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ABSTRACT

Lysophosphatidic acid, LPA, is a structurally simple lysophospholipid. Derived
from phospholipids through autotaxin catalyzation, LPA acts as an extracellular
signaling molecule that activates various receptors, LPA;s. Activation of these
receptors induces wound healing, cancer progression, cardiovascular function, nervous
system regulation, reproduction, platelet activation, hair growth, etc. To clarify the
function of different LPA receptors, several knockout animals have been obtained.
While the autotaxin deficient mice expressed the phenotype of embryonic lethality due
to vascular defects, none of the single or double deficient LPA;; mice expressed
similar phenotypes. In this study, I investigate the physiological roles of LPA4, which
is structurally distinct from LPA .3, using zebrafish as a model. LPA4 morpholino was
microinjected into one-cell stage zebrafish embryo to knock down the expression level
of LPA4 in embryos. In day two, edema around the pericardial region was observed,
suggesting a vascular leakage or failure of lymphatic vessels to absorb body fluids in
the LPA, deficient embryos, which was similar to the result of a previous study where
LPA, was found to be essential for lymphatic vessel development in zebrafish. In
addition, a significant decrease in heart rate and blood flow was observed in some
individuals. Furthermore, the number of intersegmental vessels decreased, suggesting

abnormal blood vessel development. However, the dextran uptake was not affected in
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the LPA4 knock down embryos, suggesting that the development of lymphatic vessels
was normal. We conclude that LPA4; may regulate the vascular development in

zebrafish.

Key Words: lysophosphatidic acid, G-protein coupled receptor, blood vessel,

development, zebrafish



CATALOG

T B B B E ettt i
B Rl ettt et A et ARttt s et e st et et et aeteneesenn i
BB e ettt ettt et et et eRe et e Rt Ren e te e etenteneeteneenn i
ABSTRACT ..ottt sttt ettt et et e bt e e s et e beeneesaeebeenaesneenneas v
CATALOG ..ttt ettt ettt s bt e bt s et e s bt et eneesaeenseeneesneeneens vi
INTRODUCTION ..ottt ettt sttt ettt sate bt eaeeneesseenseeneens 1
Metabolism Of LPA ..o e 1
LPA 16CEPIOTS ..ccceurnreeeesbtod SR e ool e MR LN e cceceecccnereecseaneeessnnenes 2
Functions Of LPA 1€CEPIOTS ...ccuiiriiiieeiieeeiieeeiee ettt esieeesreeeve e e aaeeeaaeesneeeenns 3
RATIONALE ..ottt ettt e stesu e et e st sas e esbe st e st e s st et e sutessesasesat e seessesntessassesanens 5
IMODEL ...ttt ettt ettt e st e bt eat e et et e ne e bt et e e nteeteebeeneens 6
MATERIALS AND METHODS ...ttt 7
Maintenance of zebrafish............cooiiiiiiiiiiii 7
The expression profiling of LPA4 in zebrafish by RT-PCR ........c.ccocciiiniinninn 7
MiCTOINJECtION PIOCEAUIES ....eeeuvvieeiiieeiiieeieeeeieeeeteeesteeeseteeeaaeeeereeesaeeenraeesnneeennnes 8
Design of morpholino oligonucleotides ..........ccceeeeuieeriieeriieeiiieeieeeee e 9
Edema eXamination ........c.c.eouieiiiiiiinieeieeie et e 9
Rhodamine-dextran injeCtion .........ccccecueeriuiieriiieeniieerieeeiee et e erreeeeeeeeaeeesaee e 10



Microscopic analysis and 11ve IMaging ..........ccccceoueerieriienienieenieeeeneceeesee e 10

RESULTS .ttt sttt sne st 11
Expression profile of LPA4 in zebrafish .........ccooiiiiiiniiie, 11
Edema under zebrafish LPA4 morpholino microinjection............cccceevveevueeneennen. 11
Abnormal heartbeat and circulation in LPA4 deficient zebrafish........................... 12
Abnormal vascular pattern in LPA4 knock down zebrafish ..............cccccooi. 13
Lymphatic development in LPA4 deficient zebrafish..........ccccoooeiiininiie. 13

DISCUSSION ...ttt sttt ettt b ettt eae e sne i 15

REFERENCES ..ot L S e e 18

FIGURES........ccovveevnnnnnnctetteg e B AR AL L o s 28
Fig. 1 Expression profile of LPA4 in zebrafish ..., 28
Fig. 2 Edema under zebrafish LPA4 morpholino microinjection ..............cccc........ 29
Fig. 3 Edema reamain under homeostasis condition ............cccccevceerieeniceneeniennnen. 30

Fig. 4 Heartbeat and blood flow decrease under zebrafish LPA4 morpholino

TNICTOTNJECTION ...ttt euitieeeiieeetteeeiteeesteeeetteeetaeeesseeessseeensseeesseeesseeensseesssseesssnesnssneens 31
Fig. 5 Normal developed vascular pattern...........cccveevveeeeiieenieeeiiee e 32
Fig. 6 Abnormal of vascular pattern in knock down LPA4 zebrafish.................... 33
Fig. 7 Absence of intersegmental vessels in knock down LPA4 zebrafish............ 34

Fig. 8 Lymphatic development under zebrafish LPA4 morpholino microinjection 35

vii



TABLES ...t 36

Table 1 Analysis of pericardial abnormality under knock down of LPA4 in

ZEDTATISI. e e a e e e e et ————— 36

Table 2 Analysis of blood circulation slowdown under knock down of LPA4in

ZEDTATISI. e e e e e et ————— 37

Table 3 Analysis of vascular defects under knock down of LPA4 in zebrafish ..... 38

viii



INTRODUCTION

Metabolism of LPA

LPA, known as lysophosphatidic acid, is a lysophospholipid derived from cell
membrane phospholipids. There are different species of LPA composed of
glycerophosphate backbones with varying acyl chain lengths and degrees of saturation,
but generally, LPA stands for 1-acyl-2-hydroxyl-sn-glycero-3-phosphate (1,2). It is
generally detected in all eukaryotic cells at relatively low concentrations and in some
biological fluids, with especially high concentrations in plasma. The most abundant
forms of LPA in human plasma are 16:0, 18:2, and 18:1 LPA (3), and most of the

commonly used LPA in signaling studies are in the form of 18:1 (8).

Two major pathways can produce LPA: the sequential activity of phospholipase
D and phospholipase A2 and also by the activity of autotaxin (13, 19). Autotaxin was
first found to be a cancer-cell motility-stimulating factor (14, 15, 16, 17) due to its
assumed nucleotide phosphodiesterase activity (7). The significance of autotaxin was
not fully understood until the knockout phenotype of a mouse gene, Enpp2 was
observed; the gene was found to encode the autotaxin protein that was found to have
lysoPLD activity (5, 18, 19, 20). The Enpp2 double null mice died with severe neural

and vascular deficiency at early embryonic stages (6). Nevertheless, Enpp2
1



heterozygotes mice having plasma LPA levels lower than those of wild type mice
survived to adulthood, which suggests that autotaxin is the major enzyme related to

LPA production and signaling essential for development (20, 21).

Also, LPA acts as an extracellular signaling molecule through at least six known
G protein-coupled receptors (32, 61), LPA,¢, and is able to exert physiological,
pathophysiological and morphological effects on many cell types (25, 26). LPA goes
through diverse down stream signaling pathways, such as cell proliferation, survival

(43, 54), migration (40, 41), and calcium mobilization (25, 42).

LPA receptors

Since the first LPA receptor were identified in 1996 (8), it has been reported that the
effects of LPA are mediated through at least six LPA receptors, with all of them being
G protein-coupled receptors (27, 57). At first, in the early twentieth century, LPA was
thought to elicit from LPA1-3 (28, 29, 44, 45, 47), the classic LPA receptors that
belong to the Edg family. But in 2003, the fourth LPA receptor was identified, which
lead to the discovery of the fifth and sixth receptor (51). These three receptors are

structurally distinct from Edg family and reveal different regulations (22, 23, 24, 48).



Functions of LPA receptors

As a bioactive phospholipid, LPA has been implicated for important roles in many
organ systems, such as wound healing (21), cancer progression (33), nervous system
regulation (34), cardiovascular function (36, 60) and reproduction (37, 39). In order to
investigate the function, which is difficult for the redundant function of various
receptors, deficient animals have been acquired. Previous studies have used autotaxin
deficient mice to discern the functions of autotaxin. The deficiency caused embryonic
lethality due to vascular defects (5,6). Also, LPA receptor deficient mice have been
obtained. There are single and double deficient mice of LPA;.3(4). However, none of
these strains exhibit a phenotype similar to autotaxin deficient mice (30, 35, 38, 46, 62).
Since then, we have focused on zebrafish LPA receptors. Zebrafish are used in various
projects because they are easy to collect large amounts of data from, are genetically
easier to manipulate than mice, have transparent embryos and quickly develop into
adulthood, yielding numerous advantages, such as the frequent and fast detections of
lethal defects. The previous study published by our laboratory found that LPA,
deficient zebrafish show abnormal lymphatic patterns (31). Unlike wild type fish that
have thoracic duct beneath dorsal aorta, deficient fish have no formation of thoracic
duct. Therefore, we presume that different LPA receptors, especially non-Edg

receptors, might be necessary to recapitulate the phenotype of LPA deficiency. By



using morpholino microinjection, we intend to find out the precise regulation of LPA4

in zebrafish.



RATIONALE

In order to clarify the downstream signaling pathway of autotaxin regulated vascular
development in early developmental stage, we analyzed the phenotype of LPA4 knock
down zebrafish to investigate whether the structurally distinct non-EDG family LPA
receptor 4 is the one that participates in it. For the strong correlation between autotaxin
and production of lysophosphatidic acid, we think there is a possibility that LPA4

deficient zebrafish may show similar symptoms as autotaxin deficient mice.
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MATERIALS AND METHODS

Maintenance of zebrafish
Wild-type AB strain and Tg(Fli: EGFP) transgenic strain were maintained at 27-28
C under a controlled 14-h light/ 10-h dark cycle. Embryos were staged according to

morphology of Kimmel et al. (9).

The expression profiling of LPA4 in zebrafish by RT-PCR

Zebrafish RNA of different organs was collected in a similar procedure. In order to
preserve as much RNA as possible, fish were sacrificed by being laid on ice for 5
minutes and dissected under binomial microscope as soon as the fish's gills stopped
moving. Separated organs were homogenized in 1 ml TRIzol® (Invitrogen) using
syringes with different tip (from 23G, 27G to 30G needles) openings as soon as
possible. The homogenized organs were collected in TRIzol® and stored in -80°C until
the time of RNA extraction. Upon RNA extraction, each vial of 1ml TRIzol® was
added to 100 pl chloroform and vortexed for 30 seconds before being held on ice for 5
minutes. Then, it underwent phase separation with 15 minutes of 12000 rpm
centrifugation at 4°C. The upper aquarius phase was then transferred to a new vial and

added to 2x volume of 100% Ethanol and held for 15 minutes at -20°C followed by 15



minutes 12000 rpm centrifugation to precipitate RNA. Then the aquarius ethanol was
carefully discarded, and the RNA pallet was washed with 70% ethanol and centrifuged
at 3000 rpm for 5 minutes. Again, the upper aquarius phase was discarded and the
RNA pallet air dried in a laminar flow for 15 minutes at room temperature and
suspended in 50 ul DEPC water. The suspended RNA was heated on a hotplate at 55°C
for 10 minutes before its density was measured with Nano Drop (Thermo Scientific).
Two micro grams of embryo RNA were reverse-transcribed into cDNA with ReverTra
Ace (TOYOBO), and the resulting 20 pul cDNA were diluted 2x with DEPC water.
Two micro liters of embryo cDNA were used as a template to undergo real-time PCR
by using ABsolute™ QPCR SYBR® Green Mixes (Thermo Scientific) and iCycler
Thermal  Cycler (BioRad). @ LPA4 primer was as  follow: intF'

ATTGCTTCTTTGACCCGGTG, R' TCAGAACTGAGTCTCACCAA.

Microinjection procedures

At the night before mating morning, pairing a female zebrafish with a male in a
single tank with mesh bottom to allow embryos to pass through and avoid being eaten.
A transparent acrylic plate separates the pair from one another to help them get
acquainted and is removed the next morning after the lights turn on. Embryos are

collected after mating and transferred into petri dishes. Microinjection of LPA4



morpholino into one-cell stage embryos is conducted. The injection volume is kept at
3nl within 4ng morpholino by measuring concentration and controlling exact time to
avoid extending the injection point. After injection, embryos were cultured in tank

water.

Design of morpholino oligonucleotides

Antisense morpholino were custom made by Gene Tools (Philomath). LPA4
expression were knocked down by translation blocking morpholino (abbreviated as
MO) of zebrafish LPA4 designed as 5’-TCTCATTAAGAACAAGACTGGCC-3’ and
mis-paired control oligos of zebrafish LPA4s morpholino (abbreviated as mis-MO)
designed as 5’-TCTgAaTAAcAACAAcCACTcGCCAT-3’. The morpholino was
dissolved in 0.1% phenol red and buffer, and a final quantity of 4ng was microinjected

into embryos.

Edema examination

In order to exclude abnormality caused by difference of diffusion. Homeostasis
balanced environment was provided for embryos by using Danieau’ s buffer
(composed of 58 mM NacCl, 0.7 mM KCIl, 0.4 mM MgSQOy, 0.6 mM Ca(NO3),, 5 mM

HEPES) during the maintenance.



Rhodamine-dextran injection

Fresh prepared dextran, tetramethylrhodamine (Invitrogen) were diluted with buffer
to appropriate working concentrations. Microinjection was conducted carefully into
zebrafish muscle under homeostasis environment. The dextran was given time to
assimilate into the circulatory system. Then, permeability was assessed, along with
length of thoracic duct, to evaluate lymphatic vessel development by observing the red

fluorescence of dextran.

Microscopic analysis and live imaging

Zebrafish juveniles were first examined under dissecting microscope to check whole
mount appearance, edema severity, heartbeats and blood flow. With limited water drop
or 0.01% tricaine (Sigma) to restrict the movement of juveniles, further fluorescent

image captures were implemented under LEICA DM13000B microscope.
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RESULTS

Expression profile of LPA4 in zebrafish
In order to dissect the expression in various tissues of LPA, in zebrafish, the
technique of real-time PCR was used to reveal the expression profile. The expression

appeared at the gill, testis and spleen, tissues related with circulation and reproduction

(Fig. 1).

Edema under zebrafish LPA4 morpholino microinjection

In order to certify the function of LPA4 in zebrafish, we knocked down LPA4 by
using translation morpholino through early embryo stage zebrafish. Compared to the
normal development of no injection wild type zebrafish (Fig. 2A) and the mis-MO
control zebrafish (Fig. 2B), the LPA4 deficient zebrafish showed edema around
pericardial region (Fig. 2C and 2D) over half of the deficient zebrafish (Table 1). The
severance of edema increased as the dosage of morpholino increased, different levels
of phenotype appeared, ranging from fairly normal to moderate (showed slightly
swelling at the edema region) and to severe (showed nearly doubled swollen to wild
type). The final dosage of morpholino used was 4ng/ B 1 to show the most obvious

phenotype in the lowest number of fatalities. The edema indicates an accumulation of

11



interstitial fluids, which might result from vascular leakage or failure of lymphatic
vessels to absorb fluids. Furthermore, the embryos were being examined in Danieau’s
buffer. While edema remain in balanced homeostasis fluid condition (Fig. 3B), it was
certain that the edema wasn’t caused by diffusion difference between zebrafish trunk

and surrounding environment.

Abnormal heartbeat and circulation in LPA, deficient zebrafish

As embryos developed, slowing down of heartbeat (Fig. 4B), with almost forty
percent of the LPA4 knock down zebrafish (Table 2), was clearly observed in deficient
zebrafish when compared to wild type (Fig. 4A). The heart rate difference between
wild type and severe deficient was observed to be up to 60 beats per minute, dropping
from 158 beat/ min in wild type to 127 beat/ min in severe deficient in average (videos
are available at http://lab504.lifescience.ntu.edu.tw/3-#K F &2 .htm). Also, the speed of
blood flow decreased conspicuously in deficient fish. While the moderate ones show
notable slowing down, some of the severe ones can easily see the scrolling of

erythrocyte or even no blood flowing with very faint heartbeats.

12



Abnormal vascular pattern in LPA, knock down zebrafish

By observing Tg(Fli: EGFP) zebrafish, vascular pattern was easily revealed. As wild
type (Fig. SA and 5C) show orderly-arrangement and parallel intersegmental vessel, it
was easy to position the abnormal deficient. Comparing the normal development of
mis-MO injected zebrafish (Fig. 5B and 5D) to wild type (Fig. SA and 5C),
disarranged vascular pattern with partially developed intersegmental vessels were seen
in MO injected juveniles (Fig. 6 and 7). As about forty percent of examined (Table 3)
showed irregular vascular patterns at middle of trunk (Fig. 6), over twenty percent of
examined (Table 3) were accompanied with disappearance of intersegmental vessel
(Fig. 7) around the anterior (Fig. 7B) and posterior (Fig. 7C). As for the abnormal
pattern, some of the abnormal vessels stopped at the middle of ventricle, some of
which merged with another vessel nearby in an abnormal direction, and some of which

missed the entire single intersegmental vessel (Fig. 6C).

Lymphatic development in LPA4 deficient zebrafish

In an attempt to find possible reasons for pericardial edema, we investigated the
permeability in circular environment. By microinjecting dextran, hydrophilic

polysaccharides absorbed by the circulatory system, we clarified the pattern and

13



development of lymph vessels. Unexpectedly, comparing with wild type (Fig. 8A),

there was no apparent deviance of lymphatic system in LPA4 deficient zebrafish (Fig.

8B). Indicating other reason then lymphatic abnormal causing pericardial edema.

14



DISCUSSION

Since the discovery of vascular development regulation by autotaxin in 2006 (5, 6),
numerous studies have been exploring various possible pathways in detail. In our study,
similar abnormality related to blood vessel development in LPA4 deficient zebrafish

were observed.

LPA, is classified with its own cognate groups, the purinergic family receptors, in
compare with Edg family receptors, in compare with Edg family receptors (50, 52, 53).
From the beginning of LPA, identification in 2003 that lead to the further verification
of LPAs (55, 58) and LPA¢ (22), reasonable answers have appeared for previously
unanswered questions. For instance, distinct ligand specificity induced by LPA was not
accounted for by classic LPA receptors, and also, responses existed to LPA or its
analogs without any EDF family receptors being detected. Thence, the exploration of

purinergic family LPA receptors has been developed in recent studies.

In this study, all of the results presented were related to the circulatory system, with
most of the evidence being related to blood vessel system. Because the pericardial
edema positioning resembled our previous research about LPA; regulating lymphatic

vessel development (31), we expected to find similar regulation in this study. However,
15



there was no significant evidence to further support the regulation of LPA4 to

lymphatic system.

As more results appear, concepts of the whole picture and of the details are revealed.

Especially on LPA4, studies published by Hayakazu, et al. (10) and Yukiura, et al. (11)

have furthered the investigation in this field; this former research has shown credible

results indicating the regulation of blood and lymphatic vessel formation by LPA4.

Generally similar to the phenotypes observed in autotaxin deficient mouse, the LPA4

deficient mice in the former study showed various embryonic abnormalities including

dilated blood and lymphatic vessels with bleeding to edema.

In addition, the later research focused on the regulation of autotaxin with vascular

development, so the deficient zebrafish of single knock down or double knock down of

different LPA receptors have been obtained. Results show dissociation between dorsal

aorta and segmental arteries on intersegmental vessel under co-injection of LPA; and

LPA4(11). As for our results, the irregular intersegmental vessel development has been

curtained under LPA4 knock down only.

16



As our research continues, previous studies have shown results agreeing with our

prediction and hypothesis. During mouse embryogenesis, LPA4 might regulate blood

and lymphatic vessel formation for the dilate blood vessels with bleeding and dilated

lymphatic vessels with edema, which match our discovery of abnormal vascular

pattern. While the study used splice-inhibiting morpholino that inhibit translation, we

used translation-blocking morpholino that directed against the initiation codon of target

mRNA. The treatments of multiple LPA receptors morpholino results show that LPA,

and LPA4 double knock down zebrafish have abnormal segmental artery development,

which agrees with our LPA4 single knock down result of intersegmental vessel

deficiency. As more and more clues come out, it is clearer to picture the function of

LPA receptor 4.

Furthermore, certain studies about the relationship of nervous and vascular

development (12) have shown guidance conjunction in between. After nervous

development, several signs indicate that lymphendothelial cells were guided by the

growth of RoP axon and associated axons, which yields another insight into the

involvement of nervous system in upstream pathway.

17
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FIGURES

Fig. 1 Expression profile of LPA, in zebrafish

LPA4 mRNA expression were specifically detected at gill, testis and spleen

among adult zebrafish organs.
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Fig. 2 Edema under zebrafish LPA4 morpholino microinjection
At 2dpf, moderate (C) and severe (D) edema around pericardial region was

observed in LPA4 knock down in zebrafish, while no injection wild type juvenile (A)

and mis-morpholino injected control zebrafish (B) showed normal development.
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Fig. 3 Edema reamain under homeostasis condition
Comparing to the previous environment which juvenile maintained in tank

water (A), edema around pericardial region still existed with Danieau’s buffer (B).
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Fig. 4 Heartbeat and blood flow decrease under zebrafish LPA,
morpholino microinjection

Video recordings of heartbeat of wild type (A) and LPA4 knock down (B)
zebrafish. As heart rate of wild type zebrafish is around 160 beat/min, LPA4 deficient
zebrafish has a conspicuously slower average heart rate of 130 beat/min (C). The

videos are available at http://lab504.lifescience.ntu.edu.tw/3-#K T &2 .htm.
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Fig. 5 Normal developed vascular pattern
In Tg(Fli: EGFP) zebrafish line, vascular pattern is clearly shown at 2dpf. It is
obvious that both wild type (A) and mis-MO injection (B) zebrafish show orderly

distributed vascular pattern. Also the intersegmental vessels of wild type (C) and

mis-MO (D) are completely developed.
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Fig. 6 Abnormal of vascular pattern in knock down LPA4 zebrafish
LPA4 MO injection zebrafish (A) show abnormal development in vascular

pattern. The intersegmental vessels grow in unparalleled direction (B, an enlarged

image of square region of A) and some even merged with other vessels (C, an enlarged

image of square region of B) indicate abnormal development with irregular vessel

structure.
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Fig. 7 Absence of intersegmental vessels in knock down LPA4
zebrafish

Some of the deficient zebrafish (A) show absence of intersegmental vessels.
With some absences located near anterior region (B, an enlarge image of the upper

square region of A) and some of others located around posterior region (C, an enlarge

image of the lower square region of A).
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Fig. 8 Lymphatic development under zebrafish LPA, morpholino
microinjection

Lymphatic development was analyzed by dextran, which will be absorbed into
the circulatory system upon microinjection and provide a clear image of permeability
in vascular vessels. As the injection was conducted at 3dpf, there was no apparent
defect in the main blood vessel or the lymphatic vessel in both wild type (A) and LPA4

knock down zebrafish (B). There was also no visible decrease of permeability in

intersegmental vessels.
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TABLES

Table 1 Analysis of pericardial abnormality under knock down of

LPA, in zebrafish
Pericardial edema
condition dose % n total moderate % severe %
mis-MO 4ng 12% 6 49 4% 0%
MO 4ng 51% 35 68 17% 34%
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Table 2 Analysis of blood circulation slowdown under knock down of

LPA,in zebrafish

Heart rate decrease
condition dose % n total
mis-MO 4ng 2% 1 43
MO 4ng 39% 12 30
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Table 3 Analysis of vascular defects under knock down of LPA, in

zebrafish

Intersegmental vessel (ISV) defects

Abnormal ISV Absence ISV
condition dose % n total % n total
mis-MO 4ng 9% 4 44 0% 0 0
MO 4ng 42% 28 65 23% 15 64
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