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ABSTRACT

In the mammalian ovary, anmillerian hormone (AMH) helps maintain the ovarian reserve by
regulating primordial follicle activation and follicular selection, although its vathin the avian
ovary is unknown. In adult mammals, AMH is primarily produced in granulosa cells of preantral
and early antral follicles. Similarly, in the hen, the granulosa cells of smaller follicles are the
predominant source of AMH. AMH importanag imammalian ovarian dynamics suggests AMH
may have conserved, protective functions within developing follicles in the hen. To better
understand the role of AMH in avian follicle development, we studied the expression pattern of
the specific AMH receptor. MH utilizesthe TGFb / SMAD signaling pathway,
specific Type Il receptor, AMHRII. gR'PCR results indicate that AMHRII mMRNA expression,

as well as that of AMH, are highest (p<0.01) in small follicles (1 mm) and decrease as follicle
size increaes. Dissection of-3 mm follicles into ooplasm and granulosa components stiwts
AMHRII mRNA levels are significantly greater in ooplasm than granulosa cells.
ImmunohistochemistryevealedAMHRII staining in the oocyte and granulosa cells. In
mammalsAMH expression iglevated during periods of reproductive dormancy, possibly
protecting the ovarian reserve. To assess the expression of AMHRII and AMH during a similar
state in chickens, we evaluated mRNA expressiorbiroger strain andan egglaying strain of

hens in different reproductive states. AMH and AMHRII mRNA were significantly higher
(p<0.05) in nonrlaying ovariesof broiler hensin molting (with documented feather loss) and
non-molting layer hens, AMHRII mRNA was significantly greater (p<&g).h molting hen

ovaries. These results suggest AMH may contribute to thefoitieular bidirectional
communication between oocyte and granulosa cells, and support a potential role of AMH in

limiting follicle recruitment in hens.
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The Woman Who Thinks She Can

If you think you are beaten, you are;

If you think you dare not, you don't.

If you'd like to win, but you think you can't,
It is almost a cinch that you won't.

If you think you'll lose, you're lost;
For out of the world we find
Success begins with a fellow's will
It's all in the state of mind.

If you think you're outclassed, you are;
You've got to think high to rise.

You've got to be sure of yourself before
You can ever win the prize.

Life's battles don't always go

To the stronger or faster woman;

But sooner or later the woman who wins
Is the one who thinks she can!

- Adapted from Walter D. Wintle



ACKNOWLEDGMENTS

The author would like to tharBr. Patricia Johnson for hdedicated guidanddroughout this
processand assistanda experimental desigriDr. James (Jim) Gals for his invaluable
immunofluorescenceaining and troubleshooting; Dr. Claire Stephens for training in multiple
technigwes and troubleshooting suppdehris Krumm Viju Pillai, Cassie Orndorff, Kasey
Schalich,and Dr. Kyle Caire$or theircontinuedhelp with experimental design and
troubleshootingand Kersten Gorse and Asha Miles for thsincere and beloveztbmraderyand
charismaThe author would also liki» express appreciation for the funding that supported her
researchUSDA National Institte of Food and AgriculturéultistateResearchProject

NC1170



Abstract
Biographical Sketch
Dedication
Acknowledgments
Table Of Contents
List of Abbreviations
List of Figures

List of Tables

Body Of Thesis

TABLE OF CONTENTS

Chapter I.Reviewof Literature

l.  Introduction

Il. Mammalian AMH

[ll. Mammalian AMHRI

IV. Avian AMH and AMHRII

V. The Mocern Hen as a Modéb Study
the AMH/AMHRII Signaling Pathway

V1. Conclusion

VI1l. References

Chapter Il. AMHRII in Avian Follicle Development

Appendix

|.  Abstract

Il. Introduction

lll. Materials and Methods
IV. Results

V. Discussion

V1. Conclusion

VII. Acknowledgements

VI1ll. References

20
22

28
29
31

56
56
57
59
67
78
81
81
83
87

Vi



Vii

LIST OF ABBREVIATIONS

AMH Anti-Mullerian Hormone MIS; MIF

AMH ¢ Noncovalent Complerf N- and GTerminus Units of AntMullerian Hormone
AMHR I Anti-Mdllerian Hormone ReceptorType I

BMP Bone Morphogenetic Protein

bp Base Pair

CAMP Cyclic Andosine 5Monophosphate (AMP)

cDNA Complementary DNA

CYP19A1 Cytochrome P450, Family 19, Samily A, Polypeptide 1
CYP11A Cytochrome P450, Family 11, Subfamily A, Polypeptide 1

DAX1 Dosagesensitive 8x Reversal, Adrenal ¥poplasiaCritical Region on @r. X genel
DNA Deoxyribonucleic Acid

dpc Days Post Coitum

DMRT1 Double sex and MaB-related transcription factor 1

En Embryonic day n

FF Full-fed Broiler Breeder Hensd libitumfood intakég

FSH Follicle Stimulating Hormone

FSHR Follicle Stimulating Hormone Receptor

FOG2 Friend of GATA2

GATA TranscriptionFactorFamily That Binds the Regulatory Element "GATA"
GDF9 Growth and Differentiation Factor 9

GH Growth Hormone

GnRH Gonadotropin RleasingHormone

IEX-1S Radiationinducible Immediateearly Gene IEXL

ID3 Inhibitor of DNA-binding Protein 3

IGF1 Insulin-like Growth Factor 1

IHC Immunohistochemistry

ISH In SituHybridization

IVF In Vitro Fertilization

LH Luteinizing Hormone

MIS, MIF Mullerian Inhibiting Substance/Factor



MMP2
MRNA
OCM
PMDS
proAMH
RF
rhAMH
RNA
RNA-seq
SKF1
ShRNA
SOX8
SOX9
SP600125
SRY
StAR
TCF-4
TCM
TGF-b
WIF1
WNT
WT1

viii

LIST OF ABBREVIATIONS (continued)

Matrix Metalloproteinas®; Type IV Collagenase

Messenger RN

OocyteConditioned Medium

Persistent Millerian Duct Syndrome

Precursor AntiMullerian Hormone

Restrictedfed Broiler Breeder Hens

Recombinant Human AnMullerian Hormone

Ribonucleic Acid

RNA Sequencing

Steradogenic Factor INuclear Receptor Subfamily 5, Group A, Member 1; NR5A1
Short Hairpin RNA

SRY-relatedHigh Mobility Group HMG) box 8

SRY-relatedHigh Mobility Group (HMG)box 9

c-Jun Nterminal kinase inhibitor Il (SP600122)NK Il Inhibitor
SexDetermining Region on Y

Steroidogenic Acute Regulatory Protein

Transcription Factor 4; Immunoglobulin Transcription Factor 2 @) F
TestisConditioned Medium

Transforming Growth Factefs

WNT Inhibitory Factor 1

Glycoprotein Family Widely Involved In Cell Structure and &ilbtein Signaling

Wilms' Tumorl



LIST OF FIGURES

l. Figurel.1
Adapted from Lasala, et. al. 2011. Sefaic representation
of FSHinduced AMH stimulation in the testis.

Il. Figure 2.1
AMHRII mRNA epression across different whole follicle
sizes and tissues.

lll. Figure 2.2
MRNA expression from granulosa cells fraifferent bllicle sizes

IV. Figure 2.3
MRNA expression in ooplasm and granulosa-5f8m follicles.

V. Figure 24
MRNA expression in total ovarian tissue from molting and
non-molting layer hens.

VI. Figure 25
MRNA exprssion in total ovarian tissue from laying
and nonlayingrestrictedfed (RF) broiler breeder hens.

VII. Figure 26
MRNA expression in granulosa cells frord @nd 68 mm
follicles treated with different doses of rhBMP15.

VIII. Figure 27
Western Blots oAMHRII in various avian tissues
A: 2 mm Whole Follicle (WF); B: 4 mm WF; C: 6 mm WF.
b-actin as endogenous control shown below respective lanes.

IX. Figure 2.8
Immunofluorescence of rabbit aratickenAMHRII antibody
in cross sections of E12 rooster testésechst (blue) as nuclear
stain A,C); 10%goat serum substitutetbr antibody(B);
rabbit antrchickenAMHRII antibody (D); @at anti-rabbit
Alexa Fluor 555 (RedB, D); merged imagesH,F); H&E (G).
Size bar equals 100 pm.

X. Figure 2.9
Immunofluorescence of rabbit arainicken AMHRII antibody
in adjaant cross sections of intraovarian folliclé=ollicles A and B)
within the cortex of adult layer hens. Hoechst (bluepadear stain;
10% goat serum substituted for antibody; goat-aakibit
Alexa Fluor 555 (Red). Size bar equals 100 pm.

18

68

69

70

72

73

74

75

76

77



LIST OF TABLES

|. Table 2.1
Table 2.1. Primers used for gFPICR.

66



CHAPTER |
REVIEW OF LITERATURE

l. Introduction

Successful, efficient reproduction is critical to sustdiprofitability of animal
production systems. Although extensive researchrapimductive pathwaghasyielded
significant insight into the mechanics of temmplexsystem, theryptic regulation behind this
intricate network is ndully elucidatedOver the last several decagdestensive research has
increasingly recognizednti-Mtllerian Hormong AMH) asanessentiategulator ofprepubertal
and adult gonad@rowth andunction, in addition to itgreviously knowrrole in sexual
differentiationduringembryonic development.

Alfred Jost ascoveredAMH in the late 1940;xallingit "I'hormone inhibitric& as itwas
originally suspected ahhibiting Millerian ductdevelopmenin embryonic maledt was
subsequeht namel Miillerian Inhibiting Substance or Factor (MIS, MIF) aftef"x@ntury
comparative anatomist Johannes Petellévfif. In addition to miillerian duct regressiakiylH
helps maintain the ovariaeserve, regulates folliculogenesasid modulates steroidogenesis
within both gonadalenvironmentsCurrent research points &VIH actionextending beyond the
local gonads, aseveral studies reveal hormoameionor hormonereceptor colocalizatiom the

5,6

pituitary?, brair®>®, placent4, uterug, prostaté, andlung'. Additionally, AMH has recently

grownin importancen regards tdiumanand animahealth, due tdts diagnostic usfor in vitro

,12,1314,15 6,17,18,19,20
5 d

fertilizationtechnique , granulosa celheoplasi and evaluating the ovarian
reservé?>%324 as well as for its suspected roles in endometfidsisd polycystic ovary

syndrom@®22829



Il. Mammalian AMH
Location and Structure &fMH Gene in Mammals

Firstsourcedrom newborn calf testéy a 2.1kb cDNA fragment encoding AMH was
cloned and purifiedThe gene structure and sequence of AMH resembled that of other growth
factors or inhibitor¥, leadingresearchers to incorporate AMH irttee large Transforning
Growth Factoih (TGF-b) family*>*2. Early analysis revealed AMH to bedsulfide-bonded?
homodimericglycoprotein with lectin affinity”. Evidencesuggested multiple forms of the
hormone existed, as molecular weights efgom 12.557 kD& to 70-74 kDa*° to 120:300
kDa* depending on fractionation technigf&. The humamAMH precursoigeneis located on
chromosome 19NCBI: NC_000019.1@q2249114..2252073gndis five exons longnith 71%
GC contengticross introns and exankhe first25 nucleotides encode a signal peptfidat is not
well-conserved across specigge human anthousegene encoding the AMH precursor form
are560 and 555mino acids respectivelyand are relatively conserved (728&6yoss the entire
peptide In nonmammals, such as the zebrafish and the Akt precursor sequence homology
drops to 41% and 47%, respectivadgmpared to humaf.o date, AMH or a AMH homologie
has not yet been identified in organisms outside of the ph@nondata
AMH Expression and Involvemeturing Embryogenesis

Duringmammaliarembryogenesidetal testes produce large quantitieAMH , which
helps facilitate sexual differentiatiom malesby regressing the mdilleriasr paramesonephric
duct the precursatissue that forms the uterus, oviducts, and cranial vagifemnales>®. AMH
RNA andprotein hae been detected within the rough endoplasmic reticulum and golgi
apparatu¥ in cytoplasmof immatureSertoli cell§®in fetal or early prepubertal calv83>3"3°

sheep, goats, pigs, humans, ¥#¥", rabbits, cats, and chicks. situ hybridization(ISH) also
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showed positive AMH signal in spermatocyfeAMH mRNA expression has been identified in
ratand mousdissuealong the urogenital ridges andthin testesas early aembryonic dayl5",
and 12.5 dp¥, respectivelyOn embryonic dayL6 in the maleat, AMH mRNA visualized
usingISH waspresent srroundingthe miillerian dué, which undergoesubsequentegression
throughembryonic dayl9*®. During regression, lysosomes enter the targeted cells, followed by
macrophaig activity. Subsequent characteristic whorled patterns arise within the degenerating
miillerian ducias the extracellular matrix degratfs. Similartiming was observeth vivo
duringregressiomwithin Chinese hamster ovary (CHO) cells transfected mtlombinant
human AMH ¢(hAMH ). AMH transpantationvia renal capsules into nude mice also
successfully regressed the miillerian u&MH testiculamproductiondecreasspostnatally
throughoutthe prepubertal peri%*’ with low but discernibléevelsfoundin adult teste®4*.

In the mammalian femalejddogical activityof AMH is generally accepted absentat
the embryonic stage most species evaluaféd®*®*1, ExogenousAMH introducedn vivoand
in vitro to embryonicfemalesresuledin severakeproductiveabnormalitiesFreemartinisma
physiological condition thaiccurswithin femalesvhen male and femafetussconnectvia
anastorosis’>*, is typically characterized bgnasculinizedsmaller ovariesndpatential
seminiferous tubuler sexcord developmerit*2***>, The predominant cause of freemartinism is
considered to be vascular introduction of AMH produced by the male fetaPfeSemim fom
freemartins also revealed higher AMH levékhan normal females, and freemartin gonads
produced much less AMH than their male counterpartsiditionally, the freemartin female
becomes chimeric, arsbme chimeric dks within freemartin gonads expres#iH proteimr®.
Physiologically normal male and female fetuses have been observed if joint vasculaféation

to occur, providing additional support that AMH is the causative fattor



Seeminglyrelatedto placentatiortype a freemartin female casccurif a chorion is
vascularlysharedvith a male fetubetween 50 and 80 days gestatiorbovine°°°.
Freemartindiavebeenprimarily reported in bovin€®! and oviné? fetusesandcanexhibita
wide scale of reproductive anomafies. Somefreemartinfemales formintermediate or
intersex® gonads, while others develsmalle; masculinizedvaries orsmall underdeveloped
teste&” Steroidogenesi@.e. estrogen production, etdr) thefreemartinovaryis also affected
accordingly“®4.

In addition to those effectgitnessedn naturaland induceff freemartinsgerm cell
depetion occuredin vitro when fetal rat ovarieswereculturedwith bovineAMH>*, However,
naturaly-occurringAMH with observablédioactivity during femalanammaliarembryogenic
developmenhas been reporteResearcherdetectedAMH protein expression within embryonic
ovine ovaries beginning at 12@ys gestationrconcomitant with bserved follicular
developmerif. In sheep, pduction of AMH late in gestation is unlikely to interfere with sexual
differentiation, which occurs between days 30 ande&&ation in fetashee3®. Granulosa cells
from preantral follicles displayef@int AMH immunoreactivity paralkel to resultsobservedn
granulosa cellsf prepubertal and adult females.

AMH Expression in Adult Female Mammals

Thepostnatabioactivity of AMH in female mammals is well documented. The presence
and productiorof AMH coincides with follicular growthObservations suggest AMH production
within granulosa cells corresponds with increased follicular development, as|Stbsignal
was seen from growingmallpreantrakand antral follicles of mi¢8 sheef® andcows’, and
within primordial folliclesin primate§®. AMH RNA or protein expression héeenrepeatedly

detet¢edin cytoplasm of granulosa celiis prepubertal and adult femalé®*, as early ashree
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andsix days postpartum in that® andmousé®, respectivelylt should be noted that AMH has
been localized vi@n situ hybridization and IHC within r&t and caprin€®follicles, respectively.
A signal gradienhasoccasiondly been observedithin the granulosa cell layer, with intensity
highestin cells nearest the antrdfi>™ of larger follicles while homogenous AMH
distibution®® throughout the granulosa cell layeas also been reportebhis potential gradient
towards the ooyte occurredalongside AMH secretiomto follicular fluid within the antrum
suggesting AMHould havebiologicalfunctionswithin developingfollicles™ "2 In adult
females, AMH production continues during folliculogenésis the preovulatory phasé ', ard
steadilydeclinesoverallas the ovarian reserve diminishegil menopausg?*.

AMH-null Mouse Model

AMH -deficient mice were developed better understand tispecificrole of AMH in
vivo. A neomycin resistance expression cassette was inségtetectroporationto embryonic
mousestem cel, replacingd.6-kb of the mouse AMH gengpart of Exon 1, and all of Intron 1
and Exon 2¥. These mutant stem cells were thejected intoC57BL/6J micewild-type, which
werethenbredto B6/129 wildtype mice to generate chimefado evaluate dosagesgonse of
AMH, AMH heterozygousAMH*") mice were bred in addition #8MH null (AMH"‘) mice.
Southern bloDNA analysis validated the successful transfegtshiowing a band corresponding
with AMH present in wildtype and AMH" mice, and a band for theserted neomycin cassette
in both the AMH" and AMH" mice.

While AMH*" males were morphologically normal and capable of fathering’pups
AMH " males expectedly developed components of the female reproductive tract: the millerian
duct developed into a partial vagina, cervix, uterus and ovfdu€tss morphology, termed

Persistent Mullerian Duct Syndrome (PMD&)aracterized byetained mulleriasderived



tissuegha develop alongside normal mdissueshas beeinfrequently reported in human
males. Addtionally, Leydig hyperplasia was occasionally observed in AMthales with one
observation of Leydig neoplasia

A dosage effect observed in AMH transgenidesaevealedMH "~ males had
azoospermia anthereforereduced fertilitywhencompared to AMF™ and wildtype males
However,spermatogenesis did not appear to be affected, as sperm collected from the
epididymides of AMH maleswere able to successfylfertilize wild-type embryos via IVFand
produce pups. Researchers concluded that AMH was not necessary for male germ cell
dewelopment, theorizing successfattilization wasphysicallyblocked due to the presence of
additional female@rgans andtructuresinfertility was reversed when a transgeheonically
overxpressing human AMH was inserted into AKkhales. Additionallythe majority othese
AMH " malesexhibited no mulleriauctderived tissudollowing the proceduré,

Female AMH transgenic mice were also affected. Aftémales were viab)dertile
andphenotypically normaf. AMH™ females displayed morphologically normal reproductive
tracts, with granulosa cells of comparable quantity and histological properties relative & AMH
and wildtype femalesHowever folliculogenesisn AMH transgenic micavas significantly
altered AMH*" ard AMH™" femalemice were analyzexklative toagematchedwild-type
mice?’. In prepubertal females, no significant difference was found betprmordial follicle
populations oAMH - andAMH *'* mice, but 4 and 13month oldAMH " mice had significantly
fewer remaining primordial follicles than theifld-type counterparts. Females exhibitedna
AMH dosage effecandAMH *" females had an ovarian reserve of intermediateasimngthe
genotype$. Serum inhibin and FSH levels corresponded with progressiieufar

development in AMH females relative tavil d-type femalesinhibin was twefold higher and
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lowerin 4- and 13month old AMH" females, respectively, and FSH was lower-imanth old
AMH ™ femalesAll three groups exhibited regular estrous cycles of equivalent landth
comparableumbes of compora luted". Uterine wéght wasalsosimilar amonggendypes.
Further analysito explain the relatively equal number of corpora lutaeealedncreased atresia
and oocyte degergtion in nonwild-type female§.
Mouse Model Overexpressing AMH

A mouse model chronically overexpressing AMH was designed to help characterize the
in vivorole of AMH during embryonic sexual development. The metallothiehgiromoter
joined to the human AMH geneasintroduced via pronuclear injectiBh Male and female
transgenic mice showed reproductive abnormaldfesarying severity, attributed to gerlime
mosaicgproducingvarying AMH serum concentrations. Twgterilefounder females ladd
ovaries, oviductand uteriput founder males were fertife However, female offspring from
those founder males continued to exhibit morphological deformities simithe tfounding
females. Ovaries were present in females with lower AMH serum concentrations. Female
offspring from the mouse line with the highest AMH serum concentration were evaluated
throughout different developmental stages to temporally chroniclegekan reproductive
tissues. Two dayafter birth no uteri were observed, and ovarafjough present, contained
fewer germ cells than controBy nine days postpartumorollicles were present and zero germ
cells remained. Whileghe gonads haldy this timedeveloped structures analogous to
seminiferous thules,no gonadal structuresmainecby adulthood irffemale transgenic miée

Some of the male offspring chronically expressing high AMH serum concentrations
displayed reproductive abnormalities as well. Several males exhibited broad signs of

feminization, including mammary gland development and a vaginal opgénéasgwell as
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undescended testlckinga germ cell population, and poorly déeped accessory male tissues.
Based on these resultesearchers hypothesized AMH might help regulate lgeydlil
development and functidoy reducing adrogen production.

AMH transgenic malenice exhibit physiological anomaliegpart from changes within
reproductive tissue$n addition to its direct effects on the millerian duct, AMH is believed to
contribute to systemic sexual differentiation beyorelittal teste’s’®. Researchers hypothesized
AMH exerts sexdependent, neuronal influences to varying degrees based on systemic AMH
circulationduring embryonic and early prepubertal developif@fit. Circulating AMH levels
canbe sexually dimorphic: AMH serum lelgan young boy$ave reported asighly

8182 yet were quite consistein young girlé. Androgendependent, neuronal

variale
masculinization during development has already been established across multiple species, though
the contributions of AMH during this process are still cry3fic®.
AMH Involvement in Noneproductive Mammalian Tissues

AMH proteinhas also be identified imeurons andhassincebeen shown to be potent
survival factorin vitro for culturedlateral motor column (LMCheuron’®%°. A gendesbased
phenomenon has been observed in mouse neukdits” malemice develop lessMC neurons
than wildtype male3 while comparable neuron counts were found betwedh ™ malesand
wild-type femalesEvaluations of awborn (D 0) AMH transgenic mice from the original AMH
transgenic mouse amy revealed_.MC neuronquantitydecreased significantly per AMH copy
removed AMH*" andAMH " malescontainedntermediate and feminized numbers of motor
neurons, respectivelywild-type females had significantly fewer LMC neurons than tjjze

males. Similarly, sexbiased expressionasobserved in calbindipositive (CP) neurons in

prepubertal wilekype micewith increased CReuronquartities in males, but the sébias was
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absent within AMH prepubertal mic&. However, dult AMH males developeddditionalCP
neurons as they ageithoughwild-type quantities were not restored.

In addition to local and systemic sexual differentiatidlH may haveoleswithin
several other tissues, including the prosStgtcentaand uteru$ A more well understood i®
of AMH is within the immature embryonic lung, whek®H hasbeenshownto negatively
affect embryonic lung maturation in maf&8’. Mouse embryoniaing tissus wereinvestigated
in vitro, due totheir spatial proximity to the urogenital ridge from 18lcthrough 15dpc®.
Embryonic lung tissuse(13.5dp0 cultured with two diferent rhAMH concentrationsoth
exhibitedsignificantly less lung developmecwmpared taontrol and vehicle buffesulture
mediums’. Observations include@iver lung bud countslecreaseexplanted lung perimeter
length(i.e. branching)and increased apoptosihes in vivo effects provide morphological and
histological details supportirgexdependenémbryoniclung development and maturation.
AMH Biochemistry an&ignaling Pathway

While AMH affects multiple tissues across the body, its employs a consistent
biochamical mechanism of actioto exertbiologicalinfluence Akin to other TGFb f ami | vy
membersAMH elicits cellular changes viaSMAD signalingpathway.Secreted as a 140
kDA*® homodimeric glycoprotein, specific proteolytic cleavage rfitsttoccurto ensure
efficient bioactivity and receptor reactivit§. In humans, cleavage of the AMH precursor
(proAMH) occurs at 109 amo acids upstream from the carboxyl terminus, forming two 25 kDA
C-terminus dimer%. Subtilisin/kexintype proprotein convertases (PCSKs) or sepim¢eases
can facilitate initial proteolytic cleavage of proANH°. However AMH undergoes a
variation®®! of cleavagalifferent thanT GF-b: the 70 kDA N-terminus pro-regior) of AMH

remains connected to t2& kDA C-terminus dimer, forming a noncovalent comp{&¥H \ c)
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thatsubsequentlpinds a receptor thetissociate®. BMP-7%? andBMP-9 utilize similar
dimerization butother TGFb  f a mi | Y inclednyp GFfs, @GR BMP2, require
the noncovalent complew first dissociate prior toeceptor bindiny-

Bioactivity of AMH variesbasedn cleavage locations and dimerizatia'hile AMHy ¢
has been shown to have the greatest bioactivity of the AMH forms, proAMH is still bioactive,
but to a much lesser extéhtin the blood, proAMH is not easily cleaved by prote¥sésit
evidence exists demonstrating some enzymes locally accessible or native toahistsug can
and do cleave WH, increaing AMH y c concentration at therget sité>®. Researchers have
shown proAMH is the primary AMH biochemical species within ovine follicular fluid and
granulosa cell cytoplasm and nucéft Both proAMH and AMH, ¢ are found in adult human
serumbut AMH y cis the predominant forfi. The halflife of rhAMH, evaluaed using rh
proAMH and rh AMH, c injected into mice, were quantified using a fplase elimination
curve. The assay solely measured the rhAMH, not the mouse AMH native to the animals. In the
slow phase, the halives for rhrproAMH and rhAMH, cin micewere 2.4 and 3.8 hours,
respectively, while the fagthase haHives were 6 minutes and 11 minutes, respectiVelhe
half life of AMH in other species, including calV&%and womef’?, has been reported at
approximately two days drjust over one day, respectively, with castrations and hysterectomies
immediately preceding thealf-life evaluations.

Additionally, in vivo AMH proteinvariations have beddentified Three human AMH
spliceisoforms have beetiocumentedbut their biobgical activity and relevance have not yet
beencharacterizedSeveral variatios or mutationgxistwithin thehumanAMH promoter
region or whole genthatseverely limit AMH bioreactivity’>**® while othemutations do not

appear teelicit a change of functidfi”. AMH dimerization capabilities or proper transcription
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factor signalingare likelyreducedn lossof-functioncasesFurthermore, studies focused on
determining AMH serum concentrations have been hampered by challenging assays. Precisely
analyzing accurate AMH concentrations in serum has been difficult due to inclusion or exclusion
of the cleaved/et-as®ciatedformsof AMH. These complicatiort®’ contributed to thémpaired
sensitvity and repeatabilityhroughoutseveralssaygenerationand
modificationg 6071081091101 ¢ timesimpartingdubiousbiase$™***** butnewly updated
assayg equippedo handle these technicalities are being incorpdriate research protocals
Also, the variousleavedforms of AMH can now be studied separatehin combinaion to
better elucidate its mechanism of acticn

Once cleaved, AMH utilizes two TGF s ethrdomine domain receptdt&’. First,
AMH binds to the extracellular portiasf its specifi¢*® primaryrecegtor, AMH Type I
Receptor (AMHRI), which subsequently phosphorylates one of threespegific Type |
receptors: ALK2/ACVRI®'?° ALK3/BMPR1A?2or ALK6/BMPR1B"3, Once AMH binds
both TGFb r e c e pt o-reseptor tompglex Kidgetrs the SMAD signaling cascade,
phosphorylating three receptargulated Smads (Bmads) within the cellular cytoplasm:
Smad1, Smad5 and Sma¥E3124125126 The three activated-Bmads then complex with
commonmediator Smad4, stimulating active transcription factor formation within the nileus
Type | receptorecruitmentoy AMH appears to be targéssue specifit’. Regressed
mullerian ducts in ALK6 null male ioe suggest localized redundanmttissuespecific
receptor¥® indeed, ALK2 hadeen shown to compensate in ALK6 null m&ie?
Researchers deteimed ALK3 is also required for mullerian duct regres&idrPreferential
phosphorylation of candidate secondary receptors also exists within granulosa and Leydig cells

observed during ALK3 knockown experiments in mice. Granulosa cells from prepubertal
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ALK3 knockdown mice were unresponsive to AN and steroidogenesis decreased within
Leydig cells, leading to plasma androgen levels equivalent to contrai’mice
Regulation of AMH iMammals

AMH regulationin mammalshas not been fully elucidate@ihe human AMH promoter,
first thought to bevell under450 bp in lengthhas since been determined tocbhasiderably
longer.Experiments conducted utilizing 20223, and 3kb length huma®\MH promoters
within SMATL1 Sertoli cell lines incubated with cAMBvealed significantly great&rciferase
activity with the 3kb promoter, suggesting additional transcription factor binding sites exist
farther upstream than originally suspec¢fédSeverabindingsites identified within th@uman
AMH promoter have been evaluated for their potential roles in transcription and mechanism of
actionof AMH. SRY, a mastesexspecificgene underlying thmalesexdetermination cascade,
binds to a site145 bp pstream of the AMH transcription start S In the embryonic
testis, SRY mRNA production begins approximately 10.5 dpc in the mBuseclining shortly
after 12 dpaintil cessatiomy 13.5 dpt** AMH mRNA transcripts are detectable within a day
following the initiation of SRY production, and reach and sustain high levels after 12% dpc
Mutagenesis of the SRY binding site didteliminateAMH transcription suggesting SRYhay
influence AMH indirectly*®.

SOX9, asecand transcription factormportant for AMHbioactivity, binds141 bp
upstream ofte AMH transcription start sitén the testiscAMP and PKAhelpfacilitate the
cytoplasmieto-nuclear translocation GOX9 protein within Sertoli cells prior to tloasetof
AMH protein expressignin females, this protein repositioning fails to oc¢&t#*"138 Corruption
of the SOX binding site inhibits AMH transcripti@md mulleriarductregressionleading

researchers to conclude SOX9 is required for AMH transcrifiomammal$®. However,



13
evidence exists of SOX@ndingin lieu of SOX9 resulting inattenuated\MH transcription
levels=° Transgenic mice lackingitherSOX8or SOX9developspermatogenesis defects
likely caused by the dissolutiofithe basal lamirf&’, andSOX8"/SOX9" double mutant males
exhibit signs of feminization, as evidenced byragulation of ovarian markéef&. Within the
ovary, SOX8 mRNA expressia did not colocalizevith AMH in granulosa cells gbreantral
follicles, butwas instead observed within oocyf€sin preovulatory follicles, SOXmMRNA
expression was evident oth oogtes andgranulosa cells, and was significantly greater in
muralgranulosa compared tmmulus cells.

Another transcription facto§F1, acts synergistically alongside S®Xr SOX%to
upregulate AMH transcriptidfi*'**. Two functionalSF1binding sites have been identified
within the human AMH promoteat-92 and-218 bp and AMH andSF1colocalizesat E125 in
embryonic testé§>*®. Disruptionof oneSF1binding site failed to block miillerian duct
regressionbut AMH transcriptionwas greatly reducétf. When both siteseremutated, AMH
transcriptionwasrepressetf>. Additionally, SF1exhibitssexually dimorphic expression patterns
in rats**'*". In malesSF1RNA transcriptevelssharply increasparallelto miillerian duct

regressionwhile SFitranscript levelsteadily declinen females until parturion*®.

SF1also plays a critical roleithin the postnatal ovaryroduced in granulosa ceft8'*®
SF1regulates steroidogenesis by helping facilitate cellular cholesterol wgotdke
processing’®***'*2 and induces transcriptiosia bindingto the promotersf CYP19AT*?
CYP11A™3 oxytocin'> prolactint® andStAR™® in addition to AMH SFI"~ femalemice
displayed hemorrhagic ovarian cysts along with stefflitywhenSF1productionwas knocked

down ingranulosa cellsSF1” females failed to produce corpora luteal folliculogenesis was

significantly reducet?® AMH tRNA expression showed a dedependentesponséo SF1 48
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hours following eCG treatmerFI" females produced only basal AMH levels, &l
females exhib&dintermediate AMH levels relative to wild type femadf8sAdditionally,

ovaries fromSFI" femalescontainedsignificantly fewer numbers of remaining primordial
follicles, providing another indicatioof the importance o8F1in the AMH pathway.

Bone morphogenetic proteins (BMP)T&Fb subfamily, can upregulate AMH promoter
activity. Several BMP family membergcluding BMR2, -6, -7 and-15, have been shown to
increase AMH mRNA and protein levels within granulosa t&ft€°. In the presence of BMR,
inclusion of theSF1 and SMAD1 binding regions within the AMH promdteve been shown to
significantly stimulateAMH transcriptionversus exclusion of those regid¥s This evidence
suggestsnembers of the BMP family may interact with other transcription factors to regulate
AMH, although the me@mism of action remains unknown.

Two additional tranaription factors, GATA4 and WT, are capable of workinim
collaboraton with**>¢3164 or independenof'®31%41%” SF1to upregulate AMH transcription
Mutations inSF1prevent synergistic activity witB ATA4*® The AMH promotercontains two
GATA regulatory elementat-75 and-168 bpthat arenecessaryjor full AMH transcription;
targeted mutagenesis to either GATA binding site severely impaired or elimihated
proces§™®’ In males,GATA4 protein increased within Sertoli cells during embryonic
development, but decreased in females following ovarian differenti&ti6h In the adult ovary,
GATA4 mRNA, as well as mRNA of family memb&ATASG, has been located within nuclei of
granulosa cells in primary and antral follicles, as well as theltsand other ovarian
tissué’%"1172173 Oyarian dynamics are severely affectdiewGATA4 andGATAG are
simultaneouslyilenced includingretained oocyte nestdecreased primordial follicle activation

anddiminished developmental capacity of oocytes concomitant with poor
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folliculogenesis™**">’® Such observations suggest a levefufctionalredundancy between
these twdGATA family members; indeed, eliminating eitt@ATA4 or GATAG did not result
in such widespread deleterious efféGtsHowever, GATAL can also bindboth GATA
regulatory elements within the AMH promotand increases during the onset of meiosisevhil
AMH levels decline, suggesting GATAmay helpcurtail AMH transcriptiort””.

FOGZ2, aGATA4 cofactor is presentn the fetal and postnatal ovary. In the embrgoni
testis, FOG2 decreases with sex cord development, suggesting FOG2 may play a greater role
within the ovary Indeed, a dosage effect for both FOG2 and GATA4 has been implicated in sex
reversal in mick® FOG2 potein expression has befeundin granulosa and theca
cells*313179 While the FO@-GATA4 complex upregulates SR¥ and SOX&® transcription,
it has been shown to repress AMH transcriptiowitro in the presence of GATA®. FOG2
might therefore modulate the effects of GATA4 activation of AMithin the ovary

In men, mutations withithe transcription factoWT1 resultin retainedmullerian duct
tissue, prompting researakdo analyze the role of WT1 within the AMH pathwsyT1 binds
to a site within the AMH promoter, increasing AMH transcriptfénV/T1 can coordinate with
bothGATA4 andSF1to regulateAMH transcription but if either theGATA4 or WT1 binding
siteswithin the AMH promoterre mutated, the synergistic activity is {85tThis cooperative
effort betweenGATA4 and WT1 also upegulates SR¥2. In the ovary, WT1 mRNA
colocalizes with AMH within granulosa cells, suggesting WT1 likely also regulates AMH
transcription in femalé&®. Additionally, while multiple WT1 isoforms have been identified,
isoforms lacking théripeptideKTS yield corflicting effects on AMH transcriptiofi*'6383
Furthermore,he synergistic complexes formed wik1lare disrupted bipAX1, allowing for

negative regulation of AMH transcriptional activati@AX1 interferes with SF1, reducing the
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capaity of SF1 to synergize with WT¥ or GATA4'®* DAX1 mRNA colocalizes with SF1 and
GATA4 within granulosa and Sertolilt® providing asexindependenmechanism to modulate
AMH transcriptiort*3184

In addition to the sex differentiation genetic pathwangdagenous drmonal factors
contribute toAMH regulation although thanechanisms utilizetly hormonesignaling pathways
to modify AMH remain uncleaEstradiol functions througtwo follicular receptorsE RU a n d
E R fwhich arepredominantlhyfound within thecal and granulosa cells, respectively. Estradiol
has been shown to influence AMH trangtion in vitro through an abridged estrogen response
element sitavithin the AMH promoterat-1772 bpWhene st r adi ol si gAMAIl s t hr o
transcriptiondeclines however, if estradidhsteadut i | i zes ERU, AMH promot ¢
increases'®. This evidence suggests follicular estradiol productizay promotefolliculogenesis
by trangtioning its effect from boosting tourtailing AMH within developing follicles
Additionally, estradiol maynly exertan indirect influencen AMH, as the partial estrogen
binding sitewithin the AMH promotedoes not appear to share high affinity wifR &>,
Furthermorethe addition oFSHa ¢ ¢ 0 mp a n ynithe abseBkcR f estradipeldedmore
than a thredold increase in AMH promoter activityet FSHstifled AMH transcription in the
presence of ERDb ®oupled with estradiol
Theinteraction betweeRSHandAMH has been evaluated withiasticular and ovarian
dynamics Within theprepubertatestis,FSH stimulates AMH secretigorior to androgen
receptor develapent suppressing steroidogenesis via reduced aromatase dayilatyering
aromatase MRNA levef§187188189190 1 this manner, AMH temporarily inhibits testosterone
synthesit™. Once Sertoli cells gaifunctionalandrogen receptors, intratesticular testosterone

downregulates AMHattenuating the stimulatory effect of FSH Likewise, FSH upregulates
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AMH transcription within granulosa celis vitro*®3 To induce these effects, FSH utilizes cAMP
and the PKA pathwdy’. The 3kb AMH promoterfails to contain a classical CAMP regulatory
element (CRE), thoughvo cAMP-responive sites, NFoB and AP2have been identifidd®'®°.
These two sites work in concert with GATA4 and SF1 to facilitate a response to cCAMP
stimulation (Figure 1.1).

The hormonal components of the hypothalapitaitary axis have also been implicated
in AMH regulation. GnRH agonists briefly stimulated then reduced AMH levels in primary and
antral follicles®® and decreaseMH concentrations within follicular fluit!”. While the
mechanism GnRH employs to curtail AMH is unknown, GnRH has been shown to decrease
AMH receptivity’. Pregnant rats immunized against GnRH systemically increased AMH in
offspring'®®. Similarly, growth hormone (GH) treatment reduced AMH serum concentration, but
the addition of GHagonist resulted in AMH serum levels comparable with corffols
Downregulation of AMH by GH may occur through the JAK2/STAT3 signaling pathway.
Additionally, evidence exists of the metabolic pathway affecting AMH productiaiatsnover
nutrition duing gestation or immediately following birth altered AMH secretion and
folliculogenesis within offspring, but the direct changes that modified AMH are uffflear
However, leptin is believed to utilize the JAK2/STAT3 pathway to repress levels of AMH
mRNA in human granulosa ceélfs Overall,the combined effects of thefiormones on AMH
production and function, as well as their mechanisms of action, are not resolved.
Downstream Targets of AMH in Mammals

The downstream targets of AMH remain largely uncharacterized. Evidence
indicates AMHinduced mullerian duct regressiogsults from a systematic cascade of events

culminating in mesenchymal breakdown and ultimately apoptosis. AMH does not appear to
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Prepubertal
Sertoli cell

Cell
proliferatio

Increased Testicular AMH output

Figure 1.1 Adapted from Lasala, et al. 201 Schematic model to explain the increase of testicular
AMH production following FSH stimulation. Several transcription factors that bitigeté\MH promoter
are also illustrated.
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directly stimulate apoptosis within target c&lfsHowever, AMH triggers a spatial relocation of
AMHRII from epithelial to mesenchymal celga ALK2, accanpanied by autocrine regulation
of the AMH pathway®. In mesenchymal cells, AMH suppresses\Wis T/b-catenin(CTNNB1)
pathway which promoteproperspatial interaction between cetiadcellular adhesionby
sti mul at i -cagenimihhbitof*>**‘alf the WNT/b-catenin pathwgis not suppressed,
the mullerian duct fails to regresSranulosacell tumorsmayd e ve |l op | fatehime WNT/ b
pathway is incorrectly regulat€d Similarly, AMH also targets another gene, matrix
metalloproteinas€ (MMP2), to degrade the extracellular matNdVIP2 exhibits temporaland
malesexbiasedexpression similar to AMHWVithout AMH, malebiaed MMP2 expression
disappearsMMP2 exclusionimpairsmiillerian duct regressiéf.

Within the testisnicroenvironmentAMH reduces steroidoganactivitieswithin Leydig
cells by blockingnRNA productiorand transcription of CYP¥11%*%* and decreasing LH
receptor mMRNA"®'%, As a result, AMH reduces testosterone syntfi#sisMH alsolessers the
upregulating effets of CAMP, although the precise interactions between AMH and cAMP in this
physiologicalmicroenvironmenére still undetermingd®2°"2%,

The ovaryrepresentsnother critical target site for AMHn many species,re of the
primaryfunctions of AMH in the ovary § to sippresgrimordial follicle activationfrom the
ovarian resenv@*?'°. AMH can inhibit meiosis within oocytes of some spetitisut knowledge
of the mechanism of action in this context is highly limi&decondary role of AMH is to help
regulate the development gbnadotropirdependent follicles. AMH has been shown to reduce
FSH sensitivity within these follicl8§**2. Two microRNAs, miR181a and miRL81b, have
recentlybeen identified as targets of AMH; AMH upregulatestheicreRNAS, reducing intra

follicular cAMP levelsand thus FSH sensitivity. In addition,within granulosa dés,
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exogenous AMH significantly upregulates expression of ID3, a gene involved in stem cell
differentiatiort?. A third level of AMH involvement in the ovary targets periods of reproductive
guiescence. During these tim@dyiH serum levels often increase, suggesting AMH guards the
ovarian reservduring times of restcted fertility, further limiting follicular recruitment and
developmert?* To date, the mechanism of action undendythis phenomenon has yet to be
identified.

Severahonreproductivepathways andenes are recognized targets oAMH action
Within severalkancer cell lineg vitro and within the prostate vivo, AMH has been shown to
upregulate IEXLS, a gene whin the NFe B p a tstantireggell growth andstimulating
apoptosisvithin the cell line$?*#1%27 |n the brain, AMH promotes transcription of
neuroserpin, which targets and inhibits tissygme plasminogen activator, a compound with
deleteriouseffects orbrain and nervous tisstienction and longevify In immature female rats
in vivo, AMH promotes FSH transcription via upregulating Fshb in the pitditatyithin the
pituitary and neurons, AMH and GnRH interacts in a conflicting manner. While AMH has been
shown to increase LH secretion from GnRH neurons in‘frée@genous$SnRH decreases
AMHRII protein inthe pituitary offemale rat$'®. These findings may indicate the presence of a
negative feedback loapvolving gonadotrpins and AMHbetween the gonads and pituitary
[1l. Mammalian AMH RII
Location and Structure of Mammalian AMHRII

AMH requires a specific receptor AMHRII to facilitate its downstream effeatst F
identified inrat testicular tissue 1.9kb cDNA encodingAMHRII wassequenced, which
revealedseveral conservemgionscharacteristic of TG type |l receptoproteirs, includinga

well-conserved series serinethreonine kinase domains and cysteine resfd@&sin humans,
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AMHRII is found on chromosomE2 (NCBI: NC_00001212 (53423855..53431584and is 13
exons long witlGC content of approximately $@across introns and exosMHRII is
comprised 0673 andb68amino acids in the human and the mouse, respectively8dfth
homology between the entire peptid€ke firstthree exons encode a signal peptide and
extracellular domain, while the fourth and part of the fifth exons represetatismembrane
domain; theemaining exosform the intracellular @erminus.The signal peptide and
extracellular domainappear to beelatively speciespecific but romologyacross species
increases dramaticallyithiin the biologically active @erminus.
AMHRII Expression in Mammals

To date, AMHRII expressiostrictly occurgn association with concomitant AMH
expression. Thus, AMHRHKas not been observed temporally without impending or current
utilization by AMH. The aforementioned temporal expression patterns of AMH coincide with
AMHRII. However, AMH and AMHRII do noinherentlyshare the same spatial expression.
embryonic maleffom E14E16 AMHRII mRNA andproteinarefound in mesenchymal tissue
and surrounds thallerian duct to facitate millerian duct regression In addition, AMHRII
has been observed via ISH in both the embryonic male (urogenital ridges) and female (ovary) rat
on E1516% Postnatally, AMHRII mRNA is present within Leydig and Sertoli ceisnaining
even after AMH declinég®?*', AMH and AMHRII are ceexpresseavithin follicles in
granulosa cellin femaleé??, andalso colocalize in GnRH neurdns
Regulation of AMHRII in Mammals

The AMH signaling pathway necessitates the mutually inclusive preseboghd@MH
and AMHRII, so the previously mentionedperiments utilizindAMH knockout mice

theoreticallyrepresat the effecs of inactivatingAMHRII. Regulation of AMHRIlis also simiar
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to that of AMH.The AMHRII promoter has been identified as 2252 bp in lengthBafid4 and
BMP15 have been shown to upregulate AMHRII in both human and sheep granuldéa Icells
combination with exogenous AMHg;Jun Nterminal kinase inhibitor 11 (SP60012%
reversible JNK inhibitorsynergistically upregulateAMHRII promotr activity?>*

Within a shortef1136:bp) AMHRII promoter, regulatory segnces corresponding to
two GATA, one SOX one SF1 (estrogen receptor half sitfgndtwo SP1sites were
identified®®®. Theinclusion of binding sitefor SF1, the distal GATA, and SPincreasé
AMHRII promoter advity, as observed via luciferase ass&y. Additionally, SF1 has been
shown to synergisticallupregulate activity of an 863 AMHRII promoter when coupled with
b-catenin and TCH (Transcription Factor 4Without SF1, however pb-catenin and TCH still
activate the AMHRII promoter. Although TG4 utilizes four binding sites, mutagenesis of each
siterevealedsites one and four to barfctionally criticaf®®. Furthermore, recent studies have
identifieda different method ohegativeregulation of AMHRII Biological activity of AMHRII
can be affected bywutations or SNPwithin AMHRII?%’, or fromsignificantlevels ofpog-
translational processif??°. These alterations can yield truncated or inactive forms of AMHRII
with reducedAMH binding capacity, and magontribute tcan autocrine manner oégulation of
AMH and AMHRII.
IV. Avian AMH and AMHRII
Location and Structure of AMH in the Chicken

Isolatedfrom eigh week old chick testes, a 28866 cDNA was sequenced and identified
as AMH. The chicken AMH gendpcatedon chromosome 28NCBI: NC_006115.4
(2018795..2022986, complemeniy also five exons long but has only a 61% GC content across

introns and exong.he chicken AMH gene encodé44 amino acidsvith a molecular mass of
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70.6 kD&*° or 74kD&%"; the first twenty amino aciderm a signal peptideVlolecular weights
have been observesh Western blotat approximately 12.5, 72 and 94 K¥aWhile avian
AMH is biologically active in mammals, mammalian AM&ils to activate mullerian aict
regression in avian specf&$ possibly resulting from low homology ihe binding region of
AMH or extracellular region of AMHRII.
AMH Activity During Avian Embryogenesis

Similarto mammaian embryology AMH is produced in the avian testes beginning on
E4.55230234235236 nlike mammals, however, the embryonic chick ovary also produces high
levels of AMH at the same agethoughAMH expression becomes madl@ed by E5.56°%". In
muscovy duck embryos, similargene expressioshiftis observed: AMH mRNA expression
was significantly higher in males than females onlB8and AMH mRNA increased males
between E7L07*® While AMH facilitates milerian duct regression in male chiadsring E9-13,
AMH also regresses the right reprotiue mullerian ducbetweerE11-14 in females ofmany
avian speciés®. In femalechick embryos estrogenbinds to estrogen receptors in the cytoplasm
of the mulllerian ductselectivelyprotecing the leftreproductive traéf%?*+242
AMH Expression in Adult Birds

AMH production continuem birdsafter hatchingln the prepubertal rooster, a tgid
increase in AMH mRNA is observéd 12-weektestes compared &6 teste&”. However, in
sexually mature roosters, only negligible quantities of AMH mRNA were deféttedavian
and mammaliangmales, AMH is most strongly expressed in small follidiesheadulthen,
AMH continues to beroduced by the ovary, with the highest levels of AMH mRNA detected in
1 mm whole follicle§*. AMH mRNA levels decrease as follicle size increases, with very low

levels in the F1 (prevulatory follicle) but moderate quantities in theadan strom&*.
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AMH mRNA expression was negligible the livef**. Inmunohistochemistry studieetected
AMH proteinlocalizationwithin granulosa cells of small follicles, and granulosa cells in close or
distant proximity tohe germinal disdid not reveal a gradient of AMH mRNA expressiasis
sometime®bservedn mammalé®. AMH expression patterns in avian species correspond to
similar temporal and spatial expression of AMH during mammalian sexual development and
follicular development

AMH mRNA expression in adult hensries according to productidaype. AMH mRNA
wasevaluated inayer and broiler breeder herand was found to be greater across follicle sizes
and within ovarian stroma in broiler héffsIn addition, netabolic status in adult hens also
impacts AMH mRNA expression within developing follicl&he poultry industry utilizes a
technique to improve egg production in broiler breeder hens. By reducing feed intake, ovulation
becomes moreonsistentaind follicular hierarchies are similar in appearance to those of layers.
Broiler hens on reduced feed intake are termed Restifiete(RF), while hens on ad libitum
diet are referred to as Fd#d (FF).The physiological changes involvinggproduction and
ovulation between RF and FF hens suggest modifications to the rate of the follicle developmen
might be affected by metabolic statAMH mRNA expression is increased in smaller follicles
(3-5 mm) and within ovarian stroma of FF broileeeder hens as compared to RF A&nk is
hypothesized that metabolic factors, including GH and IGF1, might contefibts drectly or
indirectlyto these changes observed in AMRdfollicular dynamics withirthe ovary.Indeed,
GH-stimulated progesterone production within cultured granulosa cells, and GH mRNA and

protein, as well as the GH receptor, are located in folfit4&¥.
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Regulation of AMH in Chickens

To date, egulation of AMH in avian physiology largely urcharacterizedCloning of
the 1050bp chick AMH promoter revealed moderately conserved regulatory binding sites,
including two SOX, one SFand one estrogeresponsive sifé°. However, unlike mammalian
physiology, gonadal AMH mRNA expression gaeesSOX9 mRNA &pression, which does not
appear until E6 in the avian test8©X9 mRNA increases substantially shortly before E7, and a
parallel temporal increase is observed in AMH mRNA. Additionally, SOX9 and AMH mRNA
colocalize within the testeSOX9 mRNA was absefitom the embryonic ovaf§®. Other
members of the SOX familyncluding SOX8;3, -4, and 11were identified within the gonads
at E67, but none exhibited a sémas*®,

Other genes that contribui@sex determination were evaluaiactchick embryonic
gonadsDMRT1, a transcriptioffiactor,is present in both sexes, although a rasedmMRNA
expression pattern develpetween E5.5°%%2%° Knockdown of DMRT1 induces feminization
of the testes, but ov@xpression of DMRT1 masculinizes the ovaries and downregulates
aromatasg’. Another transcription factor, SF1, displays a sexually dimorphic shift, as SF1
mRNA is malebiased at E5.5, but revesseexhibita femalebias at E7.8.5*°. SF1 has been
shown to bind to the avisAMH promotef>’. This modification in SF1 mRNA expressitkely
correspondwith increased AMHnN the testes around E5.6, as SFlpregulates AMH
expression in mammals. Furthermdd& X1, a transcription factor thabwnregulate AMH
expression by interfering with SF1 in mammalsgcomes femaitbiasedby E6.57.5, whichmay
also contribute to theelatively staticAMH expression in femalé¥’. Another transcription

factor, GATA4, which is known to upregulate mammalian AMH, did not develop any changes in
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mRNA expression between ES3%5-*°. After hatchirg, AMH, SF1, GATA4 and WT1 mRNA
are simultaneously expresseithin the ovaian cortex>>.

In the adult hen ovargranulosa cedl collected from €8 mm follicles werecultured with
increasing dosages of estradiol or progesteroatailed to induce canges in AMH mRNA
expressioff*. Although theavianAMH promoter contains an estrogen responsive elérata
from mammaliarexperiments revealstradiol acting viE RU an d E Bdnd deateasee a s e
AMH expression, respectivelin particularstages of follicular developmer@ranulosa cells
from 3-5 and 68 mm follicles cultured with vitamin D displayed increased AMH and FSHR
mRNA expressiomccompanied bincreasd cell proliferationwhencompared to controi® In
addition,bidirectional communication between ooplasm and granulosas&i®wn to exist in
mammalian and avian follicles. To better identify the role of the oocyte in AMH regulation,
granulosa cellsourced from @ mm follicleswerecultured withdifferent dosages @ocyte
Conditioned MediunfOCM)?**, AMH mRNA expression was inhibited on a dosagpendent
basis supporting the hypothesis that the oocyte might help regulate AMH in the surrounding
granulosa cellsvithin the follicle When the OCM was exposed to°@5or 30 minutes, the
inhibiting effect provided by the OCM disappeareulicating aheatdependent factor within the
oocyte was likely regulatg AMH?** In an effort to better understand thewnstreaneffects of
AMH in the adult ovarygranulosa cells from-8 and 68 mm follicles were cultured in the
presence oflifferent dosages dfestisConditioned Medium (TCMand/or AMHantibody*°.
Proliferation rates increased with TCM dosdget declined when an AMH antibodya/
included”®.

Members of the BMP family also contribute to AMH regulation in the chic&ienilar to

their effects in mammalian signaling pathwaysaddition to BAP genesmembers of th¢éD
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family and AMH are hypothesized to contribute to an F8kponsive regulation of follicular
differentiation and further developmeBiMP6 (rhBMP6),primarily located within granulosa
cellsof smaller follicles (35 mm), has beeshown to increase both AMH and FSHR mRNA in
cultured granulosa cells collected fror86nm follicle$>®. Granulosa cells cultured with BMP4
and FSH also incese AMH and FSHR mRNA levels, in addition to cAffPBMP2
significantly increases IDand decreases FSHR mRNA expression in cultured granulosacells
ID3, as well as ID1 ané#t, have been shown to decrease FSHR mRNA within granulosZtells
This data suggests FSH is regulated a paracrine and autocrine manner throsiggtematically
modified expression afs receptor, FSHR, which is a membré&wnd receptor located on
granulosa celf8"?%8,

Within avian physiology,ite downstream effects of AMbkeyond miullerian duct
regressiorarenotwell known. Suppression of AMHN vitro andin vivovia RNA interference
utilizing short hairpin RNA (shRNA) resulted stunted gonadal growth, which was observed in
both sexe$rom E4.57.5, due to suppressed cellular growth and decreased germ cell populations
within teste&. Similarly, AMH overexpressiomising viral vectors led tandedeveloped
moderately masculinizegbnads that lacked steroidogenic capabilitiesitherembryonicsex
as well as prper spermatogenesis functions in m&&ghe effects of AMH overexpression
were continuedh vivoin adult chickens of both sexes (nine of the 812 microinjected eggs
hatched; 1.11%): four females and two mafdshe time of sexual maturity (<18ks post
hatching), the birds overexpressing AMH failed to display any sexually dimorphicetxagpt
weight though they had a small, pale comb and some females exhibited a spur characteristic of

male$®. Serum stradiol levels in control femaderanged from 532205 pmol/L, compared to
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undetectable levels in three of the fongatment herf§’. Testosterone levels were also lower in
the two treatment males versus controls.

AMHRII in the Chicken

While AMH provides critical functions withn avian species, little is known ab@auian
AMHRII. Identified in RNASeq reads as early as E48VIHRII is estimated to be
approximately 547 amino acids long, although the full nucleotide seghanaet yet been
available publicly or publishéd!. On E4.5-8.5, the miillerian ducts and gonads of both sexes
showed AMHRII proteinlocalizationvia IHC. When treated with an aromatase inhibitor,
AMHRII protein increased within the ovarian medulla, which underwent a degree of
masculinizatiof®. When DMRT1 was knocked down, AMHRII protein expression decrdased
male embrgs to a feminized expression level.
V. The Modern Hen as a Model to Study the AMH/AMHRII Signaling Pathway

Two main hen types exist in modern commercial poultry production systems: the layer
hen-a lighter, physically refined hen selected for efficierd prolific egg production, and the
broiler hen-a much larger hen selected for robust growth patterns and relatively extreme muscle
development to meet the consumer demand for poultry. The layer hen regularly maintains a full
follicular hierarchy, ovulatig almost daily with only minor interruptions. Unlike layers, broiler
hens selected to produce offspring typically haregularegg production, which is problematic
for broiler producers who desire to replenish their poultry stocks. Théetubroiler weeder hen
produces an oveteveloped follicular hierarchy, whicdtauses negular ovulation patterns,
resulting in double or missed ovulatiéfts When broiler breeder hens are placed on a restricted
diet, however, ovarian functiaa less excessive andome closely resembles that of a layer

hen.AMH, which helps regulate follicle recruitment and development in mammals, has been



29
hypothesized to contribute to the differences observed between broiler breeder and layer
ovarie$®.

During molting,which can bestimulated or spontaneoukge hen enters a
hypogonadotropic state and the ovary regresses, with no follicles entering ttddolli
hierarchy®>?®3 This is often characterized by feather loss and replacement. Commercial
chickens are typically maintaéd on long days for prolonged periods and they ovulate and lay
eggs throughout the yedn. contrast, wild birds are highhgsponsive to prevailing photoperiod,
limiting follicle development to a very restricted portion of the yaéthough the period omolt
of anovulation in commercial chickens is of shorter duration than that which occurs in wild
species, in both cases, the regressed ovary is accompanied by a hypogonadotropic state. We have
hypothesized that these anovulatory periods may mandatetfoteftthe ovarian reserve as
observed irshort dayreareq hypogonadotropgiSiberian hamstef¥'. Evaluation of AMH within
the ovary during these different reproductive statusetiding in and out of moltpay provide
evidence for AMH involvemerih protecing the ovarian reserve, as wellédsing
folliculogenesis and follicle activation.

V1. Conclusion

While extensive research has already been performed, many aspects of AMH and
AMHRII have yet to be clarifieth both mammalian and avian physiolod@ye role of
AMH as a critical reproductive hormone has been discovered to include processes outside of
embryonic development and testicular processes and regulation.aghéin the ovary,
including early and developing follicular dynamics, still nedbe explored. Investigation of

AMH apart fromstrictgonadal functiog, such as its contributionslimain andheuronal



processess a quickly developing field of interesh addition, he autocrine and paracrine

regulationof AMH and AMHRII remains aclear.
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CHAPTER I
AMHRII IN AVIAN FOLLICLE DEVELOPMENT

|. Abstract

In the mammalian ovary, antillerian hormone (AMH) helps maintain the ovarian
reserve by regulating primordial follicle activation and follicular se@ctalthough its role
within the avian ovary is unknown. In adult mammals, AMH is primarily produced in granulosa
cells of preantral and early antral follicles. Similarly, in the hen, the granulosa cells of smaller
follicles are the predominant sourceAWIH. AMH importance in mammalian ovarian dynamics
suggests AMH may have conserved, protective functions within developing follicles in the hen.
To better understand the role of AMH in avian follicle development, we studied the expression
pattern of the smific AMH receptor. AMH utilizesthe TGI8/ SMAD signaling patt
including the specific Type Il receptor, AMHRII. gRACR results indicate that AMHRII
MRNA expression, as well as that of AMH, are highest (p<0.01) in small follicles (1 mm) and
decrease awllicle size increases. Dissection agb3nm follicles into ooplasm and granulosa
components showtbkatAMHRII mRNA levels are significantly greater in ooplasm than
granulosa cells. ImmunohistochemisteyealedAMHRII staining in the oocyte and granuéos
cells. In mammals, AMHexpression ilevated during periods of reproductive dormancy,
possibly protecting the ovarian reserve. To assess the expression of AMHRII and AMH during a
similar state in chickens, we evaluated mRNA expressiorbmiker stran andan egglaying
strain of hens in different reproductive states. AMH and AMHRII mRNA were significantly
higher (p<©.05) in norlaying ovariesof broiler hensin molting (with documented feather loss)
and noamolting layer hens, AMHRII mRNA was signitantly greater (p<0.05) in molting hen

ovaries. These results suggest AMH may contribute to thefoitieular bidirectional
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communication between oocyte and granulosa cells, and support a potential role of AMH in
limiting follicle recruitment in hens.

[1. Introduction

Much of the success behind the modern commdeyaig hen lies in its highly
coordinated reproductive proficiency, making it a valuable animal model for studying successful
ovarian function. The hallmark of an efficient laying hen isrttaéntenance of a precise
follicular hierarchy, where follicles continuously develop and ovulate according to size, ideally
resulting in one daily egg. Current research in the hen attempts to elucidate the delicate hormonal
regulation and intercellular commication that masterfully controls this follicular hierarchy. In
the mammalian ovary, anatilllerian hormone (AMH) is critical in helping maintain the ovarian
reserve by regulating primordial follicle activation and follicular growth and selection
(Durlinger, et al. 2001; Durlinger, et al. 2002). AMH importance in mammalian ovarian
dynamics suggests AMH may have conserved, protective functions on the ovarian reserve and
within developing, perihierarchal follicles in the hen.

In many mammalian species, anpary function of AMH in the ovary is toegulate
primordial follicle activation from the ovarian reserve (Durlinger, et al. 2002; Rocha, et al.
2016). A secondary role of AMH is to help regulate the development of gonadedeg®ndent
follicles. AMH has been shown to reduce FSH sensitiintfollicles (Durlinger, et al. 2001;
Campbell, et al. 2012). Two mici®NAs, miR181a and miRL81b, have recently been
identified as targets of AMH. AMH is believed to upregulate these rirtdAs, reducing intra
follicular cAMP levels and thus FSH sensitivity (Hayes, et al. 2016). A third proposed function
of AMH in the ovary relates to periods of reproductive quiescence. During these times, AMH

MRNA expression increasesjggestinghatAMH limits follicular recruitment and development
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during times of restricted fertility (Nilsson, et al. 2007; Kabithe and Place, 2008; Shahed, et al.
2013). To date, the mechanism of action underlying this phenon has yet to be identified.
Ovarian factors including BMP15 are invot/an the regulation ocAMH. BMP15 upregulates
AMHRII mRNA expressiorin human and ovine granulosa céfserre, et al. 2016).

In mammals, AMH utilizestwo TG t y p e Greategoed, et al.s199dpsso, et
al. 200). AMH first binds to the extradielar portion of its specificNlishina, et al. 2009)
primaryreceptor, AMH Type Il Receptor (AMHRII), which subsequently phosphorylates one of
three norspecific Type | receptors: ALK2/ACVR (Visser, et al. 2001; Clarke, et al. 2001),
ALK3/BMPR1A (Wu, et & 2012;Sédes, et al. 2018y ALK6/BMPR1B (Zhan, et al. 2006).

Once AMH binds both receptors, the AMEceptor complex triggers the SMAD signaling
cascade, phosphorylating three recepégulated Smads (Bmads) within the cellular
cytoplasm: Smadl, Srd& and Smad8Hutson, et al. 1984; Dutertre, et al. 2001; Zhan, et al.
2006; Orvis, et al. 2008; Kristensen, et al. 20T4e three activated-Bmads then complex
with commonmediator Smad4, stimulating active transcription factor formation within the
nudeus Gouédard, et al. 2000)

In mammalian females, AMH is most strongly expressed in small follicles (Baarends, et
al. 1995). In the adult hen, AMH is produced in granulosa cells of follicles, with the highest
levels of AMH mRNA detected in 1 mm wholdlfoles (Johnson, et al. 2008). AMH mRNA
levels decrease as follicle size increases, with very low levels in tiea/plaory (F1) follicle
(Johnson, et al. 2008). Immunohistochemistry studies detected AMH protein localization within
granulosa cells of satl follicles, and there was no gradient of AMH mRNA expression in
granulosa cells relative to the germinal disc (Johnson, et al. 2008), as is sometimes observed in

mammals (Kedem, et al. 2014).
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Two main types of chickens have been selected in modern eanatpoultry
production systems: the layer hen, which is a lighter hen selected for efficient and prolific egg
production, and the broiler hen, which has been largely selected for robust growth and muscle
development for meat. A similar pattern of AMH IR expression was found in developing
follicles of laying and broiler hens, although the absolute quantity of AMH mRNA was greater in
broiler hen ovaries (Johnson, et al. 2009).

While avian AMH is biologically active in mammals, mammalian AMH fails tivate
mdallerian duct regression in avian species (J0sso, et al. 1977), possibly resulting from low
homology in the binding region of AMH or extracellular region of AMHRII. It is possible that
information about AMHRII expression and regulation may helpfgl&AMH function in birds.
Identified in the chicken in RN/&ASeq reads as early as E4.5, AMHRII is estimated to be
approximately 547 amino acids long, although the full nucleotide sequence is not yet available
(Cutting, et al. 2014). The first objectivetbis research was to characterize AMHRII mMRNA
and protein expression in the adult hen ovary to better understand the potential roles of AMH in
avian reproductive physiology. The second objective was to evaluate AMH and AMHRII in
different reproductive stas. Finally, we evaluated regulation of AMH by the oocyte factor
BMP15. We hypothesized hen granulosa cells treated with BMP15 would exhibit an increase in
AMHRII mRNA expression.

lll. Materials and Methods
Animals and Treatment Protocols

Commercial strims of Singlecomb White Leghorn laying heiriBabcock B300 and

Shaver)were used. The hens were individually caged, with egg records maintained daily. All

hens hadd libitumfood and water, and were maintained on 15 h light: 9 h dark (lights on at
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0600 h) Hens betweeB-21 moof age and laying regularly were euthanized vig €5-2.5 h
post oviposition. Embryos (embryonic daylB; E612) used in immunofluorescence or protein
lysates were a Cornell laying strain.

Fifteenrmonth old broiler breeder henn a restricted diet were also used and were
housed in floor pens. Ndaying broiler breeder hens (n=5) exhibited small, pale combs, yellow
shanks, and fully regressed ovaries. Broiler hens which were laying (n=7) hadddrgembs,
full follicular hierarchies, and were trapped in a nesting box after laying alLagag hens
were induced to molt with dietary supplementation of Z{&odman, et al. 1986) or molted
spontaneously. In all molting cases, feather lossdeasmented and the ovary was regess
Non-molting hens of the same age were usecbasrols to the molting henall animal care and
procedures were approved by the Institutional Animal Care and Use Committee of Cornell
University.

Sequencing

The validatedVius musculusnd predictedralco peregrinusAMHRII sequences were
aligned and primers were designed using Primer3 and OligoAnalyzer from the #igned
peregrinussequence. Based on earlier work on AMH in the hen, cDNA from 1 mm whole
follicles from an adult layer hen was chosen ageh#plate for PCR. The resulting PCR product
was sequenceahdanalyzedsee Appendix)Additionally, the PCR product matched
unpublished cDNA from Cutting and colleagues (2014).

In a seconeffort to sequence AMHRII, the predicted chicken AMHRII codiaguence
available on NCBI (fronGallus gallus5, uncharacterized LOC101749915, Chr. 33, 829,346
832,058 bp) was used to design overlapping PCR primer pairs spanning the 5' untranslated

region (UTR), predicted 1101 bp coding sequence, and 3' UTR. For tepgidNA from 1 and
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3 mm whole follicles from an adult layer ovary were used. An additional reagent, preCESII, was
made with HO in lieuof BSA and used as directedseveral PCR reactions (Ralser, et al.
2006). An aliquot of all the PCR produetasrun with loading dye on a 1.5% agarose gel
containing Ethidium Bromide at 106 V for approximately3®min and imaged. If a single
band or multiple bands were present, the PCR product or excised band of interest, respectively,
was purified according to manuafarer's instructions (Qiagen, Valencia, CA, USA; QIAquick
Gel Extraction Kit; Cat. No. 28704). The purified PCR product was then combined with the
forward or reverse primer (10 pmol/uL) and diluted to apprately 10 ng total nucleic acid
immediately pror to submission for sequencing at the Biotechnology Resource Center at Cornell
University. PCR products were sequenced in both directions to increase sequence ém®eiracy
Appendix)
TissueCollectionand RNA Isolation

Freshtissues were immediately gkad into cold Kreb®inger bicarbonate buffer on ice
prior todissectioror subsequent storage. Whole follicles (1, 3, 5 mm) and liver samples
used fresh or immediately flash frozen or frozen in RNAlater Stabilization Solution (Thermo
Fisher Scientift, Cat. No. AM7021) ai80°C, and homogenized immediately preceding RNA
isolation. Granulosa cells andmasm were collected fromdividual 3-5 mm folliclesof a hen
and pooledn=8-10 hens), as previously described in Stephens and Johnson (2016) apdtWan
al. (2007).Granulosa cells were also collected frof,3-8, 912 mm and F1 follicles (n=6
hens) for mMRNA expressiofor granulosa cell culture, granulosa cells were isolated 3-6m
and6-8 mm(n=5-6). Cells were dispersed and cultured as jresiy described (Stephens and
Johnson, 2016). Recombinant human BMP15 (rhBMP15) (R&D Systems, Minneapolis, MN)

was added to the cultures at doses of 0, 10, and 25 ng/mL.
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RNA from follicles (1, 3, 5 mm)ljver tissue (n=45), ooplasmgranulosa cell layend
cultured granulosa celigas extracted using the RNeasy Mini Kit (Qiagen, Cat. No. 74106)
according to manufacturer's instructions, includingcolumn DNAdigestion with RNaséree
DNase (Qiagen, Cat. No. 79254). RNA from total ovarian tissue (cortexs sue wi t hout
follicles) from laying hens (n=16, 16) and from broiler breeder hens (n=7,5) was extracted using
the RNeasy Fibrous Tissue Mini Kit (Qiagen, Cat. No. 74704) according to manufacturer's
instructions.
Reverse Transcription and gHPICR

RNA was analyzed for quality and concentration using an Implen NanoPhotometer
UV/Vis spectrophotometer before cDNA synthesis was performed according to manufacturer's
instructions (Applied Biosystems, HigbapacitycDNA Reverse Transcription Kit, Cat. No.
4368814) and with RNase Inhibitor (Applied Biosystems, Foster City, CA, USA; Cat. No.
N8080119). For AMHRII, custom Invitrogen primers were designed from our initial AMHRII
sequence information using Primer3 software. For-fi€R, 25 L reactions were rim
duplicate using AB StepOnePlus R&aine PCR System (Thermo Fisher Scientific, Waltham,
MA, USA; Cat. No. 4376600) containing 1X Power SYBR Green (Applied Biosystems, Cat. No.
4368706) and 300 nM of primer pairs (Table 2.1). All sample reactions wemnalmed to
duplicatel8SrRNA reactions Applied Biosystems, QuantumRNE8S Internal Standards Kit,
Cat. No. AM1718) as an endogenous control. Control reactions lacking template or reverse
transcriptase were run concomitantly. Mean expression levelsrafradalized samples were
analyzed using a-point standard curve containing serial dilutions of pooled cDNA from 1, 3,

and 5 mm whole follicles from an adult laying hen.

@)
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Western Blot
Protein lysates were made from pooled H2ltestes, granulosa cell®in 35 mm and

F1 follicles (n=4 hens), 1, 2, <2, 3, 4, 5, 6 mm whole follicles, and liver. Aimterfering
Tissue Lysis Buffer (1 M HEPES, pH 7.5; 5 M NaCl; 20% Tritord00; 0.5 M EDTA; 100 mM
Na. PyroPhos.; 100 mM Na. OrthoVand.; 100 mM PMSF; 1 M Raétease Inhibitor Cocktail
(Sigma Aldrich, St. Louis, MO, USA; Cat. No. P83xand distilled HO wereused. To
determine protein concentrations, protein lysate samples were run in duplicate using a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientifi€at. No. 23225) according to manufacturer's
instructions. Fifty or 75 g of total, freshly thawed pmotgqual total protein loaded per gel)
were subjected to SDB A GE wMetrcaptoéthanol and run on a 12% polyacrylamide gel
(Thermo Fisher Sci e-HEPES Gels, CatMNo.25202%fer BpprbxdidtelT r i s
40-54 minutes at 106 V, then transfetrento a nitrocellulose membrane for80 minutes at
400 mA at 4C. The membrane was then blocked in 5% BSAXmphosphatéuffered saline
with 0.1% Tweer20 (PBST) for 1 hr, evaluatedith Ponceau S Stain to confirm protein transfer
from the gel to thenembraneand incubated overnight 4tC with 1:2000AMHRII (custom
polyclonal rabbit antchicken AMHRII antibody generously donated by Dr. Craig Smith
(Cutting, et al. 2014, Lambeth, et al 2016)1% nm-fat dried milk (NFDM) in PBSTin a
sealed bag.finary antibody was retained, storedd&C and reused in subsequent
immunoblotting runs. After incubation with the primary antibody, the membrane was washed in
PBST three times for 10 min each and incubated with goatabtiit HRRconjugated
secondary rtibody (Santa Cruz Biotechnologyanta Cruz, CA, USACat. No. SE2030) at
1:5000 in 5% NFDM in PBST for 1 hr at room temperature, followed by three PBST washes for

10 min eachlmmediately before imaging, membranes were incubated with Clarity Westérn EC
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Substrate (Bi€Rad, Hercules, CA, USA; Cat. No. 1705060) for 5 min at room temperature.
Bands were visualized and recorded using a Fluor Chem HD2 irglgba InnotechProten
Simple, San Jose, CA, USAAs an endogenous control, membranes were inedhaith 1:3000
p-actin mouse aminouse primary antibody and 1:50@8at antimouse HRFconjugated
secondary antibodfhermo Fisher, Cat. No. 31438)d imaged as described above.
Immunofluorescence

The same wstom polyclonal rabbit antihicken AMHRII antibodywas used to localize
AMHRII binding in control and sample tissues. Embryonic testes-(2)vere used as a
positive control and to demonstrate the successful replication of the fixation and
immunofluorescence procedures described in Cutting, 20a#. Fresh tissue, including pooled
E11-12 testes and 1, 3, and 5 mm whole folli¢les3 hens)from adult laying heswere fixed
for cryosections according to the procedures detailed in Cutting, et al. (20¢d3ection blocks
were sectioned at 5 pat the Histology Laboratory at the CornéhiversityVeterinary School,
andsections (hematoxylin and eosimg¢re examined prior to use. The immunofluorescence
protocol previously described (Cutting, et al 2014) was modified for cross sections of ovarian
and follicular tissues: AMHRII antibody was increased to 1:750; 10% goat serum IgG in 5%
NFDM in PBS was used to block; and a 10 min thaw at room temperature was included before a
3 hr soak in PBS at room temperature. The secondary antibody was 1:7a0tgetbit Alexa
Fluor 555 (Thermo Fisher Scientific, Cat. N62A4429), and slides were incubated with Hoechst
33358 (1:1000 in kD) for 15 min at room temperature for nuclear staining. Tissues were imaged
using a Nikon Eclipse E600 microscope with tighd fluorescent capabilities and a Spot RT

Slider camera.



65
Statistical Analyses
Messenger RNA expression from ¢fF’CR datavasanalyzed using a ongay
ANOVA. When significance was detected, means were compared using Tukey's test, and P
values of <0.0%vere considered significant. All statistical analyses were performed using
GraphPd Prism (Version 6.6r Windows, GraphPad Software, La Jolla, CA, USA,

www.graphpad.com



Gene Accession No. | Prod. Size (bp) | Primer (5'-3")
AMH U61754 71 F-CCCCTCTGTCCTCATGGA
R - CGTCATCCTGGTGAAACACTTC
AMHRII | N/A 180 F- GCAGGTTCCAGACTCTCATCC
R - CAGCAGTCAGAACGTGTTGG
BMP15 AY725199 197 F- ACATGCTGGAGCTGTACCAA
R - GACACGGAGAAGGTGCTCA
GDF9 AY672110 89 F-ACTTTTCACCCCGTGTTCTG

R - CCAGGTTGAAGAGCAAATCC

Table 2.1. Primers used for gHPICR.

66
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IV. Results

A 247-bp sequence of AMHRII was found to 8&% identical to the predictdd
peregrinussequence. Strong conservation in this region of AMHRII suggests the sequence spans
the intron between Exons 8 a@dThis sequence was also present within a partial AMHRII
cDNA sequence (Cutting et al, unpishled) andater gene annotations in NCE.180-bp sub
sequence was utilized as a probe for ¢ROR to evaluate mMRNA expression. Additional
sequence of AMHRII ws obtained for a total sequence length of 532Abgprimer sequences
and resulting trace images and raw sequences from successful sequencing reacii@ilslalie
in the Appendix.

To determine the potential involvement of AMHRII in folliculogene8iSIHRII mMRNA
expression levels were evaluated across different follicle sizes, and found to decrease
significantly as follicle size increases (p<0.01) (Figure 2.1). AMHRII was significgm 0.05)
greater inl mm follicles compared to 5 mm follicles; AMRI mMRNA was undetectable in liver.
Within granulosa cells from small{8mm), developing (@, 912 mm), and the prevulatory
(F1) follicles, both AMHRII (p<0.001) and AMH (p<0.01) mRNA expression were significantly
highest in 35 mm follicles (Figure 2). Messenger RNA expression was examined in ooplasm
and granulosa cells collected fronb3nm follicles (Figure 2.3). AMHRII mRNA was also
significantly higher in ooplasm than in granulosa cells (p<0.04). However, similar levels of
AMH mRNA expression we found in both ooplasm and granulosa (p=0.7591), likely
indicating some granulosa cell contamination of the ooplasnevaluate separation of the two
follicular components, two known oocyspecific factors, BMP15 (p<0.01) and GDF9 (p<0.05),
were assessl in these follicular compartments and found to be significantly higher in ooplasm

and negligible in granulosa cells, as expected.
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In laying and no#aying broiler breeder hens, both AMHRII (p<0.05) and AMH
(p<0.05) mRNA expression were higher in Aaging hens (Figure 2.4AMHRII mRNA
expression was significantly higher in molting hens as compared tmaotiimg hens (p<0.03),
while AMH mRNA levels weraot different (p=0.56) (Figure 2.5rhBMP15 at 25 nignL
significantly decreased (p<0.05) ANRHl mRNA in 35 and 688 mm granuloa cells and also
decreased AMHNRNA in 6:8 mm granulosa cellg-igure 2.6)

AMHRII western blots yielded a main band beénes880 kDa in whole follicles
(Figure 2.7). As folliclesize increases, an additional band betweedA®KDa strengthené-
actin, at approximately 42 kDa, was evaluated as an endogenous il protein
expression in Western blot using protein frori Biqm and F1 granulosa appears at a similar size,
although much less intense than that in whole follicles (data notghow

The results of AMHRII immunofluoresceneethin Sertoli cellsin theE12testis
successfully replicated the results found in Cutting,.€Rall4)(Figure 2.8)
Immunohistochemistry showed AMHRII protein localization within the oocyte and granulosa
cdls of small intraovarian follicles (Figure 2.9. Binding in the oocyte displayed a cenizat
binding patternWhenthe primary antibody was replaced witt% goat serunthe sgnal was

absenin both the testis and follicle
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Figure 2.8 Immunofluorescence of rabbit asftickenAMHRII antibodyin cross sections of
E12 rooster testebloechst (blue) as nuclear stalC); 10%goatserum substituted for
antibody (B); rabbit antichickenAMHRII antibody (D); goatanti-rabbit Alexa Fluor 555 (Red)

(B, D); merged imagesH,F); H&E (G). Size bar equals 100 pm.
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Figure 29 Immunofluorescence of rabbit aiathicken AMHRII antibodyin adjacentcross
sectionf intraovarian follicls (Follicles A and B)within the cortex obdult layer hes.
Hoechst (blue) asuclear stain10%goatserum substituted for antibopgoatanti-rabbit Alexa

Fluor 555 (Red)Size bar equals 100 pm.



