................................... viii 

List of Tables ............................................................................................................................. ix 

Acknowledgements ..................................................................................................................... x 

Vita ........................................................................................................................................... xii 

Abstract of the Dissertation ..................................................................................................... xiv 

Chapter 1: Introduction ............................................................................................................... 1 

1A: Introduction .............................................................................................................. 1 

1B: References ................................................................................................................ 3 

Chapter 2: Promising Pharmacological Directions in the World of Lysophosphatidic Acid 

Signaling ..................................................................................................................................... 5 

2A: Abstract .................................................................................................................... 6 

2B: Text of Review ......................................................................................................... 7 

2C: Figures and Tables ................................................................................................. 16 

2D: References .............................................................................................................. 21 

Chapter 3: Lysophosphatidic acid (LPA) signaling in the nervous system .............................. 31 

3A: Summary ................................................................................................................ 32 

3B: Text of Review ....................................................................................................... 33 

3C: Figures .................................................................................................................... 60 

3D: References .............................................................................................................. 63 



v 
 

Chapter 4: Ependymal loss through LPA1 overstimulation initiates hydrocephalus in a novel 

neonatal mouse model............................................................................................................... 86 

4A: Abstract .................................................................................................................. 87 

4B: Background ............................................................................................................ 88 

4C: Results .................................................................................................................... 91 

4D: Methods................................................................................................................ 102 

4E: Figures and Tables................................................................................................ 107 

4F: References ............................................................................................................ 120 

Chapter 5: Characterization of LPA-induced hydrocephalus ................................................. 126 

5A: Introduction .......................................................................................................... 127 

5B: Results .................................................................................................................. 130 

5C: Methods ................................................................................................................ 143 

5D: Figures and Tables ............................................................................................... 148 

5E: References ............................................................................................................ 158 

Chapter 6: Conclusion............................................................................................................. 161 

6A: Discussion ............................................................................................................ 162 

6B: Future Directions .................................................................................................. 164 

  



vi 
 

LIST OF ABBREVIATIONS 

18:1, carbon number (18) and unsaturation 

state (1) of a phospholipid tail 

BrP, α-bromomethylene phosphonate 

Aβ, beta-amyloid 

AcTub, acetylated tubulin 

AC, adenylyl cyclase 

AD, Alzheimer’s disease 

ATX, autotaxin 

cAMP, cyclic adenosine monophosphate 

Cas3, cleaved caspase 3 

CNS, central nervious system 

CSF, cerebrospinal fluid 

CTGF, connective tissue growth factor 

E13.5, embryonic day 13.5 

EC, endothelial cell 

Edg, endothelial differentiation gene 

ERK, extracellular signal-regulated kinase 

FAK, focal adhesion kinase 

G protein, guanine nucleotide-binding 

protein 

Gα/Gβ/Gγ, heterotrimeric G protein subunits 

Gs, Gi/o, Gq/11, G12/13, Gα subtypes 

GABA, γ-aminobutyric acid 

GBM, glioblastoma multiforme 

GFAP, glial fibrillary acidic protein 

GPCR, G protein-coupled receptor 

GSK3, glycogen synthase kinase 3 

H&E, hematoxylin and eosin histology dyes 

HIF, hypoxia inducible factor 

Iba1, ionized calcium-binding adapter 

molecule 1 

ICP, intracranial pressure 

IL, interleukin 

INM, interkinetic nuclear migration 

IPF, idiopathic pulmonary fibrosis 

IZ, intermediate zone 

Kd, dissociation constant 

LCAT, lecithin cholesterol acyltransferase 

LP, lysophospholipid 

LPA, lysophosphatidic acid 

LPA1-6, lysophosphatidic acid receptors 1-6, 

protein nomenclature 

LPAR, lysophosphatidic acid receptor 

LPAR1-6, lysophosphatidic acid receptors 1-

6, human gene nomenclature 

Lpar1-6, lysophosphatidic acid receptors 1-

6, murine gene nomenclature 

LPC, lysophosphoditylcholine 

LPE, lysophosphatidylethanolamine 

LPP, lipid phosphate phosphatase 

LPS, lyosphosphatidylserine or 

lipopolysaccharide 

MAG, monoacylglycerol 

MBP, myelin basic protein 

MEK, mitogen activated protein kinase 

kinase 



vii 
 

MEMF, mouse embryonic meningeal 

fibroblast 

MZ, marginal zone 

NF-κB, nuclear factor kappa-light-chain-

enhancer of acrivated B cells 

NGF, nerve growth factor 

NPC, neuroprogenitor cell 

OMPT, oleoyl-methoxy phosphothionate 

PHH, post-hemorrhagic hydrocephalus 

P8, postnatal day 8 

P8+7, 7 days following P8 procedure 

PC, phosphatidylcholine 

PDGF, platelet derived growth factor 

PE, phosphatidylethanolamine 

PHH, post-hemorrhagic hydrocephalus 

PI3K, phosphatidylinositol-4,5-bisphosphate 

3-kinase 

PLA1, Phospholipase A1 

PLA2, Phospholipase A2 

PPI, prepulse inhibition 

PS, phosphatidylserine 

PSNL, partial sciatic nerve ligation 

Rac, Ras-related C3 botulinum toxin 

substrate 

ROCK, rho-associated kinase 

S1P, sphingosine 1-phosphate 

SC, schwann cell 

SEM, scanning electron microscopy 

SVZ, subventricular zone 

TEM, transmission electron microscopy 

TGFβ, transforming growth factor β 

TRPV1, transient receptor potential cation 

channel subfamily V member 1 

UVB, ultraviolet radiation B 

VEGF, vascular endothelial growth factor 

VM, ventriculomegaly 

VZ, ventricular zone 

VZG1, ventricular zone gene 1 

  



viii 
 

LIST OF FIGURES 

Figure 2.1: LPAR signaling details and functional outcomes .................................................. 16 

Figure 3.1: LPA is a bioactive lipid that signals through defined GPCRs within the nervous 

system ....................................................................................................................................... 60 

Figure 3.2: LPAR subtypes in the developing and mature cerebral cortex .............................. 61 

Figure 3.3: Dysregulated LPA signaling may lead to nervous system disorders ..................... 62 

Figure 4.1: Intracerebral LPA exposure leads to hydrocephalus in neonatal mice ................ 108 

Figure 4.2: LPA affects ependymal integrity .......................................................................... 109 

Figure 4.3: Ependymal cell disruption precedes death ........................................................... 110 

Figure 4.4: LPAR selectivity of hydrocephalus development ................................................ 112 

Figure 4.5: Mechanism for LPAR signaling in postnatal hydrocephalus ............................... 114 

Figure 4.S1: LPA-induced PHH is independent of gender ..................................................... 115 

Figure 4.S2: LPA-induced ependymal depletion .................................................................... 116 

Figure 4.S3: SEM cilia coverage of ventricular surface ......................................................... 117 

Figure 4.S4: LPAR RNA expression in the ventricular region .............................................. 118 

Figure 4.S5: Temporal susceptibility of LPA-induced PHH .................................................. 119 

Figure 5.1: LPA1 mediates LPA-induced ventriculomegaly .................................................. 148 

Figure 5.2: Cellular composition of LPA-exposed PHH brains ............................................. 149 

Figure 5.3: LPA induces ependymal cell loss ......................................................................... 150 

Figure 5.4: LPA1 is expressed on the ependymal membrane ................................................. 151 

Figure 5.5: LPA induces ciliary disruptions 6 hours following injection ............................... 152 

Figure 5.6: Ependymal cilia are phagocytosed ....................................................................... 153 

Figure 5.7: Ciliary dysfunction can cause hydrocephalus ...................................................... 154 

Figure 5.8: LPA induces transient BBB leakage .................................................................... 155 

Figure 5.9: Effects of PHH on murine survival and motility .................................................. 156 

Figure 5.10: Mechanism of LPA-induced PHH ..................................................................... 157 

  



ix 
 

LIST OF TABLES 

Table 2.1: Summary of compounds that target LPA signaling ................................................. 17 

Table 4.2: Clinical post-hemorrhagic hydrocephalus phenotypes recapitulated by this neonatal 

LPA-induced mouse model..................................................................................................... 107 

Table 5.1: Quantification of ciliary disruptions ...................................................................... 152 

  



x 
 

ACKNOWLEDGEMENTS 

I would like to thank Professor Jerold Chun for his mentorship and advice, which 

transformed me from a starry-eyed student into a capable scientist.  Without his guidance this 

dissertation would not have been possible. 

I would also like to acknowledge the rest of the Chun lab for their training, support, and 

encouragement through the years, especially Danielle Jones, Dr. Richard Rivera, and Grace 

Kennedy, along with my teammates Paloma Sánchez-Pavón and Aaron Frantz.  Thanks to my 

new coworker Valerie Tan-Sah for lending me her old BMS thesis for reference.  There are so 

many more to add to this list, but I love every single one of you for your random advice, moral 

support, helpful scientific critiques, and entertaining company. 

Thank you to all the members of my thesis committee – Dr. Joan Heller Brown, Dr. 

Richard Daneman, Dr. Bill Joiner, Dr. Frank Powell, and my co-chair Dr. Jeff Esko – for your 

scientific expertise and life advice.  I greatly appreciate your contribution to my growth, as a 

scientist, a student, and a woman learning my way in life. 

I am grateful to the Biomedical Sciences graduate program and the wonderful women 

who run it – Gina, Leanne, and Pat – for training me throughout my Ph.D. and giving me an 

invaluable support group of friends, peers, and faculty.  I could not have asked to be accepted 

into a better scientific training program.  Also thank you for the Pharmacological Sciences 

training grant for funding, along with extra opportunities to learn and present science in a 

supportive environment. 

I cannot forget to thank my friends and family.  To my husband Alan, who has stood by 

me through many late nights and stressful weeks.  Your love and unconditional encouragement 

allows me to thrive.  To my friends in San Diego – Olga, my first graduate friend whose wit I 



xi 
 

strive to emulate, Hope, my former co-worker whose company has become irreplaceable,  Hao, 

who is always quick with a joke, and everybody else who has stood by me through the years.  

And finally, to my mother Charlene and sister Liana.  Your love and support mean the world to 

me. 

 

Chapter 2, in full, is a reprint of the material as it appears in Biomolecules and 

Therapeutics. Stoddard NC and Chun J, “Promising pharmacological directions in the world of 

lysophosphatidic acid signaling,” Biomol Ther (Seoul). 23:1–11. PMC4286743, 2015. The 

dissertation author was the primary author of this review. 

Chapter 3, in full, is a reprint of the material as it appears in Neuron. Yung YC*, 

Stoddard NC*, Mirendil H, and Chun J, “Lysophosphatidic Acid signaling in the nervous 

system,” Neuron. 85:669–82. PMC4400838, 2015. *co-first authors. The dissertation author was 

a primary co-author of this review. 

Chapter 4, in part, was submitted to eLife.  Lummis NC, Sánchez-Pavón P, Kennedy G, 

Frantz A, and Chun J. “LPA1/3 overactivation induces neonatal post-hemorrhagic hydrocephalus 

through ependymal loss and ciliary dysfunction,” eLife. (Submitted Nov 2018).  The dissertation 

author was the primary investigator and author of this paper.  



xii 
 

VITA 

2008-2012 Research Assistant, Rensselaer Polytechnic Institute 

2009-2010 Research Intern, Dow Corning 

2011  Research Intern, Genentech 

2012  Bachelor of Sciences, Biochemistry and Biophysics,  

Rensselaer Polytechnic Institute 

2012-2018 Graduate Student, University of California San Diego 

2012-2013 Graduate Research Assistant, University of California San Diego 

2013-2016 Graduate Researcher, The Scripps Research Institute 

2016-2018 Graduate Researcher, Sanford Burnham Prebys Medical Discovery Institute 

2018  Doctor of Philosophy, Biomedical Sciences, University of California San Diego 

 

PUBLICATIONS 

Lummis NC, Sánchez-Pavón P, Kennedy G, Frantz A, Chun J. “LPA1/3 overactivation induces 

neonatal post-hemorrhagic hydrocephalus through ependymal loss and ciliary dysfunction,” 

eLife. (Submitted Nov 2018). 

 

Yung YC*, Stoddard NC*, Mirendil H, and Chun J, “Lysophosphatidic Acid signaling in the 

nervous system,” Neuron. 85:669–82. PMC4400838, 2015. *co-first authors 

 

Stoddard NC and Chun J, “Promising pharmacological directions in the world of 

lysophosphatidic acid signaling,” Biomol Ther (Seoul). 23:1–11. PMC4286743, 2015. 

 

Yung YC, Stoddard NC, and Chun J, “LPA receptor signaling: pharmacology, physiology, and 

pathophysiology,” J. Lipid Res. 55:1192-1214. PMCID: PMC4076099, 2014. 

 

Foley E, Gordts P, Standord K, Gonzales J, Lawrence R, Stoddard NC, and Esko J, “Hepatic 

remnant lipoprotein clearance by heparan sulfate proteoglycans and low-density lipoprotein 

receptors depend on dietary conditions in mice,” Arterioscler. Thromb. Vasc. Biol. 33:2065–74, 

2013. 

  



xiii 
 

ABSTRACTS 

Lummis NC, Kennedy G, Sánchez-Pavón P, Frantz A, Chun J. “Lysophosphatidic acid signals 

through ependymal LPA1 and LPA3 to initiate premature infantile hydrocephalus,” Society for 

Neuroscience, San Diego, CA. Nov 2018. Poster presentation by NCL. 

 

Lummis NC, Yung YC, Sánchez-Pavón P, Kennedy G, Chun J. “Ependymal cilia loss through 

LPA1 and LPA3 signaling leads to high-pressure neonatal hydrocephalus,” FASEB: 

Lysophospholipid and Related Mediators - from Bench to Clinic, New Orleans, LA. Aug 2017. 

Poster presentation and symposium talk by NCL. 

 

Stoddard NC, Yung YC, Merete M, Nhan J, Chun J. “Lysophosphatidic acid as a key initiating 

factor in premature infantile post-hemorrhagic hydrocephalus,” Society for Neuroscience, 

Washington D.C. Nov 2016. Poster presentation by NCS. 

 

Stoddard NC, Chun J. “The role of lysophosphatidic acid signaling in initiating premature 

infantile post-hemorrhagic hydrocephalus.” Society for Neuroscience, San Diego, CA. Nov 

2014. Poster presentation by NCS. 

 

 

FIELDS OF STUDY 

Neurological Disease Modeling with Dr. Jerold Chun at University of California San Diego 

 

Neuropharmacology with Dr. Susan Gilbert at Rensselaer Polytechnic Institute 

 

Molecular Neurobiology with Dr. Pankaj Karande at Rensselare Polytechnic Institute 

 

Cell Regulation (oncology) with Dr. Daniel Anderson at Genentech 

 

Toxicology with Dr. Paul Jean at Dow Corning 

 

Chemical Research & Development with Melinda Howell at Dow Corning  



xiv 
 

 

 

 

 

ABSTRACT OF THE DISSERTATION 

 

Lysophosphatidic acid receptor 1 signaling initiates neonatal post-hemorrhagic hydrocephalus 

through ciliated ependymal cell loss 

 

by 

 

Nicole Lummis 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California San Diego, 2018 

 

Professor Jerold Chun, Chair 

Professor Jeff Esko, Co-Chair 

 

Lysophosphatidic acid (LPA) is a signaling phospholipid that binds to G protein-coupled 

receptors designated LPA1-LPA6.  It has several activities throughout the body, including 

modulating cellular survival and migration.  LPA circulates in the blood bound to carriers such 

as albumin, and LPA concentrations are increased during cases of hemorrhage or trauma.  In the 
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nervous system, LPA helps modulate development and differentiation, but high concentrations of 

the lipid are often involved in pathology.  Post-hemorrhagic hydrocephalus is one such disorder.  

Hydrocephalus results from an accumulation of cerebrospinal fluid (CSF) in the brain, which 

expands the fluid-filled ventricles, causing permanent brain damage.  This disorder is often 

chronic and is treated by invasive neurosurgical procedures which drain excess CSF.  Here we 

provide evidence that LPA, introduced to the CSF in the blood, may be a key mediator of post-

hemorrhagic hydrocephalus.  Animals were injected with LPA at postnatal day 8 and 

hydrocephalus was observed by measuring increased ventriculomegaly and intracranial pressure 

7 days later.  Histology and immunohistochemistry demonstrated that the ciliated ependymal 

cells which generate CSF flow were heavily disrupted 3-6 hours post-LPA exposure.  However, 

development of hydrocephalus and degeneration of the ependymal monolayer was prevented by 

knockout of LPA1, and to a lesser extent by LPA3 knockout.  Pretreatment with the LPA1 

antagonist AM095 also protected LPA-injected animals from developing hydrocephalus, 

signifying that this is a receptor-mediated phenomenon that could be prevented by timely 

application of a pharmacological inhibitor.  As there are currently no efficacious 

pharmacological treatments for hydrocephalus patients or methods used to prevent 

hydrocephalus post-hemorrhage, the identification of LPA1-expressing ependymal cells provides 

a novel target for therapeutic development.
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Chapter 1: 

 

INTRODUCTION 

 

Hydrocephalus is a common neurological disorder that affects 1 in 1000 people 

worldwide (Chi et al., 2005; Dewan et al., 2018).  It is typically a chronic condition associated 

with persistent migraines, cognitive deficits, epilepsy, and motor dysfunction (Ding et al., 2001; 

Lacy et al., 2008; Laurence and Coates, 1962; Vinchon et al., 2012).  Clinically, hydrocephalus 

is characterized by an accumulation of cerebrospinal fluid (CSF) pressure in the brain and 

subsequent enlargement of the fluid-filled ventricles, termed ventriculomegaly (Bergsneider et 

al., 2006).  Despite the chronic nature of this disorder, current treatments are limited to palliative 

neurosurgical interventions that physically drain excess CSF (Cherian et al., 2004; Shooman et 

al., 2009; Walid and Robinson, 2012).  Research into alternative treatment and prevention 

options is necessary to improve these patients’ quality of life. 

While hydrocephalus can have congenital origins, after birth hydrocephalus usually 

develops following severe hemorrhage or brain trauma (Robinson, 2012).  During a hemorrhagic 

event, many foreign molecules are introduced to the CSF, including lysophosphatidic acid 

(LPA).  LPA is a signaling lipid that binds to 6 known receptors, named LPA1-LPA6 (Yung et 

al., 2014).  As G protein-coupled receptors, LPARs mediate diverse cellular functions, including 

survival, cytoskeletal changes, and proliferation (Stoddard and Chun, 2015).  LPA receptors are 

expressed differentially throughout the body and serve many functions in health and disease.  In 

the nervous system, LPA1-LPA6 are spatiotemporally regulated, demonstrating altered cell type 

expression in the developing and mature brain (Yung et al., 2015) (see Chapter 3, Figure 2). 
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Of particular relevance, bloodborne LPA levels are significantly elevated in cases of 

hemorrhage or trauma (Sano et al., 2002).  More than 50% of bloodborne LPA is produced from 

lysophosphotidylcholine (LPC) by the enzyme autotaxin (ATX) (Aoki et al., 2002; Sonoda et al., 

2002).  Once converted, LPA circulates bound to carrier proteins such as albumin.  ATX is 

highly expressed by the choroid plexus, an organ present throughout the ventricular system that 

produces CSF, meaning that LPC introduced to the CSF during intracerebral hemorrhage may be 

efficiently converted to LPA (Allen Brain Atlas, 2015; Segal, 2000; Speake et al., 2001) .  

Therefore, severe hemorrhage introduces large concentrations of LPA into the ventricular system 

through direct (bloodborne LPA) or indirect (enzymatic LPC conversion) means, wreaking 

havoc on LPA receptor-expressing cells and altering healthy CSF dynamics. 

  Post-hemorrhagic hydrocephalus has a high prevalence in very low birth weight 

(VLBW) premature infants due to the extreme fragility of the germinal matrix vasculature 

(Ballabh, 2010).  In this population, intraventricular hemorrhage often occurs after birth, 

allowing LPA and other signaling molecules to invade the brain and ultimately cause disability 

or disease.  While our lab has successfully established an LPA1-dependent model of 

hydrocephalus in the E13.5 fetal mouse (Yung et al., 2011), this model does not replicate the 

conditions surrounding hydrocephalus in the VLBW population, instead representing bleeding in 

the highly immature late 1st trimester brain.  Therefore, this dissertation focuses on the 

characterization of a neonatal model beginning later in neural development.  This model allows 

us to differentiate LPA signaling involvement between the distinct clinical populations of fetal 

and premature PHH patients and target therapies toward young infants at high risk for PHH. 
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Abstract 

Lysophosphatidic acid (LPA) is a signaling lipid that binds to six known 

lysophosphatidic acid receptors (LPARs), named LPA1-LPA6.  These receptors initiate signaling 

cascades relevant to development, maintenance, and healing processes throughout the body.  The 

diversity and specificity of LPA signaling, especially in relation to cancer and autoimmune 

disorders, makes LPA receptor modulation an attractive target for drug development.  Several 

LPAR-specific analogues and small molecules have been synthesized and are efficacious in 

attenuating pathology in disease models.  To date, at least three compounds have passed phase I 

and phase II clinical trials for idiopathic pulmonary fibrosis and systemic sclerosis.  This review 

focuses on the promising therapeutic directions emerging in LPA signaling toward ameliorating 

several diseases, including cancer, fibrosis, arthritis, hydrocephalus, and traumatic injury. 
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Introduction 

Lysophosphatidic acid (LPA) is a bioactive lipid that is concentrated in serum and is 

essential for a variety of cellular and developmental processes (reviewed in (Choi et al., 2010)).  

While LPA does play a structural role in cell membranes, extracellular LPA is a highly selective 

and specific activator of a class of G protein-coupled receptors (GPCRs) called LPA receptors 

(LPARs) (reviewed in (Yung et al., 2014)).  There are currently six recognized LPARs, named 

LPA1-6 , with clear homologs between human (LPAR1-6) and mouse (Lpar1-6) genes (reviewed 

in (Chun et al., 2010)).  All six receptors are expressed throughout the body during development 

and adulthood in unique spatiotemporal patterns.  These receptors are involved in a variety of 

necessary functions, including cell survival, proliferation, migration, differentiation, vascular 

regulation, and cytokine release (reviewed in (Yung et al., 2014)). 

LPA can be produced in several ways through the activity of intracellular or extracellular 

enzymes.  The two most prominent pathways involve the conversion of lysophosphatidyl choline 

(LPC) to LPA by autotaxin (ATX/Enpp2) (Tokumura et al., 2002; Umezu-Goto et al., 2002) and 

conversion of phosphatidic acid to LPA by phospholipase A1 or A2 (PLA1/PLA2) (Fourcade et 

al., 1995; Sonoda et al., 2002).  Intriguingly, ATX is highly expressed in blood, brain, kidney, 

the lymphatic system, and tissue surrounding injury (Bachner et al., 1999; Kanda et al., 2008; 

Savaskan et al., 2007), suggesting important LPA-mediated mechanisms in these areas.  

Additionally, LPA is secreted by activated platelets and mature adipocytes (Eichholtz et al., 

1993; Sano et al., 2002; Valet et al., 1998).  Because of its important roles throughout the body, 

aberrant LPA signaling has also been implicated in several diseases.  This review focuses on the 

agents that have been developed to modulate LPA signaling and tested in disease models. 
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Lysophosphatidic Acid Receptor Signaling 

Interest in LPA as a signaling molecule dates back to the late 1970s when effects on 

intracellular calcium release, platelet aggregation, and blood pressure were reported (Gerrard et 

al., 1979; Tokumura et al., 1978).  While the involvement of G proteins was postulated 

(Moolenaar and van Corven, 1990), the mechanism of LPA signaling was not elucidated until 

1996 when the first LPA receptor was cloned (Hecht et al., 1996).  Since the discovery of LPA1 

(originally Vzg-1 or Edg-2), five other LPARs have been validated.  LPA2 and LPA3 were 

elucidated through homology searches by comparing amino acid sequences to that of LPA1 (An 

et al., 1998; Bandoh et al., 1999).  Through efforts aimed at finding ligands for orphan receptors, 

LPA4 and LPA5 were discovered (Kotarsky et al., 2006; Lee et al., 2006; Noguchi et al., 2003).  

Most recently, LPA6, a GPCR that is most closely related to LPA4, was added to the ranks of 

LPA receptors (Pasternack et al., 2008; Yanagida et al., 2009). 

LPAR signaling occurs through a variety of intracellular cascades (reviewed in (Mirendil 

et al., 2013)).  The binding of LPA or an LPA analog to its 7-transmembrane GPCR allows the 

Gα subunit to exchange used GDP for GTP.  This results in Gα dissociating from Gβ and Gγ, 

allowing the Gα and Gβγ complexes to signal through downstream effectors.  Several Gα subunits 

have been implicated in LPAR signaling, including Gα12/13, Gαq/11, Gαs, and Gαi/O.  Downstream 

effectors include activation of several pathways.  The Gα12/13-mediated Rho/ROCK and Rho/SRF 

pathways have been implicated in cell motility, invasion, and cytoskeletal changes (Jeong et al., 

2012; Kim and Adelstein, 2011; Sotiropoulos et al., 1999).  The Gαq/11 pathway activates 

phospholipase C (PLC), which induces IP3, and subsequently initiates Ca2+ and diacyl glycerol 

signaling (Sando and Chertihin, 1996).  This cascade can result in vasodilation and a variety of 

transcriptional changes, including protein kinase C-induced cell growth, immune recruitment, 
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and changes in learning and memory (Cummings et al., 2004; Lu et al., 1999; Ruisanchez et al., 

2014; Seewald et al., 1999).  Induction of the Gαs pathway leads to adenylyl cyclase (AC) 

activation and the production of cAMP, preventing cell migration (Jongsma et al., 2011).  

Activation of Gαi/O is the most versatile, as downstream effectors include PLC, Ras/MAPK-

induced morphological changes (Kranenburg and Moolenaar, 2001), PI3K/Rac-mediated 

migration (Jimenez et al., 2000), modulation of PI3K/Akt survival mechanisms (Kang et al., 

2004; Ye et al., 2002), and inhibition of AC. 

 Each LPAR has multiple important regulatory functions throughout the body (reviewed 

in (Yung et al., 2014)).  Many of these have been elucidated through the use of knockout 

animals, pharmacological LPAR agonists or antagonists, and gene association studies.  The first 

discovered LPAR, LPA1, appears to be responsible for several developmental, physiological, and 

pathological processes.  These include cell survival, proliferation, adhesion, migration, immune 

function, and myelination (reviewed in (Fukushima et al., 2001)).  LPA2 signaling has also been 

implicated in cell survival, migration, immune function, and myelination (reviewed in (Ishii et 

al., 2004)), often appearing to contribute to complementary LPA1 mechanisms (Contos et al., 

2002).  LPA3, while expressed in many different tissues, is most heavily characterized as being 

involved in reproduction; it mediates fertility, embryo spacing, and embryo implantation (Ye et 

al., 2005).  LPA4 influences cell aggregation, cell adhesion, vascular development, and 

osteogenesis regulation (reviewed in (Mirendil et al., 2013)).  Additionally, LPA4-mediated 

adhesion appears to counteract LPA1/LPA2-stimulated migration processes (Lee et al., 2008).  

LPA5 also negatively regulates cell motility and is involved in chemokine release (Jongsma et 

al., 2011; Lundequist and Boyce, 2011).  Although LPA6 is the most recently discovered LPAR, 

several genome screening studies have been published linking mutations in LPA6 to genetic hair 
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loss and autosomal recessive hypotrichosis, or “wooly hair” syndrome (Azeem et al., 2008; 

Pasternack et al., 2008; Petukhova et al., 2008).  LPA6 is also under investigation for further 

functionality.  The effects of LPAR signaling are outlined in Figure 1. 

 

Pharmacological Advances Modulating LPA Signaling 

As LPAR signaling has been strongly implicated in many disease states, great interest has 

been expressed in developing specific LPAR inhibitors.  Currently, no LPA or LPAR-targeting 

drugs have been FDA approved, though several are in development or undergoing clinical trials 

(Yung et al., 2014) (Table 1).  Furthermore, the ability to develop safe and efficacious drugs 

targeting lysophospholipid signaling has already been proven; fingolimod (FTY720), an analog 

of sphingosine 1-phosphate (S1P) and inhibitor of S1P receptors, has been FDA-approved for the 

treatment of multiple sclerosis (Brinkmann et al., 2002; Calabresi et al., 2014; Chun and 

Hartung, 2010). 

LPA signaling has long been implicated in immune reactions (reviewed in (Lin and 

Boyce, 2006)).  To this end, several therapeutic advances have been made concerning 

autoimmune disorders.  In fact, an LPA1/3 inhibitor, SAR100842, has completed phase II clinical 

trials to protect against systemic sclerosis (Sanofi, 2014), an autoimmune disorder characterized 

by accumulated collagen in connective tissue, leading to scarring of the skin and vasculature 

(Lafyatis, 2014).  LPA1 inhibitors are also of great interest in fibrosis, with BMS-986202 

(previously AM152) having successfully completed phase I and BMS-986020 beginning phase II 

clinical trials for idiopathic pulmonary fibrosis (IPF) (2011; BMS, 2011, 2014).  The LPA1 

inhibitor AM966 and the LPA1/3 antagonist VPC12249 have also shown efficacy in murine IPF 

studies (Okusa et al., 2003; Swaney et al., 2010).  Concurrently, an LPA3 agonist, oleoyl-
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methoxy phosphothionate (OMPT), enhanced IPF injury and reduced the therapeutic effects of 

VPC12249, suggesting that LPA3 signaling may also be relevant in fibrotic disease.  The pan-

LPAR antagonist HLZ-56 and LPA1 inhibitor AM095 attenuated kidney and dermal fibrosis in 

mouse models by preventing Smad2 phosphorylation, which reduced TGFβ signaling and 

subsequent CTGF release (Castelino et al., 2011; Geng et al., 2012; Swaney et al., 2011), a 

mechanism that may be central to LPAR inhibitor effectiveness in other fibrotic disorders. 

Much of the enthusiasm for LPAR therapies is directed at cancer, as LPAR signaling has 

been shown in numerous studies to promote motility and invasion of several cancer types, 

including breast, ovarian, colon, and brain tumors (Hama et al., 2004; Hayashi et al., 2012; 

Hoelzinger et al., 2008; Mills et al., 2002).  In vitro studies utilizing the pan LPAR/ATX 

antagonist α-bromomethylene phosphonate LPA (BrP-LPA) and LPA1/3 antagonists Ki16425, 

Ki16198, and Debio 0719 have been shown to decrease tumor aggressiveness and increase 

radiosensitivity through varied mechanisms, including inhibited Rho/ROCK and MEK/ERK 

signaling, prevention of FAK/paxillin localization to focal adhesions, and reduced matrix 

metalloproteinase accumulation (Hama et al., 2004; Komachi et al., 2012; Liao et al., 2013; 

Marshall et al., 2012; Schleicher et al., 2011; Su et al., 2013; Zhang et al., 2009).  While many 

studies focus on the migratory effects of LPA1 signaling, use of the LPA2 inhibitor “compound 

35” attenuated Erk phosphorylation and reduced proliferation of colorectal cancer cells (Beck et 

al., 2008).  LPA itself has been proposed as a screening molecule for ovarian cancer, as 

increased levels of LPA have been repeatedly observed in the blood of patients with malignant 

ovarian tumors and may have prognostic value in lung cancer patients as well (Bai et al., 2014; 

NCI, 2014; Sedlakova et al., 2011).  Although no LPAR-targeting cancer drugs have reached 



12 
 

clinical trial stages thus far, pharmaceutical inquiry is progressing rapidly and the initiation of 

cancer-focused clinical trials is projected to follow. 

In addition to cancer and fibrosis, LPAR inhibitors have been utilized as potential 

therapeutics in other areas of study.  For instance, Ki16425 and BrP-LPA have been shown to 

decrease the clinical score of murine arthritis (Nikitopoulou et al., 2013; Orosa et al., 2014).  The 

development of an LPA-induced neonatal model of post-hemorrhagic hydrocephalus was also 

abrogated utilizing Ki16425 (Yung et al., 2011).  While LPA signaling is reported to be involved 

in wound-healing processes (Lee et al., 2000), it may exacerbate severe trauma.  In fact, anti-

LPA antibodies that diminish LPAR binding and activation have shown some efficacy in 

modulating murine brain lesion severity and recovery (Crack et al., 2014; Goldshmit et al., 

2012), although the actual mechanism of these immunological agents and remains to be 

determined.  Additionally, Bristol-Myers Squibb has patented LPAR inhibitors for spinal cord 

injury and neuropathic pain indications (Nogueira and Vales, 2013), since there is a substantial 

body of evidence implicating LPA1 and LPA5 signaling in the initiation and maintenance of 

neuropathic pain (reviewed in (Ueda et al., 2013)). 

The most common output for screening drug efficacy against an LPAR is determining the 

status of Ca2+ influx within the tested cell types.  Generally, LPAR agonists will increase 

intracellular Ca2+ mobilization while LPAR antagonists will inhibit Ca2+ release.  Using this 

method, several studies have been published on the synthesis and relative efficacy of potential 

therapeutics against LPA1-3, LPA1-5, and more recently LPA1-6 (reviewed in (Im, 2010)).  While 

this article only discusses pharmacological modulators with functional, disease-related readouts, 

a more comprehensive list of LPAR agonists and antagonists can be found in a previous review 

(Yung et al., 2014). 
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Compounds Targeting ATX Inhibition 

In addition to direct pharmacological modulation of LPARs, several research groups have 

targeted the upstream enzyme ATX for discovery of potential therapeutics (Table 1).  ATX 

inhibitors prevent the enzymatic conversion of LPC to LPA.  As ATX expression can account for 

at least half of plasma LPA levels (Tanaka et al., 2006; van Meeteren et al., 2006), these drugs 

ultimately attenuate LPA signaling.  Although this pathway lies upstream of LPAR signaling, 

targeting ATX allows for structure-based drug design (Fells et al., 2013; Kawaguchi et al., 2013; 

Norman et al., 2013), a process that is limited in LPAR drug discovery because of the lack of 

receptor crystal structures; work in progress should rectify this deficiency. 

In particular, oncology researchers are interested in developing these agents.  Several 

ATX inhibitors have been synthesized and tested in tumor migration, metastasis, survival, and 

radiosensitivity studies.  These inhibitors include the small molecules ONO-8430506 (Benesch et 

al., 2014) and PF-8380 (Bhave et al., 2013; St-Coeur et al., 2013), lipid analogs 4PBPA (Gupte 

et al., 2011) and pan-ATX/LPAR antagonist BrP-LPA (Schleicher et al., 2011; Xu and 

Prestwich, 2010), and gintonin – a plant-derived LPA/ginseng glycolipoprotein complex that 

results in feedback inhibition of ATX through LPAR signaling (Hwang et al., 2013).  These 

compounds ultimately reduced survival and invasive behaviors of in vitro cancer cells and tumor 

xenografts.  As ATX and LPARs are often upregulated in cancer (reviewed in (Gotoh et al., 

2012)), the success of these compounds in research may spur therapeutic development. 

ATX antagonism is also being investigated as a solution to inflammatory disease.  PF-

8380 has been shown to drastically reduce plasma LPA concentrations during inflammation 

(Gierse et al., 2010), suggesting that targeting ATX may be useful to reduce chronic 
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inflammation.  As mentioned above, BrP-LPA has been utilized to ameliorate arthritis in mice 

(Nikitopoulou et al., 2013).  Furthermore, GWJ-A-23 showed efficacy in attenuating allergen-

induced asthmatic attacks and bleomycin-induced IPF (Oikonomou et al., 2012; Park et al., 

2013).  The effects of reduced LPA signaling stretch even further, as the potent ATX inhibitor 

S32826 has been utilized to decrease intraocular pressure in a rabbit model of glaucoma  (Iyer et 

al., 2012). 

 

Conclusion 

Over the past four decades, interest in the signaling lipid LPA has grown from 

understanding its synthesis to encompassing several key processes in development and disease.  

To this end, several compounds have been fine-tuned by researchers and pharmaceutical 

companies to inhibit LPARs and ATX in order to mitigate the destructive pathologies related to 

cancer, autoimmune diseases, and other afflictions.  The LPA1-targeting inhibitors SAR100842, 

BMS-986202, and BMS-986020 have passed phase I or phase II clinical trials with the potential 

of advancing further toward FDA approval.  The increasing availability of chemical tool 

compounds will enhance our understanding of LPAR signaling mechanisms in disease towards 

the development of new disease-modifying therapeutics. 
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Figure 2.1: LPAR signaling details and functional outcomes.   

LPAR signaling details are highlighted for each receptor, based on canonical GPCR pathways 

that have been validated.  Dashed lines indicate preliminary data that require further 

confirmation.  Activated downstream effectors are shown in green, inhibited effectors in red, and 

effectors that are differentially activated or inhibited in yellow.  The cellular effects of activating 

each LPAR are listed beneath the Gα cascades, followed by ultimate phenotypical outcomes as 

highlighted in this review.  Antagonism or functional knockout of each LPAR has been proven to 

inhibit these disorder phenotypes.  
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Table 2.1: Summary of compounds that target LPA signaling.   

The name, target, structure and development stage for each LPA signaling antagonist discussed 

in the article are outlined, along with their therapeutic indications. 

 

Drug Target Structure Phase Indication Reference 

FTY720 S1P1, 

S1P3-5 

 

FDA 

approved 

Multiple 

sclerosis 

(Brinkman

n et al., 

2002; 

Chun and 

Hartung, 

2010) 

BMS-

986202/ 

AM152 

LPA1 

See patent WO/2012/162592 

A1 for more information 

Phase I 

complete 

Idiopathic 

pulmonary 

fibrosis 

(BMS, 

2011; 

Bradford, 

2012) 

BMS-

986020 

LPA1 

See patent WO/2012/162592 

A1 for more information 

Phase II 

complete 

Idiopathic 

pulmonary 

fibrosis 

(BMS, 

2014; 

Bradford, 

2012) 

VPC 

12249 

LPA1 
 

 

Preclinical Idiopathic 

pulmonary 

fibrosis 

(Okusa et 

al., 2003) 

 

 

 

AM095 LPA1 
 

 

Preclinical Dermal 

fibrosis, 

kidney 

fibrosis 

(Castelino 

et al., 

2011; 

Swaney et 

al., 2011) 
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Table 2.1: Summary of compounds that target LPA signaling, continued 

 

Drug Target Structure Phase Indication Reference 

BMS 

patent 

LPA1 

See patent WO/2013/070879 

A1 for more information 

Preclinical Spinal 

injury, 

neuropathic 

pain 

(Nogueira 

and Vales, 

2013) 

 

SAR 

100842 

LPA1, 

LPA3 

See patent WO/2012/162592 

A1 for more information 

Phase II 

complete 

Systemic 

sclerosis 

(Bradford, 

2012; 

Sanofi, 

2014) 

Ki16425 LPA1, 

LPA3 

 

Preclinical Cancer, 

rheumatoid 

arthritis, 

hydro-

cephalus 

(Hama et 

al., 2004; 

Liao et al., 

2013; 

Orosa et 

al., 2014; 

Su et al., 

2013; 

Yung et 

al., 2011) 

Debio 

0719 

LPA1, 

LPA3 

R-stereoisomer of Ki16425 

Preclinical Cancer (Marshall 

et al., 

2012) 

Ki16198 LPA1-3 

 

 

Preclinical Cancer (Komachi 

et al., 

2012) 
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Table 2.1: Summary of compounds that target LPA signaling, continued 

Drug Target Structure Phase Indication Reference 

Cmpd. 

35 

LPA2 

 

 

Preclinical Cancer (Beck et 

al., 2008) 

Anti-

LPA  

All 

LPAR 

signaling 

Antibody 

Preclinical Traumatic 

brain injury 

(Crack et 

al., 2014; 

Goldshmit 

et al., 

2012) 

HLZ-56 All 

LPARs 

Unavailable 

Preclinical Kidney 

fibrosis 

(Geng et 

al., 2012) 

BrP-

LPA 

ATX, all 

LPARs 

 

Preclinical Cancer, 

rheumatoid 

arthritis 

(Nikitopo

ulou et al., 

2013; 

Schleicher 

et al., 

2011; Xu 

and 

Prestwich, 

2010; 

Zhang et 

al., 2009) 

ONO-

8430506 

ATX 

 
 

Backbone only, see patent 

WO/2012/005227 A1 

Preclinical Cancer (Benesch 

et al., 

2014; 

Morimoto, 

2012) 
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Table 2.1: Summary of compounds that target LPA signaling, continued 

 

Drug Target Structure  Phase Indication Reference 

PF-8380 ATX 
 

 

 

 

Preclinical Cancer, 

inflamm-

ation 

(Bhave et 

al., 2013; 

Gierse et 

al., 2010; 

St-Coeur 

et al., 

2013) 

4PBPA ATX 
 

 

Preclinical Cancer (Gupte et 

al., 2011) 

Gintonin ATX  

Glycolipoprotein, structure 

not available 

 

Preclinical Cancer (Hwang et 

al., 2013) 

GWJ-A-

23 

ATX 

 

Preclinical 

 

Asthma, 

idiopathic 

pulmonary 

fibrosis 

(Oikonom

ou et al., 

2012; 

Park et al., 

2013) 

S32826 ATX 
 

 

Preclinical Glaucoma (Iyer et 

al., 2012) 
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Summary 

The brain is composed of many lipids with varied forms that serve as essential structural 

and signaling molecules.  Lysophosphatidic acid (LPA) is an important bioactive lipid species 

that is part of the lysophospholipid (LP) family.  LPA is primarily derived from membrane 

phospholipids and signals through six cognate G protein-coupled receptors (GPCRs), LPA1-6.  

These receptors are expressed on most cell types within central and peripheral nervous tissues 

and have been functionally linked to many neural processes and pathways.  This review covers a 

current understanding of LPA signaling in the nervous system, with particular focus on the 

relevance of LPA to both physiological and diseased states. 
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Introduction 

The human brain is composed of approximately 60-70% lipids by dry weight (O'Brien 

and Sampson, 1965; Svennerholm et al., 1994).  These lipids can be divided into two major 

pools, structural and signaling, that include well-known families such as cholesterol, fatty acids, 

eicosanoids, endocannabinoids, and prostaglandins (Fig. 1).  Structural lipids classically 

comprise cell membranes and may be passively organized by protein factors (reviewed in (Rossy 

et al., 2014)), whereas signaling lipids function in a predominantly extracellular fashion through 

receptors to activate downstream pathways (Bieberich, 2012).  Lysophospholipids (LPs) are an 

important family of lipid signaling molecules and lysophosphatidic acid (LPA) is a major 

member of this family.  LPA is found in numerous tissues and fluids, notably within the 

developing and adult nervous system, with widely varying concentrations that can be influenced 

by many factors.  Despite early speculations on non-receptor mechanisms, LPA effects have 

been shown to act through cognate, cell surface GPCRs termed LPA receptors (LPARs, 

reviewed in (Noguchi et al., 2009; Choi et al., 2010; Yung et al., 2014)). 

Since the discovery of the first LP receptor for LPA in the developing brain (Hecht et al., 

1996), five other LPARs have been characterized and are all expressed in the nervous system.  

Many roles for LPA signaling have been elucidated, including effects on neuroprogenitor cell 

(NPC) function (Hecht et al., 1996; Fukushima et al., 2000; Fukushima et al., 2002b; Yung et al., 

2011), myelination (Weiner et al., 1998; Anliker et al., 2013), synaptic transmission (Trimbuch 

et al., 2009), and brain immune responses (Moller et al., 2001; Schilling et al., 2004), which 

influence neural development, function, and behavior (Fig. 1).  Additionally, LPA signaling 

influences endothelial cell function, in vasculogenesis and angiogenesis, and likely also 

influences the neurovasculature (English et al., 1999; Teo et al., 2009; Yukiura et al., 2011; Chen 
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et al., 2013).  LPAR discovery also led to the identification of another LP receptor subclass, 

sphingosine 1-phosphate (S1P) receptors, that bind this distinct LP (Kihara et al., 2014).  S1P 

and its five receptors have important nervous system activities (Chun, 1999; Chun et al., 1999; 

McGiffert et al., 2002; Meng and Lee, 2009; Meng et al., 2011; Choi and Chun, 2013; van 

Echten-Deckert et al., 2014), but they will not be covered here. 

 The ecosystem of neural LPA signaling has been considerably expanded with the 

characterization of both LPA precursors and LPA synthesis/degradative enzymes (Xu et al., 

2000; Brindley et al., 2002; Koike et al., 2006; van Meeteren et al., 2006).  In view of the broad 

neurobiological influences of LPA signaling, its dysregulation may lead to diverse 

neuropathologies, including brain malformations, neuropsychiatric disorders, neuropathic pain, 

and brain cancers (Bandoh et al., 2000; Houben and Moolenaar, 2011; Yung et al., 2011; Ueda et 

al., 2013).  Wound healing can also be regulated by LPA signaling (Lee et al., 2000; Lee et al., 

2013b), and regenerative processes following nervous system injury can also be LPA dependent.  

LPs and their relevance to non-nervous system tissues have been reviewed elsewhere (Choi et 

al., 2010; Mirendil et al., 2013). 

 

LPA Metabolism and Distribution 

LPA is a metabolite in the biosynthesis of membrane phospholipids and is ubiquitously 

present in all cells, tissues, and organ systems examined thus far.  LPA exists in multiple 

chemical forms, with variations in acyl carbon chain saturation, chain length, and position on the 

glycerophosphate backbone.  The generic term LPA (mono-acyl-sn-glycerol-3-phosphate) often 

refers to 18:1 oleoyl-LPA (1-acyl-2-hydroxy-sn-glycero-3-phosphate) because of its widespread 

laboratory use.  However, at least 15 distinct chemical forms have been described to date in 
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various biological systems, including the nervous system (Scherer et al., 2009; Aaltonen et al., 

2010; Morishige et al., 2010; Triebl et al., 2014).  

LPA is prominently found in blood fractions, where it ranges from 0.1 µM in plasma to 

more than 10 µM in serum.  These concentrations are significantly higher than the estimated 

nanomolar Kds of LPA1-6 (Aoki et al., 2002; Watanabe et al., 2007a; Hosogaya et al., 2008; 

Yanagida et al., 2009).  Platelet release of precursor LPs and subsequent conversion generates 

the majority of LPA in serum, while plasma LPA can be derived from conversion of basal 

precursor LPs (Aoki et al., 2002; van Meeteren et al., 2006).  Serum and plasma LPC can be 

bound to the carrier protein albumin (Ojala et al., 2006) and there is evidence that LPA may also 

be transported in this fashion (Eichholtz et al., 1993; Desmaret et al., 2005).  Within the central 

nervous system (CNS), LPA is found in the embryonic brain, spinal cord, and cerebrospinal fluid 

(CSF) at low nanomolar to micromolar levels (Gerrard et al., 1979; Tokumura et al., 1986; 

Liliom et al., 1998; Sano et al., 2002; Tanaka et al., 2004; Ma et al., 2010; Yung et al., 2011; 

Tokumura et al., 2012; Yung et al., 2014).  LPA is generated through several different enzymatic 

pathways (Fig. 1).  One route of LPA formation is the enzymatic conversion of precursor 

phospholipids such as phosphatidylcholine (PC), phosphatidylserine (PS), or 

phosphatidylethanolamine (PE) into the derivative chemical species lysophosphatidylcholine 

(LPC), lysophosphatidylserine (LPS), or lysophosphatidylethanolamine (LPE).  In plasma or 

serum, this involves the sequential actions of lecithin cholesterol acyltransferase (LCAT) and 

phospholipase A1 (PLA1).  In platelets, this occurs via phosphatidylserine-specific PLA1 (PS-

PLA1) or secretory phospholipase A2 (sPLA2).  In either location, these LPs can then be 

converted to LPA by autotaxin (ATX), a lysophospholipase D and major LPA-producing 

enzyme (Tanaka et al., 2006; van Meeteren et al., 2006; Albers et al., 2010).  It is expressed 
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and/or present in various neural-related tissues, including the neural tube, choroid plexus, 

meninges, and blood vessels (Bachner et al., 1999; Savaskan et al., 2007), as well as CSF and 

blood (Sato et al., 2005; Nakamura et al., 2007; Nakamura et al., 2009).   

Constitutive removal of ATX results in neural and vascular defects with organismal death 

by embryonic day E9.5 (Tanaka et al., 2006; van Meeteren et al., 2006).  Enpp2+/- (the ATX gene 

name) mice have an approximately 50% reduction of LPA levels in plasma, but not serum (van 

Meeteren et al., 2006; Fotopoulou et al., 2010).  In addition, Sox-2 mediated Enpp2--/- 

conditional deletion from epiblasts resulted in failure of neural tube closure, reduced mitosis, and 

increased cell death in the neural tube (Fotopoulou et al., 2010).  ATX structure, splice variants, 

and functional domains are being actively examined (reviewed in (Perrakis and Moolenaar, 

2014)). 

Through a second major pathway, phosphatidic acid (PA) is generated from 

phospholipids by phospholipase D or from diacylglycerol through diacylglycerol kinase.  

Subsequently, PA is converted into LPA by either PLA1 or PLA2 (reviewed in (Aoki et al., 

2008)).  In all of these metabolic pathways, the generated chemical forms of LPA directly reflect 

its precursor phospholipid structure (e.g., 18:1 LPC produces 18:1 LPA) (Sugiura et al., 1999; 

Aoki, 2004).  Other pathways for generating LPA involve the acylation of glycerol-3-phosphate 

by glycerophosphate acyltransferase (GPAT) or the phosphorylation of monoacylglycerol 

(MAG) by monoacylglycerol kinase (MAG-kinase) (Bektas et al., 2005).  Further enzymatic 

pathways to produce LPA also exist (reviewed in (Pages et al., 2001; Aoki et al., 2008)). 

These biosynthetic pathways generate both intracellular and extracellular LPA (reviewed 

in (Pages et al., 2001)).  Extracellular LPA produces signaling through its receptors (reviewed in 

(Choi et al., 2010; Lin et al., 2010; Mutoh et al., 2012; Mirendil et al., 2013; Yung et al., 2014) 
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and noted below).  Intracellular LPA serves as an intermediate for the de novo biosynthesis of 

complex glycerolipids, including mono-, di-, and triglycerides, as well as other phospholipids 

(reviewed in (Pages et al., 2001)).  Additionally, these lipid pools can affect membrane vesicular 

curvature (McMahon and Gallop, 2005). 

LPA can be degraded by liberation of the phosphate group to produce MAG.  This 

process is mediated by several classes of enzymes, including three lipid phosphate phosphatases 

(LPPs) (Brindley and Pilquil, 2009; Tomsig et al., 2009), LPA acyltransferase (LPAAT), and 

various phospholipases (e.g., PLA1 or PLA2) (Pages et al., 2001; Saba, 2004; Kok et al., 2012).  

LPA can also be converted to PA by LPAAT, hydrolyzed by LPP(1-3), or converted by 

phospholipases into glycerol-3-phosphate (Pages et al., 2001; Brauer et al., 2003).  Inhibition of 

LPP(1-3)-mediated degradation can elevate LPA levels in cerebral cortical tissue (Aaltonen et 

al., 2012). 

The tissue and fluid distributions of LPA and its related metabolites are relevant to both 

basic and medical applications (reviewed in (Yung et al., 2014)).  Total LPA can be measured 

via radioenzymatic, fluorometric, colorimetric, or immunoenzymatic assays (Hosogaya et al., 

2008; Jesionowska et al., 2014).  Individual chemical forms can be parsed by strategies that 

involve chromatography coupled to mass spectrometry (Smyth et al., 2008; Aaltonen et al., 

2010; Lee et al., 2013a; Triebl et al., 2014), including visualization of the spatial distribution of 

lipids (Patti et al., 2010).  These and future techniques should prove useful in analytical and 

diagnostic settings (Watanabe et al., 2007a; Watanabe et al., 2007b; Okudaira et al., 2010; Yung 

et al., 2011; Dohi et al., 2012; Ikeda et al., 2013). 

 

LPARs 
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 There are currently six LPARs:  protein names LPA1–LPA6 and gene names LPAR1-

LPAR6 (human) and Lpar1-Lpar6 (non-human) (reviewed in (Chun et al., 2010; Davenport et 

al., 2013; Kihara et al., 2014; Yung et al., 2014)).  These 7-transmembrane GPCRs activate 

heterotrimeric G proteins defined by their Gα subunits (G12/13, Gq/11, Gi/o, and Gs) to initiate a 

variety of signaling cascades.  The spatiotemporal neural distributions of LPA, related 

metabolites, and LPAR expression drive diverse physiological and pathophysiological processes 

within the nervous system, as discussed below (Fig. 2).  During development, the cell types that 

comprise the brain arise from distinct lineages, undergo cellular processes including 

proliferation, apoptosis, morphological changes, migration, and differentiation, develop 

specialized functions, and integrate into a functional network (Franco and Muller, 2013; Greig et 

al., 2013).  LPARs and involved enzymes are expressed on these cell types in varying 

spatiotemporal patterns from fetal through mature life (Fig. 2). 

 

Fetal brain development 

During cerebral cortical development, neuroepithelial cells proliferate to give rise to the 

ventricular zone (VZ), subventricular zone (SVZ), intermediate zone (IZ), cortical plate, and 

marginal zone (MZ) (Bystron et al., 2008) (Fig. 2).  NPCs that reside in the VZ undergo 

interkinetic nuclear migration (INM) and proliferate to generate distinct progenitor pools, 

differentiate to generate nascent neurons, and migrate outward to locate within cell layers and 

establish functional connections (Noctor et al., 2001; Noctor et al., 2004).  Astrocytes and 

oligodendrocytes are generated during late embryonic and early postnatal periods, and together 

with neurons, comprise basic cellular elements of the cortex, complemented by other cell types 
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such as endothelial cells, pericytes, ependymal cells, microglia, meninges, and cells of the 

choroid plexus (Fig. 2).  

Enrichment of Lpar1 in the VZ and meninges of the developing cortex suggests roles for 

LPA signaling in cortical development, as reflected in its original name, ventricular zone gene-1 

(VZG1) (Hecht et al., 1996; Fukushima et al., 1998; Weiner et al., 1998).  The generation and 

characterization of LPAR-null mice have been crucial to elucidating the receptor dependency of 

diverse LPA-associated neural phenotypes.  Constitutive deletion of Lpar1 results in 50% 

perinatal lethality associated with olfactory and other nervous system defects (Contos et al., 

2000; Harrison et al., 2003).  Ex vivo whole cerebral cortical cultures treated with LPA form 

thicker cortices through decreased cell death within the VZ (rather than through increasing cell 

proliferation) and have an increased post-mitotic neuronal population (Kingsbury et al., 2003).  

The concomitant removal of Lpar1 and Lpar2 prevents these effects, demonstrating receptor 

dependency.  Meninges at E13, as assessed by mouse embryonic meningeal fibroblasts 

(MEMFs), respond to the addition of LPA by the formation of actin-based stress fibers (Contos 

et al., 2002).  MEMFs appear to have relatively high levels of Lpar1, low levels of Lpar2, and 

undetectable expression of Lpar3 (Contos et al., 2002).  Removal of both Lpar1 and Lpar2 

prevents formation of LPA-induced MEMF stress fibers, which was not blocked in single Lpar1 

or Lpar2 knockouts. 

LPA has multiple effects on NPCs.  The earliest calcium conductance changes appear to 

be mediated by LPA signaling and occur before development of ionic responsivity induced by 

neurotransmitters such as GABA and glutamate (Dubin et al., 1999; Dubin et al., 2010).  

Interestingly, fluctuations in electrical activity based on calcium signaling are known to impact 

NPC proliferation, neuronal differentiation, chemotaxis, dendritic morphology, axon growth and 
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guidance, and neurotransmitter phenotype (reviewed in (Rosenberg and Spitzer, 2011)), all of 

which can be influenced by LPA signaling.   

INM is the to-and-fro movement of nuclei from apical to basal positions in the VZ during 

cell cycle progression.  Ex vivo and in vivo cortical exposure to LPA disturbs normal INM such 

that an increased percentage of these mitotic cells are found in the basal position, resulting in 

mitotic displacement (Kingsbury et al., 2003; Yung et al., 2011).  Mitotic displacement also 

occurs in an Lpar1-dependent manner under hypoxic culture conditions (Herr et al., 2011).  

Future studies could refine the understanding of LPA signaling on specific progenitor 

populations in this context, such as basal progenitors (Haubensak et al., 2004), intermediate 

progenitors (Englund et al., 2005), or outer subventricular zone radial glia-like cells (oRGs) 

(Hansen et al., 2010; Wang et al., 2011). 

A hallmark of cortical development is the migration of newly generated neurons to their 

final superficial location within the cortical plate.  This migration is aided by leading processes 

that help sense the surrounding environment for molecular signaling cues, such as growth 

factors, chemoattractants, and chemorepellents.  In vitro studies utilizing the B103 cell line, wild 

type E12 embryonic nestin-positive cortical progenitor cells, and E12 cortical explant cultures 

identified protruding lamellipodia and growth cones that rapidly retracted upon LPA exposure in 

a Rho-dependent manner, leaving fine F-actin retraction fibers, supporting LPA’s role as an 

inhibitory cue during cell migration or process outgrowth (Fukushima et al., 1998; Fukushima et 

al., 2000; Campbell and Holt, 2001, 2003). 

During corticogenesis, programmed cell death can affect significant populations of 

developing cells (Blaschke et al., 1996; Kuida et al., 1996; Blaschke et al., 1998; Yung et al., 

2009; Peterson et al., 2012).  Culturing ex vivo cortices in LPA reduces cell death in an Lpar1 
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and Lpar2 dependent manner (Kingsbury et al., 2003).  LPA signaling activates cell survival 

pathways, including thymoma viral proto-oncogene (Akt) (Weiner and Chun, 1999) and β-

catenin (Weiner et al., 2001).  Moreover, β-catenin and T cell factor signaling can be activated 

by LPA and can contribute to the suppression of apoptosis in H197 cells (an embryonic 

hippocampal progenitor cell line) (Sun et al., 2013).  LPA signaling has also been reported to 

influence neurosphere proliferation in culture (Svetlov et al., 2004).  NPCs express multiple 

LPAR subtypes (Fig. 2) and LPA signaling can influence aspects of their development and 

function.   

 

Neurons 

In mice, cortical neurogenesis extends from E10-E18, during which NPCs divide to 

produce other progenitors and young postmitotic neurons.  LPA promotes cortical NPCs to 

commit to the neuronal lineage via LPA1 and the Gi/o pathway (Kingsbury et al., 2003; 

Fukushima et al., 2007).  Additionally, LPA can alter the actin cytoskeleton and promote 

microtubule rearrangement within neurons (Fukushima et al., 2002a; Fukushima and Morita, 

2006).  Therefore, it is not surprising that the morphology and motility of young postmitotic 

neurons is also influenced by LPA exposure (Fukushima et al., 2002b).  The retraction of 

neurites, which is an important neuronal response to chemical gradients, can be mediated by 

LPA via the ROCK pathway (Smalheiser and Ali, 1994; Tigyi et al., 1996; Magazin et al., 1998; 

Satoh et al., 2011).  More recently, “transient receptor potential channel, subfamily M, member 2 

(TRPM2)” was reported to mediate LPA-induced neurite retraction in the developing brain (Jang 

et al., 2014).  Finally, neurite branching, an important process for neuronal network formation, 

was induced through the introduction of LPA3 and the addition of LPA into hippocampal cell 
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cultures (Furuta et al., 2012).  This physiological response was initiated through Gq and the Rho 

family GTPase 2 (Rnd2) (Furuta et al., 2012).   

Maturing neurons establish polarity through the specification and development of 

neurites into axons and dendrites.  In hippocampal neuronal cultures, the bases of axons were 

predominantly found distal to an exogenous LPA source (Yamane et al., 2010).  Interestingly, 

localization of the Golgi apparatus and centromeres, which are associated with the establishment 

of neuronal polarity before axonogenesis (de Anda et al., 2005), were positioned distal to the 

LPA source, suggesting that LPA signaling can influence the site of axonal sprouting (Yamane et 

al., 2010).  Lpar6, the most recently characterized LPAR family member, is enriched in the 

neural plate of Xenopus neurulae.  Deletion of Lpar6 results in forebrain defects with 

concomitant reduction of telencephalic markers, as well as defects extending into the hindbrain 

(Geach et al., 2014).  The roles of Lpar6 in the development and function of the mammalian 

nervous system remain to be characterized, although human mutations of this receptor gene have 

most notably been associated with forms of hair loss (Pasternack et al., 2008; Pasternack et al., 

2009; Shimomura et al., 2009; Kurban et al., 2013). 

 

Astrocytes 

In vivo, astrocytes appear to express few LPA receptor subtypes aside from low levels of 

Lpar1 (Allard et al., 1998; Tabuchi et al., 2000; Weiner et al., 2001; Cervera et al., 2002), 

whereas cultured astrocytes express Lpar1-5 (Sorensen et al., 2003; Shano et al., 2008).  

Receptor subtype expression depends on age, species (Rao et al., 2003), and cell activation state.  

The expression of newly classified Lpar6 in astrocytes remains to be examined. 
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  During development, LPA has numerous effects on cultured astrocytes, including 

intracellular calcium mobilization (Tabuchi et al., 2000), generation of reactive oxygen species, 

and actin cytoskeletal rearrangement (Guasch et al., 2003; Spohr et al., 2008).  Most studies have 

shown LPA-mediated DNA synthesis and proliferation in astrocytes (Ramakers and Moolenaar, 

1998; Sorensen et al., 2003; Shano et al., 2008), though some conflicting reports exist.  This 

discrepancy may be a function of the employed LPA concentration (Fuentes et al., 1999; Shano 

et al., 2008), astrocyte origin, species, or cell selection in culture (Pebay et al., 1999; Furukawa 

et al., 2007).  Additionally, LPA can induce astrocytes to express immediate early genes through 

pertussis-toxin sensitive G proteins, as well as cytokine genes, including nerve growth factor 

(NGF), interleukin (IL)-1β, IL-3, and IL-6 (Tabuchi et al., 2000). 

 In culture, cross-talk between neurons and astrocytes through LPA signaling has been 

reported.  For example, LPA-activated astrocytes can induce neuronal differentiation (Spohr et 

al., 2008) as well as axonal outgrowth of neurons via the extracellular matrix protein and 

epidermal growth factor signaling pathway (Spohr et al., 2011).  The production of NGF can also 

be enhanced by astrocytic exposure to LPA and other LPs (Furukawa et al., 2007).  Astrocyte 

proliferation and astrogliosis appear to be mediated through LPA signaling, likely through 

Lpar1-3 (Sorensen et al., 2003).  Finally, stimulation of astrocytes, which are normally 

insensitive to LPA, by lipopolysaccharide (LPS) or IL-1β induced LPA-responsive astrocyte 

migration (Sato et al., 2011).  It is likely that other LPA-induced paracrine signals exist amongst 

cell types within the nervous system.  
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Oligodendrocytes 

Oligodendrocytes express Lpar1 postnatally in a spatiotemporal manner that correlates 

with maturation and myelination (Allard et al., 1998; Weiner et al., 1998), peaking between 

postnatal P15-P21 (Weiner et al., 1998).  In vitro, LPA induces calcium mobilization, 

extracellular-regulated-kinase 1/2 (ERK1/2) phosphorylation, process retraction, and cell 

rounding in mature oligodendrocytes, but not in oligodendrocyte precursors (Moller et al., 1999).  

Early studies reported that Lpar1 in oligodendrocytes does not appear to promote myelination 

(Stankoff et al., 2002).  However, a subsequent study using a combination of the ATX knockout 

with LPA exposure supports a role for LPA signaling on the transition from process outgrowth to 

membrane sheath formation as oligodendrocytes switch from premyelinating to myelinating 

forms (Nogaroli et al., 2009).  This is consistent with increasing ATX expression during initial 

myelination (Nogaroli et al., 2009).  The maintenance of Lpar1 in oligodendrocytes does not 

appear to require an axonal signal from neurons, suggesting that it is regulated by an intrinsic 

oligodendrocyte program (Stankoff et al., 2002).  Finally, LPA stimulates process formation and 

increases the number of differentiating, but not mature, oligodendrocytes (Nogaroli et al., 2009).  

 

Schwann cells 

Schwann cells (SCs), which are peripheral nervous system counterparts to 

oligodendrocytes, are derived from the neural crest and are also responsive to LPA signaling.  At 

least three types of SCs exist.  Myelinating SCs form the myelin sheath around neuronal axons 

and express Lpar1 and possibly Lpar2.  Perisynaptic SCs (also called terminal SCs) are present 

at the neuromuscular junction, express both Lpar1 and Lpar3 (Weiner et al., 2001; Kobashi et 

al., 2006), and have known functions in synaptic transmission, synaptogenesis, and nerve 
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regeneration (Armati and Mathey, 2013).  The expression of LPARs in non-myelinating SCs, 

which ensheath non-myelinated fibers, is currently unknown.  LPA1 signaling reduces SC death 

through Gi, phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), and Akt in vitro (Weiner and 

Chun, 1999), which is supported in vivo by observations that Lpar1-null mice have increased 

apoptosis of SCs in sciatic nerves (Contos et al., 2000).   

In addition to promoting SC survival, LPA also induces dynamic alterations to the actin 

cytoskeleton, with corresponding morphological and cell adhesion changes (Weiner and Chun, 

1999; Weiner et al., 2001).  In vitro, the effects of LPA on SCs include promoting wreath 

formation, activating N-cadherin dependent cell aggregation, and enhancing focal adhesions.  

These responses are dramatically reduced in Lpar1-null SCs (Weiner et al., 2001).  P0 protein, a 

glycoprotein that is a major structural component of the myelin sheath, can be increased in SCs 

by LPA2 signaling, which may contribute to SC differentiation (Li et al., 2003).  Recently, it was 

shown that LPA via LPA1 signaling coupled to Gαi and Rac1, can promote embryonic SC 

migration, myelination, and cell-to-axon segregation.  By contrast, Lpar1-null mice showed 

delayed SC-to-axon segregation, abnormal polyaxonal myelination, and thinner myelin sheaths 

(Anliker et al., 2013). 

 In adult SCs isolated from axotomized sciatic nerve, Lpar1 and Lpar2 are coincidentally 

upregulated during post-axotomy SC proliferation, suggesting that LPA signaling promotes SC 

division in regenerating peripheral nerves (Weiner et al., 2001; Frohnert et al., 2003).  In 

contrast, LPA also induces demyelination of SCs in dorsal root ex vivo culture as well as in mice 

that have been intrathecally injected with LPA (Inoue et al., 2004; Fujita et al., 2007). 
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Microglia 

Microglia, derived from hematopoietic stem cells, are the resident macrophages of the 

CNS, showing multiple types and activation states including ramified (resting or quiescent) or 

activated.  Activated microglia can scavenge, present antigens, phagocytose, and release 

inflammatory mediators during injury and neurodegeneration (Hu et al., 2014).  Microglia from 

mouse or rat mainly express Lpar1 and/or Lpar3 (Moller et al., 2001; Tham et al., 2003), while 

human microglial cell lines express Lpar1-3 (Moller et al., 2001; Bernhart et al., 2010).  

Receptor activation by LPA can induce intracellular calcium mobilization and potassium channel 

activation, as well as cell proliferation, cell morphology changes, upregulated chemokinesis, and 

membrane ruffling (Schilling et al., 2004; Fujita et al., 2008; Muessel et al., 2013).  GPCR 

reciprocal modulation by both LPA and stromal cell-derived factor-1 (SDF-1) on their respective 

receptors produces microglial morphological changes through inward-rectifier potassium channel 

2.1 (Kir2.1) modulation, although the specific LPAR subtype remains to be defined.  As with 

other cell types in the brain, LPAR profiles and responses likely vary with microglia maturation, 

activation state, and species source. 

 

Choroid plexus 

 The choroid plexus is the major site of CSF production in the nervous system and is 

present in the lateral, third, and fourth ventricles.  The choroid plexus consists of cuboidal 

epithelial cells surrounding a central area with capillaries and is contiguous with the ependymal 

layer.  Unlike the ependyma, the choroid plexus is structurally distinct with tight gap junctions 

that connect the apical surface of the epithelial cells (Dziegielewska et al., 2001).  There is a 

report of Lpar5 expression in the fourth ventricular choroid plexus of the developing mouse 
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embryo, while none of the other LPARs were reported in choroid plexus in other ventricles 

(Ohuchi et al., 2008).  LPAR6 is found in human lateral ventricular choroid plexus, and reduced 

expression is seen in major depressive disorder (Turner et al., 2014).  Importantly, LPA-related 

metabolic enzymes are highly expressed in the choroid plexus.  For example, ATX shows 

perhaps the highest expression levels compared to all tissues in the choroid plexus during 

embryonic and adult life (Bachner et al., 1999; Koike et al., 2006; Savaskan et al., 2007).  The 

presence of ATX in the choroid plexus, and the general proximity of the choroid plexus to 

neurogenic structures, may catalyze blood-derived LPC into bioactive LPA that can affect many 

aspects of neurodevelopment.   Future studies should lead to new insights into the choroid 

plexus-CSF-brain axis. 

 

Brain Vasculature 

 Development of the nervous system occurs in tandem with establishment of the vascular 

network, which encompasses vasculogenesis, angiogenesis, vessel maturation and stability, as 

well as blood brain barrier (BBB) formation (Greenberg and Jin, 2005; Eichmann and Thomas, 

2013).  Numerous factors such as vascular endothelial growth factor (VEGF), platelet-derived 

growth factor (PDGF), and Notch also have roles in CNS development (Eichmann and Thomas, 

2013; Ruhrberg and Bautch, 2013).  In parallel, LPARs and LPA signaling can also influence 

vascular biology in health and disease (Teo et al., 2009).  Notably, LPA and VEGF signaling are 

intertwined, since LPA can induce VEGF expression via NF-κB signaling and VEGF can induce 

ATX and Lpar1 expression in vascular endothelial cells (Lin et al., 2008; Ptaszynska et al., 2010; 

Dutta et al., 2011). 
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Studies linking LPA to vascular development demonstrated that ATX-null mice die by 

E9.5 with vascular defects in the yolk sac and embryo (Tanaka et al., 2006; van Meeteren et al., 

2006).  These defects are similar to those found in Gα13-null mice (Offermanns et al., 1997); 

LPA receptor subtypes that are known upstream activators of Gα12/13 (Mirendil et al., 2013; 

Yung et al., 2014), which link LPAR signaling to some of these vascular processes.  Indeed, 

specific LPAR-null mice have vascular defects, including Lpar1-null and Lpar1 and Lpar2 

double null mice that have frontal cerebral hematomas (Contos et al., 2000; Contos et al., 2002), 

and more recently, Lpar4-null mice that have dilated blood and lymphatic vessels related to 

impaired pericyte recruitment (Sumida et al., 2010).  Additionally, pericytes appear to mediate 

blood vessel stabilization by increasing the rate of LPA degradation, based upon an in vitro 

model of angiogenesis (Motiejunaite et al., 2014).   

 Cultured endothelial cells (ECs) have been shown to express LPAR1-6 (Lin et al., 2007; 

Schleicher et al., 2011; Ren et al., 2013).  LPA promotes the survival and proliferation of ECs 

from a variety of sources (English et al., 1999; Lee et al., 2000), including brain microvascular 

bEND.3 cells (Schleicher et al., 2011).  LPA can also stimulate EC migration (English et al., 

1999; Lee et al., 2000; Wu et al., 2005) and influence vascular tone.  An early report, using a 

piglet model of intracranial hematoma demonstrated that LPA exposure produces dose-

dependent vasoconstriction, which is reminiscent of that produced by hemorrhage (Tigyi et al., 

1995).  More recently, LPA has been found to mediate vasodilation via LPA1, phospholipase C, 

and endothelial nitric oxide synthase (Ruisanchez et al., 2014).  LPA overexposure has been 

reported to increase BBB permeability (On et al., 2013; Yu et al., 2014), as may occur during 

pathological conditions like stroke. 
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Stressors and Neuropsychiatric Disorders 

 

CNS Injury 

Beyond the roles of LPA in the development and function of the nervous system, LPAR 

signaling is also important during CNS stress or damage.  During injury, LPA concentrations in 

brain and CSF are significantly elevated by production and/or release from multiple sources, 

including activated platelets and pro-inflammatory cells (Eichholtz et al., 1993; Tigyi et al., 

1995; Goldshmit et al., 2010).  Concentrations can reach thousands of times the apparent Kd of 

LPA receptors (Yung et al., 2011) to produce maximal activation of LPA receptor signaling.  

Traumatic injury has been reported to induce LPAR2 expression – which is typically low or 

undetectable in adult brain – in human ependymal cells as well as mouse cortical and spinal cord 

astrocytes (Goldshmit et al., 2010; Frugier et al., 2011).  Lpar1 is also increased in reactive 

murine spinal cord astrocytes, while Lpar3 expression is reportedly increased in cortical and 

spinal cord neurons (Goldshmit et al., 2010).  Additionally, ATX levels in the human cerebral 

cortex are decreased after fatal closed head injury (Frugier et al., 2011).  Whether this is due to 

negative feedback from injury-mediated LPA release (van Meeteren et al., 2005) or other factors 

remains to be determined.  Conversely, ATX levels are dramatically increased in white matter 

adjacent to injury lesions in the rat cortex, demonstrating a localized upregulation during injury 

(Savaskan et al., 2007) and suggesting that overactive LPA signaling may contribute to 

inflammatory consequences.  Notably, LPA levels altered by antibodies have been reported to 

improve traumatic brain injury outcomes in animal models (Goldshmit et al., 2012; Crack et al., 

2014). 
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Hypoxia 

Ischemia, or restriction of blood supply to tissues, is a major cause of hypoxia, even in 

the absence of direct trauma or infection.  Hypoxic states result in altered signaling pathways, 

decreased synaptic transmission, inflammation, and neural death (Corcoran and O'Connor, 

2013).  LPA1 signaling has been tied to hypoxia through distinct mechanisms.  For instance, 

hypoxia enhances LPA-induced hypoxia inducible factor-1 alpha (HIF-1α) expression in cancer 

cells and VEGF expression in the vasculature (Kim et al., 2006; Lee et al., 2006; Lee et al., 

2013c).  Embryonic HIF-1α expression is also dependent on the presence of ATX and is rescued 

by LPA exposure in ATX-null animals (Fotopoulou et al., 2010).  In the developing brain, the 

effects of short-term hypoxia can be devastating, altering development and often resulting in 

neurological disability or psychiatric disease (Herrera-Marschitz et al., 2014).  A study utilizing 

cultured mouse cortical hemispheres in hypoxic conditions found that even short term exposure 

to a low oxygen environment caused cellular abnormalities, including mislocalized mitotic NPCs 

and neurite retraction through overactivation of LPA1 and subsequent downregulation of G 

protein-coupled receptor kinase 2 (GIRK2) (Herr et al., 2011).  These effects were previously 

seen upon stimulation of LPA1 signaling in NPCs (Kingsbury et al., 2003) and could be reduced 

or prevented by an LPA1/3 inhibitor, use of Lpar1-null mice (Herr et al., 2011), or use of Lpar1 

and Lpar2 double null mice (Kingsbury et al., 2003).  Similar protection against mitotic 

displacement produced by hypoxia was seen with inhibition of Rac1, Rho-associated kinase 

(ROCK), and HIF-1α, indicating that these signaling molecules may be involved in this Lpar1-

dependent pathway (Fotopoulou et al., 2010).   

In postnatal brains, hypoxia can be caused by stroke or trauma (Busl and Greer, 2010).  

Increased LPA signaling promotes retinal cell survival under hypoxic conditions by upregulation 
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of Lpar1 and Lpar2 expression in ganglion cells and the inner retinal layers (Savitz et al., 2006).  

However, retinopathy models of prematurity in rat neonates, produced by alternating cycles of 

hypoxia and hyperoxia, showed conflicting results (Yang et al., 2009): while Lpar1 was 

upregulated in retinal tissue, LPA exposure or Lpar1 overexpression decreased cell viability and 

LPA1 inhibition or short hairpin RNA knockdown was protective to cell survival.  LPAR 

signaling is clearly involved during hypoxic/ischemic insult, though continued investigation will 

be necessary to resolve whether LPA acts as a protective or harmful effector. 

 

Hydrocephalus  

Several disorders have been strongly correlated with hemorrhagic events during early 

development, which could result in enhanced LPA signaling through blood exposure and cellular 

stress.  Fetal hydrocephalus is one such disease.  Hydrocephalus is characterized by increased 

CSF pressure associated with ventriculomegaly, motor deficiencies, and cognitive deficits, and 

has been linked to overactivation of LPA signaling in an embryonic mouse model of disease 

(Yung et al., 2011) (Fig. 3A).  Hydrocephalus was recapitulated by injecting blood components 

such as plasma or serum into the lateral ventricles of mouse embryos.  Injecting LPA alone 

resulted in 100% incidence of ventriculomegaly accompanied by other characteristics of 

developmental hydrocephalus, including neurorosette formation, displaced NPCs, cortical 

disruptions, and 3rd ventricular and aqueductal occlusions that have all been reported clinically 

(Fukumizu et al., 1995; Dominguez-Pinos et al., 2005).  All of these phenotypes were reduced or 

prevented in an Lpar1 and Lpar2 double-null mutant or by use of pharmacological LPA1/3 

antagonism.  Current treatments for hydrocephalus are neurosurgical and palliative, however this 
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disorder might be amenable to medical interventions involving LPAR signaling modulators, 

which are being actively pursued. 

 

Neuropsychiatric models 

Lpar1-null mice display a variety of negative behavioral signs and cognitive deficits, 

illustrating the importance of LPA1 signaling in normal cognition.  When Lpar1-null mice are 

born, they display problems in olfaction related to suckling as well as pronounced craniofacial 

dysmorphism (Contos et al., 2000), a trait commonly seen in autism (Ploeger et al., 2010).  

maLpar1-null mice, a spontaneous variant that arose during colony expansion of the Lpar1-null 

line in Málaga, Spain, exhibit several negative behavioral signs, including generalized anhedonia 

(Santin et al., 2009; Blanco et al., 2012; Castilla-Ortega et al., 2013), hypersensitivity to stress 

(Castilla-Ortega et al., 2010; Castilla-Ortega et al., 2011; Garcia-Fernandez et al., 2012), and 

significantly increased anxiety (Santin et al., 2009).  Lpar1-null mice also display deficits in 

prepulse inhibition (PPI) of the startle reflex (Harrison et al., 2003), a cognitive attention-related 

test that is significantly impaired in schizophrenia patients, as well as learning and memory 

deficiencies particularly related to spatial memory retention (Santin et al., 2009), consolidation 

(Castilla-Ortega et al., 2011), and working memory (Castilla-Ortega et al., 2010). 

LPA signaling has additionally been linked to many of the underlying molecular and 

neurotransmitter pathways involved in both genetic and environmental risk factors for 

neuropsychiatric disorders.  Glycogen synthase kinase-3 (GSK3) – a signaling network node 

associated with risk factors such as disrupted in schizophrenia 1 (Disc1), neuregulin 1 (Nrg1), 

thymoma viral proto-oncogene 1 (Akt1), and reelin – is strongly regulated by Lpar1 (Yang et al., 

2005; Lovestone et al., 2007; Mao et al., 2009; Sun et al., 2011).  Additionally, glutamatergic 
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signaling alterations are implicated in behavioral deficits associated with schizophrenia, autism, 

and other related neuropsychiatric disorders (Quiroz et al., 2004; Lin et al., 2012a; Hadley et al., 

2014), and LPA is known to initiate glutamate uptake (Shano et al., 2008).  Modification of 

LPA1 expression has also been linked to altered miniature excitatory postsynaptic potential 

(mEPSP) kinetics and frequency, inhibitory postsynaptic potential (IPSP) amplitude, and 

entorhinal cortex gamma oscillations (Cunningham et al., 2006; Segal, 2006; Trimbuch et al., 

2009).  Lpar1-null mice also display alterations in serotonin (5-HT) neurotransmitter levels 

(Harrison et al., 2003), dysregulation of glutamatergic synapses particularly through regulation 

of the glutamate receptors GluR3, GluR1, and the NMDA receptor NR2A/B (Harrison et al., 

2003; Roberts et al., 2005; Musazzi et al., 2010), increases in hippocampal CaMKII activity 

(Musazzi et al., 2010), and decreases in parvalbumin-positive neurons (Cunningham et al., 2006; 

Pedraza et al., 2013).  These data present a compelling picture of LPA1-initiated glutamatergic 

and GABAergic signaling dysregulation resulting in negative and cognitive behavioral deficits 

relevant to schizophrenia, depression, bipolar disorder, and anxiety disorders (Fig. 3B). 

 Many environmental risk factors for neuropsychiatric diseases, such as bleeding, 

infection, and hypoxia, are insults that overactivate LPA signaling (Eichholtz et al., 1993; 

Cummings et al., 2004; Li et al., 2010; Herr et al., 2011).  In an adult model of increased LPA 

exposure, where investigators directly infused LPA into the cerebral ventricles, treated mice 

displayed significantly increased anxiety, anhedonia through decreased novelty exploration, and 

depression-associated immobility in the forced swim test (Castilla-Ortega et al., 2014).  These 

negative behavioral deficits are remarkably similar to those seen in Lpar1-null mice, suggesting 

that precise regulation of LPA signaling is critical for regulation of certain behaviors.  Indeed, 

since exposure to high concentrations of LPA during mid-development also induces 
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hydrocephalus, this suggests that either increased or decreased LPAR signaling could lead to a 

number of neurological disorders that might be considered “hypomorphs” of the severe changes 

seen in hydrocephalus.  It is possible that the timing, severity, and/or duration of aberrant LPAR 

signaling contributes to specific pathologies. 

The activity of PLA2, one of the main phospholipases responsible for LPA production, 

can be significantly increased in first-episode schizophrenia patients and is strongly associated 

with symptom severity (Smesny et al., 2005; Ong et al., 2010; Smesny et al., 2010).  In addition, 

rats with knocked-down PLA2 expression show reductions in PPI, a common cognitive deficit 

seen in schizophrenia patients (Lee et al., 2009).  The removal of a lipid enzyme homologue 

associated with LPA degradation and uptake, plasticity-related gene 1 (PRG-1 or LPPR4:  lipid 

phosphate phosphatase-related protein type 4, reviewed in (Strauss and Brauer, 2013)), results in 

epilepsy in knockout mice (Trimbuch et al., 2009).  Importantly, these seizures are prevented 

when LPA2 signaling is also removed, suggesting a receptor-dependent pathology.  LPA 

signaling is also dysregulated in bipolar I patients, where Ca2+ influx in lymphocytes from 

patients show a hypersensitive response to LPA exposure (Quiroz et al., 2004; Perova et al., 

2008). 

 

Alzheimer’s disease 

One of the central pathologies in Alzheimer’s disease (AD) is an abundance of senile 

plaques and tangles composed of beta-amyloid (Aβ) and tau aggregates.  Decreased ATX 

expression found in the frontal cortex of Alzheimer’s patients (Umemura et al., 2006) suggests 

that altered LPAR signaling might contribute to the pathology of the disease.  LPA enhances 

site-specific pathogenic tau phosphorylation, leading to GSK3-mediated growth cone collapse in 
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neurons (Sayas et al., 1999).  LPA also increases β-secretase activity, leading to elevated Aβ 

production (Shi et al., 2013).  Gintonin, a bioactive fraction isolated from ginseng that has been 

reported to improve cognition in AD, is composed of protein-bound LPA that activates LPA1-5 

(LPA2 > LPA5 > LPA1 > LPA3 > LPA4; LPA6 was not assessed) (Hwang et al., 2012b).  

Gintonin promotes soluble secretory AβPPα release and decreased Aβ1-42 release (Hwang et al., 

2012a).  Treatment of Aβ transgenic mouse AD models with gintonin has been reported to 

attenuate amyloid plaque deposition and prevent long-term memory impairment, resulting in 

cognitive dysfunction rescue (Hwang et al., 2012a).  It will be important to validate these reports, 

including determination of whether there are specific LPARs involved in Aβ plaque formation 

and cognitive deficits in AD. 

 

Nerve injury and pain 

LPA signaling is also involved in nerve injury and pain responses through LPARs and 

related metabolites (reviewed in (Ueda et al., 2013)) (Fig. 3C).  Chronic pain affects up to 65% 

of the adult population and can broadly be classified as neuropathic or nociceptive in nature 

(Yawn et al., 2009).  Several models used to study neuropathic pain include partial sciatic nerve 

ligation (PSNL), intrathecal LPA injection, UVB irradiation, and ischemia-induced pain.  

Neuropathic pain, with symptomatic allodynia and hyperalgesia, is commonly caused by trauma 

or inflammation of the nervous system, resulting in nerve damage, peripheral neuropathy, and 

Schwann cell demyelination (Campbell and Meyer, 2006).  LPA exposure during tissue injury, 

as modeled by intrathecal LPA injection, initiates neuropathic pain in wild-type mice (Inoue et 

al., 2004; Ueda et al., 2013).  Interestingly, the de novo synthesis of LPA through PLA2 and 

ATX appears to mediate the initial phases of neuropathic pain (Ma et al., 2010).  Furthermore, in 
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ex vivo studies, LPA induces demyelination and decreases myelin basic protein expression in 

isolated dorsal root ganglion fibers (Fujita et al., 2007).  Intrathecally administered lysolecithin, 

an agent used to produce demyelination (Hall, 1972), appears to induce neuropathic pain via 

ATX-mediated conversion into LPA (Inoue et al., 2008b).  This result is supported by studies on 

Enpp2+/- mice, which have a 50% decrease in LPA plasma concentration and also show a 50% 

recovery from PSNL-induced neuropathic pain (Inoue et al., 2008a).  LPA-mediated nociception 

may be dependent on specific LPA forms, since pain responses were strongly elicited by 18:1 

LPA but not by 16:0 LPA or 18:0 LPA (Ma et al., 2013).  Cyclic phosphatidic acid, a structural 

analog of LPA, has also been reported to inhibit ATX and attenuate PSNL-induced allodynia and 

hyperalgesia (Kakiuchi et al., 2011). 

Genetic removal of Lpar1 blocks LPA-induced sequelae during PSNL injury, 

demonstrating both lipid and receptor specificity (Inoue et al., 2004).  Allodynia and 

demyelination are also reduced using Rho pathway inhibitors, implicating LPA1-mediated Rho 

activation (Inoue et al., 2004).  Furthermore, LPA1 activation can induce a nociceptive response, 

characterized by tissue, but not nerve damage, which mediates the release of substance P, a 

neuropeptide implicated in inflammation and pain (Renback et al., 1999).  In addition, LPA 

produced through a feed-forward mechanism can signal through LPA3 in the spinal cord dorsal 

horn and dorsal roots to initiate nerve injury-induced neuropathic pain (Ma et al., 2009).  

Intraperitoneal administration of Ki16425, an LPA1/3 antagonist, can block LPA-induced 

nociception (Ma et al., 2013).  PSNL-induced neuropathic pain can also be blocked in Lpar5-null 

mice, resulting in decreased phosphorylated cAMP response element-binding protein (pCREB) 

expression in spinal cord dorsal horn neurons and distinct involvement of cAMP, independent of 

LPA1 signaling (Lin et al., 2012b).  
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Numerous lipids, including LPA, can indirectly activate or sensitize nociceptors by 

interacting with TRP or sodium channel families, or by recruiting immune cells to the site of 

inflammation.  During UVB radiation-induced inflammatory hyperalgesia, distinct species of 

LPA and other lipids are elevated in the skin, but not in dorsal root ganglia or dorsal horn 

(Sisignano et al., 2013).  Sensitization of afferent Aβ and Aγ, but not C fibers, are thought to be 

responsible for LPA-induced mechanical allodynia.  Moreover, increased or newly expressed 

TRPV1 receptors in Aβ and Aγ fibers are thought to be involved in the maintenance of LPA-

induced allodynia (Ohsawa et al., 2013).  

 

Brain Cancer 

LPA signaling has significant roles in cancer, particularly in the promotion of metastasis, 

tumor growth, neovascularization, and inhibition of apoptosis (Tsujiuchi et al., 2013; Yung et al., 

2014) (Fig. 3D).  Aberrant LPAR expression and signaling in CNS glioblastomas and 

neuroblastomas have been reported (Hoelzinger et al., 2008; Hayashi et al., 2012; Willier et al., 

2013).  For instance, LPAR1 and ENPP2 are overexpressed in highly malignant glioblastoma 

multiforme (GBM) (Kishi et al., 2006).  Metabolism of LPC by ATX may provide a chemotactic 

source of LPA, since ENPP2 knockdown in GBM reduces LPC-directed migration, inhibits 

invasion, and enhances tumor radiosensitivity (Kishi et al., 2006; Hoelzinger et al., 2008; 

Schleicher et al., 2011; Bhave et al., 2013).  In neuroblastomas, induced expression of LPA2 or 

LPA3 in the B103 neuroblastoma cell line promotes increased baseline motility and invasion 

(Hayashi et al., 2012), while LPA1 signaling stimulates increased cell motility in both neoplastic 

and non-neoplastic cells (Van Leeuwen et al., 2003; Hama et al., 2004).  In contrast, LPA4 
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expression in B103 cells has been reported to attenuate pro-migratory LPA1 and LPA2 responses 

(Lee et al., 2008). 

Dysregulated Rho and Rac signaling appears to correlate with neural tumor proliferation 

and invasiveness (Khalil and El-Sibai, 2012), which can be altered by LPAR mechanisms.  LPA1 

and LPA2 signaling induces stress fiber formation, cytoskeletal rearrangement, and cell migration 

in GBM cells via downstream Rho/ROCK activation (Manning et al., 2000; Seasholtz et al., 

2004).  ROCK inhibition in LPAR-expressing tumor cells decreases motility and invasion 

(Salhia et al., 2005; Hayashi et al., 2012).  This pathway is balanced and antagonized by Rac1-

mediated adhesion and PI3K signaling (Van Leeuwen et al., 2003; Seasholtz et al., 2004; Salhia 

et al., 2005).  Other significant pathways may include Ras/MAPK signaling, since MAPK 

phosphorylation was observed in LPA-mediated glioblastoma cell migration (Mattingly et al., 

2001; Annabi et al., 2009).  Additionally, downregulation of LPA-induced MAPK in drug 

resistant neuroblastoma cells sensitized them to therapy.  Furthermore, constitutively active 

LPA1-expressing B103 cells showed higher matrix metalloproteinase-2 expression and 

activation, suggesting that LPA signaling may stimulate invasion by processes other than basic 

motility (Kato et al., 2012).   

 

Conclusion 

Over the past two decades, the roles of LPA signaling have been progressively defined in 

the normal, developing, and adult nervous system, commencing with the identification of 

specific, cell-surface receptors.  LPA signaling influences numerous developmental processes, 

including NPC proliferation, neural and glial development, proper cell migration, and cell 

survival.  Environmental stressors such as hypoxia, inflammation, and hemorrhage that increase 
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LPA signaling have links to multiple neuropathologies, including hydrocephalus, traumatic brain 

injury, neuropathic pain, and neurodevelopmental and neuropsychiatric disorders.  In addition, 

pathological conditions such as brain cancers and neurodegenerative disorders like AD have also 

been linked to LPA signaling.  Genuine therapeutics targeting LPARs are anticipated in the 

future, especially in view of the compound known as fingolimod, an FDA-approved medicine for 

treating multiple sclerosis, which antagonizes LP (S1P) receptors (Chun and Brinkmann, 2011; 

Cohen and Chun, 2011; Groves et al., 2013), along with the entry of new chemical entities 

targeting LPARs into clinical trials for other indications ((Swaney et al., 2010; Castelino et al., 

2011) and reviewed in (Lappano and Maggiolini, 2011; Rancoule et al., 2011)).  The prospects 

are increasingly bright for uncovering new biology and medicines that impact the nervous 

system through LPA signaling. 
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Figure 3.1:  LPA is a bioactive lipid that signals through defined GPCRs within the 

nervous system.  

 Lipids comprise a significant portion of the central nervous system (CNS) and have  differing 

structural, energetic, and bioactive signaling properties.  Signaling lipids are often bound to 

carrier proteins such as albumin or heat shock proteins.  LPA activates members of a family of G 

protein-coupled receptors (GPCRs) and influences multiple cellular processes including 

proliferation, survival, apoptosis, morphological change, and migration, as well as the production 

of other lipids such as prostaglandins through arachidonic acid (AA) conversion by 

cyclooxygenase 2 (COX-2).  The synthetic pathways for LPA include conversion of 

phosphatidylcholine (PC) into lysophosphatidylcholine (LPC) by lecithin-cholesterol 

acyltransferase (LCAT) and phospholipase A (PLA) 1 enzymes, or by conversion of PC to 

phosphatidic acid (PA) by phospholipase D (PLD).  LPC is then metabolized to produce 

lysophosphatidic acid (LPA) by the enzyme autotaxin (ATX).  LPA can be broken down into 

monoacylglycerol (MAG) by a family of lipid phosphate phosphatases (LPPs).  Other lipids in 

the CNS include the endocannabinoid family, fatty acids, cholesterol, and prostaglandins, which 

are beyond the scope of this review.  
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Figure 3.2:  LPAR subtypes in the developing and mature cerebral cortex. 

Reported LPAR subtype expression of the six LPA receptors, LPA1-6, varies with developmental 

age and cell type.  (Left) LPARs are expressed in neural progenitor cells (NPCs) and other 

developing cortical cells.  These expression patterns vary as the progenitors arise in the 

ventricular zone (VZ) and differentiate as they migrate through the subventricular zone (SVZ), 

intermediate zone (IZ), to localize within the cortical plate (CP).  In the embryonic brain, LPA-

mediated processes include proliferation, interkinetic nuclear migration, neurite retraction, 

survival, morphological change, and cell migration.  (Right) Most major cell types in the mature 

cortex express specific subtypes of LPARs.  LPARs are also expressed in cells of the ependyma, 

blood-brain barrier, and meninges, which overlie the most superficial marginal zone (MZ).  

Postnatally, LPA signaling influences myelination, microglial and astrocytic responses, vascular 

stabilization, and higher cognitive processes. 
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Figure 3.3:  Dysregulated LPA signaling may lead to nervous system disorders. 

Aberrant LPA signaling, whether produced by overactivation, altered LPA 

production/degradation, or changes in receptor expression, can disrupt the nervous system to 

produce sequelae relevant to human brain disorders.  (A) LPA signaling has been linked to post-

hemorrhagic hydrocephalus.  A mouse model recapitulates multiple histological comorbidities 

seen in humans, including ventriculomegaly, formation of neurorosettes, disrupted NPCs within 

the ventricular zone (VZ), intermediate zone (IZ), and cortical plate (CP), loss of cell adhesion 

that leads to the presence of free-floating cells in the CSF, compromised ependymal lining, and 

ventricular occlusions.  Hydrocephalus is often chronic, with increased CSF pressure, 

ventriculomegaly, and decreased brain mass persisting throughout postnatal life.  (B) Lpar1-null 

mice display dysregulated neural signaling, with disruption of glutamatergic (AMPA and NMDA 

receptor expression and composition) and GABAergic (GABA+/PV+ neuron decreases) 

function, leading to significant cognitive impairments in animal models.  (C) Nerve damage 

induces the production of LPA via ATX-mediated conversion of LPC.  LPA stimulates LPA3 on 

activated microglia, resulting in feed-forward LPA release that, in turn, can activate LPA1 on 

Schwann cells, leading to downregulation of myelin proteins, progressive demyelination, and 

initiation of neuropathic pain.  (D) Brain tumors can show overexpression of ATX and LPARs, 

leading to altered LPAR signaling.  LPA1-3 stimulation by increased environmental LPA induces 

cell migration and promotes cancer cell metastases.  



63 
 

References 

1. O'Brien, J.S., and Sampson, E.L. (1965). Lipid composition of the normal human brain: 

gray matter, white matter, and myelin. J Lipid Res 6, 537-544. 

2. Svennerholm, L., Bostrom, K., Jungbjer, B., and Olsson, L. (1994). Membrane lipids of 

adult human brain: lipid composition of frontal and temporal lobe in subjects of age 20 to 

100 years. J Neurochem 63, 1802-1811. 

3. Rossy, J., Ma, Y., and Gaus, K. (2014). The organisation of the cell membrane: do proteins 

rule lipids? Curr Opin Chem Biol 20C, 54-59. 

4. Bieberich, E. (2012). It's a lipid's world: bioactive lipid metabolism and signaling in neural 

stem cell differentiation. Neurochem Res 37, 1208-1229. 

5. Yung, Y.C., Stoddard, N.C., and Chun, J. (2014). LPA Receptor Signaling: Pharmacology, 

Physiology, and Pathophysiology. J Lipid Res. 

6. Choi, J.W., Herr, D.R., Noguchi, K., Yung, Y.C., Lee, C.W., Mutoh, T., Lin, M.E., Teo, 

S.T., Park, K.E., Mosley, A.N., and Chun, J. (2010). LPA receptors: subtypes and biological 

actions. Annu Rev Pharmacol Toxicol 50, 157-186. 

7. Noguchi, K., Herr, D., Mutoh, T., and Chun, J. (2009). Lysophosphatidic acid (LPA) and its 

receptors. Curr Opin Pharmacol 9, 15-23. 

8. Hecht, J.H., Weiner, J.A., Post, S.R., and Chun, J. (1996). Ventricular zone gene-1 (vzg-1) 

encodes a lysophosphatidic acid receptor expressed in neurogenic regions of the developing 

cerebral cortex. J Cell Biol 135, 1071-1083. 

9. Yung, Y.C., Mutoh, T., Lin, M.E., Noguchi, K., Rivera, R.R., Choi, J.W., Kingsbury, M.A., 

and Chun, J. (2011). Lysophosphatidic acid signaling may initiate fetal hydrocephalus. Sci 

Transl Med 3, 87-99. 

10. Fukushima, N., Weiner, J.A., and Chun, J. (2000). Lysophosphatidic acid (LPA) is a novel 

extracellular regulator of cortical neuroblast morphology. Dev Biol 228, 6-18. 

11. Fukushima, N., Weiner, J.A., Kaushal, D., Contos, J.J., Rehen, S.K., Kingsbury, M.A., Kim, 

K.Y., and Chun, J. (2002a). Lysophosphatidic acid influences the morphology and motility 

of young, postmitotic cortical neurons. Mol Cell Neurosci 20, 271-282. 

12. Anliker, B., Choi, J.W., Lin, M.E., Gardell, S.E., Rivera, R.R., Kennedy, G., and Chun, J. 

(2013). Lysophosphatidic acid (LPA) and its receptor, LPA1 , influence embryonic schwann 

cell migration, myelination, and cell-to-axon segregation. Glia 61, 2009-2022. 

13. Weiner, J.A., Hecht, J.H., and Chun, J. (1998). Lysophosphatidic acid receptor gene vzg-

1/lpA1/edg-2 is expressed by mature oligodendrocytes during myelination in the postnatal 

murine brain. J Comp Neurol 398, 587-598. 



64 
 

14. Trimbuch, T., Beed, P., Vogt, J., Schuchmann, S., Maier, N., Kintscher, M., Breustedt, J.r., 

Schuelke, M., Streu, N., Kieselmann, O., Brunk, I., Laube, G., Strauss, U., Battefeld, A., 

Wende, H., Birchmeier, C., Wiese, S., Sendtner, M., Kawabe, H., Kishimoto-Suga, M., 

Brose, N., Baumgart, J., Geist, B., Aoki, J., Savaskan, N.E., Br‰uer, A.U., Chun, J., 

Ninnemann, O., Schmitz, D., and Nitsch, R. (2009). Synaptic PRG-1 Modulates Excitatory 

Transmission via Lipid Phosphate-Mediated Signaling. Cell 138, 1222-1235. 

15. Schilling, T., Stock, C., Schwab, A., and Eder, C. (2004). Functional importance of Ca2+-

activated K+ channels for lysophosphatidic acid-induced microglial migration. Eur J 

Neurosci 19, 1469-1474. 

16. Moller, T., Contos, J.J., Musante, D.B., Chun, J., and Ransom, B.R. (2001). Expression and 

function of lysophosphatidic acid receptors in cultured rodent microglial cells. J Biol Chem 

276, 25946-25952. 

17. Teo, S.T., Yung, Y.C., Herr, D.R., and Chun, J. (2009). Lysophosphatidic acid in vascular 

development and disease. IUBMB life 61, 791-799. 

18. Yukiura, H., Hama, K., Nakanaga, K., Tanaka, M., Asaoka, Y., Okudaira, S., Arima, N., 

Inoue, A., Hashimoto, T., Arai, H., Kawahara, A., Nishina, H., and Aoki, J. (2011). 

Autotaxin regulates vascular development via multiple lysophosphatidic acid (LPA) 

receptors in zebrafish. J Biol Chem 286, 43972-43983. 

19. English, D., Kovala, A.T., Welch, Z., Harvey, K.A., Siddiqui, R.A., Brindley, D.N., and 

Garcia, J.G. (1999). Induction of endothelial cell chemotaxis by sphingosine 1-phosphate 

and stabilization of endothelial monolayer barrier function by lysophosphatidic acid, 

potential mediators of hematopoietic angiogenesis. Journal of hematotherapy & stem cell 

research 8, 627-634. 

20. Chen, Y., Ramakrishnan, D.P., and Ren, B. (2013). Regulation of angiogenesis by 

phospholipid lysophosphatidic acid. Front Biosci (Landmark Ed) 18, 852-861. 

21. Kihara, Y., Maceyka, M., Spiegel, S., and Chun, J. (2014). Lysophospholipid receptor 

nomenclature review: IUPHAR Review 8. Br J Pharmacol. 

22. van Echten-Deckert, G., Hagen-Euteneuer, N., Karaca, I., and Walter, J. (2014). 

Sphingosine-1-phosphate: boon and bane for the brain. Cell Physiol Biochem 34, 148-157. 

23. Meng, H., and Lee, V.M. (2009). Differential expression of sphingosine-1-phosphate 

receptors 1-5 in the developing nervous system. Dev Dyn 238, 487-500. 

24. Meng, H., Yuan, Y., and Lee, V.M. (2011). Loss of sphingosine kinase 1/S1P signaling 

impairs cell growth and survival of neurons and progenitor cells in the developing sensory 

ganglia. PLoS One 6, e27150. 

25. McGiffert, C., Contos, J.J., Friedman, B., and Chun, J. (2002). Embryonic brain expression 

analysis of lysophospholipid receptor genes suggests roles for s1p(1) in neurogenesis and 

s1p(1-3) in angiogenesis. FEBS Lett 531, 103-108. 



65 
 

26. Choi, J.W., and Chun, J. (2013). Lysophospholipids and their receptors in the central 

nervous system. Biochim Biophys Acta 1831, 20-32. 

27. Chun, J., Contos, J.J., and Munroe, D. (1999). A growing family of receptor genes for 

lysophosphatidic acid (LPA) and other lysophospholipids (LPs). Cell Biochem Biophys 30, 

213-242. 

28. Chun, J. (1999). Lysophospholipid receptors: implications for neural signaling. Crit Rev 

Neurobiol 13, 151-168. 

29. Xu, J., Zhang, Q.X., Pilquil, C., Berthiaume, L.G., Waggoner, D.W., and Brindley, D.N. 

(2000). Lipid phosphate phosphatase-1 in the regulation of lysophosphatidate signaling. Ann 

N Y Acad Sci 905, 81-90. 

30. Brindley, D.N., English, D., Pilquil, C., Buri, K., and Ling, Z.C. (2002). Lipid phosphate 

phosphatases regulate signal transduction through glycerolipids and sphingolipids. Biochim 

Biophys Acta 1582, 33-44. 

31. van Meeteren, L.A., Ruurs, P., Stortelers, C., Bouwman, P., van Rooijen, M.A., Pradere, 

J.P., Pettit, T.R., Wakelam, M.J., Saulnier-Blache, J.S., Mummery, C.L., Moolenaar, W.H., 

and Jonkers, J. (2006). Autotaxin, a secreted lysophospholipase D, is essential for blood 

vessel formation during development. Mol Cell Biol 26, 5015-5022. 

32. Koike, S., Keino-Masu, K., Ohto, T., and Masu, M. (2006). The N-terminal hydrophobic 

sequence of autotaxin (ENPP2) functions as a signal peptide. Genes Cells 11, 133-142. 

33. Bandoh, K., Aoki, J., Taira, A., Tsujimoto, M., Arai, H., and Inoue, K. (2000). 

Lysophosphatidic acid (LPA) receptors of the EDG family are differentially activated by 

LPA species. Structure-activity relationship of cloned LPA receptors. FEBS Lett 478, 159-

165. 

34. Ueda, H., Matsunaga, H., Olaposi, O.I., and Nagai, J. (2013). Lysophosphatidic acid: 

chemical signature of neuropathic pain. Biochim Biophys Acta 1831, 61-73. 

35. Houben, A.J., and Moolenaar, W.H. (2011). Autotaxin and LPA receptor signaling in 

cancer. Cancer Metastasis Rev 30, 557-565. 

36. Lee, H., Goetzl, E.J., and An, S. (2000). Lysophosphatidic acid and sphingosine 1-

phosphate stimulate endothelial cell wound healing. Am J Physiol Cell Physiol 278, C612-

618. 

37. Lee, S.J., Leoni, G., Neumann, P.A., Chun, J., Nusrat, A., and Yun, C.C. (2013a). Distinct 

phospholipase C-beta isozymes mediate lysophosphatidic acid receptor 1 effects on 

intestinal epithelial homeostasis and wound closure. Mol Cell Biol 33, 2016-2028. 

38. Mirendil, H., Lin, M.E., and Chun, J. (2013). Lysophosphatidic Acid (LPA) Receptor 

Signaling In Lysophospholipid Receptors: Signaling and Biochemistry, J. Chun, T. Hla, 

W.H. Moolenaar, and S. Spiegel, eds. (Hoboken, N.J.: Wiley), pp. 1-39. 



66 
 

39. Triebl, A., Trotzmuller, M., Eberl, A., Hanel, P., Hartler, J., and Kofeler, H.C. (2014). 

Quantitation of phosphatidic acid and lysophosphatidic acid molecular species using 

hydrophilic interaction liquid chromatography coupled to electrospray ionization high 

resolution mass spectrometry. J Chromatogr A. 

40. Aaltonen, N., Laitinen, J.T., and Lehtonen, M. (2010). Quantification of lysophosphatidic 

acids in rat brain tissue by liquid chromatography-electrospray tandem mass spectrometry. 

Journal of Chromatography B 878, 1145-1152. 

41. Scherer, M., Schmitz, G., and Liebisch, G. (2009). High-throughput analysis of sphingosine 

1-phosphate, sphinganine 1-phosphate, and lysophosphatidic acid in plasma samples by 

liquid chromatography-tandem mass spectrometry. Clin Chem 55, 1218-1222. 

42. Morishige, J., Urikura, M., Takagi, H., Hirano, K., Koike, T., Tanaka, T., and Satouchi, K. 

(2010). A clean-up technology for the simultaneous determination of lysophosphatidic acid 

and sphingosine-1-phosphate by matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry using a phosphate-capture molecule, Phos-tag. Rapid Commun Mass 

Spectrom 24, 1075-1084. 

43. Aoki, J., Taira, A., Takanezawa, Y., Kishi, Y., Hama, K., Kishimoto, T., Mizuno, K., Saku, 

K., Taguchi, R., and Arai, H. (2002). Serum lysophosphatidic acid is produced through 

diverse phospholipase pathways. J Biol Chem 277, 48737-48744. 

44. Hosogaya, S., Yatomi, Y., Nakamura, K., Ohkawa, R., Okubo, S., Yokota, H., Ohta, M., 

Yamazaki, H., Koike, T., and Ozaki, Y. (2008). Measurement of plasma lysophosphatidic 

acid concentration in healthy subjects: strong correlation with lysophospholipase D activity. 

Ann Clin Biochem 45, 364-368. 

45. Watanabe, N., Ikeda, H., Nakamura, K., Ohkawa, R., Kume, Y., Aoki, J., Hama, K., 

Okudaira, S., Tanaka, M., Tomiya, T., Yanase, M., Tejima, K., Nishikawa, T., Arai, M., 

Arai, H., Omata, M., Fujiwara, K., and Yatomi, Y. (2007a). Both plasma lysophosphatidic 

acid and serum autotaxin levels are increased in chronic hepatitis C. J Clin Gastroenterol 41, 

616-623. 

46. Yanagida, K., Masago, K., Nakanishi, H., Kihara, Y., Hamano, F., Tajima, Y., Taguchi, R., 

Shimizu, T., and Ishii, S. (2009). Identification and characterization of a novel 

lysophosphatidic acid receptor, p2y5/LPA6. J Biol Chem 284, 17731-17741. 

47. Ojala, P.J., Hermansson, M., Tolvanen, M., Polvinen, K., Hirvonen, T., Impola, U., 

Jauhiainen, M., Somerharju, P., and Parkkinen, J. (2006). Identification of alpha-1 acid 

glycoprotein as a lysophospholipid binding protein: a complementary role to albumin in the 

scavenging of lysophosphatidylcholine. Biochemistry (Mosc) 45, 14021-14031. 

48. Desmaret, S., Qian, L., Vanloo, B., Meerschaert, K., Van Damme, J., Grooten, J., 

Vandekerckhove, J., Prestwich, G.D., and Gettemans, J. (2005). Lysophosphatidic acid 

affinity chromatography reveals pyruvate kinase as a specific LPA-binding protein. Biol 

Chem 386, 1137-1147. 



67 
 

49. Eichholtz, T., Jalink, K., Fahrenfort, I., and Moolenaar, W.H. (1993). The bioactive 

phospholipid lysophosphatidic acid is released from activated platelets. Biochem J 291, 677-

680. 

50. Tokumura, A., Harada, K., Fukuzawa, K., and Tsukatani, H. (1986). Involvement of 

lysophospholipase D in the production of lysophosphatidic acid in rat plasma. Biochim 

Biophys Acta 875, 31-38. 

51. Sano, T., Baker, D., Virag, T., Wada, A., Yatomi, Y., Kobayashi, T., Igarashi, Y., and Tigyi, 

G. (2002). Multiple mechanisms linked to platelet activation result in lysophosphatidic acid 

and sphingosine 1-phosphate generation in blood. J Biol Chem 277, 21197-21206. 

52. Gerrard, J.M., Kindom, S.E., Peterson, D.A., Peller, J., Krantz, K.E., and White, J.G. 

(1979). Lysophosphatidic acids. Influence on platelet aggregation and intracellular calcium 

flux. Am J Pathol 96, 423-438. 

53. Tanaka, M., Kishi, Y., Takanezawa, Y., Kakehi, Y., Aoki, J., and Arai, H. (2004). Prostatic 

acid phosphatase degrades lysophosphatidic acid in seminal plasma. FEBS Lett 571, 197-

204. 

54. Ma, L., Uchida, H., Nagai, J., Inoue, M., Aoki, J., and Ueda, H. (2010). Evidence for de 

novo synthesis of lysophosphatidic acid in the spinal cord through phospholipase A2 and 

autotaxin in nerve injury-induced neuropathic pain. J Pharmacol Exp Ther 333, 540-546. 

55. Tokumura, A., Taira, S., Kikuchi, M., Tsutsumi, T., Shimizu, Y., and Watsky, M.A. (2012). 

Lysophospholipids and lysophospholipase D in rabbit aqueous humor following corneal 

injury. Prostaglandins Other Lipid Mediat 97, 83-89. 

56. Liliom, K., Guan, Z., Tseng, J.L., Desiderio, D.M., Tigyi, G., and Watsky, M.A. (1998). 

Growth factor-like phospholipids generated after corneal injury. Am J Physiol 274, C1065-

1074. 

57. Tanaka, M., Okudaira, S., Kishi, Y., Ohkawa, R., Iseki, S., Ota, M., Noji, S., Yatomi, Y., 

Aoki, J., and Arai, H. (2006). Autotaxin stabilizes blood vessels and is required for 

embryonic vasculature by producing lysophosphatidic acid. J Biol Chem 281, 25822-25830. 

58. Albers, H.M., Dong, A., van Meeteren, L.A., Egan, D.A., Sunkara, M., van Tilburg, E.W., 

Schuurman, K., van Tellingen, O., Morris, A.J., Smyth, S.S., Moolenaar, W.H., and Ovaa, 

H. (2010). Boronic acid-based inhibitor of autotaxin reveals rapid turnover of LPA in the 

circulation. Proc Natl Acad Sci U S A 107, 7257-7262. 

59. Bachner, D., Ahrens, M., Betat, N., Schroder, D., and Gross, G. (1999). Developmental 

expression analysis of murine autotaxin (ATX). Mech Dev 84, 121-125. 

60. Savaskan, N.E., Rocha, L., Kotter, M.R., Baer, A., Lubec, G., van Meeteren, L.A., Kishi, 

Y., Aoki, J., Moolenaar, W.H., Nitsch, R., and Brauer, A.U. (2007). Autotaxin (NPP-2) in 

the brain: cell type-specific expression and regulation during development and after 

neurotrauma. Cell Mol Life Sci 64, 230-243. 



68 
 

61. Nakamura, K., Ohkawa, R., Okubo, S., Tozuka, M., Okada, M., Aoki, S., Aoki, J., Arai, H., 

Ikeda, H., and Yatomi, Y. (2007). Measurement of lysophospholipase D/autotaxin activity 

in human serum samples. Clin Biochem 40, 274-277. 

62. Nakamura, K., Ohkawa, R., Okubo, S., Yokota, H., Ikeda, H., Yatomi, Y., Igarashi, K., Ide, 

K., Kishimoto, T., Masuda, A., Yamamoto, T., Tsuji, S., Saito, N., Kurokawa, M., 

Okudaira, S., and Aoki, J. (2009). Autotaxin enzyme immunoassay in human cerebrospinal 

fluid samples. Clin Chim Acta 405, 160-162. 

63. Sato, K., Malchinkhuu, E., Muraki, T., Ishikawa, K., Hayashi, K., Tosaka, M., Mochiduki, 

A., Inoue, K., Tomura, H., Mogi, C., Nochi, H., Tamoto, K., and Okajima, F. (2005). 

Identification of autotaxin as a neurite retraction-inducing factor of PC12 cells in 

cerebrospinal fluid and its possible sources. J Neurochem 92, 904-914. 

64. Fotopoulou, S., Oikonomou, N., Grigorieva, E., Nikitopoulou, I., Paparountas, T., 

Thanassopoulou, A., Zhao, Z., Xu, Y., Kontoyiannis, D.L., Remboutsika, E., and Aidinis, V. 

(2010). ATX expression and LPA signalling are vital for the development of the nervous 

system. Dev Biol 339, 451-464. 

65. Perrakis, A., and Moolenaar, W.H. (2014). Autotaxin: structure-function and signaling. J 

Lipid Res. 

66. Aoki, J., Inoue, A., and Okudaira, S. (2008). Two pathways for lysophosphatidic acid 

production. Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 

1781, 513-518. 

67. Aoki, J. (2004). Mechanisms of lysophosphatidic acid production. Semin Cell Dev Biol 15, 

477-489. 

68. Sugiura, T., Nakane, S., Kishimoto, S., Waku, K., Yoshioka, Y., Tokumura, A., and 

Hanahan, D.J. (1999). Occurrence of lysophosphatidic acid and its alkyl ether-linked analog 

in rat brain and comparison of their biological activities toward cultured neural cells. 

Biochim Biophys Acta 1440, 194-204. 

69. Bektas, M., Payne, S.G., Liu, H., Goparaju, S., Milstien, S., and Spiegel, S. (2005). A novel 

acylglycerol kinase that produces lysophosphatidic acid modulates cross talk with EGFR in 

prostate cancer cells. J Cell Biol 169, 801-811. 

70. Pages, C., Simon, M.-F., Valet, P., and Saulnier-Blache, J.S. (2001). Lysophosphatidic acid 

synthesis and release. Prostaglandins Other Lipid Mediat 64, 1-10. 

71. Mutoh, T., Rivera, R., and Chun, J. (2012). Insights into the pharmacological relevance of 

lysophospholipid receptors. Br J Pharmacol 165, 829-844. 

72. Lin, M.E., Herr, D.R., and Chun, J. (2010). Lysophosphatidic acid (LPA) receptors: 

signaling properties and disease relevance. Prostaglandins Other Lipid Mediat 91, 130-138. 



69 
 

73. McMahon, H.T., and Gallop, J.L. (2005). Membrane curvature and mechanisms of dynamic 

cell membrane remodelling. Nature 438, 590-596. 

74. Brindley, D.N., and Pilquil, C. (2009). Lipid phosphate phosphatases and signaling. J Lipid 

Res 50 Suppl, S225-230. 

75. Tomsig, J.L., Snyder, A.H., Berdyshev, E.V., Skobeleva, A., Mataya, C., Natarajan, V., 

Brindley, D.N., and Lynch, K.R. (2009). Lipid phosphate phosphohydrolase type 1 (LPP1) 

degrades extracellular lysophosphatidic acid in vivo. Biochem J 419, 611-618. 

76. Saba, J.D. (2004). Lysophospholipids in development: Miles apart and edging in. J Cell 

Biochem 92, 967-992. 

77. Kok, B.P., Venkatraman, G., Capatos, D., and Brindley, D.N. (2012). Unlike two peas in a 

pod: lipid phosphate phosphatases and phosphatidate phosphatases. Chem Rev 112, 5121-

5146. 

78. Brauer, A.U., Savaskan, N.E., Kuhn, H., Prehn, S., Ninnemann, O., and Nitsch, R. (2003). A 

new phospholipid phosphatase, PRG-1, is involved in axon growth and regenerative 

sprouting. Nat Neurosci 6, 572-578. 

79. Aaltonen, N., Lehtonen, M., Varonen, K., Goterris, G.A., and Laitinen, J.T. (2012). Lipid 

phosphate phosphatase inhibitors locally amplify lysophosphatidic acid LPA1 receptor 

signalling in rat brain cryosections without affecting global LPA degradation. BMC 

pharmacology 12, 7. 

80. Jesionowska, A., Cecerska, E., and Dolegowska, B. (2014). Methods for quantifying 

lysophosphatidic acid in body fluids: A review. Anal Biochem 453C, 38-43. 

81. Smyth, S.S., Cheng, H.-Y., Miriyala, S., Panchatcharam, M., and Morris, A.J. (2008). Roles 

of lysophosphatidic acid in cardiovascular physiology and disease. Biochimica et 

Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1781, 563-570. 

82. Lee, J.W., Nishiumi, S., Yoshida, M., Fukusaki, E., and Bamba, T. (2013b). Simultaneous 

profiling of polar lipids by supercritical fluid chromatography/tandem mass spectrometry 

with methylation. J Chromatogr A 1279, 98-107. 

83. Patti, G.J., Shriver, L.P., Wassif, C.A., Woo, H.K., Uritboonthai, W., Apon, J., Manchester, 

M., Porter, F.D., and Siuzdak, G. (2010). Nanostructure-initiator mass spectrometry (NIMS) 

imaging of brain cholesterol metabolites in Smith-Lemli-Opitz syndrome. Neuroscience 

170, 858-864. 

84. Okudaira, S., Yukiura, H., and Aoki, J. (2010). Biological roles of lysophosphatidic acid 

signaling through its production by autotaxin. Biochimie 92, 698-706. 

85. Dohi, T., Miyauchi, K., Ohkawa, R., Nakamura, K., Kishimoto, T., Miyazaki, T., Nishino, 

A., Nakajima, N., Yaginuma, K., Tamura, H., Kojima, T., Yokoyama, K., Kurata, T., 

Shimada, K., Yatomi, Y., and Daida, H. (2012). Increased circulating plasma 



70 
 

lysophosphatidic acid in patients with acute coronary syndrome. Clin Chim Acta 413, 207-

212. 

86. Ikeda, H., Enooku, K., Ohkawa, R., Koike, K., and Yatomi, Y. (2013). Plasma 

lysophosphatidic acid levels and hepatocellular carcinoma. Hepatology 57, 417-418. 

87. Watanabe, N., Ikeda, H., Nakamura, K., Ohkawa, R., Kume, Y., Tomiya, T., Tejima, K., 

Nishikawa, T., Arai, M., Yanase, M., Aoki, J., Arai, H., Omata, M., Fujiwara, K., and 

Yatomi, Y. (2007b). Plasma lysophosphatidic acid level and serum autotaxin activity are 

increased in liver injury in rats in relation to its severity. Life Sci 81, 1009-1015. 

88. Davenport, A.P., Alexander, S.P., Sharman, J.L., Pawson, A.J., Benson, H.E., Monaghan, 

A.E., Liew, W.C., Mpamhanga, C.P., Bonner, T.I., Neubig, R.R., Pin, J.P., Spedding, M., 

and Harmar, A.J. (2013). International Union of Basic and Clinical Pharmacology. 

LXXXVIII. G protein-coupled receptor list: recommendations for new pairings with 

cognate ligands. Pharmacol Rev 65, 967-986. 

89. Chun, J., Hla, T., Lynch, K.R., Spiegel, S., and Moolenaar, W.H. (2010). International 

Union of Basic and Clinical Pharmacology. LXXVIII. Lysophospholipid receptor 

nomenclature. Pharmacol Rev 62, 579-587. 

90. Franco, S.J., and Muller, U. (2013). Shaping our minds: stem and progenitor cell diversity in 

the mammalian neocortex. Neuron 77, 19-34. 

91. Greig, L.C., Woodworth, M.B., Galazo, M.J., Padmanabhan, H., and Macklis, J.D. (2013). 

Molecular logic of neocortical projection neuron specification, development and diversity. 

Nat Rev Neurosci 14, 755-769. 

92. Bystron, I., Blakemore, C., and Rakic, P. (2008). Development of the human cerebral 

cortex: Boulder Committee revisited. Nat Rev Neurosci 9, 110-122. 

93. Noctor, S.C., Martinez-Cerdeno, V., Ivic, L., and Kriegstein, A.R. (2004). Cortical neurons 

arise in symmetric and asymmetric division zones and migrate through specific phases. Nat 

Neurosci 7, 136-144. 

94. Noctor, S.C., Flint, A.C., Weissman, T.A., Dammerman, R.S., and Kriegstein, A.R. (2001). 

Neurons derived from radial glial cells establish radial units in neocortex. Nature 409, 714-

720. 

95. Fukushima, N., Kimura, Y., and Chun, J. (1998). A single receptor encoded by vzg-

1/lpA1/edg-2 couples to G proteins and mediates multiple cellular responses to 

lysophosphatidic acid. Proc Natl Acad Sci U S A 95, 6151-6156. 

96. Contos, J.J., Fukushima, N., Weiner, J.A., Kaushal, D., and Chun, J. (2000). Requirement 

for the lpA1 lysophosphatidic acid receptor gene in normal suckling behavior. Proc Natl 

Acad Sci U S A 97, 13384-13389. 



71 
 

97. Harrison, S.M., Reavill, C., Brown, G., Brown, J.T., Cluderay, J.E., Crook, B., Davies, 

C.H., Dawson, L.A., Grau, E., Heidbreder, C., Hemmati, P., Hervieu, G., Howarth, A., 

Hughes, Z.A., Hunter, A.J., Latcham, J., Pickering, S., Pugh, P., Rogers, D.C., Shilliam, 

C.S., and Maycoxa, P.R. (2003). LPA1 receptor-deficient mice have phenotypic changes 

observed in psychiatric disease. Molecular and Cellular Neuroscience 24, 1170-1179. 

98. Kingsbury, M.A., Rehen, S.K., Contos, J.J., Higgins, C.M., and Chun, J. (2003). Non-

proliferative effects of lysophosphatidic acid enhance cortical growth and folding. Nat 

Neurosci 6, 1292-1299. 

99. Contos, J.J., Ishii, I., Fukushima, N., Kingsbury, M.A., Ye, X., Kawamura, S., Brown, J.H., 

and Chun, J. (2002). Characterization of lpa(2) (Edg4) and lpa(1)/lpa(2) (Edg2/Edg4) 

lysophosphatidic acid receptor knockout mice: signaling deficits without obvious 

phenotypic abnormality attributable to lpa(2). Mol Cell Biol 22, 6921-6929. 

100. Dubin, A.E., Herr, D.R., and Chun, J. (2010). Diversity of lysophosphatidic acid receptor-

mediated intracellular calcium signaling in early cortical neurogenesis. J Neurosci 30, 7300-

7309. 

101. Dubin, A.E., Bahnson, T., Weiner, J.A., Fukushima, N., and Chun, J. (1999). 

Lysophosphatidic acid stimulates neurotransmitter-like conductance changes that precede 

GABA and L-glutamate in early, presumptive cortical neuroblasts. J Neurosci 19, 1371-

1381. 

102. Rosenberg, S.S., and Spitzer, N.C. (2011). Calcium signaling in neuronal development. 

Cold Spring Harbor perspectives in biology 3, a004259. 

103. Herr, K.J., Herr, D.R., Lee, C.W., Noguchi, K., and Chun, J. (2011). Stereotyped fetal brain 

disorganization is induced by hypoxia and requires lysophosphatidic acid receptor 1 (LPA1) 

signaling. Proc Natl Acad Sci U S A 108, 15444-15449. 

104. Haubensak, W., Attardo, A., Denk, W., and Huttner, W.B. (2004). Neurons arise in the 

basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis. 

Proc Natl Acad Sci U S A 101, 3196-3201. 

105. Englund, C., Fink, A., Lau, C., Pham, D., Daza, R.A., Bulfone, A., Kowalczyk, T., and 

Hevner, R.F. (2005). Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia, 

intermediate progenitor cells, and postmitotic neurons in developing neocortex. J Neurosci 

25, 247-251. 

106. Wang, X., Tsai, J.W., LaMonica, B., and Kriegstein, A.R. (2011). A new subtype of 

progenitor cell in the mouse embryonic neocortex. Nat Neurosci 14, 555-561. 

107. Hansen, D.V., Lui, J.H., Parker, P.R., and Kriegstein, A.R. (2010). Neurogenic radial glia in 

the outer subventricular zone of human neocortex. Nature 464, 554-561. 

108. Campbell, D.S., and Holt, C.E. (2003). Apoptotic pathway and MAPKs differentially 

regulate chemotropic responses of retinal growth cones. Neuron 37, 939-952. 



72 
 

109. Campbell, D.S., and Holt, C.E. (2001). Chemotropic responses of retinal growth cones 

mediated by rapid local protein synthesis and degradation. Neuron 32, 1013-1026. 

110. Yung, Y.C., Kennedy, G., and Chun, J. (2009). Identification of neural programmed cell 

death through the detection of DNA fragmentation in situ and by PCR. Curr Protoc 

Neurosci Chapter 3, Unit 3 8. 

111. Blaschke, A.J., Weiner, J.A., and Chun, J. (1998). Programmed cell death is a universal 

feature of embryonic and postnatal neuroproliferative regions throughout the central nervous 

system. J Comp Neurol 396, 39-50. 

112. Blaschke, A.J., Staley, K., and Chun, J. (1996). Widespread programmed cell death in 

proliferative and postmitotic regions of the fetal cerebral cortex. Development 122, 1165-

1174. 

113. Kuida, K., Zheng, T.S., Na, S., Kuan, C., Yang, D., Karasuyama, H., Rakic, P., and Flavell, 

R.A. (1996). Decreased apoptosis in the brain and premature lethality in CPP32-deficient 

mice. Nature 384, 368-372. 

114. Peterson, S.E., Yang, A.H., Bushman, D.M., Westra, J.W., Yung, Y.C., Barral, S., Mutoh, 

T., Rehen, S.K., and Chun, J. (2012). Aneuploid cells are differentially susceptible to 

caspase-mediated death during embryonic cerebral cortical development. J Neurosci 32, 

16213-16222. 

115. Weiner, J.A., and Chun, J. (1999). Schwann cell survival mediated by the signaling 

phospholipid lysophosphatidic acid. Proc Natl Acad Sci U S A 96, 5233-5238. 

116. Weiner, J.A., Fukushima, N., Contos, J.J., Scherer, S.S., and Chun, J. (2001). Regulation of 

Schwann cell morphology and adhesion by receptor-mediated lysophosphatidic acid 

signaling. J Neurosci 21, 7069-7078. 

117. Sun, Y., Kim, N.H., Ji, L., Kim, S.H., Lee, J., and Rhee, H.J. (2013). Lysophosphatidic acid 

activates betacatenin/T cell factor signaling, which contributes to the suppression of 

apoptosis in H197 cells. Molecular medicine reports 8, 1729-1733. 

118. Svetlov, S.I., Ignatova, T.N., Wang, K.K., Hayes, R.L., English, D., and Kukekov, V.G. 

(2004). Lysophosphatidic acid induces clonal generation of mouse neurospheres via 

proliferation of Sca-1- and AC133-positive neural progenitors. Stem Cells Dev 13, 685-693. 

119. Fukushima, N., Shano, S., Moriyama, R., and Chun, J. (2007). Lysophosphatidic acid 

stimulates neuronal differentiation of cortical neuroblasts through the LPA1-G(i/o) pathway. 

Neurochem Int 50, 302-307. 

120. Fukushima, N., Ishii, I., Habara, Y., Allen, C.B., and Chun, J. (2002b). Dual regulation of 

actin rearrangement through lysophosphatidic acid receptor in neuroblast cell lines: actin 

depolymerization by Ca(2+)-alpha-actinin and polymerization by rho. Mol Biol Cell 13, 

2692-2705. 



73 
 

121. Fukushima, N., and Morita, Y. (2006). Actomyosin-dependent microtubule rearrangement 

in lysophosphatidic acid-induced neurite remodeling of young cortical neurons. Brain Res 

1094, 65-75. 

122. Smalheiser, N.R., and Ali, J.Y. (1994). Acute neurite retraction triggered by 

lysophosphatidic acid: timing of the inhibitory effects of genistein. Brain Res 660, 309-318. 

123. Tigyi, G., Fischer, D.J., Sebok, A., Yang, C., Dyer, D.L., and Miledi, R. (1996). 

Lysophosphatidic acid-induced neurite retraction in PC12 cells: control by 

phosphoinositide-Ca2+ signaling and Rho. Journal of Neurochemistry 66, 537-548. 

124. Magazin, M., Schiltz, P., Zachayus, J.L., Cavrois, E., Caput, D., and Ferrara, P. (1998). 

Inhibition of lysophosphatidic acid-induced neurite retraction and cell rounding by SR 

57746A. Brain Res Mol Brain Res 53, 301-306. 

125. Satoh, S., Kawasaki, K., Hitomi, A., Ikegaki, I., and Asano, T. (2011). Fasudil protects 

cultured N1E-115 cells against lysophosphatidic acid-induced neurite retraction through 

inhibition of Rho-kinase. Brain Res Bull 84, 174-177. 

126. Jang, Y., Lee, M.H., Lee, J., Jung, J., Lee, S.H., Yang, D.J., Kim, B.W., Son, H., Lee, B., 

Chang, S., Mori, Y., and Oh, U. (2014). TRPM2 mediates the lysophosphatidic acid-

induced neurite retraction in the developing brain. Pflugers Arch. 

127. Furuta, D., Yamane, M., Tsujiuchi, T., Moriyama, R., and Fukushima, N. (2012). 

Lysophosphatidic acid induces neurite branch formation through LPA3. Mol Cell Neurosci 

50, 21-34. 

128. Yamane, M., Furuta, D., and Fukushima, N. (2010). Lysophosphatidic acid influences initial 

neuronal polarity establishment. Neurosci Lett 480, 154-157. 

129. de Anda, F.C., Pollarolo, G., Da Silva, J.S., Camoletto, P.G., Feiguin, F., and Dotti, C.G. 

(2005). Centrosome localization determines neuronal polarity. Nature 436, 704-708. 

130. Geach, T.J., Faas, L., Devader, C., Gonzalez-Cordero, A., Tabler, J.M., Brunsdon, H., 

Isaacs, H.V., and Dale, L. (2014). An essential role for LPA signalling in telencephalon 

development. Development 141, 940-949. 

131. Kurban, M., Wajid, M., Shimomura, Y., and Christiano, A.M. (2013). Mutations in 

LPAR6/P2RY5 and LIPH are associated with woolly hair and/or hypotrichosis. J Eur Acad 

Dermatol Venereol 27, 545-549. 

132. Shimomura, Y., Garzon, M.C., Kristal, L., Shapiro, L., and Christiano, A.M. (2009). 

Autosomal recessive woolly hair with hypotrichosis caused by a novel homozygous 

mutation in the P2RY5 gene. Exp Dermatol 18, 218-221. 

133. Pasternack, S.M., von Kugelgen, I., Muller, M., Oji, V., Traupe, H., Sprecher, E., Nothen, 

M.M., Janecke, A.R., and Betz, R.C. (2009). In vitro analysis of LIPH mutations causing 



74 
 

hypotrichosis simplex: evidence confirming the role of lipase H and lysophosphatidic acid 

in hair growth. J Invest Dermatol 129, 2772-2776. 

134. Pasternack, S.M., von Kugelgen, I., Aboud, K.A., Lee, Y.-A., Ruschendorf, F., Voss, K., 

Hillmer, A.M., Molderings, G.J., Franz, T., Ramirez, A., Nurnberg, P., Nothen, M.M., and 

Betz, R.C. (2008). G protein-coupled receptor P2Y5 and its ligand LPA are involved in 

maintenance of human hair growth. Nat Genet 40, 329-334. 

135. Tabuchi, S., Kume, K., Aihara, M., and Shimizu, T. (2000). Expression of lysophosphatidic 

acid receptor in rat astrocytes: mitogenic effect and expression of neurotrophic genes. 

Neurochem Res 25, 573-582. 

136. Allard, J., Barron, S., Diaz, J., Lubetzki, C., Zalc, B., Schwartz, J.C., and Sokoloff, P. 

(1998). A rat G protein-coupled receptor selectively expressed in myelin-forming cells. Eur 

J Neurosci 10, 1045-1053. 

137. Cervera, P., Tirard, M., Barron, S., Allard, J., Trottier, S., Lacombe, J., Daumas-Duport, C., 

and Sokoloff, P. (2002). Immunohistological localization of the myelinating cell-specific 

receptor LP(A1). Glia 38, 126-136. 

138. Shano, S., Moriyama, R., Chun, J., and Fukushima, N. (2008). Lysophosphatidic acid 

stimulates astrocyte proliferation through LPA1. Neurochem Int 52, 216-220. 

139. Sorensen, S.D., Nicole, O., Peavy, R.D., Montoya, L.M., Lee, C.J., Murphy, T.J., Traynelis, 

S.F., and Hepler, J.R. (2003). Common signaling pathways link activation of murine PAR-1, 

LPA, and S1P receptors to proliferation of astrocytes. Mol Pharmacol 64, 1199-1209. 

140. Rao, T.S., Lariosa-Willingham, K.D., Lin, F.F., Palfreyman, E.L., Yu, N., Chun, J., and 

Webb, M. (2003). Pharmacological characterization of lysophospholipid receptor signal 

transduction pathways in rat cerebrocortical astrocytes. Brain Res 990, 182-194. 

141. Guasch, R.M., Tomas, M., Minambres, R., Valles, S., Renau-Piqueras, J., and Guerri, C. 

(2003). RhoA and lysophosphatidic acid are involved in the actin cytoskeleton 

reorganization of astrocytes exposed to ethanol. J Neurosci Res 72, 487-502. 

142. Spohr, T.C., Choi, J.W., Gardell, S.E., Herr, D.R., Rehen, S.K., Gomes, F.C., and Chun, J. 

(2008). Lysophosphatidic acid receptor-dependent secondary effects via astrocytes promote 

neuronal differentiation. J Biol Chem 283, 7470-7479. 

143. Ramakers, G.J., and Moolenaar, W.H. (1998). Regulation of astrocyte morphology by RhoA 

and lysophosphatidic acid. Exp Cell Res 245, 252-262. 

144. Fuentes, E., Nadal, A., and McNaughton, P.A. (1999). Lysophospholipids trigger calcium 

signals but not DNA synthesis in cortical astrocytes. Glia 28, 272-276. 

145. Pebay, A., Torrens, Y., Toutant, M., Cordier, J., Glowinski, J., and Tence, M. (1999). 

Pleiotropic effects of lysophosphatidic acid on striatal astrocytes. Glia 28, 25-33. 



75 
 

146. Furukawa, A., Kita, K., Toyomoto, M., Fujii, S., Inoue, S., Hayashi, K., and Ikeda, K. 

(2007). Production of nerve growth factor enhanced in cultured mouse astrocytes by 

glycerophospholipids, sphingolipids, and their related compounds. Mol Cell Biochem 305, 

27-34. 

147. Spohr, T.C., Dezonne, R.S., Rehen, S.K., and Gomes, F.C. (2011). Astrocytes treated by 

lysophosphatidic acid induce axonal outgrowth of cortical progenitors through extracellular 

matrix protein and epidermal growth factor signaling pathway. J Neurochem 119, 113-123. 

148. Sato, K., Horiuchi, Y., Jin, Y., Malchinkhuu, E., Komachi, M., Kondo, T., and Okajima, F. 

(2011). Unmasking of LPA(1) receptor-mediated migration response to lysophosphatidic 

acid by interleukin-1beta-induced attenuation of Rho signaling pathways in rat astrocytes. 

Journal of Neurochemistry. 

149. Moller, T., Musante, D.B., and Ransom, B.R. (1999). Lysophosphatidic acid-induced 

calcium signals in cultured rat oligodendrocytes. Neuroreport 10, 2929-2932. 

150. Stankoff, B., Barron, S., Allard, J., Barbin, G., Noel, F., Aigrot, M.S., Premont, J., Sokoloff, 

P., Zalc, B., and Lubetzki, C. (2002). Oligodendroglial expression of Edg-2 receptor: 

developmental analysis and pharmacological responses to lysophosphatidic acid. Mol Cell 

Neurosci 20, 415-428. 

151. Nogaroli, L., Yuelling, L.M., Dennis, J., Gorse, K., Payne, S.G., and Fuss, B. (2009). 

Lysophosphatidic acid can support the formation of membranous structures and an increase 

in MBP mRNA levels in differentiating oligodendrocytes. Neurochem Res 34, 182-193. 

152. Kobashi, H., Yaoi, T., Oda, R., Okajima, S., Fujiwara, H., Kubo, T., and Fushiki, S. (2006). 

Lysophospholipid receptors are differentially expressed in rat terminal Schwann cells, as 

revealed by a single cell rt-PCR and in situ hybridization. Acta Histochem Cytochem 39, 

55-60. 

153. Armati, P.J., and Mathey, E.K. (2013). An update on Schwann cell biology--

immunomodulation, neural regulation and other surprises. J Neurol Sci 333, 68-72. 

154. Li, Y., Gonzalez, M.I., Meinkoth, J.L., Field, J., Kazanietz, M.G., and Tennekoon, G.I. 

(2003). Lysophosphatidic acid promotes survival and differentiation of rat Schwann cells. 

Journal of Biological Chemistry 278, 9585-9591. 

155. Frohnert, P.W., Stonecypher, M.S., and Carroll, S.L. (2003). Lysophosphatidic acid 

promotes the proliferation of adult Schwann cells isolated from axotomized sciatic nerve. J 

Neuropathol Exp Neurol 62, 520-529. 

156. Fujita, R., Kiguchi, N., and Ueda, H. (2007). LPA-mediated demyelination in ex vivo 

culture of dorsal root. Neurochem Int 50, 351-355. 

157. Inoue, M., Rashid, M.H., Fujita, R., Contos, J.J., Chun, J., and Ueda, H. (2004). Initiation of 

neuropathic pain requires lysophosphatidic acid receptor signaling. Nat Med 10, 712-718. 



76 
 

158. Hu, X., Liou, A.K., Leak, R.K., Xu, M., An, C., Suenaga, J., Shi, Y., Gao, Y., Zheng, P., 

and Chen, J. (2014). Neurobiology of microglial action in CNS injuries: Receptor-mediated 

signaling mechanisms and functional roles. Prog Neurobiol. 

159. Tham, C.S., Lin, F.F., Rao, T.S., Yu, N., and Webb, M. (2003). Microglial activation state 

and lysophospholipid acid receptor expression. Int J Dev Neurosci 21, 431-443. 

160. Bernhart, E., Kollroser, M., Rechberger, G., Reicher, H., Heinemann, A., Schratl, P., 

Hallstrom, S., Wintersperger, A., Nusshold, C., DeVaney, T., Zorn-Pauly, K., Malli, R., 

Graier, W., Malle, E., and Sattler, W. (2010). Lysophosphatidic acid receptor activation 

affects the C13NJ microglia cell line proteome leading to alterations in glycolysis, motility, 

and cytoskeletal architecture. Proteomics 10, 141-158. 

161. Fujita, R., Ma, Y., and Ueda, H. (2008). Lysophosphatidic acid-induced membrane ruffling 

and brain-derived neurotrophic factor gene expression are mediated by ATP release in 

primary microglia. J Neurochem 107, 152-160. 

162. Muessel, M.J., Harry, G.J., Armstrong, D.L., and Storey, N.M. (2013). SDF-1alpha and 

LPA modulate microglia potassium channels through rho gtpases to regulate cell 

morphology. Glia 61, 1620-1628. 

163. Dziegielewska, K.M., Ek, J., Habgood, M.D., and Saunders, N.R. (2001). Development of 

the choroid plexus. Microsc Res Tech 52, 5-20. 

164. Ohuchi, H., Hamada, A., Matsuda, H., Takagi, A., Tanaka, M., Aoki, J., Arai, H., and Noji, 

S. (2008). Expression patterns of the lysophospholipid receptor genes during mouse early 

development. Developmental Dynamics 237, 3280-3294. 

165. Turner, C.A., Thompson, R.C., Bunney, W.E., Schatzberg, A.F., Barchas, J.D., Myers, 

R.M., Akil, H., and Watson, S.J. (2014). Altered choroid plexus gene expression in major 

depressive disorder. Frontiers in human neuroscience 8, 238. 

166. Greenberg, D.A., and Jin, K. (2005). From angiogenesis to neuropathology. Nature 438, 

954-959. 

167. Eichmann, A., and Thomas, J.L. (2013). Molecular parallels between neural and vascular 

development. Cold Spring Harbor perspectives in medicine 3, a006551. 

168. Ruhrberg, C., and Bautch, V.L. (2013). Neurovascular development and links to disease. 

Cell Mol Life Sci 70, 1675-1684. 

169. Ptaszynska, M.M., Pendrak, M.L., Stracke, M.L., and Roberts, D.D. (2010). Autotaxin 

signaling via lysophosphatidic acid receptors contributes to vascular endothelial growth 

factor-induced endothelial cell migration. Mol Cancer Res 8, 309-321. 

170. Lin, C.-I., Chen, C.-N., Huang, M.-T., Lee, S.-J., Lin, C.-H., Chang, C.-C., and Lee, H. 

(2008). Lysophosphatidic acid upregulates vascular endothelial growth factor-C and tube 



77 
 

formation in human endothelial cells through LPA1/3, COX-2, and NF-κB activation- and 

EGFR transactivation-dependent mechanisms. Cell Signal 20, 1804-1814. 

171. Dutta, S., Wang, F.Q., Wu, H.S., Mukherjee, T.J., and Fishman, D.A. (2011). The NF-

kappaB pathway mediates lysophosphatidic acid (LPA)-induced VEGF signaling and cell 

invasion in epithelial ovarian cancer (EOC). Gynecol Oncol 123, 129-137. 

172. Offermanns, S., Mancino, V., Revel, J.P., and Simon, M.I. (1997). Vascular system defects 

and impaired cell chemokinesis as a result of Galpha13 deficiency. Science 275, 533-536. 

173. Sumida, H., Noguchi, K., Kihara, Y., Abe, M., Yanagida, K., Hamano, F., Sato, S., Tamaki, 

K., Morishita, Y., Kano, M.R., Iwata, C., Miyazono, K., Sakimura, K., Shimizu, T., and 

Ishii, S. (2010). LPA4 regulates blood and lymphatic vessel formation during mouse 

embryogenesis. Blood 116, 5060-5070. 

174. Motiejunaite, R., Aranda, J., and Kazlauskas, A. (2014). Pericytes prevent regression of 

endothelial cell tubes by accelerating metabolism of lysophosphatidic acid. Microvasc Res. 

175. Ren, Y., Guo, L., Tang, X., Apparsundaram, S., Kitson, C., Deguzman, J., Fuentes, M.E., 

Coyle, L., Majmudar, R., Allard, J., Truitt, T., Hamid, R., Chen, Y., Qian, Y., and Budd, 

D.C. (2013). Comparing the differential effects of LPA on the barrier function of human 

pulmonary endothelial cells. Microvasc Res 85, 59-67. 

176. Schleicher, S.M., Thotala, D.K., Linkous, A.G., Hu, R., Leahy, K.M., Yazlovitskaya, E.M., 

and Hallahan, D.E. (2011). Autotaxin and LPA receptors represent potential molecular 

targets for the radiosensitization of murine glioma through effects on tumor vasculature. 

PLoS One 6, e22182. 

177. Lin, C.I., Chen, C.N., Lin, P.W., Chang, K.J., Hsieh, F.J., and Lee, H. (2007). 

Lysophosphatidic acid regulates inflammation-related genes in human endothelial cells 

through LPA1 and LPA3. Biochem Biophys Res Commun 363, 1001-1008. 

178. Wu, W.T., Chen, C.N., Lin, C.I., Chen, J.H., and Lee, H. (2005). Lysophospholipids 

enhance matrix metalloproteinase-2 expression in human endothelial cells. Endocrinology 

146, 3387-3400. 

179. Tigyi, G., Hong, L., Yakubu, M., Parfenova, H., Shibata, M., and Leffler, C.W. (1995). 

Lysophosphatidic acid alters cerebrovascular reactivity in piglets. American Journal of 

Physiology - Heart and Circulatory Physiology 268, H2048-H2055. 

180. Ruisanchez, E., Dancs, P., Kerek, M., Nemeth, T., Farago, B., Balogh, A., Patil, R., 

Jennings, B.L., Liliom, K., Malik, K.U., Smrcka, A.V., Tigyi, G., and Benyo, Z. (2014). 

Lysophosphatidic acid induces vasodilation mediated by LPA1 receptors, phospholipase C, 

and endothelial nitric oxide synthase. FASEB J 28, 880-890. 

181. Yu, Y., Qin, J., Liu, M., Ruan, Q., Li, Y., and Zhang, Z. (2014). Role of Rho kinase in 

lysophosphatidic acid-induced altering of blood-brain barrier permeability. Int J Mol Med 

33, 661-669. 



78 
 

182. On, N.H., Savant, S., Toews, M., and Miller, D.W. (2013). Rapid and reversible 

enhancement of blood-brain barrier permeability using lysophosphatidic acid. J Cereb Blood 

Flow Metab 33, 1944-1954. 

183. Goldshmit, Y., Munro, K., Leong, S.Y., Pebay, A., and Turnley, A.M. (2010). LPA receptor 

expression in the central nervous system in health and following injury. Cell Tissue Res 

341, 23-32. 

184. Frugier, T., Crombie, D., Conquest, A., Tjhong, F., Taylor, C., Kulkarni, T., McLean, C., 

and Pebay, A. (2011). Modulation of LPA receptor expression in the human brain following 

neurotrauma. Cell Mol Neurobiol 31, 569-577. 

185. van Meeteren, L.A., Ruurs, P., Christodoulou, E., Goding, J.W., Takakusa, H., Kikuchi, K., 

Perrakis, A., Nagano, T., and Moolenaar, W.H. (2005). Inhibition of autotaxin by 

lysophosphatidic acid and sphingosine 1-phosphate. J Biol Chem 280, 21155-21161. 

186. Crack, P.J., Zhang, M., Morganti-Kossmann, M.C., Morris, A.J., Wojciak, J.M., Fleming, 

J.K., Karve, I., Wright, D., Sashindranath, M., Goldshmit, Y., Conquest, A., Daglas, M., 

Johnston, L.A., Medcalf, R.L., Sabbadini, R.A., and Pebay, A. (2014). Anti-

lysophosphatidic acid antibodies improve traumatic brain injury outcomes. Journal of 

neuroinflammation 11, 37. 

187. Goldshmit, Y., Matteo, R., Sztal, T., Ellett, F., Frisca, F., Moreno, K., Crombie, D., 

Lieschke, G.J., Currie, P.D., Sabbadini, R.A., and Pebay, A. (2012). Blockage of 

lysophosphatidic acid signaling improves spinal cord injury outcomes. Am J Pathol 181, 

978-992. 

188. Corcoran, A., and O'Connor, J.J. (2013). Hypoxia-inducible factor signalling mechanisms in 

the central nervous system. Acta physiologica 208, 298-310. 

189. Kim, J., Keys, J.R., and Eckhart, A.D. (2006). Vascular smooth muscle migration and 

proliferation in response to lysophosphatidic acid (LPA) is mediated by LPA receptors 

coupling to Gq. Cell Signal 18, 1695-1701. 

190. Lee, S.J., No, Y.R., Dang, D.T., Dang, L.H., Yang, V.W., Shim, H., and Yun, C.C. (2013c). 

Regulation of Hypoxia-inducible Factor 1alpha (HIF-1alpha) by Lysophosphatidic Acid Is 

Dependent on Interplay between p53 and Kruppel-like Factor 5. J Biol Chem 288, 25244-

25253. 

191. Lee, J., Park, S.Y., Lee, E.K., Park, C.G., Chung, H.C., Rha, S.Y., Kim, Y.K., Bae, G.U., 

Kim, B.K., Han, J.W., and Lee, H.Y. (2006). Activation of hypoxia-inducible factor-1alpha 

is necessary for lysophosphatidic acid-induced vascular endothelial growth factor 

expression. Clin Cancer Res 12, 6351-6358. 

192. Herrera-Marschitz, M., Neira-Pena, T., Rojas-Mancilla, E., Espina-Marchant, P., Esmar, D., 

Perez, R., Munoz, V., Gutierrez-Hernandez, M., Rivera, B., Simola, N., Bustamante, D., 

Morales, P., and Gebicke-Haerter, P.J. (2014). Perinatal asphyxia: CNS development and 

deficits with delayed onset. Frontiers in neuroscience 8, 47. 



79 
 

193. Busl, K.M., and Greer, D.M. (2010). Hypoxic-ischemic brain injury: pathophysiology, 

neuropathology and mechanisms. NeuroRehabilitation 26, 5-13. 

194. Savitz, S.I., Dhallu, M.S., Malhotra, S., Mammis, A., Ocava, L.C., Rosenbaum, P.S., and 

Rosenbaum, D.M. (2006). EDG receptors as a potential therapeutic target in retinal 

ischemia-reperfusion injury. Brain Research 1118, 168-175. 

195. Yang, C., Lafleur, J., Mwaikambo, B.R., Zhu, T., Gagnon, C., Chemtob, S., Di Polo, A., and 

Hardy, P. (2009). The role of lysophosphatidic acid receptor (LPA1) in the oxygen-induced 

retinal ganglion cell degeneration. Invest Ophthalmol Vis Sci 50, 1290-1298. 

196. Dominguez-Pinos, M.D., Paez, P., Jimenez, A.J., Weil, B., Arraez, M.A., Perez-Figares, 

J.M., and Rodriguez, E.M. (2005). Ependymal denudation and alterations of the 

subventricular zone occur in human fetuses with a moderate communicating hydrocephalus. 

J Neuropathol Exp Neurol 64, 595-604. 

197. Fukumizu, M., Takashima, S., and Becker, L.E. (1995). Neonatal posthemorrhagic 

hydrocephalus: neuropathologic and immunohistochemical studies. Pediatr Neurol 13, 230-

234. 

198. Ploeger, A., Raijmakers, M.E., van der Maas, H.L., and Galis, F. (2010). The association 

between autism and errors in early embryogenesis: what is the causal mechanism? Biol 

Psychiatry 67, 602-607. 

199. Castilla-Ortega, E., Rosell-Valle, C., Blanco, E., Pedraza, C., Chun, J., de Fonseca, F.R., 

Estivill-Torrús, G., and Santín, L.J. (2013). Reduced wheel running and blunted effects of 

voluntary exercise in LPA1-null mice: The importance of assessing the amount of running 

in transgenic mice studies. Neurosci Res. 

200. Blanco, E., Bilbao, A., Luque‐Rojas, M., Palomino, A., Bermúdez-Silva, F., Suárez, J., 

Santín, L., Estivill-Torrús, G., Gutiérrez, A., Campos-Sandoval, J., Alonso-Carrión, F., 

Márquez, J., and Fonseca, F. (2012). Attenuation of cocaine-induced conditioned 

locomotion is associated with altered expression of hippocampal glutamate receptors in 

mice lacking LPA1 receptors. Psychopharmacology 220, 27-42. 

201. Santin, L.J., Bilbao, A., Pedraza, C., Matas-Rico, E., Lopez-Barroso, D., Castilla-Ortega, E., 

Sanchez-Lopez, J., Riquelme, R., Varela-Nieto, I., de la Villa, P., Suardiaz, M., Chun, J., De 

Fonseca, F.R., and Estivill-Torrus, G. (2009). Behavioral phenotype of maLPA1-null mice: 

increased anxiety-like behavior and spatial memory deficits. Genes, brain, and behavior 8, 

772-784. 

202. Castilla-Ortega, E., Hoyo-Becerra, C., Pedraza, C., Chun, J., Rodriguez De Fonseca, F., 

Estivill-Torrus, G., and Santin, L.J. (2011). Aggravation of chronic stress effects on 

hippocampal neurogenesis and spatial memory in LPA(1) receptor knockout mice. PLoS 

One 6, e25522. 

203. Garcia-Fernandez, M., Castilla-Ortega, E., Pedraza, C., Blanco, E., Hurtado-Guerrero, I., 

Barbancho, M.A., Chun, J., Rodriguez-de-Fonseca, F., Estivill-Torrus, G., and Santin 



80 
 

Nunez, L.J. (2012). Chronic immobilization in the malpar1 knockout mice increases 

oxidative stress in the hippocampus. Int J Neurosci 122, 583-589. 

204. Castilla-Ortega, E., Sanchez-Lopez, J., Hoyo-Becerra, C., Matas-Rico, E., Zambrana-

Infantes, E., Chun, J., De Fonseca, F.R., Pedraza, C., Estivill-Torrus, G., and Santin, L.J. 

(2010). Exploratory, anxiety and spatial memory impairments are dissociated in mice 

lacking the LPA1 receptor. Neurobiol Learn Mem 94, 73-82. 

205. Yang, M., Zhong, W.W., Srivastava, N., Slavin, A., Yang, J., Hoey, T., and An, S. (2005). 

G protein-coupled lysophosphatidic acid receptors stimulate proliferation of colon cancer 

cells through the {beta}-catenin pathway. Proc Natl Acad Sci U S A 102, 6027-6032. 

206. Sun, Y., Kim, N.-H., Yang, H., Kim, S.-H., and Huh, S.-O. (2011). Lysophosphatidic acid 

induces neurite retraction in differentiated neuroblastoma cells via GSK-3β activation. Mol 

Cells 31, 483-489. 

207. Mao, Y., Ge, X., Frank, C.L., Madison, J.M., Koehler, A.N., Doud, M.K., Tassa, C., Berry, 

E.M., Soda, T., Singh, K.K., Biechele, T., Petryshen, T.L., Moon, R.T., Haggarty, S.J., and 

Tsai, L.H. (2009). Disrupted in schizophrenia 1 regulates neuronal progenitor proliferation 

via modulation of GSK3beta/beta-catenin signaling. Cell 136, 1017-1031. 

208. Lovestone, S., Killick, R., Di Forti, M., and Murray, R. (2007). Schizophrenia as a GSK-3 

dysregulation disorder. Trends Neurosci 30, 142-149. 

209. Lin, C.-H., Lane, H.-Y., and Tsai, G.E. (2012a). Glutamate signaling in the pathophysiology 

and therapy of schizophrenia. Pharmacology Biochemistry and Behavior 100, 665-677. 

210. Quiroz, J.A., Singh, J., Gould, T.D., Denicoff, K.D., Zarate, C.A., Jr., and Manji, H.K. 

(2004). Emerging experimental therapeutics for bipolar disorder: clues from the molecular 

pathophysiology. Mol Psychiatry 9, 756-776. 

211. Hadley, D., Wu, Z.-l., Kao, C., Kini, A., Mohamed-Hadley, A., Thomas, K., Vazquez, L., 

Qiu, H., Mentch, F., Pellegrino, R., Kim, C., Connolly, J., Consortium, A.G.P., Glessner, J., 

and Hakonarson, H. (2014). The impact of the metabotropic glutamate receptor and other 

gene family interaction networks on autism. Nat Commun 5. 

212. Segal, Y.P.a.M. (2006). The role of LPA1 in formation of synapses among cultured 

hippocampal neurons. Journal of Neurochemistry 97, 1379-1392. 

213. Cunningham, M.O., Hunt, J., Middleton, S., LeBeau, F.E., Gillies, M.J., Davies, C.H., 

Maycox, P.R., Whittington, M.A., and Racca, C. (2006). Region-specific reduction in 

entorhinal gamma oscillations and parvalbumin-immunoreactive neurons in animal models 

of psychiatric illness. J Neurosci 26, 2767-2776. 

214. Roberts, C., Winter, P., Shilliam, C.S., Hughes, Z.A., Langmead, C., Maycox, P.R., and 

Dawson, L.A. (2005). Neurochemical changes in LPA1 receptor deficient mice--a putative 

model of schizophrenia. Neurochem Res 30, 371-377. 



81 
 

215. Musazzi, L., Di Daniel, E., Maycox, P., Racagni, G., and Popoli, M. (2010). Abnormalities 

in alpha/beta-CaMKII and related mechanisms suggest synaptic dysfunction in 

hippocampus of LPA1 receptor knockout mice. Int J Neuropsychopharmacol, 1-13. 

216. Pedraza, C., Sánchez-López, J., Castilla-Ortega, E., Rosell-Valle, C., Zambrana-Infantes, E., 

García-Fernández, M., Rodriguez de Fonseca, F., Chun, J., Santín, L.J., and Estivill-Torrús, 

G. (2013). Fear extinction and acute stress reactivity reveal a role of LPA1 receptor in 

regulating emotional-like behaviors. Brain Struct Funct, 1-14. 

217. Cummings, R., Zhao, Y., Jacoby, D., Spannhake, E.W., Ohba, M., Garcia, J.G., Watkins, T., 

He, D., Saatian, B., and Natarajan, V. (2004). Protein kinase Cdelta mediates 

lysophosphatidic acid-induced NF-kappaB activation and interleukin-8 secretion in human 

bronchial epithelial cells. J Biol Chem 279, 41085-41094. 

218. Li, Z.G., Yu, Z.C., Yu, Y.P., Ju, W.P., Wang, D.Z., Zhan, X., Wu, X.J., and Zhou, L. 

(2010). Lysophosphatidic acid level and the incidence of silent brain infarction in patients 

with nonvalvular atrial fibrillation. Int J Mol Sci 11, 3988-3998. 

219. Castilla-Ortega, E., Escuredo, L., Bilbao, A., Pedraza, C., Orio, L., Estivill-Torrús, G., 

Santín, L.J., de Fonseca, F.R., and Pavón, F.J. (2014). 1-Oleoyl Lysophosphatidic Acid: A 

New Mediator of Emotional Behavior in Rats. PLoS ONE 9, e85348. 

220. Smesny, S., Kinder, D., Willhardt, I., Rosburg, T., Lasch, J.r., Berger, G., and Sauer, H. 

(2005). Increased calcium-independent phospholipase A2 activity in first but not in 

multiepisode chronic schizophrenia. Biol Psychiatry 57, 399-405. 

221. Smesny, S., Milleit, B., Nenadic, I., Preul, C., Kinder, D., Lasch, J., Willhardt, I., Sauer, H., 

and Gaser, C. (2010). Phospholipase A2 activity is associated with structural brain changes 

in schizophrenia. NeuroImage 52, 1314-1327. 

222. Ong, W.-Y., Farooqui T., and A.A., F. (2010). Involvement of Cytosolic Phospholipase A2, 

Calcium Independent Phospholipase A2 and Plasmalogen Selective Phospholipase A2 in 

Neurodegenerative and Neuropsychiatric Conditions. Current Medicinal Chemistry 17, 

2746-2763. 

223. Lee, L.Y., Farooqui, A.A., Dawe, G.S., Burgunder, J.M., and Ong, W.Y. (2009). Role of 

phospholipase A(2) in prepulse inhibition of the auditory startle reflex in rats. Neurosci Lett 

453, 6-8. 

224. Strauss, U., and Brauer, A.U. (2013). Current views on regulation and function of plasticity-

related genes (PRGs/LPPRs) in the brain. Biochim Biophys Acta 1831, 133-138. 

225. Perova, T., Wasserman, M.J., Li, P.P., and Warsh, J.J. (2008). Hyperactive intracellular 

calcium dynamics in B lymphoblasts from patients with bipolar I disorder. Int J 

Neuropsychopharmacol 11, 185-196. 

226. Umemura, K., Yamashita, N., Yu, X., Arima, K., Asada, T., Makifuchi, T., Murayama, S., 

Saito, Y., Kanamaru, K., Goto, Y., Kohsaka, S., Kanazawa, I., and Kimura, H. (2006). 



82 
 

Autotaxin expression is enhanced in frontal cortex of Alzheimer-type dementia patients. 

Neurosci Lett 400, 97-100. 

227. Sayas, C.L., Moreno-Flores, M.T., Avila, J., and Wandosell, F. (1999). The neurite 

retraction induced by lysophosphatidic acid increases Alzheimer's disease-like Tau 

phosphorylation. J Biol Chem 274, 37046-37052. 

228. Shi, J., Dong, Y., Cui, M.Z., and Xu, X. (2013). Lysophosphatidic acid induces increased 

BACE1 expression and Abeta formation. Biochim Biophys Acta 1832, 29-38. 

229. Hwang, S.H., Shin, T.J., Choi, S.H., Cho, H.J., Lee, B.H., Pyo, M.K., Lee, J.H., Kang, J., 

Kim, H.J., Park, C.W., Shin, H.C., and Nah, S.Y. (2012a). Gintonin, newly identified 

compounds from ginseng, is novel lysophosphatidic acids-protein complexes and activates 

G protein-coupled lysophosphatidic acid receptors with high affinity. Mol Cells 33, 151-

162. 

230. Hwang, S.H., Shin, E.J., Shin, T.J., Lee, B.H., Choi, S.H., Kang, J., Kim, H.J., Kwon, S.H., 

Jang, C.G., Lee, J.H., Kim, H.C., and Nah, S.Y. (2012b). Gintonin, a ginseng-derived 

lysophosphatidic acid receptor ligand, attenuates Alzheimer's disease-related neuropathies: 

involvement of non-amyloidogenic processing. Journal of Alzheimer's disease : JAD 31, 

207-223. 

231. Yawn, B.P., Wollan, P.C., Weingarten, T.N., Watson, J.C., Hooten, W.M., and Melton, L.J., 

3rd (2009). The prevalence of neuropathic pain: clinical evaluation compared with screening 

tools in a community population. Pain medicine 10, 586-593. 

232. Campbell, J.N., and Meyer, R.A. (2006). Mechanisms of neuropathic pain. Neuron 52, 77-

92. 

233. Hall, S.M. (1972). The effect of injections of lysophosphatidyl choline into white matter of 

the adult mouse spinal cord. J Cell Sci 10, 535-546. 

234. Inoue, M., Xie, W., Matsushita, Y., Chun, J., Aoki, J., and Ueda, H. (2008a). 

Lysophosphatidylcholine induces neuropathic pain through an action of autotaxin to 

generate lysophosphatidic acid. Neuroscience 152, 296-298. 

235. Inoue, M., Ma, L., Aoki, J., Chun, J., and Ueda, H. (2008b). Autotaxin, a synthetic enzyme 

of lysophosphatidic acid (LPA), mediates the induction of nerve-injured neuropathic pain. 

Mol Pain 4, 6. 

236. Ma, L., Nagai, J., Chun, J., and Ueda, H. (2013). An LPA species (18:1 LPA) plays key 

roles in the self-amplification of spinal LPA production in the peripheral neuropathic pain 

model. Mol Pain 9, 29. 

237. Kakiuchi, Y., Nagai, J., Gotoh, M., Hotta, H., Murofushi, H., Ogawa, T., Ueda, H., and 

Murakami-Murofushi, K. (2011). Antinociceptive effect of cyclic phosphatidic acid and its 

derivative on animal models of acute and chronic pain. Mol Pain 7, 33. 



83 
 

238. Renback, K., Inoue, M., and Ueda, H. (1999). Lysophosphatidic acid-induced, pertussis 

toxin-sensitive nociception through a substance P release from peripheral nerve endings in 

mice. Neurosci Lett 270, 59-61. 

239. Ma, L., Uchida, H., Nagai, J., Inoue, M., Chun, J., Aoki, J., and Ueda, H. (2009). 

Lysophosphatidic acid-3 receptor-mediated feed-forward production of lysophosphatidic 

acid: an initiator of nerve injury-induced neuropathic pain. Mol Pain 5, 64. 

240. Lin, M.E., Rivera, R.R., and Chun, J. (2012b). Targeted deletion of LPA5 identifies novel 

roles for lysophosphatidic acid signaling in development of neuropathic pain. J Biol Chem 

287, 17608-17617. 

241. Sisignano, M., Angioni, C., Ferreiros, N., Schuh, C.D., Suo, J., Schreiber, Y., Dawes, J.M., 

Antunes-Martins, A., Bennett, D.L., McMahon, S.B., Geisslinger, G., and Scholich, K. 

(2013). Synthesis of lipid mediators during UVB-induced inflammatory hyperalgesia in rats 

and mice. PLoS One 8, e81228. 

242. Ohsawa, M., Miyabe, Y., Katsu, H., Yamamoto, S., and Ono, H. (2013). Identification of 

the sensory nerve fiber responsible for lysophosphatidic acid-induced allodynia in mice. 

Neuroscience 247, 65-74. 

243. Tsujiuchi, T., Araki, M., Hirane, M., Dong, Y., and Fukushima, N. (2013). 

Lysophosphatidic acid receptors in cancer pathobiology. Histol Histopathol. 

244. Hoelzinger, D.B., Nakada, M., Demuth, T., Rosensteel, T., Reavie, L.B., and Berens, M.E. 

(2008). Autotaxin: a secreted autocrine/paracrine factor that promotes glioma invasion. J 

Neurooncol 86, 297-309. 

245. Hayashi, M., Okabe, K., Kato, K., Okumura, M., Fukui, R., Fukushima, N., and Tsujiuchi, 

T. (2012). Differential function of lysophosphatidic acid receptors in cell proliferation and 

migration of neuroblastoma cells. Cancer Lett 316, 91-96. 

246. Willier, S., Butt, E., and Grunewald, T.G. (2013). Lysophosphatidic acid (LPA) signalling 

in cell migration and cancer invasion: a focussed review and analysis of LPA receptor gene 

expression on the basis of more than 1700 cancer microarrays. Biol Cell 105, 317-333. 

247. Kishi, Y., Okudaira, S., Tanaka, M., Hama, K., Shida, D., Kitayama, J., Yamori, T., Aoki, 

J., Fujimaki, T., and Arai, H. (2006). Autotaxin Is Overexpressed in Glioblastoma 

Multiforme and Contributes to Cell Motility of Glioblastoma by Converting 

Lysophosphatidylcholine to Lysophosphatidic Acid. Journal of Biological Chemistry 281, 

17492-17500. 

248. Bhave, S.R., Dadey, D.Y., Karvas, R.M., Ferraro, D.J., Kotipatruni, R.P., Jaboin, J.J., 

Hallahan, A.N., Dewees, T.A., Linkous, A.G., Hallahan, D.E., and Thotala, D. (2013). 

Autotaxin Inhibition with PF-8380 Enhances the Radiosensitivity of Human and Murine 

Glioblastoma Cell Lines. Frontiers in oncology 3, 236. 



84 
 

249. Van Leeuwen, F.N., Olivo, C., Grivell, S., Giepmans, B.N., Collard, J.G., and Moolenaar, 

W.H. (2003). Rac activation by lysophosphatidic acid LPA1 receptors through the guanine 

nucleotide exchange factor Tiam1. J Biol Chem 278, 400-406. 

250. Hama, K., Aoki, J., Fukaya, M., Kishi, Y., Sakai, T., Suzuki, R., Ohta, H., Yamori, T., 

Watanabe, M., Chun, J., and Arai, H. (2004). Lysophosphatidic acid and autotaxin stimulate 

cell motility of neoplastic and non-neoplastic cells through LPA1. J Biol Chem 279, 17634-

17639. 

251. Lee, Z., Cheng, C.T., Zhang, H., Subler, M.A., Wu, J., Mukherjee, A., Windle, J.J., Chen, 

C.K., and Fang, X. (2008). Role of LPA4/p2y9/GPR23 in negative regulation of cell 

motility. Mol Biol Cell 19, 5435-5445. 

252. Khalil, B.D., and El-Sibai, M. (2012). Rho GTPases in primary brain tumor malignancy and 

invasion. J Neurooncol 108, 333-339. 

253. Manning, T.J., Jr., Parker, J.C., and Sontheimer, H. (2000). Role of lysophosphatidic acid 

and rho in glioma cell motility. Cell Motil Cytoskeleton 45, 185-199. 

254. Seasholtz, T.M., Radeff-Huang, J., Sagi, S.A., Matteo, R., Weems, J.M., Cohen, A.S., 

Feramisco, J.R., and Brown, J.H. (2004). Rho-mediated cytoskeletal rearrangement in 

response to LPA is functionally antagonized by Rac1 and PIP2. J Neurochem 91, 501-512. 

255. Salhia, B., Rutten, F., Nakada, M., Beaudry, C., Berens, M., Kwan, A., and Rutka, J.T. 

(2005). Inhibition of Rho-kinase affects astrocytoma morphology, motility, and invasion 

through activation of Rac1. Cancer Res 65, 8792-8800. 

256. Annabi, B., Lachambre, M.P., Plouffe, K., Sartelet, H., and Beliveau, R. (2009). Modulation 

of invasive properties of CD133+ glioblastoma stem cells: a role for MT1-MMP in 

bioactive lysophospholipid signaling. Mol Carcinog 48, 910-919. 

257. Mattingly, R.R., Milstein, M.L., and Mirkin, B.L. (2001). Down-regulation of growth 

factor-stimulated MAP kinase signaling in cytotoxic drug-resistant human neuroblastoma 

cells. Cell Signal 13, 499-505. 

258. Kato, K., Fukui, R., Okabe, K., Tanabe, E., Kitayoshi, M., Fukushima, N., and Tsujiuchi, T. 

(2012). Constitutively active lysophosphatidic acid receptor-1 enhances the induction of 

matrix metalloproteinase-2. Biochem Biophys Res Commun 417, 790-793. 

259. Groves, A., Kihara, Y., and Chun, J. (2013). Fingolimod: direct CNS effects of sphingosine 

1-phosphate (S1P) receptor modulation and implications in multiple sclerosis therapy. J 

Neurol Sci 328, 9-18. 

260. Chun, J., and Brinkmann, V. (2011). A mechanistically novel, first oral therapy for multiple 

sclerosis: the development of fingolimod (FTY720, Gilenya). Discovery medicine 12, 213-

228. 



85 
 

261. Cohen, J.A., and Chun, J. (2011). Mechanisms of fingolimod's efficacy and adverse effects 

in multiple sclerosis. Ann Neurol 69, 759-777. 

262. Castelino, F.V., Seiders, J., Bain, G., Brooks, S.F., King, C.D., Swaney, J.S., Lorrain, D.S., 

Chun, J., Luster, A.D., and Tager, A.M. (2011). Amelioration of dermal fibrosis by genetic 

deletion or pharmacologic antagonism of lysophosphatidic acid receptor 1 in a mouse model 

of scleroderma. Arthritis Rheum 63, 1405-1415. 

263. Swaney, J.S., Chapman, C., Correa, L.D., Stebbins, K.J., Bundey, R.A., Prodanovich, P.C., 

Fagan, P., Baccei, C.S., Santini, A.M., Hutchinson, J.H., Seiders, T.J., Parr, T.A., Prasit, P., 

Evans, J.F., and Lorrain, D.S. (2010). A novel, orally active LPA(1) receptor antagonist 

inhibits lung fibrosis in the mouse bleomycin model. Br J Pharmacol 160, 1699-1713. 

264. Rancoule, C., Pradere, J.P., Gonzalez, J., Klein, J., Valet, P., Bascands, J.L., Schanstra, J.P., 

and Saulnier-Blache, J.S. (2011). Lysophosphatidic acid-1-receptor targeting agents for 

fibrosis. Expert opinion on investigational drugs 20, 657-667. 

265. Lappano, R., and Maggiolini, M. (2011). G protein-coupled receptors: novel targets for drug 

discovery in cancer. Nat Rev Drug Discov 10, 47-60. 

  



86 
 

Chapter 4:  

 

Ependymal loss through LPA1 overstimulation initiates hydrocephalus in a novel neonatal 

mouse model 

 

Nicole Lummis1,2*, Paloma Sánchez-Pavón1,3, Grace Kennedy1, Aaron Frantz1,2, Dr. Jerold 

Chun1 

 

1 Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA 

2 Biomedical Sciences Graduate Program, UC San Diego School of Medicine, La Jolla, CA 

3 Biomedical Sciences Graduate Program, Sanford Burnham Prebys Medical Discovery Institute, 

La Jolla, CA 

 

  



87 
 

ABSTRACT 

Post-hemorrhagic hydrocephalus (PHH) is a common neurological condition treated with 

invasive neurosurgical interventions.  PHH is associated with increased intracranial pressure 

(ICP), resulting in dramatic ventriculomegaly with concomitant motor and cognitive deficits, and 

is especially prevalent in premature infants.  Here we report a novel mouse model of 

hydrocephalus that maps neurodevelopmentally to premature human infants, identifying a 

receptor-driven cellular mechanism of disease initiation.  We discovered that lysophosphatidic 

acid (LPA), a signaling lipid present in the blood, induces high ICP levels and ventriculomegaly 

7 days following injection into the ventricular system, through a mechanism altogether distinct 

from fetal and adult PHH.  LPA acutely disrupted the ependymal cells that generate CSF flow, 

followed by phagocytosis, cell death, and ventricular surface denudation.  Ependymal death and 

subsequent PHH development can be prevented by knockout or pharmacological blockade of the 

LPA1 and LPA3 receptors, suggesting novel therapeutic targets toward preventative therapies. 
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BACKGROUND 

Hydrocephalus is a common neurological condition that affects 1 in 1000 people 

worldwide (Chi et al., 2005; Dewan et al., 2018).  It is typically a chronic condition associated 

with persistent migraines, cognitive deficits, epilepsy, and motor dysfunction (Ding et al., 2001; 

Lacy et al., 2008; Laurence and Coates, 1962; Vinchon et al., 2012a).  Neurosurgical 

interventions have reduced the lethality of hydrocephalus, but current treatment paradigms, such 

as inserting a shunt into the ventricles of the brain to physically drain excess CSF, are palliative 

and only serve to mitigate symptoms (Cherian et al., 2004; Shooman et al., 2009; Walid and 

Robinson, 2012).  Clinically, hydrocephalus is characterized by an accumulation of cerebrospinal 

fluid (CSF) pressure in the brain and subsequent enlargement of the fluid-filled ventricles, 

termed ventriculomegaly (Bergsneider et al., 2006). 

This study highlights a novel postnatal model of hydrocephalus that recapitulates several 

clinical hallmarks of premature post-hemorrhagic hydrocephalus (Table 1).  While fetal and 

adult cases of post-hemorrhagic hydrocephalus (PHH) occur, PHH is particularly common in 

premature infants with fragile cerebral vasculature (Robinson, 2012; Tully and Dobyns, 2014).  

Approximately 16% of premature infants suffer from severe intraventricular hemorrhage, with 

20% of these infants requiring a permanent shunt (Robinson, 2012).  Despite the overwhelming 

clinical need, models representing this developmental stage are sorely lacking.  This is 

exacerbated by the knowledge that early postnatal brains are dramatically different from both 

fetal and adult brains in cellular composition, receptor expression patterns, and morphology.   

Many animal models of hydrocephalus exist, including genetic mutants and obstructive 

models that physically restrict CSF flow (Bigio et al., 2011).  Of the genetic models, several 

studies have demonstrated that removing the ependymal cells that line the ventricular system or 



89 
 

inducing ciliary dysfunction often generates spontaneous hydrocephalus (Banizs et al., 2005; 

Ibañez-Tallon et al., 2004; Jimenez et al., 2001; Tissir et al., 2010; Wang et al., 2016).  

Additionally, compromised ependymal cells have been observed in human hydrocephalus 

patients (Dominguez-Pinos et al., 2005; Fukumizu et al., 1995; McAllister et al., 2017; Sival et 

al., 2011).  Ependymal cell health is particularly important to CSF homeostasis, as the cilia on 

ependymal cells beat in a synchronized manner to generate fluid CSF flow around the central 

nervous system (Faubel et al., 2016; Hagenlocher et al., 2013).  Intracranial pressure is difficult 

to measure in small animals, so ventriculomegaly is commonly used to diagnose hydrocephalus 

for in vivo studies.  However, innovations on utilizing intracranial pressure monitoring in mice 

and rats are on the horizon (Moazen et al., 2016; Murtha et al., 2012), and we have adapted 

clinical ICP monitoring protocols to measure CSF pressure in early postnatal mice. 

While genetic studies contribute to our understanding of hydrocephalus, congenital cases 

are often attributed to other comorbidities, such as spina bifida, aqueductal stenosis, and 

meningitis (Cinalli et al., 2011; Munch et al., 2012; Shaheen et al., 2017; Zhang et al., 2006).  

After birth, hydrocephalus usually develops following severe hemorrhage or brain trauma, which 

is incredibly common in premature infants (Robinson, 2012).  Prior models exist detailing the 

effects of bloodborne factors on hydrocephalus in embryonic or adult brains (Grondona et al., 

1996; Park et al., 2016; Shim et al., 2013; Yung et al., 2011).  However, there are few previously 

existing models detailing PHH in the premature or neonatal brain.  Here, we have identified 

lysophosphatidic acid (LPA) as a key initiating factor for neonatal PHH in a mechanism distinct 

from its fetal and adult activities. 

LPA is a signaling lipid that binds to 6 canonical G protein-coupled receptors, designated 

LPA1-LPA6( Yung et al., 2014).  LPA is produced from lysophosphotidylcholine (LPC) by the 
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enzyme autotaxin and circulates in the bloodstream bound to carrier proteins such as albumin 

(Aoki et al., 2002; Sonoda et al., 2002).  Of particular relevance, bloodborne LPA levels are 

significantly elevated in cases of hemorrhage or trauma (Aoki et al., 2002; Sano et al., 2002).  

Therefore, severe hemorrhage introduces large concentrations of LPA into the ventricular 

system, potentially wreaking havoc on LPA receptor (LPAR)-expressing cells and altering 

healthy CSF dynamics.  
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RESULTS 

 

Intraventricular LPA exposure induces high-pressure hydrocephalus in neonatal mice 

Previously, LPA has been demonstrated to induce fetal PHH when injected in the 

ventricles of E13.5 mice (Yung et al., 2011), which correlates to late first trimester in humans 

(Fig. 1a).  However, the developing brain differs dramatically from the postnatal brain.  In order 

to study PHH in a therapeutically accessible population of great clinical need, we utilized early 

postnatal mice at 8 days old (P8) to emulate the brain development phase of premature infants 

less than 34 weeks in gestation (Fig. 1a) (Clancy et al., 2001; Clancy et al., 2007).  To simulate 

hemorrhage, 5µL of vehicle or 5mM stock LPA was stereotactically injected into the lateral 

ventricles of littermates, to a final concentration of 80-800µM (Fig. 1b, methods).  Brain tissue 

was harvested 7 days following the procedure (“P8+7”), stained with hematoxylin and eosin 

(H&E), and analyzed for ventriculomegaly and histological abnormalities (Fig. 1c).  Most 

notably, LPA-injected mice demonstrate a ventricular volume that is more than 10 times larger 

than vehicle-injected or uninjected lateral ventricles (Fig. 1d).  This severe ventriculomegaly, 

accompanied by cortical thinning and destruction of the corpus callosum, was observed in 100% 

of LPA-injected animals.  Intriguingly, this phenotype was not due to overgrowth and occlusion 

of the rostral aqueduct, as has been observed in fetal LPA-induced hydrocephalus (Yung et al., 

2011).  Therefore, this model describes a novel mechanism for initiation of communicating or 

idiopathic PHH. 

While ventriculomegaly is commonly assessed in models of PHH, increased intracranial 

pressure (ICP) – the second clinical hallmark of hydrocephalus – is difficult to assay in small 

animals.  To this end, we developed a novel protocol for measuring ICP in mouse pups (Fig. 1b).  
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By inserting a fiberoptic pressure monitor into the lateral ventricle of sedated mice, we were able 

to collect CSF pressure readings from P8+7 uninjected, vehicle-injected, and LPA-injected 

animals, demonstrating a significantly increased ICP range in LPA-exposed animals (Fig. 1e). 

LPA-induced hydrocephalus is chronic and does not resolve without intervention.  If 

allowed to survive untreated, more than 80% of LPA-exposed mice die within 12 weeks of age 

(11 weeks post-injection) (Fig. 1f).  These mice are typically underweight, exhibiting hunched 

posture, ungroomed fur, and reduced movement.  Additionally, this model affects male and 

female mice indiscriminately (Supplementary Fig. 1).  

 

Ependymal dysfunction occurs quickly 

As this model recapitulates multiple clinical aspects of human PHH (Table 1), we began 

to characterize the earliest hallmarks of disease initiation.  To determine which brain regions or 

cell types were affected first, we harvested brains at several timepoints, including 3, 6, and 24 

hours post-injection.  Sections were stained with H&E for histological analysis or acetylated 

tubulin (AcTub) and S100 antibodies to identify ependymal cilia and cell bodies, respectively 

(Didier et al., 1986).  It was immediately apparent that the ependymal cells were selectively 

affected by LPA injection (Fig. 2a).  This phenotype progressed over time, with cell and nuclear 

rounding evident by 3 hours post-LPA injection, apparent loss of basement membrane adhesion 

6 hours post-LPA injection, and significant depletion of the ependymal monolayer at 24 hours 

post-LPA injection (Fig. 2b).  Ciliary health declines in tandem with cellular morphology 

changes, as AcTub immunolabeling of the cilium declines and disappears at 3-6 hours while 

ependymal cell bodies (S100β) are lost by 24 hours (Fig. 2c).  This loss of ependymal cell bodies 



93 
 

was quantified by measuring S100 fluorescence surrounding the lateral ventricles 

(Supplementary Fig. 2). 

 

Ependymal cilia degenerate and are phagocytosed 

We utilized electron microscopy to further interrogate ependymal health over time.  

Transmission electron microscopy (TEM) demonstrated perturbations of ciliary morphology, 

displaying frequent loss of membrane integrity and occasional distortion of the 9+2 microtubule 

axoneme 6 hours following LPA exposure (Fig. 3a-d).  Scanning electron microscopy (SEM) 

also showed loss of ciliary tufts and disruption of the smooth ependymal lining 6 hours post-

surgery (Fig. 3e-f).  The remaining cilia appear kinked and disorganized.  This gradual depletion 

led to a craggy and uneven ventricular surface that was fully depleted of cilia 24 hours following 

LPA exposure (Supplementary Fig. 3). 

Examination of these early timepoints also revealed a large number of non-ependymal 

cells on top of the ependymal barrier.  SEM investigation at 3 and 6 hours post-LPA exposure 

captured several cells with an elongated morphology phagocytosing ependymal cilia (Fig. 3g-h).  

We discovered that these invaders stained heavily with an ionized calcium-binding adapter 

molecule 1 (Iba1) antibody (Fig. 3i-j), identifying them as macrophages and/or microglia.  

Intriguingly, the Iba1+ cells that reside within the choroid plexus in vehicle-injected samples are 

reduced in LPA-injected samples, suggesting they may have migrated from the choroid plexus 

bloodstream to the ventricular surface upon insult.  The presence of inflammatory F480+ 

macrophages and microglia in the whole brain 24 hours post-injection was quantified by flow 

cytometry (Fig. 3k).  These data imply that, since cells of the innate immune system remove 
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apoptotic cells (Devitt and Marshall, 2011), affected ependymal cells may be actively cleared 

from the ventricular wall prior to the development of hydrocephalus. 

 

Ependymal cells die within 24 hours 

Desiring to learn more about this dramatic loss of ependymal cell integrity, we continued 

to investigate the mechanism of ependymal cell loss.  Using ISEL+ DNA end-labeling, a 

modified version of the TUNEL assay, we discovered that DNA fragmentation occurs as early as 

3 hours post-LPA exposure (Fig. 3l-o).  Activation of apoptotic signaling cascades was assessed 

by cleaved Caspase 3 (Cas3) staining, which was present in ependymal cells 6 hours after LPA 

exposure (Fig. 3p-s).  This DNA fragmentation and subsequent apoptosis was highly specific to 

the ependymal monolayer of the ventricular system.  As LPAR overstimulation can initiate 

programmed cellular apoptosis after tissue injury (Funke et al., 2012; Holtsberg et al., 1998), 

these data suggest a mechanism for LPA-induced ependymal damage. 

 

Ependymal cells express LPARs 

Interested in the correlation between PHH development and LPAR expression patterns, 

we performed RNAscope against Lpar1-6 expression on P8 tissue sections.  We discovered 

dense Lpar1 expression and highly specific Lpar3 expression within the ependymal monolayer 

(Fig. 4a,b), while LPA2 and LPA4 receptors demonstrated low and non-specific mRNA 

expression in the ventricular zone, LPA5 demonstrates no ventricular area expression, and LPA6 

is highly expressed in vasculature and choroid plexus with low ependymal expression 

(Supplementary Fig. 4).  These expression patterns differ greatly from previously reported 

embryonic and adult data (Ohuchi et al., 2008; Allen Brain Atlas, 2015), suggesting that the 
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mechanism of PHH and individual susceptibility may change as the subject ages.  This 

conclusion is supported by the fact that, while LPA injection causes severe ventriculomegaly 

after 7 days in 100% of subjects injected at P4 or P8, only 50% of P14 mice are affected, and 

adult mice do not exhibit any significant ventriculomegaly (Supplementary Fig. 5), correlating 

to reduced LPAR expression in the ependyma as subjects age. 

 

LPA1 and LPA3 are key mediators of PHH sequelae 

Since LPA specifically damages ependymal cells prior to the development of 

hydrocephalus, we tested whether these results are attributable to the activation of specific 

LPARs.  To this end, we injected LPA into the lateral ventricles of LPA1-LPA5 single knockout 

mice and quantified ventriculomegaly after 7 days.  While PHH developed in most LPA2, LPA4, 

and LPA5 knockouts, only 40% of LPA1 -/- and 60% of LPA3 -/- mice demonstrated significant 

ventriculomegaly (Fig. 4c,d).  Affected LPA1-null animals also suffered from less severe 

ventriculomegaly (Fig. 4d), and protected LPA1 knockouts exhibited normal ICP levels 

compared to controls (Fig. 4e).  These results implicate LPA1, and to a lesser extent LPA3, in 

mediating LPA-induced ventriculomegaly and PHH. 

Partial protection against LPA-initiated ventriculomegaly and PHH by genetic removal of 

LPA1 or LPA3 supported the possibility that pharmacological interventions could prevent LPA-

induced PHH.  To this end, we acquired LPA1 antagonist AM095.  We injected 1mg/kg of 

antagonist intracranially, waited 15 minutes, then administered LPA to the same locus.  After 7 

days, brains were harvested, sample identity blinded, and ventriculomegaly quantified.  For this 

experiment, LPA was suspended in vehicle containing lipid-free bovine serum albumin (BSA) 

and injected at a lower concentration to create a more physiologically relevant system (see 
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methods).  While this new methodology resulted in less pronounced ventriculomegaly (Fig. 4f), 

it still produced consistent hydrocephalus.  Most remarkably, AM095 treatment resulted in 

significant protection from hydrocephalus (Fig. 4f). 

Further investigation revealed that LPA1 knockout, LPA3 knockout, or pharmacological 

inhibition of LPA1 with AM095 protected against PHH initiation by reducing ependymal 

damage.  More than half of LPA1 knockout animals demonstrated significant ependymal 

protection, while LPA3 knockout ependymal cells were depleted 24h post-LPA exposure (Fig. 

4g, quantified in Supplementary Fig. 2).  Additionally, pretreatment with LPA1 antagonist 

AM095 protected the ependymal monolayer from depletion 24 hours post-injection (Fig. 4g).  

Protected LPA1 and LPA3 knockout animals as well as AM095-treated cohorts had normal 

ventricular and cortical morphology 7 days post-surgery (Fig. 4h).  These data suggest that, 

while both LPA1 and LPA3 are involved in LPA-induced hydrocephalus, LPA1 receptor 

signaling may be the key mediator of ependymal deterioration following LPA overexposure. 

 

Mechanism of LPA-mediated PHH 

Since at-risk neonatal infants are often kept in the hospital for observation, this novel 

postnatal model represents a clinically accessible population of great need.  LPA released into 

the ventricular system following severe hemorrhage overstimulates ependymal LPA1 receptors, 

resulting in specific damage, degeneration, and removal of ependymal cells.  This ependymal 

loss reduces cilia-driven CSF flow and removes the CSF-parenchyma barrier, causing CSF 

accumulation which leads to ventriculomegaly and chronic hydrocephalus.  This loss can be 

prevented by LPA1 knockout, LPA1 blockade, and to a lesser extent LPA3 knockout (Fig. 5).  

The involvement of LPAR signaling in post-hemorrhagic ependymal damage, combined with the 
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high bloodborne concentrations of LPA (and its precursor, LPC), presents an intriguing 

druggable target, especially since LPA1 and LPA1/3 antagonists are currently available and in 

clinical trials for other indications.  Indeed, the efficacy of LPA1 inhibitor AM095 in preventing 

LPA-induced ventriculomegaly is a first step toward these pharmacological goals.  

Administration of an LPAR antagonist within a few hours of hemorrhage could protect against 

future sequelae, reducing hydrocephalus incidence and severity in early postnatal infants. 
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DISCUSSION 

We report a new mouse model for PHH generated via intraventricular LPA exposure 

during early postnatal life.  It employs a medically accessible mechanism – LPA receptor 

signaling – at ages that are more clinically relevant to a human PHH at-risk patient population:  

premature infants in neonatal intensive care units who often suffer from intracranial or 

intraventricular hemorrhage.  The mouse model described here replicates multiple aspects of 

PHH reported in humans of equivalent stages of development, including elevated ICP and 

ventriculomegaly (Table 1).  This model requires LPA exposure within the cerebral ventricles, 

as can occur naturally during intracranial hemorrhage, which overactivates ependymal cell LPA1 

and, to a lesser extent, LPA3, resulting in ciliary dysfunction and reduced motility along with 

ependymal cell damage, death, and removal.  Ependymal cell loss, ventriculomegaly, and PHH 

can be prevented to a significant extent by LPA1 removal or blockade, and to a lesser extent by 

LPA3 removal (Fig. 5).   

These data are among the first to model hydrocephalus in mice at an age that 

neurobiologically corresponds to premature human infants at risk for PHH (Kahle et al., 2016; 

Clancy et al., 2001; Mazzola et al., 2014).  In a previous PHH model, LPA was shown to induce 

fetal hydrocephalus when injected into the ventricles of embryonic E13.5 mice, in an LPA1-

dependent manner.  This model recapitulated multiple comorbidities found in human fetal 

hydrocephalus, and involved mechanisms that affected mitotic and early post-mitotic LPA1-

expressing neural progenitor cells (NPCs) (Park et al., 2016; Yung et al., 2011).  These 

conditions fundamentally contrast with the new postnatal PHH model reported here, which 

responds to LPA exposure at a developmental stage after neurogenesis has ceased within the 

cerebral cortex and the subjacent ganglionic eminence, implicating direct ependymal cell effects 
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in this later model.  Both models produce hydrocephalus with 100% penetrance and ultimately 

disrupt ciliated ependymal cells, consistent with models of PHH involving reduction of cilia-

driven CSF flow and removal of the CSF-parenchyma barrier (Jimenez et al., 2001; Wang et al., 

2016; Banizs et al., 2005; Tissir et al., 2010; Ibañez-Tallon et al., 2004), causing CSF 

accumulation which, in turn, leads to ventriculomegaly and chronic hydrocephalus (Faubel et al., 

2016; Lun et al., 2015; Brinker, Stopa, Morrison, & Klinge, 2014).  A key difference, however, 

is that the fetal model manifests alterations in NPC fate that reduce ependymal cell production 

and induce acqueductal stenosis, whereas the new postnatal model directly affects the ependymal 

cells resulting in their dysfunction, death, and removal without causing physical CSF blockages. 

ICP is an important clinical hallmark of PHH which is difficult to measure in small 

animals.  As a result, ventriculomegaly is commonly used as a proxy for hydrocephalus.  This 

circumstance leaves open the question of whether animal models actually produce increased ICP.  

We therefore developed an ICP monitoring protocol for use in early postnatal mice utilizing a 

slim fiberoptic pressure cable that emulated clinical approaches.  Importantly, to our knowledge, 

this new postnatal model is the first to demonstrate increased ICP beyond the more common 

endpoint of ventriculomegaly alone.  Use of this model and ICP measuring technique should 

allow more accurate assessment of PHH-related variables including possible therapeutics. 

The complete penetrance of intraventricular LPA exposure in producing postnatally-

induced hydrocephalus showed two notable features.  First, the CNS damage and severity of 

hydrocephalus followed a general dose response, whereby higher concentrations of LPA 

produced more severe PHH sequelae, particularly the degree of ventriculomegaly.  Higher 

concentrations of LPA would be expected to access more LPA receptors as well as activate more 

LPA receptor subtypes.  This may in part explain the incomplete rescue of LPA1 or LPA3 null 
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mutants, the rare but existent rescue of other receptor subtype null mutants, as well as the 

variable pharmacological inhibition by Ki16425 or AM095 in the face of a near-maximum LPA 

dose.  Models utilizing reduced LPA dosing or formulation may be superior towards identifying 

new medical interventions, targeting not only LPA receptor subtypes, but also downstream 

signaling pathway molecules like GPCR Kinase 2 (GRK2, GPCRK2) that inhibits LPA1 

activation in neural cells (Herr, Herr, Lee, Noguchi, & Chun, 2011).  Practical implications of 

dose-dependent effects could be patient stratification in future clinical trials based upon the 

severity of intraventricular hemorrhage, whereby proof-of-concept studies would be more likely 

to succeed in patients with low-grade IVH who are still at risk of long-term disability (Mazzola 

et al., 2014; Klebermass-Schrehof et al., 2012; Dorner, Burton, Allen, Robinson, & Soares, 2018; 

Matthieu Vinchon, Baroncini, & Delestret, 2012). 

The second feature of this neonatal PHH model was the progressive nature of 

dysfunction, leading ultimately to the death and removal of ciliated ependymal cells.  

Examination at multiple timepoints delineated temporal stages of ependymal damage and raises 

questions about which stages might be therapeutically tractable.  From 3-24 hours in vivo, 

significant ciliary changes were identified that included ciliary membrane and axoneme 

disruption, followed by ependymal cell death and removal. 

It is possible, however, that some aspects of ciliary dysfunction might be reversible.  In 

this regard, a notable feature of the new postnatal model was the presence of inflammatory 

phagocytes engulfing cilia, within 3 h following LPA injection.  These cells appeared to be 

macrophages, based upon their morphology and on changes observed in the choroid plexus, 

however some may also be microglia in view of Iba1 expression in both.  It is conceivable that 
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phagocytosis of some cilia might occur at a point that could be rescued in the absence of innate 

immune cell infiltration, a possibility enabled by this model that can be examined in the future.  

The involvement of LPAR signaling involving at least LPA1 and LPA3 are promising 

targets for medical intervention, since these receptors are transmembrane GPCRs that as a family 

mediate many human medicines.  Additionally, at least one LPA1 antagonist has entered human 

Phase II clinical trials for fibrosis, with several others under development for medical indications 

including cancer (Palmer et al., 2018; Stoddard & Chun, 2015).  The superior efficacy of the 

LPA1 inhibitor AM095 in preventing LPA-induced ventriculomegaly supports further 

development of LPA receptor antagonists with improved pharmacokinetic profiles for use in 

model systems and future clinical trials.  Considering that IVH is observed in 15-20% of 

premature infants (Robinson, 2012; Stoll et al., 2015), a case might be made for a prevention trial 

in the most susceptible infants at increased risk during earliest GAs.   Possible combined 

therapies utilizing LPA receptor antagonists with suitable anti-inflammatory agents could also be 

considered, all towards medical interventions to reduce PHH sequelae and the need for 

neurosurgical interventions. 
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METHODS 

 

Animal models 

P8 littermates of C57BL/6J and Balb/c background were used for this study.  Lpar1-5 

knockout mice (J J Contos, Fukushima, Weiner, Kaushal, & Chun, 2000; James J Contos et al., 

2002; Ye et al., 2005; Sumida et al., 2010; Lin, Rivera, & Chun, 2012) were crossed onto 

C57BL/6J or Balb/c backgrounds several generations before use.  Pups were fostered with WT 

mothers when their original mothers demonstrated aggression or when knockout mothers could 

not leave the breeding colony.  All procedures were conducted in accordance with IACUC 

guidelines of The Scripps Research Institute and Sanford Burnham Prebys Medical Discovery 

Institute. 

 

LPA preparation and concentration 

Powdered 18:1 LPA (Avanti Polar Lipids 857130P) was dissolved with methanol, then 

aliquoted into tubes, vacuum dried, and stored at -20C.  LPA was reconstituted by sonicating in 

HBSS, resulting in a 5mM stock.  5µL of this stock was administered intracranially, resulting in 

approximate concentrations of 800µM in CSF or 80µM in whole brain.  However, we anticipate 

75-90% loss between reconstitution and injection, as LPA sticks to pipette, tube, and syringe 

surfaces, resulting in approximately 100µM in CSF or 10µM in whole brain.   

Recently, our lab has observed significantly decreased loss of lipid concentration by 

storing LPA in a liquid form after reconstituting in PBS with 0.01% BSA.  For the final inhibitor 

experiment, 500µM of stock LPA in 0.01% BSA was utilized, resulting in an approximate 

concentration of 80µM in CSF (before losses).  These preparation and storage methods enable 
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the use of lower LPA stock concentrations for similar phenotypic results, and will be utilized for 

future work. 

 

Surgery 

P8 pups were immobilized on a stereotactic frame using a custom head rest and sedated 

with either IP-administered Nembutal (40 mg/kg) or gaseous isoflurane.  The skin atop the head 

was opened 0.5cm from the bregma and the needle inserted through the skull at approximately 

3.2mm caudal x 0.7mm lateral x 1.2mm deep.  Mice were injected into the right lateral ventricle 

with 5µL of vehicle (Hank’s balanced salt solution (HBSS), Gibco 14175-095) or 18:1 LPA 

(Avanti Polar Lipids 857130P) using a 35-36G needle and a glass 10µL Nanofil syringe (WPI).  

For drug experiments, mice were pretreated by intracranial injection of 2.5µL containing 1mg/kg 

AM095 (MedChem HY-16029), 1mg/kg Ki16425 (Cayman 355025-24-0), or vehicle (PBS with 

0.01% BSA and 5% DMSO), 15 minutes elapsed, then mice were injected in the same location 

with 5µL of 18:1 LPA.  Post-operative flunixin meglumine (1 mg/kg, Merck 0061-0851-03) was 

administered subcutaneously for 2 days and mice monitored daily for health until tissue harvest. 

 

Intracranial pressure recording 

A Biopac fiberoptic pressure cable was inserted through the barrel of a 21G needle with 

filed-down bevel.  The sensor was wetted and calibrated in ultrapure water before each use.  

Pressure recordings were taken by retracting the sensor into the needle barrel, puncturing the 

skull of a heavily sedated mouse, and extending the pressure probe into the lateral ventricle.  The 

probe was allowed to equilibrate for 5 seconds before recording every 5th measurement from the 

Opsens control panel, to a total of at least 10 measurements which were averaged together.  To 
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prevent fluid escape and pressure release during recording, the edge of the needle was sealed 

around the skull with putty or wax.  After recording, the probe was carefully withdrawn and 

brain tissue collected. 

 

Histology 

Whole brains were harvested from experimental animals at the timepoints indicated.  For 

paraffin embedded sections, brains were fixed in formalin acid alcohol (4% formaldehyde + 5% 

glacial acetic acid in 70% ethanol), paraffinized in a TissueTek VIP, and embedded with a 

TissueTek TEC.  Frozen sections were fixed in 4% paraformaldehyde in PBS, then cryoprotected 

with 10% and 20% sucrose in PBS and embedded in O.C.T. (Tissue-Tek 4583) or Neg-50 

(ThermoFisher 6502).  Sections were cut with 10µm thickness on a Leica microtome or cryostat. 

A Zeiss Imager.M2 was used to obtain all images.  For brightfield imaging, brain sections 

were deparaffinized and rehydrated through xylene and ethanol washes, stained with H&E, 

dehydrated in ethanol and xylenes, then coverslipped and preserved with DPX.  ISEL+ was 

performed with the 2.5 brown detection kit (ACDbio 322310) and HRP labeling (Vector 

ImmPRESS MP-7401) per manufacturer’s instructions. 

For immunohistochemistry applications, deparaffinized or frozen sections were washed 

in tris-buffered saline pH 7.4 (TBS), blocked in TBST (0.1% Triton X-100 in TBS) with 5% 

normal goat serum (NGS), incubated with primary antibody in TBST with 1% NGS overnight, 

washed in TBST, incubated with secondary antibody diluted 1:1000 in TBST, then washed in 

TBS with DAPI nuclear counterstain.  Slides were coverslipped with Vectashield (Vector Labs 

H-1000) and kept at 4°C until imaging.  Antibody concentrations used include S100A/B 1:300 

on paraffinized tissue (Novus Biologicals NB200-538), AcTub 1:250 on paraffinized tissue 
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(Sigma T6793), cleaved Cas3 1:200 on frozen tissue (Cell Signaling #9664), and Iba1 1:250 on 

frozen tissue (Wako 019-19741). 

Electron microscopy was performed at The Scripps Research Institute with a Philips 

CM100 TEM and Hitachi S4800 SEM, under direction by the core staff. 

 

Ventriculomegaly quantification 

Lateral ventricle volume was measured in coronal sections collected every 100µm, from 

the most anterior to posterior sections containing lateral ventricle.  The ventricular area of each 

section was quantified in Adobe Photoshop CS6, then added to create a volume approximation.  

Choroid plexus was included during quantification, as the free-floating nature of this organ 

causes it to occupy inconsistent locations in the ventricle. 

 

Brain immune cell isolation and quantification 

24 hours post-vehicle or LPA injection into P8 mouse ventricles (P8+1), animals were 

perfused with PBS and brains harvested.  The Miltenyi gentleMACS Octo dissociator was used 

to create single cell suspensions from whole brains.  Immune cells were then isolated by 

discontinuous Percoll (GE Health17-0891-02) gradient before fixation in 0.1% PFA.  Cells were 

incubated with anti-CD16/32 (Fc receptor block, eBioscience 14-0161) before staining in 

Brilliant Stain Buffer Plus (BD Biosciences 566385) with antibody cocktail to identify 

macrophages and activated microglia (CD45+CD11b+/hiF4/80+Ly6G-).  Antibodies were 

purchased from either BD Biosciences (BD) or eBioscience and were as follows: CD45-BV711 

(BD 30-F11), CD11b-BV510 (BD M1/70), F4/80-AF488 (eBioscience BM8), and Ly6G-PE-

Cy7 (eBioscience 1A8).  Liquid counting beads (BD) were added immediately before data were 
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obtained on a BD FACSAria Fusion flow cytometer and analyzed using FlowJo v10.4 software 

(Tree Star, Inc.). 

 

Statistical analysis. 

Statistical analyses were performed in GraphPad Prism 7.  One-way ANOVA was used to 

compare each experimental group to uninjected and vehicle groups.  Dot plots were utilized 

reporting mean (center bar) and standard error of the mean (SE, error bars).  
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Table 4.1. Clinical post-hemorrhagic hydrocephalus phenotypes recapitulated by this 

neonatal LPA-induced mouse model. 

Sequelae reported in clinical studies following cohorts of hydrocephalic patients are compared to 

phenotypes observed in this neonatal model of PHH.  Intraventricular hemorrhage was mimicked 

by injecting LPA directly into the lateral ventricle of P8 mice.  Patients treated with shunts had 

far greater survival than untreated patients, highlighting the need for therapeutic intervention. 

Hydrocephalus 

Characteristics 
Clinical Studies Neonatal Model 

Bleeding/hemorrhage Yes Mimicked 

Ventricular dilation Yes Yes 

Elevated CSF pressure Yes Yes 

Early lethality 
~75% untreated5,  

~20% treated6,11 
80% by 12 weeks 

Loss of ependymal 

layer 
Yes19-22 Yes 

Ciliary defects Yes62-65 Yes 

Aqueductal occlusion Sometimes30,64 No 

Monocyte infiltration 
Implicated in shunt failure66-

68 & systemic inflammation69 
Yes 

Motor dysfunction ~50%4,70 Reduced mobility 
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Figure 4.1: Intracerebral LPA exposure leads to hydrocephalus in neonatal mice. 

(a) Approximate correlative stages of human and mouse brain development, highlighting full 

term birth (green) and ages at high risk for PHH (red).  (b) Schematic of this neonatal model of 

LPA induced hydrocephalus.  Mice receive stereotactic intracranial injection at P8 (left, forceps 

point to approximate location of injection), followed by terminal intracranial pressure 

measurement (center) and brain harvest 7 days later (“P8+7”, right). (c) Intracerebral injection of 

LPA produces ventriculomegaly.  Representative brain sections from uninjected, vehicle-

injected, and LPA-injected P8+7 mice are shown.  (d) Quantification of increased lateral 

ventricle volume. The dashed line indicates 2 standard deviations above the vehicle mean 

(n=10).  (e) Corresponding increase in intracranial pressure in the brains of P8+7 mice injected 

with LPA (n=9) as compared to brains from uninjected (n=8) or vehicle-injected (n=7) mice.  (f) 

Kaplan-Meier survival curve for mice injected at P8 showing 80% lethality at 10 weeks (n=7 

uninjected, n=9 vehicle, n=11 LPA). *p<0.0005  
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Figure 4.2: LPA affects ependymal integrity. 

(a) Images of H&E-stained lateral ventricles 3, 6, and 24 h post-LPA exposure (10x).  A 

representative vehicle-injected lateral ventricle (6 h post-injection) is shown for comparison.  (b) 

63x magnified regions of the boxed areas shown in (a).  (c) Cilia and cell bodies of lateral 

ventricle ependymal cells immunostained with AcTub (green, cilia) and S100 (red, cell body) 

with DAPI nuclear counterstain (blue). Arrows point to denuded sections of the ventricular wall.  

LV = lateral ventricle.  
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Figure 4.3: Ependymal cell disruption precedes death. 

(a) TEM scan of ciliary tuft with several distinct cilia adjacent to ependymal membrane.  (b) 

Ciliary membrane and axoneme structure from a wildtype vehicle-injected mouse.  (c) Disrupted 

ciliary membrane and (d) axoneme observed 6 hours post-LPA exposure.  (e) Intact ciliated 

ependymal surfaces were observed with SEM on vehicle-exposed brains, while (f) LPA-exposed 

brains show progressive ciliary loss and presence of cellular debris.  Blue arrowheads point to 

remaining ciliary tufts 6 hours after LPA injection.  (g) At three hours post-injection, vehicle-

exposed cilia were unperturbed whereas (h) phagocytotic cells were observed engulfing 

shriveled and disorganized ependymal cilia exposed to LPA.  (i-j) LPA exposure causes an 

influx of macrophages/microglia into the lateral ventricles 6 hours post-injection.  (i) 

Macrophage cells, as identified by Iba1 immunostaining, are present in the vascular choroid 

plexus of vehicle injected mice.  (j) LPA produces an influx of Iba1+ cells that accumulate on the 

ependymal wall of the lateral ventricles. (10x with 63x inset).  (k) Flow cytometric analysis of 

cells isolated from the brains of uninjected, vehicle injected, and LPA injected mice.  Brains 

from uninjected, vehicle injected, and LPA injected mice (24 hours post-injection) were 

dissociated and isolated cells stained with F480 to identify macrophages and microglia.  The 

total number of F480+ cells is shown (*p<0.0001, n=5 brains).  (l-o) LPA exposure causes 

selective ependymal cell DNA damage within 3 hours as demonstrated by the ISEL+ assay 

(fragmented DNA = brown, nuclei = light green).  (l-m) Brains exposed to vehicle are unaffected 

whereas (n-o) LPA exposure causes selective ependymal DNA damage (10x with boxes enlarged 

to 63x).  (p-s) Cleaved caspase-3 (red, with blue nuclear counterstain) immunolabeling in (p-q) 

vehicle and (r-s) LPA-injected brains shows selective ependymal apoptosis 6 hours following 

LPA exposure (20x with boxes enlarged to 63x). 
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Figure 4.4: LPAR selectivity of hydrocephalus development. 

Specific LPAR expression in the ependyma was demonstrated by RNAscope for (a) Lpar1  and 

(b) Lpar3, (brown RNA probes with blue nuclear counterstain).  (c) LPA was injected into 

specific LPA receptor knockout mice and the incidence of hydrocephalus reported, as 

determined by ventriculomegaly analysis (n=10 for LPA1-LPA4, n=11 for LPA5).  (d) 

Quantification of ventriculomegaly in LPA1 and LPA3 knockout mice 7 days following 5mM 

LPA exposure compared to controls (**p<0.001, ***p<0.0001, n=10).  (e) Protected LPA1 

knockouts show normal ICP levels 7 days post-injection (**p<0.001, ***p<0.0001, n=8 

uninjected, n=7 vehicle, n=9 LPA, n=5 LPA1
-/-).  (f) Mice injected with a lower concentration of 

LPA (500uM in 0.01% BSA) demonstrate significant ventriculomegaly that can be blocked by 

LPA1 selective inhibitor AM095 (*p<0.05, n=9 uninjected, n=5 vehicle, n=10 LPA, n=10 

AM095+LPA).  (g) AcTub (green) and S100 (red) ependymal staining 24 hours post-injection 

(10x mag with 63x insets).  The loss of LPA1 or LPA3, or pharmacological inhibition of LPA1 

with AM095, provides protection against LPA-mediated ependymal cell loss.  (h) H&E stained 

lateral ventricle sections 7 days post-injection, demonstrating unperturbed ventricular 

morphology following LPA1 loss, LPA3 loss, or AM095 pretreatment. 
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Figure 4.5: Mechanism for LPAR signaling in postnatal hydrocephalus. 

Following a severe hemorrhagic event, LPA is released into the CSF.  LPA binds to LPA1 and 

LPA3 receptors on the ependymal cells that line the ventricles, causing GPCR overstimulation.  

After 6 hours, these signaling events cause the ependymal cells to become apoptotic, resulting in 

ciliary dysfunction and phagocyte recruitment.  LPA exposure produces a near total ependymal 

cell loss after 24 hours.  With the lack of cilia-driven flow, CSF builds up in the ventricular 

space, leading to ventriculomegaly and chronic hydrocephalus.  These events can be prevented 

with the genetic deletion of LPA1 or LPA3, or through pharmacological inhibition of LPA1 with 

the selective antagonist AM095, demonstrating that this effect occurs through specific LPARs.  
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Supplementary Figure 4.S1: LPA-induced PHH is independent of sex. 

Ventricular volume of uninjected, vehicle-injected, or LPA-injected WT and LPA1-/- mice were 

separated based on sex.  There are no significant differences in mean volume or distribution. 
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Supplementary Figure 4.S2: LPA-induced ependymal depletion. 

The area of S100 fluorescence surrounding the lateral ventricles 24 hours post-injection was 

quantified using Particle Analysis in ImageJ (with Fiji plugin).  5 sequential sections were 

quantified for each data point, each 200µm apart, accounting for 1mm of lateral ventricle 

coverage. *p<0.0001 
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Supplementary Figure 4.S3: SEM cilia coverage of ventricular surface. 

SEM images demonstrating the gradual depletion of cilia and loss of integrity of the ependymal 

wall over time after LPA exposure.  At 3 hours, the wall is recognizable as ependymal cells, at 6 

hours significant disruption occurs but ciliated ependymal cells are still visible, and at 24 hours 

the surface is uneven and very few visible cilia remain. 
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Supplementary Figure 4.S4: LPAR RNA expression in the ventricular region. 

LPAR expression was determined by RNAscope (brown RNA probes with light blue nuclear 

counterstain) for Lpar1-Lpar6 in the lateral ventricle area.  Lpar1 has the highest levels of 

ventricular expression, including specific ependymal expression.  Lpar2 is non-specifically 

expressed at low levels in many cells.  Lpar3 is only expressed in the ependymal 

monolayer.  Lpar4 is expressed in ependymal cells, vasculature, and parenchymal cells.  Lpar5 

exhibits little to no expression.  Lpar6 is found in vascular cells, the choroid plexus, and exhibits 

low expression in the ependyma.  Performed with Grace Kennedy.  
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Supplementary Figure 4.S5: Temporal susceptibility of LPA-induced PHH. 

LPA was injected into the lateral ventricles of mice at several ages, and ventricular volume was 

quantified 7 days post-surgery.  Compared to uninjected and vehicle-injected controls, 100% of 

mice injected at P4 or P8 developed severe ventriculomegaly.  However, less than 50% of mice 

injected at P14 developed morphological abnormalities following LPA injection, while adult 

mice were completely unaffected.  Adult data contributed by Aaron Frantz. 
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ABSTRACT 

Post-hemorrhagic hydrocephalus (PHH) in premature infants is a common neurological 

disorder treated with invasive neurosurgical interventions.  Intraventricular exposure to 

lysophosphatidic acid (LPA), a bloodborne signaling lipid, induces PHH in fetal mice through 

developmental mechanisms.  This dissertation reports a new LPA-induced postnatal PHH model 

that maps neurodevelopmentally to premature infants, demonstrating ventriculomegaly with 

increased intracranial pressure.  We have demonstrated that LPA acutely disrupts the ependymal 

cells that generate CSF flow, followed by phagocytosis, cell death, and ventricular surface 

denudation.  Analyses of LPA receptor-null mice identified LPA1 and LPA3 as key mediators of 

PHH, and pharmacological blockade of LPA1 prevented 80% of PHH, supporting the medical 

tractability of LPA receptor antagonists in preventing PHH in premature infants.  This chapter 

supplements these discoveries previously discussed in Chapter 4 by further characterizing this 

animal model, including dose and strain-dependent effects, cell types affected by LPA-induced 

PHH, detailed analysis of ependymal changes, and behavioral studies.  
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INTRODUCTION 

Post-hemorrhagic hydrocephalus (PHH) during the perinatal period is a common 

neurological condition that affects approximately 1 in 1000 live births (Dewan et al., 2018; Chi, 

Fullerton, & Gupta, 2005; Kahle, Kulkarni, Limbrick, & Warf, 2016).  It is characterized by an 

accumulation of cerebrospinal fluid (CSF), enlargement of the fluid-filled ventricles (termed 

‘ventriculomegaly’) (Bergsneider et al., 2006), increased intracranial pressure (ICP), cortical 

thinning, and a range of co-morbid neuroanatomical changes and functional deficits (Table 1).  

PHH is particularly common in premature infants that often have fragile cerebral vasculature 

(Robinson, 2012; Tully & Dobyns, 2014) and who are at risk for severe intraventricular (or 

intracranial) hemorrhage (IVH).  Clinical assessments have reported 16% of premature infants 

suffer from severe IVH, resulting in 20-50% or more requiring a palliative, permanent shunt 

(Robinson, 2012; Walid & Robinson, 2012; Shooman, Portess, & Sparrow, 2009; Cherian, 

Whitelaw, Thoresen, & Love, 2004).  Therapies to prevent PHH are currently lacking, a situation 

compounded by a paucity of adequate animal models that recapitulate human hydrocephalus and 

which are modifiable by mechanistically relevant, druggable targets. 

One possible target is a class of lysophospholipid receptors, which mediates effects of the 

signaling lipid known as lysophosphatidic acid or LPA.  LPA binds to at least 6 G protein-

coupled receptors (GPCRs), designated LPA1-LPA6 (Yung, Stoddard, & Chun, 2014).  LPA is 

produced from lysophosphatidylcholine (LPC) by the enzyme autotaxin and circulates in the 

blood within platelets or bound to carrier proteins such as albumin (Sonoda et al., 2002; Aoki et 

al., 2002).  Of particular relevance, bloodborne LPA levels are significantly elevated during 

hemorrhage or trauma (Aoki et al., 2002; Sano et al., 2002).  Therefore, severe hemorrhage 

introduces large concentrations of and/or prolonged exposure to LPA. 
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Chapter 4 established that LPA, when injected into the lateral ventricles of P8 mice to 

simulate infantile intraventricular hemorrhage, consistently produces ventriculomegaly (VM) 

and intracranial pressure increases characteristic of hydrocephalus (Bergsneider et al., 2006).  

This occurred primarily through overstimulation of LPA1 and LPA3 receptors expressed by the 

ventricular ependymal cells, a monolater of cells that are critical for maintaining CSF flow and 

homeostasis.  This overstimulation resulted in ependymal death, increased intracranial pressure, 

and chronic hydrocephalus.  However, further characterization is necessary to supplement these 

data.  Here, we provide further evidence of changes induced by LPA-mediated PHH, including 

dose-dependent bilateral ventriculomegaly that is independent of strain or sex, induced astrocyte 

expression within the damaged cortical white matter tracts, more detailed characterization of 

ependymal and ciliary changes, and behavioral analyses of adolescent hydrocephalic mice.   
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RESULTS 

 

Characterization of LPA-induced ventriculomegaly 

LPA-mediated PHH is dose-dependent 

 In order to choose an appropriate efficacious dose for study of LPA-induced 

ventriculomegaly, we injected 5µL of several different concentrations of LPA into the lateral 

ventricles.  These included 10mM, 5mM, 2.5mM, 1.25mM, and 0.625mM LPA.  0.25mg LPA 

stored at -20°C was reconstituted in HBSS, sonicated for 15 minutes, then (where appropriate) 

diluted and re-sonicated before injection (Fig. 1a).  All 2.5mM, 5mM, and 10mM injected 

animals developed significant ventriculomegaly, while 33% of 1.25mM-injected mice were 

affected, and 0.625mM did not induce noticeably enlarged ventricle volumes.  From these 

results, we chose 5mM LPA as the stock concentration for neonatal hydrocephalus studies to 

reliably reproduce severe PHH with 100% penetrance. 

 

LPA-induced ventriculomegaly can be rescued by LPA1 or LPA3 knockout 

 With the tools to model neonatal PHH at our disposal, we were interested in determining 

the LPA receptor specificity of these effects.  Since LPA receptor (LPAR) knockout animals 

were bred into C57BL/6J (LPA4, LPA5) and Balb/c (LPA1, LPA2, LPA3) mouse strains, it was 

imperative to test the penetrance of LPA-mediated VM in both backgrounds.  Cohorts were 

injected with 5µL of vehicle or 5mM LPA and brains were analyzed 7 days following this 

procedure.  Ventricular volume quantification demonstrated no strain-dependent differences in 

VM degree or penetrance (Fig. 1b). 
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 Following this validation experiment, we began injections of vehicle or 5mM LPA into 

the lateral ventricles of constitutive LPA1-LPA5 knockout mice.  While LPA2, LPA4, and LPA5 

knockout animals did not demonstrate significant PHH protection, knockout of LPA1 or LPA3 

resulted in reduced VM in a substantial portion of the population.  These results are quantified in 

Figure 1c, demonstrating 60% protection in LPA1 knockout animals and 40% protection in 

LPA3 knockouts. 

 

PHH development can be prevented by LPA1 antagonism 

Since knockout animals allowed us to identify LPA1 and, to a lesser extent, LPA3 

receptor signaling involvement during PHH initiation, we were hopeful that pharmacological 

agents targeting these same receptors might prove efficacious in mitigating hydrocephalus.  To 

this end, we obtained the LPA1 receptor antagonist AM095 and LPA1/3 dual antagonist Ki16425.  

In order to perform these experiments in more physiological conditions and enhance the 

solubility of these lipid-like compounds, we adopted a new vehicle containing 0.01% BSA in 

PBS, as described above.  Antagonist solutions were stored at 100mM in 100% DMSO, then 

diluted for a solution containing 4mM drug with 4% DMSO and 0.01% BSA in PBS.  This 

resulted in a 1mg/kg intracranial injection. 

Wild type C57BL/6J mice were pretreated with 2.5µL of vehicle or antagonist, 15 

minutes elapsed, then injected with 5µL of 500µM LPA at the same stereotactic coordinates.  

After 7 days, brains were collected and ventriculomegaly analyzed (Fig. 1d).  Under these 

conditions, most LPA injected animals demonstrated significant ventriculomegaly, while 80% of 

AM095-treated animals and 40% of Ki16425-treated animals were protected from developing 

PHH.  Additionally, the unprotected 20% of AM095-treated animals suffered from less severe 
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ventriculomegaly than its LPA-injected counterparts.  This disparity may reflect a 

pharmacokinetic issue with Ki16425, as it is less stable than AM095 in aqueous solution, or it 

could be due to intrinsic mechanisms such as upregulation of degradative enzymes. 

 

LPA induced ventriculomegaly is bilateral 

 Because the methodology of PHH initiation begins with an injection of the right lateral 

ventricle, we hypothesized that the effects of PHH may be more severe in the ipsilateral 

hemisphere.  To this end, we quantified the ventricular volume within the left and right 

hemispheres separately and compared the results (Fig. 1 e-f).  While some ependymal damage 

appeared more severe on the ipsilateral side, especially at the lower 500µM LPA concentration, 

the lateral ventricles were uniformly expanded 7 days following the procedure.  A contributing 

factor to this effect may be the tearing of the corpus callosum that runs between the left and right 

lateral ventricles around P8+3 days, effectively connecting the lateral ventricle system as the 

disease progresses.  A small exception to this effect was observed in LPA3 knockout animals, 

where 3 out of 10 animals demonstrated significant ipsilateral ventriculomegaly. 

 

CNS cell type changes following LPA exposure 

 Brains harvested 24 hours or 7 days after LPA or vehicle-injection were stained with 

DAPI (nuclei), NeuN (neurons), GFAP (activated astrocytes), and MBP (myelin), and whole-

brain images were acquired (Fig. 2).  While cell types were relatively unaffected 1 day following 

surgery, more damage was seen in brains with severe VM 7 days following LPA exposure.  This 

damage was associated with an increased number of activated astrocytes.  We also noticed 

tearing of the corpus callosum associated with ventricular enlargement, loss of corpus callosum-
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associated white matter, and cortical thinning associated with white matter tracts.  Further 

investigation is required to determine whether this white matter loss is specific or a result of 

gross ventricular expansion. 

 

LPA exposure causes ependymal disruption and death 

Ependymal cells are lost by 25h and incompletely regenerated after 7 days 

In order to discern the mechanism of LPA-mediated hydrocephalus initiation, we 

harvested brains at several timepoints post-LPA injection.  Histological staining showed an 

immediate disruption of the ependymal cell bodies lining the ventricular surface (Fig. 3a-b).  

Ependymal cells demonstrated condensed nuclei and a more round morphology 3 hours post-

LPA exposure.  After 6 hours, these cells were further perturbed, resulting in an uneven 

ventricular surface and detachment from the basal lamina.  24 hours post-LPA exposure, the 

ventricular surface appears fully depleted of ependymal cells, with parenchymal cells directly 

contacting the CSF. 

These phenomena were further investigated with immunohistochemistry.  Tissue sections 

were deparaffinized and stained with acetylated tubulin (AcTub) to visualize structural ciliary 

proteins and S100 for ependymal cell body localization (Fig. 3c).  While cilia are still visible at 3 

and 6 hours in histological stains, AcTub staining diminishes at 3 hours post-LPA exposure and 

is almost completely lost at 6 hours, suggesting a loss of structural integrity.  Additionally, 

ependymal S100 staining was almost completely depleted after 24 hours, with only a few 

fluorescent cells remaining in the corners of the ventricles or in proximity to the attachment site 

of the choroid plexus.  These data further support the histological evidence of LPA-induced 

ependymal loss.  Intriguingly, at the 7 day timepoint, many more S100-stained ependymal cells 
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were observed than at 24 hours, mostly adjacent to the corners of the lateral ventricles.  This 

suggests that, while acute ependymal damage may be significant enough to cause a chronic 

hydrocephalic state, these cells may naturally regenerate over time despite the increasing CSF 

pressure. 

 

Ependymal cells express membrane-bound LPA1 

 Since LPA1 signaling appears to be involved in hydrocephalus development (Fig. 1c-d), 

we were interested in its localization within the P8 brain.  While RNAscope analysis allows us to 

assess the expression of LPA1-LPA6 (see Chapter 3, Supplementary Figure 4), especially 

considering the difficulty in obtaining GPCR antibodies with high specificity, intracellular 

transcripts do not necessarily correlate to the presence of functional protein.  For this experiment, 

we used a validated LPA1 antibody (Invitrogen PA1-1041) and costained with AcTub to observe 

LPA1 localization at high resolution (Fig. 4).  These results demonstrated membrane localization, 

suggesting functional transmembrane activity.  This localization was strongest on the apical 

surface of the ependymal cells facing the CSF, but was absent from ependymal cilia as 

determined by the lack of AcTub costaining. 

 

LPA induces ciliary abnormalities prior to ependymal loss 

 In order to study the LPA-exposed ependymal phenotype in greater detail, we performed 

electron microscopy (TEM) on sections of lateral ventricle.  This especially allowed us to 

observe the structure of ependymal cilia.  A typical cross-section of motile cilia contains 9 

microtubule pairs in a ring attached to 2 central microtubule singlets, referred to as the axoneme 

(Fig. 5a).  This structure, pulled and pushed by dynein motors, is responsible for ciliary beating.  
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Following LPA exposure, we noticed increased instances of ciliary perturbations, including 

disrupted membranes (Fig. 5b) and lost or skewed microtubules (Fig. 5c).  These abnormalities 

were quantified at 3, 6, and 24 hours post-LPA exposure (Fig. 5d), and more detailed statistics 

are reported in Table 1.  The most significant abnormalities were observed at 6 hours post-

injection, the same timepoint that loss of AcTub expression was observed, suggesting that ciliary 

deconstruction may occur at this stage.  Differences between vehicle and LPA-exposed samples 

were negligible by 24 hours.  This makes sense, as ependymal cell death has already occurred at 

this point, and only the surviving cells could be quantified. 

 

Innate immune cells phagocytose the ependymal monolayer 

Iba1-expressing phagocytes are recruited to dying ependymal cells 

 During our investigation, we noticed several non-ependymal cells present on the 

ventricular surface.  As immune cells are often recruited to tissues that are unhealthy or dying, 

we performed several leukocyte antibody stains, identifying these invaders as Iba1+ 

macrophages or microglia (Fig. 6a-c).  While Iba1+ macrophages exist naturally within the 

vascular choroid plexus that floats in the lateral ventricle (Fig. 6a), these choroid plexus cells are 

depleted in LPA-treated brains, correlating to a massive increase in Iba1+ cells attached to the 

ventricular surface (Fig. 6b).  These cells were quantified by averaging the number of 

fluorescent Iba1+ cells adherent to the ventricular surface in serial sections (Fig. 6c).  Invading 

phagocytes peaked 6 hours post-LPA exposure, when the ependymal cells are significantly 

damaged, and were reduced at 24 hours when the ependymal cells have been cleared from the 

ventricular surface. 
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Ependymal cilia are phagocytosed 

 These phagocytes were observed more closely using scanning electron microscopy 

(SEM) and TEM.  While the vehicle-treated ventricular surface was coated uniformly in tufts of 

ependymal cilia (Fig. 6d), several elongated cells were observed engulfing cilia in LPA-treated 

samples (Fig. 6e).  These cells were cluttered with dense endocytic vesicles (Fig. 6f).  TEM also 

captured a phagocytotic cell adjacent to a tuft of cilia that is in the process of digesting a perfect 

cross-section of ciliary axoneme (Fig. 6g). 

 

Ciliary dysfunction in hydrocephalus 

A brain slice culture system for ependymal cilia visualization 

 AcTub staining and EM evidence suggests that ependymal cilia disruption occurs 3-6 

hours post-LPA exposure, preceding ependymal cell body loss by several hours.  To study the 

activity and function of cilia more directly, we developed an in vitro culture system.  For each 

experiment, brains were collected from 2-3 P8 animals and cut into 250µm-thick sections with a 

vibratome.  Sections containing lateral ventricle were incubated with membrane-permeable dyes 

for 5 min, including 5µg/mL Hoechst nuclear stain, 5µg/mL Lectin DyLight 488 for ependymal 

staining, and 5µg/mL CM-DiI.  While CM-DiI is a soluble non-specific membrane dye, this dye 

attached to ependymal cilia with higher affinity than other cellular membranes, likely due to their 

surface area and proximity to solution.  Following 2 3-minute washes in high-glucose DMEM, 

brains were transferred to a glass-bottomed 12-well plate containing 1mL media.  Brain sections 
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were weighed down with harp slice grids (commonly used in electrophysiology) and incubated 

for 1 hour before transfer to the microscope. 

 In order to capture ciliary beating, we needed a device to acquire fluorescent images with 

at least 100fps.  The Nikon N-SIM with A1R confocal resonance scanning system allowed us to 

achieve this.  This microscope has a resonance scanner that acquires simultaneous images in all 3 

of the required channels.  A z-stack of the dyed lateral ventricle surface at 20x, with Lectin-

coated ependyma and spots of DiI-stained cilia, can be seen in Figure 7a.  Additionally, a band 

scan that limits image acquisition to a portion of the available scanning area allowed us to 

capture images of the ependymal surface at 113.2 fps.  A still image example of this surface is 

displayed in Figure 7b.  This new methodology allows us to monitor ependymal morphology 

and ciliary function in a live system, providing a powerful tool to observe ependymal changes to 

different stimuli. 

 

Ciliary beating is disrupted 3-6h following LPA exposure 

 Using this system, we were interested in tracking ciliary movement speed and patterns to 

determine if LPA exposure directly affects ciliary function.  We set up a 12-well plate with 

ventricular slice culture, acquired a series of baseline images at t0, then treated the wells in 

triplicate with vehicle, 1µM LPA, 10µM LPA, or 100µM LPA.  Timelapse images were acquired 

every 30 minutes for 6 hours, when in vivo cilia demonstrate significant perturbation.  These 

images were analyzed with Imaris tracking software.  This software allowed us to track 

fluorescent cilia with a specified CM-DiI radius and travel distance.  Additionally, we could 

export videos with colored dots overlaying the tracked points and gray lines outlining individual 

ciliary paths (Fig. 7c), along with spreadsheets containing statistics on every tracked point 
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including speed, size, and travel distance.  Points were further excluded by minimum tracking 

duration (50ms) and x-y coordinates, to prevent inclusion of cilia with unreliable tracking or 

counting of the same cilium multiple times.   

One complication involved the significant variance on number of trackable cilia and cilia 

speed between untreated wells at t0.  Because of this, it is important to compare each well to its 

baseline untreated statistics at t0.  Additionally, 2 of the 100µM LPA replicates began immotile 

and were excluded from analysis.  The percent change over baseline in number of motile cilia 

and speed of ciliary movement is shown in Figure 7d-e.  Using these criteria, treatment with 

10µM LPA resulted in significant reduction in average ciliary beat speed (Fig. 7d) and number 

of motile cilia (Fig. 7e) compared to vehicle-treated controls.  However, these experiments will 

need to be repeated to ascertain a dose-dependent mechanism with greater statistical power.  

Additionally, tracking over 24 hours will allow us to observe changes in ependymal function, 

coverage, and morphology in real time. 

 

Ciliary arrest is sufficient to cause ventriculomegaly 

 Scientific literature provides significant evidence that abrogation of ependymal cilia 

function is sufficient to cause ventriculomegaly and hydrocephalus (Banizs et al., 2005; Ibañez-

Tallon et al., 2004; Jimenez et al., 2001; Rodriguez et al., 2012; Tissir et al., 2010; Wang et al., 

2016).  However, we wanted to test this hypothesis ourselves.  To this end, we acquired sodium 

metavanadate and sodium orthovanadate.  Vanadate is a chemical which prevents ATP catalysis 

by dynein, a molecular motor whose movement drives ciliary beating (Doerner et al., 2015; 

Gibbons et al., 1978).  While metavanadate and orthovanadate have the same function, their 

chemical properties vary significantly.  Sodium orthoanadate is a competitive phosphatase 
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inhibitor with reversible activity and a 2 hour half-life in aqueous solution (Kawano et al., 2001).  

Conversely, sodium metavanadate forms an irreversible charge transfer reaction with the target 

ATPase (Gasviani, 2006) and has an in vivo half-life spanning tens to hundreds of days, 

depending on the tissue (Bingham et al., 2012).  They are both soluble up to 1mM in water, 

although orthovanadate requires the water to be adjusted to pH 10 and heated for 15 minutes at 

70°C. 

We first tested this hypothesis by incubating brain slices with 1, 10, or 100µM vanadate, 

with duplicate replicates.  Images of beating cilia were acquired at time 0, then wells were 

treated with vanadate and monitored every 30 minutes for 5 hours.  Ciliary arrest was achieved 

in all 100µM-treated samples within 1 hour, while the results from lower concentrations were 

inconclusive with inconsistent ciliary motility between replicates. 

 Following these results, we injected 5µL of 10 or 100 µM stock of vanadate into the right 

lateral ventricle of wildtype C57 animals and waited 7 days to observe PHH-related phenotypes.  

Both metavanadate and orthovanadate was used.  Injection of sodium metavanadate resulted in 

one case of severe ventriculomegaly, while no orthovanadate-treated mice developed 

hydrocephalus (Fig. 7f).  Metavanadate-induced VM was accompanied by survival of ependymal 

cilia as well as a fully intact ependymal barrier (Fig 7fg-h).  These results suggest that arrest of 

ependymal ciliary motility is sufficient to induce PHH without affecting ependymal viability. 

 

Intraventricular LPA causes blood-brain barrier leakage 

Previous studies have suggested that LPA signaling can control blood-brain barrier 

(BBB) permeability (On et al., 2013; Herr, unpublished).  We were interested if LPA introduced 

to the ventricular space could induce BBB leakage, further exacerbating the hemorrhagic state.  
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To determine whether LPA induces acute BBB leakage, we injected LPA or vehicle into the 

lateral ventricles of P8 mice, waited 30 minutes, then injected sedated mice with 1.2µL of 0.05 

mg/mL dye per gram mouse (60 mg/kg) directly into the heart.  Two dyes were combined into 

this solution: 330 Da fluorescein and 3000 Da tetramethylrhodamine-conjugated dextran.  After 

15 minutes of cardiac beating, brains were harvested and fixed with 4% paraformaldehyde, 

crosslinking the dyes to parenchymal and endothelial tissue.  As fluorescein is a nonpolar low 

molecular weight compound, it is able to diffuse into the brain parenchyma without assistance, 

but the larger dextran compound requires a leaky or compromised BBB to enter the brain.  

Indeed, dextran leakage was observed in LPA-injected but not vehicle-injected brains (Fig. 8a).  

This leakage was quantified in Figure 8b by measuring fluorescence intensity of ventricular 

images in ImageJ.   

This experiment was also performed by injecting dyes into the heart 7 days after LPA 

exposure, when brains are significantly hydrocephalic.  However, no leakage was observed in 

either LPA or vehicle-injected brains (data not shown).  These results suggest that BBB leakage 

is transient following LPA exposure, and not a contributing factor to CSF volume increases in 

chronic PHH. 

 

LPA-induced PHH does not affect mobility 

Motor difficulty is one of the most common side effects reported by hydrocephalus 

patients (Bergsneider et al., 2006; Zhang et al., 2006).  Interested in assessing the effects of 

neonatal PHH on juvenile mouse behavior, we kept cohorts of uninjected, vehicle-injected, and 

LPA-injected animals for 12 weeks, monitoring weight, survival, and behavior.  Hydrocephalus 

began causing lethality in animals at 6 weeks of age (5 weeks post-injection), with 20% survival 
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at 12 weeks of age (Fig. 9a).  This complicated behavioral analysis, as adult mice establish a 

more reliable baseline of variation, and pups’ motor coordination is not developed enough to 

perform motor tests until approximately 8 weeks of age.  To circumvent this, mice were tested 

from 7-8 weeks of age (starting 6 weeks after injection).  Open field and rotarod tests were 

performed over the course of 2 weeks 

During the first day of weeks 1 and 2, mice were tested in the open field box for 10 

minutes.  Distance traveled (Fig. 9b), average movement speed (Fig. 9c), and time spent resting 

(Fig. 9d) were quantified with computer analysis of infrared laser coordinates.  While a few 

hydrocephalic mice underperformed, 2 mice were hyperactive compared to controls.  

Additionally, the most stationary mouse, who spent almost half of the open field time resting at 

the same coordinates, died before week 2.  While hydrocephalic mice appeared more stationary 

inside the cage and were often docile when handled, their ability to move in a novel environment 

was unhindered. 

Rotarod trials were performed 3 consecutive days during weeks 1 and 2.  First, Mice 

were tested on the accelerating rotarod, with speeds increasing from 4-40rpm in 300 seconds.  

Trials were performed in triplicate, with the average rotarod training time for week 1 reported in 

Figure 9e.  This test showed no significant differences between uninjected, vehicle-injected, or 

LPA-injected cohorts.  At the end of week 2, basic motor skills were tested with a constant slow 

rotation speed of 5rpm for 120 seconds (Fig. 9f).  As this test does not exhaust the animals, 

trained mice should be able to remain on the rotarod for the entire testing period.  All surviving 

hydrocephalic animals performed well.  While mice within 1 week of death were often 

completely incapable of performing on the rotarod, most hydrocephalic mice performed similar 

to control mice, able to remain on the accelerating rotarod for 60-120 seconds.   
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LPA-injected LPA1 or LPA3 knockout animals did not display significant differences 

from wild type controls in rotarod or open field testing.  In fact, they appeared to perform worse 

on the rotarod test (data not shown).  These mice were tail-clipped and genotyped after 

behavioral testing to prevent this minor injury from interfering with behavioral testing or 

inducing foster mother rejection before weaning.  As uninjected and vehicle-injected littermates 

all genotyped as wild-type or heterozygous, more controls are necessary to determine if these 

results are inherent to the knockout strain. 

Despite their mobility, I did notice several hydrocephalic mice gripping the rotarod with a 

skewed and open-pawed gait, often leaping forward at intervals instead of walking at a regular 

pace.  Therefore, further behavioral analysis such as grip or gait tests may be informative.  

Additionally, these tests were performed early in life and only a few weeks after the development 

of hydrocephalus, whereas motor difficulty often develops in patients after an extended period 

suffering from chronic hydrocephalus.  Perhaps rotarod testing will show greater differences in 

adult mice induced to have a less severe form of hydrocephalus with a longer survival time. 

 

Mechanism of LPA-induced post-hemorrhagic hydrocephalus 

This dissertation provides significant evidence toward lysophosphatidic acid signaling 

being a key initiating factor of post-hemorrhagic hydrocephalus.  LPA is released into the CSF 

during intraventricular hemorrhage signaling on LPA1 and LPA3 receptors present on ependymal 

cell membranes.  As LPA concentrations in the CSF are normally very low, this overactivation 

induces ependymal damage, ciliary dysfunction, phagocytosis, and severe ependymal cell loss.  

Ependymal cells serve as a significant driver of CSF flow and function as a barrier separating the 
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CSF and parenchyma, so loss of these cells is sufficient to induce CSF accumulation, leading to 

intracranial pressure increase and chronic hydrocephalus (Figure 10). 

 

 

METHODS 

 

Animal models 

Healthy P8 littermates of C57BL/6J and Balb/c background were used for this study.  

Lpar1 and Lpar3 knockout mice were generated in-house and crossed onto Balb/c backgrounds 

several generations before use (Contos et al., 2000; Ye et al., 2005).  Pups were fostered with 

WT mothers when their original mothers demonstrated aggression or when knockout mothers 

could not leave the breeding colony.  All procedures were conducted in accordance with the 

IACUC guidelines of TSRI and SBP. 

 

Surgery 

P8 pups were immobilized on a stereotactic frame using a custom head rest and sedated 

with either IP-administered Nembutal (40 mg/kg) or gaseous isoflurane.  The skin atop the head 

was opened 0.5cm from the bregma and the needle inserted through the skull at approximately 

3.2mm caudal x 0.7mm lateral x 1.2mm deep.  Mice were injected into the right lateral ventricle 

with 5µL of vehicle (Hank’s balanced salt solution (HBSS), Gibco 14175-095) or 18:1 LPA 

(Avanti Polar Lipids 857130P) using a 35-36G needle and a glass 10µL Nanofil syringe (WPI).  

For drug experiments, mice were pretreated by intracranial injection of 2.5µL containing 1mg/kg 

AM095 (MedChem HY-16029), 1mg/kg Ki16425 (Cayman 355025-24-0), or vehicle (PBS with 
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0.01% BSA and 5% DMSO), 15 minutes elapsed, then mice were injected in the same location 

with 5µL of 18:1 LPA.  Post-operative flunixin meglumine (1 mg/kg, Merck 0061-0851-03) was 

administered subcutaneously for 2 days and mice monitored daily for health until tissue harvest. 

Dye leakage experiments were performed by injecting intracranial vehicle or LPA, 

waiting 30 minutes, then opening the cardiac cavity of sedated mice and injecting 1.2µL/g (or 

60mg/kg) dye mixture into the heart.  Sodium fluorescein (Sigma F6377) and TMR-dextran (Life 

Technologies D-3308) were used for this experiment.  These dyes circulated for 15 minutes 

before collection of brain tissue and fixation in 4% PFA.  Brains were frozen following sucrose 

protection and sectioned in low light to prevent photobleaching.  Lateral ventricle images were 

acquired on the Zeiss.M2 Imager and quantified for fluorescence intensity using ImageJ. 

 

Histology 

Whole brains were harvested from experimental animals at the timepoints indicated.  For 

paraffin embedded sections, brains were fixed in formalin acid alcohol (4% formaldehyde + 5% 

glacial acetic acid in 70% ethanol), paraffinized in a TissueTek VIP, and embedded with a 

TissueTek TEC.  Frozen sections were fixed in 4% paraformaldehyde in PBS, then cryoprotected 

with 10% and 20% sucrose in PBS and embedded in O.C.T. (Tissue-Tek 4583) or Neg-50 

(ThermoFisher 6502).  Sections were cut with 10µm thickness on a Leica microtome or cryostat. 

A Zeiss Imager.M2 was used to obtain all images.  For brightfield imaging, brain sections 

were deparaffinized and rehydrated through xylene and ethanol washes, stained with H&E, 

dehydrated in ethanol and xylenes, then coverslipped and preserved with DPX. 

For immunohistochemistry applications, deparaffinized or frozen sections were washed 

in tris-buffered saline pH 7.4 (TBS), blocked in TBST (0.1% Triton X-100 in TBS) with 5% 
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normal goat serum (NGS), incubated with primary antibody in TBST with 1% NGS overnight, 

washed in TBST, incubated with secondary antibody diluted 1:1000 in TBST, then washed in 

TBS with DAPI nuclear counterstain.  Slides were coverslipped with Vectashield (Vector Labs 

H-1000) and kept at 4°C until imaging.  Antibody concentrations used include S100A/B 1:300 

on paraffinized tissue (Novus Biologicals NB200-538), AcTub 1:250 on paraffinized tissue 

(Sigma T6793), Iba1 1:250 on frozen tissue (Wako 019-19741), LPA1 1:400 on frozen PLP-

fixed sections (Invitrogen PA1-1041), NeuN 1:1000 on paraffinized tissue (Millipore 

MABN140), GFAP 1:1000 on paraffinized tissue (Sigma G3893), and MBP on paraffinized 

tissue (Neuromics CH22112). 

Electron microscopy was performed at The Scripps Research Institute with a Philips 

CM100 TEM and Hitachi S4800 SEM, under direction by the core staff. 

 

Ventriculomegaly analysis 

Lateral ventricle volume was measured in coronal sections collected every 100µm, from 

the most anterior to posterior sections containing lateral ventricle.  The ventricular area of each 

section was quantified in Adobe Photoshop CS6, then added to create a volume approximation.  

Choroid plexus was included during quantification, as the free-floating nature of this organ 

causes it to occupy inconsistent locations in the ventricle. 

 

Brain slice culture for live imaging 

Brains were collected from 2-3 P8 animals, kept in iced HBSS with bubbled oxygen, and 

cut into 250µm sections with a Leica VT1000 S vibratome.  Sections containing lateral ventricle 

were incubated with membrane-permeable dyes in high-glucose DMEM at 37°C for 5 min.  
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These dyes included 5µg/mL Hoechst nuclear stain (Invitrogen H3570), 5µg/mL Lectin DyLight 

488 (Vector DL-1174) for ependymal staining, and 5µg/mL Vybrant CM-DiI (Invitrogen 

V22888).  While CM-DiI is a soluble non-specific membrane dye, this dye attached to 

ependymal cilia with higher affinity than other cellular membranes, likely due to their surface 

area and proximity to solution.  Following 2 3-minute washes in DMEM, brains were transferred 

to a glass-bottomed 12-well plate (MatTek P12G-1.5-14-F) containing 1mL high-glucose 

DMEM and weighed down with harp slice grids (ALA Scientific HSG-5BD MEA).  Sections 

were incubated for 1 hour to induce adhesion before transfer to the Nikon N-SIM with A1R 

confocal scanner, which was also equipped with a plate heating chamber.  This microscope has a 

resonance scanner that acquires simultaneous images at 405, 488, and 568 wavelengths.  By 

performing a band scan, we were able to capture 10s timelapse images at 113.2 fps, which allows 

for visualization of ciliary beating.  These videos were analyzed with Imaris to track the 

movement of CM-DiI stained cilia.  Points were excluded for colocalization with Hoechst or 

Lectin 488, restricted by frame-to-frame distance to track the back-and-forth movement of cilia, 

and filtered by tracking duration to prevent quantification of cilia beating out of frame.  Tracking 

analysis video was exported at 23fps (1/5 speed). 

 

Behavior 

 The open field test was performed on Monday of testing weeks 1 and 2.  Mice were 

acclimated to the dark testing room for 30 minutes before testing began.  Then mice were placed 

in the open field box for 10 minutes and movement tracked through a laser grid system.  Boxes 

were cleaned with ethanol and dried before and after each group.  Data were exported to an 

Access database and analyzed with PAS reporter. 
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 The accelerating rotarod test was performed on Wednesday, Thursday, and Friday of 

testing weeks 1 and 2.  This device accelerates from 4 to 40rpm in 300 seconds.  Mice were 

placed on the stationary rotarod for 10s before testing began to assure proper balance.  If a mouse 

fell before 10s elapsed on the moving rod, they were retried.  During week 1, mice were trained 

on the accelerating rotarod.  Trials were performed in triplicate, with a significant break between 

each test (at least 15 minutes).  During week 2, mice were considered trained and only tested 

once per day.  On the final day (Friday of week 2), following the accelerating rotarod trials, mice 

were tested for motor competency on a fixed-speed rotarod moving at 5rpm for 120s. 

 

Statistical analysis. 

Statistical analyses were performed in GraphPad Prism 7.  One-way ANOVA were used 

to compare each experimental group to uninjected and vehicle. 
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Figure 5.1: LPA1 mediates LPA-induced ventriculomegaly. 

Ventricular volume was quantified by adding the lateral ventricle area of serial sections collected 

100µm apart, from the anterior opening of the lateral ventricles to the posterior closing of the 

ventricular aqueducts.  (a)  LPA induces ventriculomegaly in a dose-dependent manner.  2.5-

10mM LPA causes severe ventriculomegaly with 100% penetrance, while lower concentrations 

have less dramatic effects with low PHH incidence.  (b) Uninjected, vehicle-injected, and LPA-

injected mice from C57BL/6J and Balb/c backgrounds have the same ventricular volume 

distribution. (c) Incidence of LPA-induced ventriculomegaly can be reduced with constitutive 

LPA1 or LPA3 knockout. (d) 500µM LPA in 0.01% BSA induces consistent ventriculomegaly 

which can be prevented with LPA1-specifc antagonist AM095 and slightly reduced with LPA1/3 

antagonist Ki16425. (e-f) Ventricular volume was split by left (contralateral to injection site) and 

right (ipsilateral) lateral ventricle size.  Ventricular expansion was typically uniform, with only a 

few observed ipsilateral phenomena. 

*p < 0.05, **p < 0.005, ***p < 0.0001  
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Figure 5.2: Cellular composition of LPA-exposed PHH brains. 

Whole-brain tiles combined from 20x images were acquired from tissue sections of mice 24 

hours (“P8+1”) or 7 days (“P8+7”) post-surgery.  The top row is a composite of the dyes and 

antibody stains as follows.  Row 2: DAPI, a nuclear dye; Row 3: GFAP, a marker for astrocytes 

and developing ependyma (P8+1, but not P8+7); Row 4: NeuN, a neuronal nuclei marker; Row 

5: MBP, a marker for myelin basic protein found in myelinated white matter tracts.  
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Figure 5.3: LPA induces ependymal cell loss. 

(a) Lateral ventricles stained with H&E, with black boxes enlarged in (b). (c) S100 ependymal 

cell body marker and AcTub ciliary marker stains, with DAPI nuclear costain.  Arrows mark 

intact S100-stained cell bodies.  Ependymal cells begin rounding up 3 hours post-LPA exposure, 

lose contact with the basal membrane at 6 hours, and are significantly depleted 24 hours 

following injection.  These ependymal cells appear to partially regenerate 7 days following LPA 

exposure during PHH progression.  

a 

b 

c 
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Figure 5.4: LPA1 is expressed on the ependymal membrane. 

Tissue sections fixed with PLP were antigen retrieved and co-stained with LPA1 and AcTub 

antibodies.  LPA1 staining lines the ependymal membrane and is brightest at the apical edge but 

does not colocalize with AcTub. 

  

DAPI 
LPA1 

AcTub 

LPA1 AcTub 

25 µm 25 µm 25 µm 
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Figure 5.5: LPA induces ciliary disruptions 6 hours following injection. 

(a) A representative TEM cross-section of a motile cilium from the lateral ventricle ependyma. 

(b) An example of a cilium with disturbed membrane morphology. (c) A normal cilium paired 

with a cilium missing one of the 9 outer microtubule pairs. (d) Quantification of ciliary 

abnormalities observed in vehicle or LPA-injected brains at several timepoints.  

 

Table 5.1: Quantification of ciliary disruptions. 

Numerical data showing the total cilia quantified.  Percentages of cilia demonstrating abnormal 

properties were graphed in Figure 5c. 

  
Total Cilia 
Counted 

Normal 
Axoneme 

Disrupted 
Axoneme 

Normal 
Membrane 

Disrupted 
Membrane 

Veh 3h 158 153,  96.8% 5,  3.2% 138, 87.3% 20,  12.6% 

LPA 3h 123 115,  93.5% 8,  6.5% 106, 86.2% 17,  13.8% 

Veh 6h 127 124,  97.6% 3,  2.4% 116, 91.3% 11,  8.7% 

LPA 6h 443 420,  94.8% 23,  5.2% 325, 73.4% 118,  26.6% 

Veh 24h 513 491,  95.7% 22,  4.3% 433, 84.4% 80,  15.6% 

LPA 24h 289 280,  96.9% 9,  3.1% 231, 79.9% 58,  20.1% 

  

a b c d 
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Figure 5.6: Ependymal cilia are phagocytosed. 

Iba1 antibody staining was performed with DAPI nuclear costain to identify macrophages and 

microglia in (a) vehicle-injected and (b) LPA injected brains 6 hours post-surgery.  (c) Number 

of Iba1+ cells adherent to the ventricular surface were counted from tissue sections harvested at 

3-24 hours post-injection.  (d) SEM image of ependymal cilia tufts. (e) SEM image of a 

phagocyte engulfing ependymal cilia 3 hours following LPA injection. (f) TEM image of a 

phagocyte engulfing a ciliary tuft, with box expanded in (g).  (g) TEM phagocyte captured 

actively phagocytosing ependymal cilia, comparing a normal ciliary cross-section (inset) to a 

phagocytosed cilium (red arrow).  
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1 µm 250 nm 



154 
 

     

   

     
 

Figure 5.7: Ciliary dysfunction in hydrocephalus. 

(a) 20x z-stack of a 250µm brain section in a live culture system, stained with Hoechst (blue),  

Lectin (green) and CM-DiI (red). (b) Example frame from a 10s timelapse video of ciliary 

beating. Acquired with Paloma Sanchez-Pavon. (c) Tracking analysis of the video in (b), with 

colored orbs superimposed on cilia and gray lines simulating the travel path of each tracked 

cilium. (d) Quantification of the change in average ciliary motility 3 and 6 hours post-treatment 

compared to untreated baseline. (e) Quantification of the number of tracked cilia per well. (f) 

S100 (red), AcTub (green), and DAPI (blue)-stained lateral ventricles, with severe 

ventriculomegaly and combined ventricles 7 days post-vanadate injection. (g,h) Despite severe 

VM due to ciliary arrest, intact S100-stained ependymal monolayers and AcTub-stained cilia are 

observed.*p<0.05 

20µm 20µm 50µm 
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Figure 5.8: LPA induces transient BBB leakage. 

(a) 300 Da fluorescein (green) and 3000 Da dextran (red) cardiovascular leakage into the lateral 

ventricle 30 minutes after vehicle or LPA injection.  (b) Fluorescence intensity quantification of 

red dye leakage in the lateral ventricle.  

a 

b 

200 µm 

200 µm 
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Figure 5.9: Effects of PHH on murine survival and motility. 

(a) Kaplan-Meier survival curve of uninjected, vehicle-injected, or LPA-injected WT mice up to 

12 weeks of age. (b) Distance traveled in 10 minute open field tests at 7 and 8 weeks of age. (c) 

Average movement speed in the open field test. (d) Time spent resting at the same coordinates 

during the open field test. (e) Average time spent on the accelerating rotarod for 3 consecutive 

days at 7 weeks of age (6 weeks post-surgery). (f) Time spent on the rotarod spinning at 5rpm 

during a final motor capability test at 8 weeks of age, with maximum duration of 120 seconds.  

a b 

c d 

e f 
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Figure 5.10: Mechanism of LPA-induced PHH. 

Lysophosphatidic acid is introduced into the cerebrospinal fluid during intracranial hemorrhage, 

signaling on the apical wall of ependymal cells.  Over the next 24 hours, ependymal cells 

deteriorate, ciliary function is compromised, and ependymal cell bodies are lost to apoptosis and 

phagocytosis.  This ependymal cell loss reduces CSF flow, resulting in an accumulation of fluid 

that leads to intracranial pressure increase and chronic hydrocephalus. 

  



158 
 

References 

 

1. Dewan, M.C., Rattani, A., Mekary, R., Glancz, L.J., Yunusa, I., Baticulon, R.E., Fieggen, G., 

Wellons, J.C., Park, K.B., and Warf, B.C. (2018). Global hydrocephalus epidemiology and 

incidence: systematic review and meta-analysis. J Neurosurg, 1-15. 

2. Chi, J.H., Fullerton, H.J., and Gupta, N. (2005). Time trends and demographics of deaths 

from congenital hydrocephalus in children in the United States: National Center for Health 

Statistics data, 1979 to 1998. J Neurosurg 103, 113-118. 

3. Kahle, K.T., Kulkarni, A.V., Limbrick, D.D., Jr., and Warf, B.C. (2016). Hydrocephalus in 

children. Lancet 387, 788-799. 

4. Bergsneider, M., Egnor, M., Johnston, M., Kranz, D., Madsen, J., J., M., Stewart, C., Walker, 

M., and Williams, M. (2006). What we don't (but should) know about hydrocephalus. J 

Neurosurg 104, 157-159. 

5. Robinson, S. (2012). Neonatal posthemorrhagic hydrocephalus from prematurity: 

pathophysiology and current treatment concepts. J Neurosurg Pediatr 9, 242-258. 

6. Tully, H.M., and Dobyns, W.B. (2014). Infantile hydrocephalus: A review of epidemiology, 

classification and causes. Eur J Med Genet 57, 359-368. 

7. Walid, M., and Robinson, J. (2012). Shortfalls in pediatric hydrocephalus clinical outcome 

analysis. Childs Nerv Syst 28, 855-859. 

8. Shooman, D., Portess, H., and Sparrow, O. (2009). A review of the current treatment 

methods for posthaemorrhagic hydrocephalus of infants. Cerebrospinal Fluid Res 6, 1. 

9. Cherian, S., Whitelaw, A., Thoresen, M., and Love, S. (2004). The pathogenesis of neonatal 

post-hemorrhagic hydrocephalus. Brain Pathol 14, 305-311. 

10. Yung, Stoddard, N.C., and Chun, J. (2014). LPA Receptor Signaling: Pharmacology, 

Physiology, and Pathophysiology. J Lipid Res 55, 1192-1214. 

11. Sonoda, H., Aoki, J., Hiramatsu, T., Ishida, M., Bandoh, K., Nagai, Y., Taguchi, R., Inoue, 

K., and Arai, H. (2002). A novel phosphatidic acid-selective phospholipase A1 that produces 

lysophosphatidic acid. J Biol Chem 277, 34254-34263. 

12. Aoki, J., Taira, A., Takanezawa, Y., Kishi, Y., Hama, K., Kishimoto, T., Mizuno, K., Saku, 

K., Taguchi, R., and Arai, H. (2002). Serum lysophosphatidic acid is produced through 

diverse phospholipase pathways. J Biol Chem 277, 48737-48744. 

13. Sano, T., Baker, D., Virag, T., Wada, A., Yatomi, Y., Kobayashi, T., Igarashi, Y., and Tigyi, 

G. (2002). Multiple mechanisms linked to platelet activation result in lysophosphatidic acid 

and sphingosine 1-phosphate generation in blood. J Biol Chem 277, 21197-21206. 

14. Pebay, A.W., Raymond (2017). Lipidomics of Stem Cells (Humana Press). 



159 
 

15. Bergsneider, M., Egnor, M., Johnston, M., Kranz, D., Madsen, J., J., M., Stewart, C., Walker, 

M., and Williams, M. (2006). What we don't (but should) know about hydrocephalus. J 

Neurosurg 104, 157-159. 

16. Mazzola, C.A., Choudhri, A.F., Auguste, K.I., Limbrick, D.D., Jr., Rogido, M., Mitchell, L., 

Flannery, A.M., Pediatric Hydrocephalus Systematic, R., and Evidence-Based Guidelines 

Task, F. (2014). Pediatric hydrocephalus: systematic literature review and evidence-based 

guidelines. Part 2: Management of posthemorrhagic hydrocephalus in premature infants. J 

Neurosurg Pediatr 14 Suppl 1, 8-23. 

17. Banizs, B., Pike, M., Millican, C., Ferguson, W., Komlosi, P., Sheetz, J., Bell, P., 

Schwiebert, E., and Yoder, B. (2005). Dysfunctional cilia lead to altered ependyma and 

choroid plexus function, and result in the formation of hydrocephalus. Development 132, 

5329-5339. 

18. Ibañez-Tallon, I., Pagenstecher, A., Fliegauf, M., Olbrich, H., Kispert, A., Ketelsen, U.P., 

North, A., Heintz, N., and Omran, H. (2004). Dysfunction of axonemal dynein heavy chain 

Mdnah5 inhibits ependymanl flow and reveals a novel mechanism for hydrocephalus 

formation. Human Molecular Genetics. 

19. Rodriguez, E.M., Guerra, M.M., Vio, K., Gonzalez, C., Ortloff, A., Batiz, L.F., Rodriguez, 

S., Jara, M.C., Munoz, R.I., Ortega, E., Jaque, J., Guerra, F., Sival, D.A., den Dunnen, W.F., 

Jimenez, A.J., MD, D.-P., JM, P.-F., JP, M., and Johanson, C. (2012). A cell junction 

pathology of neural stem cells leads to abnormal neurogenesis and hydrocephalus. Biol Res 

45, 231-242. 

20. Jimenez, A.J., Tome, M., Paez, P., Wagner, C., Rodriguez, S., P, F.-L., Rodriguez, E.M., and 

JM, P.-F. (2001). A programmed ependymal denudation precedes congenital hydrocephalus 

in the hyh mutant mouse. J Neuropathol Exp Neurol 60, 1105-1119. 

21. Tissir, F., Qu, Y., Montcouquiol, M., Zhou, L., Komatsu, K., Shi, D., Fujimori, T., Labeau, 

J., Tyteca, D., Courtoy, P., Poumay, Y., Uemura, T., and Goffinet, A. (2010). Lack of 

cadherins Celsr2 and Celsr3 impairs ependymal ciliogenesis, leading to fatal hydrocephalus. 

Nat Neurosci 13, 700-707. 

22. Wang, X., Zhou, Y., Wang, J., Tseng, I.-C., Huang, T., Zhao, Y., Zheng, Q., Gao, Y., Luo, 

H., Zhang, X., Bu, G., Hong, W., and Xu, H. (2016). SNX27 Deletion Causes Hydrocephalus 

by Impairing Ependymal Cell Differentiation and Ciliogenesis. J Neurosci 36, 12586-12597. 

23. Doerner, J.F., Delling, M., and Clapham, D.E. (2015). Ion channels and calcium signaling in 

motile cilia. Elife 4. 

24. Gibbons, I.R., Cosson, M.P., Evans, J.A., Gibbons, B.H., Houck, B., Martinson, K.H., Sale, 

W.S., and Tang, W.J. (1978). Potent inhibition of dynein adenosinetriphosphatase and of the 

motility of cilia and sperm flagella by vanadate. Proc Natl Acad Sci U S A 75, 2220-2224. 

25. Kawano, T., Fukunaga, K., Takeuchi, Y., Morioka, M., Yano, S., Hamada, J., Ushio, Y., and 

Miyamoto, E. (2001). Neuroprotective effect of sodium orthovanadate on delayed neuronal 



160 
 

death after transient forebrain ischemia in gerbil hippocampus. J Cereb Blood Flow Metab 

21, 1268-1280. 

26. Gasviani, N.A.K.M.S.A., L.M. (2006). Electrochemical reduction of sodium metavanadate in 

an equimolar KCl-NaCl melt. Russian Journal of Electrochemistry 42, 931-937. 

27. Bingham, E., Cohrssen, B., and Patty, F.A. (2012). Patty's toxicology, 6th edn (Hoboken, 

N.J.: Wiley, A John Wiley & Sons, Inc.). 

28. On, N., Savant, S., Toews, M., and Miller, D. (2013). Rapid and reversible enhancement of 

blood-brain barrier permeability using lysophosphatidic acid. J Cereb Blood Flow Metab. 

29. Zhang, J., Williams, M.A., and Rigamonti, D. (2006). Genetics of human hydrocephalus. J 

Neurol 253, 1255-1266. 

  



161 
 

Chapter 6: 

 

CONCLUSION 

 

Nicole Lummis, Jerold Chun 

 

This chapter discusses data presented in Chapter 4: Ependymal loss through LPA1 

overstimulation initiates hydrocephalus in a novel neonatal mouse model and Chapter 5: 

Characterization of LPA-induced hydrocephalus. 
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Discussion 

The novel model described in this dissertation replicates the primary clinical post-

hemorrhagic hydrocephalus phenotypes in neonatal mice, demonstrating elevated CSF pressure 

and dramatic ventriculomegaly in a highly reproducible manner.  These data are among the first 

reports modeling hydrocephalus at a timepoint that correlates to premature infants, a high-risk 

group with significant unmet medical need.  Previously, our lab demonstrated that LPA induces 

fetal PHH when injected in the ventricles of E13.5 fetal mice.  Although LPAR stimulation 

recapitulates the same phenotype in fetal and postnatal pups, the fetal mechanism appears to be 

mediated through altered neural progenitor fate which occludes CSF pathways, while the 

postnatal model directly affects the ependymal cells responsible for generating CSF flow.  

Additionally, LPAR expression patterns vary between fetal, neonatal, and adult mice.  For 

instance, high levels of LPA1 expression begin in neural progenitors, transition to early 

ependymal cells, and remain in neurons and glial cells, while LPA3 is sparse in fetal and adult 

brains but demonstrates high specificity in the early postnatal ependyma.  These spatiotemporal 

differences highlight the importance of targeting distinct cellular populations and receptors for 

hydrocephalus cases of different etiology. 

Utilizing postnatal mice also allows for intracranial pressure measurements of mice 

afflicted with PHH, which have not been reported in previous mouse models of hydrocephalus.  

While mouse ventricles are small, adapting a slim fiberoptic pressure cable allows access to the 

ventricular space to record ICP fluctuations.  Additionally, as similar fiberoptic devices are used 

in medical practice to record human ICP, transitioning this method into common laboratory use 

could lead to countless clinically-relevant innovations. 

Studying early postnatal models of hydrocephalus advances a significant area of unmet 

need.  Outside of traumatic brain injury, severe hemorrhage is most common in prematurely born 
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infants, resulting in a large population of young PHH patients.  These newborns are often kept 

under observation in hospital settings, allowing for fast therapeutic action.  

The elucidation of LPA1 as a key mediator of ependymal degeneration opens the gateway 

for possible pharmacological intervention.  This is supported by the significant PHH protection 

demonstrated byLPA1 knockout animals and with pretreatment of LPA1 antagonist AM095 

(Chapter 4, Figure 4; Chapter 5, Figure 1).  As LPAR inhibitors are currently in clinical trials for 

indications such as fibrosis and cancer (Chapter 2), these drugs could be readily adapted to other 

pathologies such as hydrocephalus.  Ependymal degeneration becomes histologically apparent 3 

hours following LPA exposure, resulting in specific ependymal death that culminates 24 hours 

post-injection.  This suggests that administration of an LPA1 antagonist within a few hours 

following intracranial hemorrhage could prevent PHH development in a significant number of 

cases while mitigating off-target toxicities. 

Outside of preventative medicine, this study also highlights potential therapeutic targets.  

The importance of ciliated ependymal cells in PHH initiation suggests that regeneration of the 

ependymal barrier may restore CSF flow to mitigate hydrocephalus sequelae.  Additionally, the 

presence of inflammatory monocytes following LPA injection is intriguing.  While these 

immune cells may be trying to clear out damaged tissue, sustained inflammation often 

propagates brain damage.  Therefore, immune interventions may prove useful in treating 

developing or chronic cases of hydrocephalus.  In the end, these studies serve to further our 

understanding of the initiation and progression of hydrocephalus, specifically for understudied 

neonatal populations at high risk for PHH.  Further study is necessary to facilitate development 

of novel therapies which reduce patient reliance on repeated invasive neurosurgeries.  
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Future Directions 

 

LPA concentration and preparation 

Recent studies have shown that radiolabeled LPA reconstituted from vacuum-dried stock 

in saline solution demonstrates significant losses during each transfer step (Kihara, unpublished).  

This means that, starting from a 5mM stock, approximately 95% of lipid is lost when 

reconstituted and pipetted from the low-retention stock tube (~250µM) and a further 50% of lipid 

is lost during injection through the glass syringe (~125µM delivered into the CSF).  As LPA is a 

polar compound, it is liable to stick to surfaces or form micelles at high concentrations.  Bovine 

serum albumin (BSA) is a natural bloodborne carrier for LPA which significantly increases its 

bioavailability in aqueous solution, reducing non-specific binding and disrupting the formation 

of lipid clusters and micelles.  Therefore, these losses can be mitigated by storing LPA in 

aqueous solution with 0.1-0.001% BSA, and by coating tubes and syringes with BSA solution 

before injection.  As inclusion of BSA significantly increases the bioavailability of LPA, a lower 

stock concentration can be used for PHH induction.  500 µM LPA in 0.01% BSA was utilized 

for the LPAR inhibitor experiments, and BSA-containing vehicle will be utilized for future 

experiments.  Current work involves characterizing the dose response of LPA-mediated PHH 

with different preparation methods, storage conditions, and BSA concentrations. 

 

Blood-induced PHH 

 These studies have shown that LPA is sufficient to induce PHH with the assumption that 

LPA introduced into the CSF following hemorrhage is a key initiating factor of communicating 

PHH.  However, in order to prove these claims, LPAR null mice or antagonists should be able to 
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prevent true blood-induced hemorrhagic hydrocephalus.  We attempted to induce PHH with a 

single bolus of blood, plasma, or serum derived from cardiac puncture of an adult mouse into the 

lateral ventricles of P4 and P8 mice.  However, this volume was not sufficient to induce PHH.  In 

order to examine the effects of LPAR inhibition on blood-induced hydrocephalus, we may need 

to develop a model of PHH induced by a true hemorrhagic event.  Instead of a single 5µL bolus 

of plasma, we may need to inject several small doses of blood over time, as severe hemorrhagic 

events last for several hours and introduce hundreds of microliters of blood into the CSF.  

Another option is to induce hemorrhage by stereotactic injection of a compound that disrupts the 

blood-brain barrier, such as bacterial collagenase, and assessing if PHH incidence is reduced in 

LPA1 knockout animals or following treatment with LPAR antagonists. 

 

LPAR knockout mice 

Significant efforts were dedicated to acquiring ventriculomegaly data from all in-house 

constititive LPA1-LPA5 knockout animals.  Our lab recently acquired LPA6 mice, the last 

canonical LPAR, but due to difficulties in rederiving this strain we have been unable to inject 

LPA6 knockouts.  As LPA6 is higly present in CNS vasculature, including the choroid plexus, 

and demonstrates weak expression within the ependymal monolayer, this receptor is of interest to 

future studies.  These mice are currently breeding and we hope to achieve these results soon. 

Since knockout experiments elucidated two involved receptors, LPA1 and LPA3, we 

hypothesized that these receptors were both acting within the postnatal ependyma, possibly in a 

redundant fashion.  To answer this question, we attempted to breed these strains together.  

However, knockout parents of either strain have difficulty breeding, requiring double 

heteroztgous grosses, and the resulting knockout pups had limited viability.  We injected 
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approximately 300 pups from LPA1/LPA3 crosses, but only 3 LPA1/3 double null pups survived.  

In order to test possible LPA1/3 interactions, conditional knockouts may be required. 

We attempted to test a few different conditional LPA1 knockout strains, but so far none of 

them have proevn efficacious in preventing hydrocephalus.  LPA1 nestin-cre (a developmentally 

active neural progenitor driver) developed full hydrocephalus.  We also tried tamoxifen-

inducible LPA1 FoxJ1-cre (a developing ependymal cell marker), but these mice develop 

spontaneous hydrocephalus at an increased rate, so LPA-injected phenotypes could not be 

accurately assessed.  Further investigation into FoxJ1-cre or other ependymal-specific 

conditional drivers may facilitate future multiple-knockout studies. 

 

Live culture 

 The development of a live brain slice culture system opens up many possibilities.  Future 

experiments involve examination of ependymal morphology over time following exposure to 

different concentrations of LPA, in addition to further characterization of LPA-induced ciliary 

motility dysfunction.  While previous live acquisition was limited to 6 hours due to techinical 

issues, future experiments could assess ependymal health and function over 24 hours or even 

longer. 

 

Longitudinal studies 

One limitation of the methods utilized in this study is that brains had to be collected at 

several timepoints without direct correlation between brain health and physiology.  MRI imaging 

experiments would allow us to perform longitudinal studies following the health of mice as PHH 
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develops.  Imaging brains once a week would give much more detailed information on the 

morphological effects of PHH. 

Further behavioral characterization would also be informative.  While hydrocephalic 

animals are certainly capable of motility, as evidenced by results in open field and rotarod 

testing, they are undoubtedly affected by PHH.  Employing a different battery of tests, such as 

the grip test, gait analysis, or novel object recognition, may elucidate differences between 

hydrocephalic and control mice.   

One caveat to behavioral testing is that the tested animals may be slightly too young for 

behavioral trials.  Most animals treated with 5mM LPA died by 12 weeks of age, with lethality 

beginning at 6 weeks of age, limiting the timeframe for testing.  Utilization of a lower dose of 

LPA that allows for longer survival with less severe hydrocephalus may make it possible to test 

mice at different developmental stages. 

Employing MRI and/or further behavioral testing would be particularly interesting for 

thearapeutic trials.  These experiments would allow us to determine whether pharmacological 

agents improve animal health in correlation with the severity of ventriculomegaly.  While an 

efficacious preventative medicine would be a breakthrough in PHH treatment, patients suffering 

chronic hydrocephalus are also interested in therapies to improve quality of life.  

 

LPAR signaling pathway characterization 

 While we have provided evidence toward LPAR overstimulation causing cleaved 

caspase3-mediated apoptosis, more detailed analysis of the signaling pathways initiated in LPA-

exposed neonatal ependymal cells would be intriguing.  Collection of ependymal cells with a 

UniPick system, laser capture, or flow sorting would allow western blot or RNA analysis of G 
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protein-mediated pathways.  In addition to Cas3/Akt-mediated cell death, another pathway of 

interest includes Rho/Rock-mediated migration and cytoskeletal changes, as these signaling 

events may explain the reduced ependymal adhesion and loss of ciliary acetylated α-tubulin 

observed 3-6 hours following LPA exposure. 

 

Immune studies 

A large increase in inflammatory macrophage/microglia counts were observed 6-24 hours 

post-LPA exposure.  While administration of the anti-inflammatory antibiotic minocycline and 

phagocyte-killing clodronate liposomes had no effect on hydrocephalus initiation (unpublished), 

the sustained presence of inflammatory monocytes could propagate brain damage.  Future work 

involves characterizing immune involvement during PHH initiation and progression. 

 

LPAR inhibitor treatment paradigms 

The data presented here highlights LPA1 signaling as a key mediator for ependymal death 

and subsequent hydrocephalus.  Pretreatment with an LPA1 antagonist proved efficacious in 

preventing or reducing subsequent ventriculomegaly, but further characterization would be 

informative.  Dose responses of different LPAR inhibitors can help establish the lowest 

efficacious dose.  These drugs were injected intracranially, but should be capable of crossing the 

BBB, so different methods of administration such as oral or intraperitoneal could be attempted.  

Additionally, timecourse experiments are necessary to determine the range LPAR inhibitior 

treatment could prove efficacious.  The experiment presented here was preventative 15 minutes 

pre-hemorrhage, whereas therapeutics administered during hemorrhage or within a few hours 

post-hemorrhage would be more medically relevant. 




