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ABSTRACT

The studies in this thesis examined piglet gonocyte identification, isolation,
purification, preservatio and potential for initiation of spermatogenesis after
transplantation into irradiated recipient testes. As a first step,characterized a
previously nordescribed autdluorescence in the piglet testis tissue. This auto
fluorescence mainly originatedoin granulesamongthe testis interstitial cells, and we
found that its interference with immulnorescence can be overcome using Sudan black
staining. We also showed that porcine gonocytes can be specifically labelled with the
lectin Dolichos biflorus gglutinin (DBA). To optimize gonocyte isolation, we found that
~9-fold morelive cells could be harvested by enzymatic digestion of testis tiskaas
with mechanical methods. However, the proportion of gonocytes (~7%) did not differ
between the mechanical and enzymatic methods of testis cell isolation. We then
developed a novel threstep strategy for isolation of gonocytes by combining enzymatic
digegion and vortexing, resulting in a gonocyte proportion of ~40%f@icb more than
that from conventional methods). For shi@tm preservation of testis cells, we found
that the arvival of testis cells under hypothermic conditions was dependent on the cel
type, and affected by storage duration, temperaturereatiim used. More than 80% of
live testis cells survived the-day hypothermic preservation period in 20% HBS,
without visible changes to the cell culture potential or gonocyte proportion.oltmean
experiment where testis tissues were maintained under hypothermic conditions, we found
that ~25% of testis cellgould survive for 6 days ipreserved irHypoThermoseFRS
solution (HTSFRS), without morphological changebo purify gonocytes, we shaed
that centrifugation of testis cellssing 17% Nycodenz can lead to precipitation of

gonocytes in pellets (with a purity of > 80%). We also found thatcpating tissue



cultureplates with both fibronectin and pely-lysine can result in the negativelection

of gonocytes (with a purity of up to 85%). We subsequently showed that further
purification of gonocytes (to > 90%) could be achieved by combining the two latter
approaches. To prepare recipients for germ cell transplantation, we used locatiamadi

of piglet testes which reduced testis growth, decreased seminiferous tubule diameters and
completely eliminated spermatogenesis at 4 monthsipadiation. Compared with the
absence of endogenous spermatogenesis in the control testes, spermatagenes
elongating spermatids was observed in the irradiated testes after gonocyte transplantation.
In summary,we investigated several critical elements in the study and manipulation of

gonocytes in a large animal model.



ACKNOWLEDGMENTS

| am indebted to my supervisor Dr. Ali Honaramooz for providing me the
opportunity, and the invaluable support, patience and encouragement in pursuing my
goals. His guidance for my PhD. studies is sialyeappreciated. | would like to express
my deep gratitude to my advising committee members Dr. Carl Lessard for providing me
numerous professional mentoring and encouragementsMdigammad AnzarAlbert
Barth, and my committee chairs Drs. Gillian Muir, Linda Hiebert and Baljit Singh for the
invaluable discussions and advice, and Dr. Murray Woodbury for critically reviewing
some of my manuscripts. | would also like to thank the University of Sdskaan
Colleges of Graduate Studiemd Researchand Veterinary Medicine for scholarships,
and the Natural Sciences and Engineering Research Council (NSERC) of Canada (grants
to A. Honaramooz) for financially supporting the present studies.

| would alsolike to thank Dr. NormarmRawlings for his generous support for my
PhD programpPrs. Monique Mayer, Barbara Ambros and Enca ColleriHeir excellent
assistance ipiglet testis irradiation, Daryoush Hajinezhad for his help in imaging with
confocal lasersanning microscope, Jessy Invik, I&hirley and Jennifer Cowell for their
assistance in processing and seumntification of histological samples, naplleagues
Mahsa Abrishami, Mehran Yarahmadi, Sepid&ibbasi, Sunita Awate, Jordon Steeg,
Jiongran ChenKosala Rajapakshak, Lyle Boswalnd other fellow researchers who
worked alongside me in th&/estgen Research Suite at the Western College of
Veterinary Medicinefor their support and cooperation.

| am grateful to the management and staff of the Pr&mene Centre in

Saskatoon for the supply of tissue samples, especially the assistance from Brian Andries,



Margot Meiklejohn, Tatjana Ometlic and Bev Monson. | also thank Paula Mason and
Tania Thiesen from the animal care unit in our College.

| would also ke to express my special thanks to my fellow graduate students
residing in the same office for the precious memories throughout my PhD program.

| apologize to those whom | failed to mention if you are reading this dissertation.

Last but not the least,would like to thank my wife, Fang, with her | would like

to share all the happiness | have.



DEDICATION

This dissertation is dedicated to my parents Changjiang Yang and Junfang Zhou, and my
wife Fang Shi.

Vi



TABLE OF CONTENTS

page
PERMISSION TO USE . ..uuieuiitiieee ettt ettt ettt tee et ee et e teeeaeeaeenaeend i
SN I Y A o P i
ACKNOWLEDGMENTS. . .u ittt ettt ettt ettt ettt ee e aaaeeeene Iv.
LIST OF TABLES. ... ettt ettt et e e e raeeeene Xil
LIST OF FIGURES . ... ittt ettt et e e e ea e e e eeane Xili
LIST OF ABBREVIATIONS .. ceiee ittt ettt eaaeene XVi
CHAPTER 1 GENERAL INTRODUCTION ...iivuiieiieiiieiiiiiiiieeeeeieiiieeeaaeee, 1
CHAPTER 2 LITERATURE REVIEW AND OBJECTIVES ....cocovvveiieiieeieeenn 4
2.1 Testis Structurenal SPErMatOgENESIS. ......uuiiiiiii i ee e e e e 4
2.2 Origin and Development of the Male Germline Progenitor Cells.................. 5.
2.2.1 Origin and Development of Primordial Germ Cells...........ccccccevvvvnenn... 5

2.2.2 Origin and Development of GONOCYLES..........oeevvviiieiiiicee e G

2.2.3 Origin and Development of Spermatogonial Stem Cells..................... 8.

2.3 Isolation and Purification of the Male Germline Progenitor Cells................. 9.
2.3.1 Isolation and Purification of PGCS........ccoooiviiiiiiiiiieiececi e 11

2.3.2 Isolation and Purification of GONOCYLES...........ovveviiiievieeiiieeee e, 12

2.3.3 Isolation and Purification 0of SSCS........ccovviiiiiiiiiieeee i 13

2.4 Shoriterm Preservation of the Male Gdime ................ccceeeiiiiiiieiiiiiiin e 14
2.4.1 Hypothermic Preservation of Testis Cells and Tissue....................... 15

2.5 Culture of the Male Germline Progenitor Cells...........coeiviviiieerciiiineeeennn. 16
2.5.1 Maintenance and Propagation of SSCs in Cultute............................ 16

2.5.1.1 Derivation of Pluripotent Embryonic Stem digié Cells from

SSCS N CURUIE. ... 20

2.5.2 Maintenance and Propagation of Gonocytes in Culture.................... 22

2.5.3 Maintenance and Propagation of PGCs in Culture................cc.ouuee.... 24

2.6 Transduction of the Male Germline Progenitor Cells.............ccccooeevvenennens 26
2.6.11In vivo Transduction Of SSCS.......ccovuuiiiiiiiiiiiii e 28
2.6.2In vitro Transduction 6SSCS/GONOCYLES..........veeveviiieiiiiiieeeeiiieeeeeeen. 30

2.7 Transplantation of Male Germline Progenitor Cells..............c.occovvieeeeennnnnn.. 32
2.7.1 Transplantation of SSCs / Spermatogonia in Different Species........ 33

2.7.2 Germ Cell Transplantation Techniques............ccccoeveiiiiieee e, 36

2.7.3 Approaches to Improve Transplantation Efficiency..............c....c.ooe. 37

2.7.4 Transplantation of Gonocytes and PGCS..........ccooeviviiiieeiiiiicviineeen, 39

2.7.5 Applications of Germ Celransplantation.............cccceveviiviveninciiineennn 40

2.8 Hypotheses and ObJecCtiVES.........cocovviviiiiiiiieee e AL

Vil



2.8.1 Characterization and Quenching of the Aluorescence in Pig Testis

(O] [ (@ 4= T (=] ) TR PSP 42
2.8.2 Development of Nové&trategies for the Isolation of Piglet Testis Cells
with  High Proportion of Gonocytes (Chapter.4).........ccoooevveviiiieneeeiieiinnnnn 42
2.8.3 Effects of Medium and Temperatures on Preservation of Isolated Porcine
Testis Cells (Chapter 5)......coooiiii e 43
2.8.4 Effects of Tissue Sample Size and Media on Skart Hypothermic
Preservation of Porcine Testis Tissue (Chapter.6)............coovvvvvvimiiineeeeennns 44
2.8.5 Efficient Purification of Neonatal Porcine Gonocytes with Nycodenz and
Differential Platig (Chapter 7).........ooooeeiiiii e 44
2.8.6 Piglet Testis Irradiation and Subsequent Gonocyte Transplantation
(1T o] (=] S ) PP UPPPPPTTR 45
CHAPTER 3 CHARACTERIZATION AND QUENCHING OF AUTO -
FLUORESCENCE INPIGTESTIS CELLS ..o 47
G 00 I N 0111 = Lo P 47
G T2 | 11 o o 11 o {0 o 1 a7
3.3 Materials and Methods...........oovviiiiiri e 49
3.3.1 Testes Collection and Tissue Preparation............ccccceeveeveeeeeeninnnnn.... 49
3.3.2In SituDetectian of AUtO-fIUOIESCENCE.......cevvnieveiie e 50
3.3.3 Autefluorescence Examination of the Isolated Piglet Testis Cells......50
3.3.4 Duration of Auteluorescence in Cultured Testis Cells....................... 52
3.3.5 Elimination of the Autdluorescence for Identification of Gonocytes
TS (U O 52
3.3.6 Elimination of the Autdluorescence for Identification of Gonocytes
T 11 (o TSP SPPPPPN 53
i RESUILS. ..ttt 53
3.4.1In SHUAULO-TIUOTESCENCE. ......uuiiii it 53
3.4.2 Autoefluorescence in Disassociated Testis Cells............ccccceeiiennenee. 53
3.4.3 Emission Wavelength of the Atflaorescence..............cccceeveevivieeneen. 54
3.4.4 Autoefluorescene in Cultured Testis Cells.........covviiiiiiiiiiiiiciineenn 61
3.4.5 Quenching of the Autfluorescence with Sudan Black in Gonocyte
o =] 111 ToF= 14 (o] o NSRRI 61
3.5 DISCUSSION. ...ttt ettt e e ettt e ettt e e et e e et e b r e e e e e e et e e e e e eeanesennns 65

CHAPTER 4 DEVELOPMENT OF NOVEL STRATEGIES FOR THE
ISOLATION OF PIGLET TESTIS CELLS WITH HIGH PROPORTION OF

GONOQCYTES ...ttt ettt ettt et ettt ettt e e e e eeeeeeees 68
Y 011 £ - T PP URP 68
2 | 1 Yo [0 T 10 o PSPPSRI 69
4.3 Materials and MethOUS..........coeuuuiiiiiii e 70
4.3.1 Study DESIgN.....cvuiiiiii e e e e e e eenn O
4.3.2 Testes Collection and Tissue Preparation.............ccccecevveeeveeeennneennnn 1
4.3.3 Experiment 1: Depletiosf Erythrocytes..........cccooeeevviiieciiiiceniceiieeeeenn A 2
4.3.4 Experiment 2: Variation of Donor Testes.........cccoeevivvvviieeeiievinnennnn . 3
4.3.5 Experiment 3: Mechanical Dissociation of Testis Tissue................... 73
Y0t 1Y/ 11 o o PSPPI 74

viii



4.3.5.2 TRASING . ...t eeteettiie ettt ettt e ettt e e e e e e ennaa 4

4.3.5.3 SIBVING. ...ttt eneaa 4
4.3.5.4 GIINGING. ... ettt ar e e e e e e et e e e eannas 74
4.3.6 Experiment 4: Enzymatic Digestion of Testis TiSSUE...............ceeeeeee. 75
4.3.7 Experiment 5: Testis TissReetreatment with Cold Enzymes and/or
HydrostatiC PressuriSation.............ccuuuiiieiiieeeiiiiiie e eesiennin e e e eeeen D
4.3.8 Experiment 6: Combination of Enzymatic Digestion and Vortexing...75
4.3.9 Experiment 7: Optimization of the New Thitep Method.................... 76
4.3.10 ImmMUNONIStOCHEMISTIIY......cciiiiiiii e 76
4.3.11 ImMMUNOCYLOCNEMISIIY.....cciiiiiiii et 77
4.3.12 Statistical ANAIYSIS.......ccouuuiiieiiiiiiieee e 81
TS U1 = 381
4.4.1 Experimenl: Effects of Depleting Erythrocytes.........ccccccooviviiiiiinnnnnn. 81
4.4.2 Experiment 2: Effects of Variations in Donor Testes...........cccceeeeeeenes 81
4.4.3 Experiment 3 & 4: Mechanical Dissociatis Enzymatic Digestion......82
4.4.4 Experiment 5: Effects of Testis Tissue-Beatment with Cold Enzymes
and/or HydrostatiC PressuriSation............coueeeeeeeeeieeieseeeiieeeeein e e e e e aeennens 82
4.4.5 Gonocytes QUAaNtifiCatioN............cocuuuuiiiiiiiieeiiii e 82
4.4.6 Experiment 6: Effects @ombining Enzymatic Digestion and Vortexing
0N GONOCYLES RECOVELY.....ccetiieiitie ettt ettt 84
4.4.7 Experiment 7: Optimization of the Newly Developed Tiatep Method.84
Y B ST ol U 11 (0] o ST 89
CHAPTER 5 EFFECTS OF MEDIUM AND TEMPERATURES ON
PRESERVATION OF ISOLATED PORCINE TESTISCELLS .......cccvcvvvennnn... 94
5.1 ADSITACT. ... 94
70 11 1o o 18 [ox 1o o F SO TRPP 95
5.3 Materials and Methods............cooouuiiiiiiiiiiii e 96
5.3.1 EXperimental DeSIGI.........ccouuuiiiiiie e er e 96
5.3.2 Testis TiSSue Preparation............ccooeveuiiiieeeiieeeiie e eee e e eeeane 96
5.3.3 Isolation of Testis CellS........ccouuiiiiiiiiiiiici e 97
5.3.4 Shorterm Storage of Testis CellS.........cooovviiiiiiiiiieee e, 98
5.3.5 Evaluation of Cell Viability............cccooeiiiii e, 98
5.3.6 IMMUNOCYLOCNEMISTLY ... .ccvvii e e 99
5.3.6.1 GONOCYIES .. cuiiiiiii et Q9
5.3.6.2 Sertoli Cells and Peritubular Myoid Cells............ccccooevvvieeees 99
5.3.7 CellCURUIE.....uueie i eeeaes 100
5.3.8 Statistical ANalySIS........c...uiiiiiiiii e 100
D14 RESUILS. ..ttt 101
5.4.1 Temperature EffeCh..........ooiiiiiii e 101
5.4.2 DAY EffECL....cou i 102
5.4.3 Comparison ONDIEB.......ccocvuiiiiiiii e 107
5.4.4 Comparison 0N DayY.B..........oeeviiiiiiiiiii e 107
5.4.5 Selection of Protocols for Further Analysis...........cccooceiviiieeiiinneenn. 107
5.4.6 Comparison of Trypan Blue Exclusion and a Fluorochrome Assay for
Assessment of Cell Viability...........cooooiiiiiii e, 108
5.4.7 Subpopulations of Preserved Cells...........ccoooeiiiiiiieiiiiiiie e 108

4



5.4.8In Vitro Culture of Preserved CellS.........ccooeiiiiiiiiiiiiceeee, 111
LIRS T B oY od U ES1) (0] 111
CHAPTER 6 THE EFFECTS OF TISSUE SAMPLE SIZE AND MEDIA ON
SHORT-TERM HYPOTHERMIC PRESERVATION OF PORCINE TESTIS

T SSUE .ttt aaans 117
G I 1] 1 = T PP 117
L7 111 70T (3 Tod 1T o RN 118
6.3 Materials andethods. ............uiiiiiii e 120
6.3.1 Experimental DeSIQI.........oii i 120
6.3.2 Collection of Testes and Preparation of Testis Tissue.................... 120
6.3.3 Hypothermic Storage of TestiS TiISSUE.......cccvevuiieiiiiiieeeiiiiieeeeineeees 121
6.3.4 Isolation Of Testis CellS.......coovvuiiiiii e 121
6.3.5 SemQuantitative Morphometric Analyses.............coooovvviiiiiieeneeenenn. 122
6.3.6 IMMUNONISTOCNEMISTLY.......cciiiiiii e 124
6.3.7 IMMUNOCYIOCNEIMISTEY .. .ceiieiiiie et 124
6.3.8 StStICAl ANAIYSIS......cciiiiiiii e 125
8.4 RESUILS......eeieei e e e e e e e e e ea e aae 126
6.4.1 Effects of Different Preservation Conditions on Cell Survival Rates126
6.4.2 Semiguantitative Evaluations of Tissue Morpholagy...........c.c.ceeee. 128
6.4.3 Proportion 0f GONOCYIES.........oviiiiii i eeeeee e 132
6.5 DISCUSSION. ... .iiiiiiiiiie ettt e ettt ettt e e e e e e et a b e e e e e ea bt e e e e e eeeeenes 134
CHAPTER 7 EFFICIENT PURIFICATION OF NEONATAL PORCINE
GONOCYTES WITH NYCODENZ AND DIFFERENTIAL PLATING _ ......... 139
7.1 ADSTIACT. ... e a e eaaae 139
47 1411 (o To 13 {ox 1o o FO PSPPI 140
7.3 Materials and Methods...........coooiiiiiiiiiiie e 143
7.3.1 EXperimental DeSIgN.........viiiiiii e 143
7.3.2 Testes Collection and PreparaliQn.............ccoceevviiieeeeeeiiieeeiiieeeeiin, 143
7.3.3 Isolation of TeStIS CellS........coovviiiiiiiiiiiiieei e 144
7.3.4 The Effect of Density Gradient Centrifugation Using Various
Concentrations of NYCOUENZ...........ccocveviiiiiiiiee e, 145
7.3.5 Gonocytes QuantifiCation............c.coiiiiiiiieeer e 145
7.3.6 Comparison of Different Concentrations of Nycodenz.................... 146
7.3.7 Comparison of Different ECM Coatings for Differential Plating........ 146
7.3.8 Combining the Most Promising ECM CoatifigisDifferential Plating...147
7.3.9 Optimization of Culture Duration for Gonocytes Enrichment........... 148
7.3.10 Combining Nycodenz Centrifugation and Differential Plating......... 148
7.3.11 Statistical ANAlYSIS.........ooeiiiiiieiie e 149
TARESUIS ...t 149
7.4.1 Comparison of Different Concentrations of Nycodenz for Density
Gradient Centrifugation..............couuiieiiiiiee e 149
7.4.2 Comparison of Different ECMs0@tings for Differential Plating.......... 151

7.4.3 Combining the Most Promising ECM Coatings for Differential Platirih1
7.4.4 Optimization of Culture Duration for Gonocyte Enrichment in
Differential Plating...........oviiiii e 152



7.4.5 Combining Nycodenz Centrifugation and Differential Plating........... 152

7.5 DISCUSSION. ...ttt ettt e e e et e e e e et e e e e et e e e e et e e e et e eaeneenns 158
CHAPTER 8 PIGLET TESTIS IRRADIATION AND SUBSEQUENT
GONOCYTE TRANSPLANTATION iiiveeeeiiiiiiiiiiiiiieeiieetiieiieeesieiiiieeeaeeees 164
S TN Y o1 4 = Tod P 164
S T2 | 11 o o 11 o {0 o 1R 165
8.3 Materials and Methods..........cooviuiii i 168
8.3.1 EXperimental DeSIGI.........cuuuiuiieeiieieeeii e 168
8.3.2 Animals and DONOI TESLES........uiiiiiiiieieiieeeee e e eeaeeeeee 169
8.3.3 Irradiation of Neonatal Porcing TeStes.........coovveviiviiiiiieeneeeeeeiie 169
8.3.4 Preparation of Donor Testis Cells with High Proportion of Gonocytds’0
8.3.5 IMMUNOCYLOCHEMISILY.....ccvviiiieeiieei e 171
8.3.6 Gonocyte Transplantation.............coceuuuiii e e 171
8.3.7 Histological ANAIYSIS.........ccoiiiiiiiie e 172
8.3.8 StatistiCal ANAIYSIS.........uiiiiiiiiii e 174
S =S || 174
8.4.1 Effect of Irradiation on Testis Weight Indices............coooevviviiiiennnnnn. 174
8.4.2 Effect of Irradiation on Testis HiStology..........cccuvviiiiiiiieiiiiiiiieeeeen 175
8.4.3 Effect of Irradiation on Germ Cell Development...............cocevviiennenn. 180
8.4.4 Spermatogenesis in Recipient Testes after Gonocyte Transplantatib80
8.5 DISCUSSION. ....iieiiii ettt e e e ettt ettt e e e e e e et et e e e e e eeab e e e e eeeeeeees 184
CHAPTER 9 GENERAL DISCUSSION AND FUTURE DIRECTIONS ............ 193
9.1 General DISCUSSIAN.......uuuuuiieeiiiiiiiisiee ettt e e e e e et bt eeeeeneannns 193
9.1.1 Lectin DBA Binds to Piglet GONOCYLES..........ovvvvviiieiiiiceieceiceeeeeen, 193
9.1.2 Preparation of Gonocytes for Transplantation..................ccccceeeee. 195
9.1.3 Prospects of Hypothermic Conditions on Gonocytes Survival......... 197
9.1.4 Gonocyte Transplantation using Recipient Testis Irradiation........... 200
9.1.5 Establishing a System for Gonocyte Transplantation with the Rig as
1Y (oo [ PP PUSPPPPPN 202
S Y o] o 1= 1T £ 203
9.2 FULUIE DIFECTIONS ... . i eiiiiiiiie ettt e et e e e enaaanas 204
9.2.1 Gonocyte DeVEIOPMENL........ccovuiiieiie e e e e 204
9.2.2 Gonocyte SUPOPUIAtIONS..........c.viiiiiiiicceicee e 205

9236 St emness6 of Neo.nat.al..Go.n.o.c.yt20%
9.2.4 Gonocyte SeRenewal with Seminiferous Cord Expansion and

Vasculature DeVeIOPMENL............i i i 207
9.2.5 GonocytéMediated TranSgENESIS.........uveiiiiieeiiiieeee e 208
9.2.6 Gonocyte Transplantation Efficiency...........ccccoooeviiieeeriii i, 209
LISTOF REFERENCES......cciiiiiiiiiiiiiiiiit ittt ea ettt 212

Xi



LIST OF TABLES

Table page
Table 2.1. Progress of germ cell transplantation..............ccoooevveeeiiieviiinieveiineeeens 34
Table 4.1. Methods used for enzymatic digestion of the testis tissue................... 78

Table 4.2 Enzymatic digestions after pretreatment of testis tissue with cold enzymes
and/or hydrostatiC PreSSUNZatiON...........ovuueiieeiiieeeeeeie e e e eae e e 78

Table 4.3. Combination of vortexing and enzymdigestion to improve gonocytes
(SToT 0 1Y T Y P 80

Table 4.4. Optimisation of the newly developed thstp isolation method.............. 80

Xil



LIST OF FIGURES
Figure page

Fig. 2.1. A schematic representation of the procedures involved in germ cell
transplantation in farm animals............ccooooiiiiiiii 10

Fig. 3.1. Autefluorescence observed in whaleountseminiferous cords by
epifluorescent and com€al laser scanning MICrOSCOPES............uuvreerreeeenns 55

Fig. 3.2.Auto-fluorescence in testis tissue sections from pigs of differenteagasined
using a epifluoresSCent MICTOSCOPE. .....ccuvuiieeeii e 56

Fig. 3.3.Auto-fluorescence in testis tissue sections from pigs of different ages observed
using a confocal Iasecanning MICrOSCOPE.......uuuieeiiiiiiiiie e ieeeeeeiiie e 57

Fig. 3.4.Auto-fluorescence detected in freshly isolated testis cells using epifluorescent
and confocal laser scannNing MICIOSCOPES. ... . eevvvrruuiieeeieereiiie e eeniies 58

Fig. 3.5.Flow cytometry analysis of autituorescence in freshly isolated testis cell£9

Fig. 3.6.Auto-fluorescence spectrum assessed using a confocal laser scanning
010 0 1S olo] 1T 60

Fig. 3.7. Autoefluorescence in cultured tBs cells..........ccooovviiiiiiii i, 62

Fig. 3.8.Auto-fluorescence blocked with Sudan Black B staining of testis icedigu and
T (0 TSP 63

Fig. 3.9.ldentification of gonocytes with DBA staining, following the masking of auto
fluorescence by Sudan BlackiBsituandin Vitro..............cccceevevvviiieeeeennnnnn, 64

Fig. 4.1. Schematic overview of the set up used for increasing hydrostatic preskere in
digestion SOIULION.......cccuuieiiii e e ean e e eanne e d D

Fig. 4.2. Cell viability and yield after testis cell isolation using different methods. 83
Fig. 4.3. Immunohistochemical and immuno@}iemical detection of gonocytes....85

Fig. 4.4. Proportion of gonocytes obtained after testis ceditisol using different

Fig. 4.5. Comparison of new thraeep strategies for the isolation of testis cells.....87
Fig. 4.6.0ptimization of the new threstep testis cell isolation methad.................. 38

Fig. 5.1. Percentage of live cell recovery in different media at room (RT) and
refrigeration(RG) temMpPEratures.........ccouuieivieiiiiieie e 105



Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig
Fig
Fig

Fig

Fig

Fig

Fig

Fig

Fig

. 5.2. Comparison of different preservation media on day 3 at room (RT) and
refrigeration (RG) te@MPEratUres............uoiiiiiiiiiiiiee e 106
. 5.3. Comparison of different preservation media on day 6 at room (RT) and
refrigeration (RG) tE@MPEratUres............uiiieiiiiiiiieee e 109
. 5.4. Comparison of cell viability results assayed using trypan blue, or live/dead
viability/cytotoxicity kit for selected protoCols.............cceuviiieiiiiiinniiinneeee. 110
. 5.5. Cellular supopulations of testis cells on days 0, 3, and 6 predestd three
Selected ProtOCOIS........uui e 112
. 5.6. Appearance of cultured cells from preservation days 0 fandiGee selected
PrOTOCOIS ...t 113
. 6.1. The effect of media on cell sival rates of preserved testis tissue sampl&a7
. 6.2. The effect of media on morphological degeneration scores of preserved testis
TISSUE SAMPIES.....eiei e 129
. 6.3. Morphology of preservedstis tissue samples on day.3.............ccccuvvnnnn. 130
. 6.4. Morphology of preserved testis tissue samples on day.6..................... 131

. 6.5. Proportion of gonocytes remaining after storage of testis tissue samples in two
selectmedia at 4 € for 3 0r 6 daysS........cooevvuiieiiiie e 133

. 7.1. Gonocyte proportion in cell layers and cell pellets after density gradient
centrifugation of neonatal porcine testalls with Nyco@nz at different
(o0] got=] 01 =4 [6] 1 1SS PPPT R SPPPPRN 150

. 7.2. Gonocyte proportion in adherent and-adherent cells after culturing neonatal
porcine testis cellen commerciallyavailable plates preoated with different
extracellular matrix (ECM) COMPONENLS.........cccuvuieeiiiiieieeeiieeeeeieeeeeiinen 153

. 7.3. Gonocyte proportion in neadherent cells after during neonatal porcine testis
cells on plates coated in the laboratory with single extracellular matrix (ECM)
components or their combination for 120 min.............cccooeeevivieeeeiiiin e, 154

. 7.4. Comparison of different durations for culturing neonatal porcine testis cells on
plates coated in the laboratory with combined extracellular matrix (ECM)
compnents for gonocytes enrichment..............ccoooiiieeeiiie e, 155

. 7.5. Combination of optimized strategies for Nycodenz density gradient
centrifugation and differential plating for further purification of porcine neonatal
[0 1003 (<3S TP 156

. 7.6. Detectionfogonocytes with immunostaining.............ccoooveeiiiieeeiiineiinens 157

Xiv



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8.1. Gross testis development follog local irradiation of piglet testesing
different irradiation OSES.........uiiiiiiiiieiiii e e 176

8.2. Seminiferous tubule density after testis irradiation and transplantation of
gONOCYLES OF DPBS......coe e 177

8.3. Seminiferous tubule diameter after testis irradiation and transplantation of
JONOCYLES OF DPBS.... .o 178

8.4. Diameter of the tubular lumen and thickness of the seminiferous epithelium after
testis irradiation and trapintation of gonocytes or DPBS....................... 179

8.5. Examination of endogenous germ cell development at two morghs aft
irradiation of Piglet teStES .........u i 181

8.6. Germ cell development four months after irradiation of piglet testes....182

8.7. Spamatogenesis in the irradiated recipient pig testes at two months after
gonocyte transplantatiQn..............ooeeveuiiiiieeeiie e 183

XV



Abbreviation

AAV
AMH
AP-2 o/
ATP
bFGF
BSA
cAMP
CSF1
DAPI
DBA
DMEM
DPBS
dpc
EBs
ECMs
EG
EGCs
EGF
ESCs
ESGRO
FACS
FBS
FCS
GalNAc
GCT
GDNF
GM-CSF
HTS-FRS
IGF-1
L15

LIF
MACS
MEF
MIS

TF

LIST OF ABBREVIATIONS

Definition

adeneassociated virus
antimulerian hormone
transcription factor activator protein 2
adenosine triphosphate

basic

ybrobl ast

bovine serum albumin

cyclic adenosine monophosphate

colony stimulating factor 1
4,6-diaminc-2-phenyl indole
Dolichos biflorus agglutinin

Dul

becco' s

modi yed

gr owt h

Dulbecco's phosphate buffered saline
dayspost coitum
embryoid bodies
extracellular matrices
ethylene glycerol
embryonic germ cells
epidermabrowth factor
embryonic stem cells

murine leukemia inhibitory factor

fluorescent activated cell sorting
fetal bovine serum

fetal calf serum
N-acetylgalactosamine residues
germ cell transplantation

glial cell line derived neurotrophic factor
granulocyte macrophagmlony stimulating factor
HypoThermoseFRS solution
insulin-like growth factorl

Leibovitz L15

leukemia inhibitory factor

magnetic activated cell separation

mouse embryonic fibroblasts
milerian-inhibiting substance

XVi

f act

Eagl e's



NSERC
OSM
PDGF
PFCs
PGCs
PGP9.5/UCHEL
RA
rAAV
RG

RT
SCF
SSCs
SSEA1
STO
TGFR
TGFU

natural sciences and engineering research council
Oncostatin M

plateletderived growth factor
Perfluorocarbons

primordial germ cells
ubiquitin-C-terminal hydrolase 1
retinoic acid

recombinant adenassociated virus
refrigeration temperature
roomtemperature

stem cell factor

spermatogonial stem cells
stagespecific embryonic antigeh

sim mouse embryderived thioguanineand ouabain resistant

tumor necrosis facteleta
tumor necrosis factealpha

XVil



CHAPTER 1 GENERAL INTRODUCTION

Germ cells in the form of gametes (oocytes and spermatozoa) pass the genetic
information from one generatiomto another. Faithful formation of these gametes not
only enables the continuation of the species, but also impacts the quality of the
i ndividual 6s | i fe. I n mature testes, spern
and providewirtually unlimitednumbers of spermatozoa during the entire adulthood.

Development and establishment of the male germline is a prolongedpimasie
process that spans al most the entire foet
until puberty. Primordial germ cel(®GCs) are considered the most primitive germ cells
initiating the male germline development (Chiquoine 1954; Ginslairgl. 1990).
Following a rapid increment in number by mitosis, PGCs are arrested in G1/GO phase of
the cell cycle in the seminiferousrds and thereafter are referred as gonocytes. Active
mitotic divisions of gonocytes usually start before birth and continue in the neonatal
seminiferous cords (Coucouvares al. 1993; de Rooij 1998; Jiang and Short 1998b).
Later, gonocytes develop into esmatogonial stem cells (SSCs) which maintain
spermatogenesis in mature testes (de Rooij 1998; Jiang and Short 1998b).

Although the existence of stem spermatogonia had been postulated for many
decades (Clermont and Leblond 1953; de Rooij 1969; de RabiKeamer 1968), solid
evidence was only presented in 1994 when germ cells from a fertile individual generated
donorderived full spermatogenesis (demonstration of all stage of spermatogenesis) after
transplantation into the seminiferous tubules of an tiderecipient (Brinster and
Avarbock 1994; Brinster and Zimmermann 199%his technique is now commonly

referred to as germ cell transplantation (GCT). Ever since the introduction of GCT, this
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transplantation system has been applied successfully asgaeubioassay in the
investigation of a number of fundamental aspects of spermatogenesis and male fertility.
Additionally, GCT has offered new alternative approaches in preservation of male
fertility, propagation of genetic potential and production of jensc animals.

A variety of studies have focused on improving the efficiency of GCT, including
work on donor cell preparation, transplantation techniques, and treatment of recipient
testes to deplete endogenous spermatogenesis. Hoaewenber of factors remain to be
investigated or improved before GCT can be broadly applied, especially in farm animals.
These factors include unequivocal identification of SSCs among isolated testis cells,
accumulation of sufficient amounts of SSCs witghhpurity, and enhanced colonization
efficiency of transplanted SSCs in recipient testes.

After transplantation, SSCs must migrate from the lumen of the seminiferous
tubule, where they are deposited, into the stem cell niches (specialized
microenvironmets in close proximity to the basement membrane of the tubule) before
spermatogenesis can occur. The unavoidable interaction between the donor SSCs and
recipientds Sertoli cell s i s cruci al dur
spermatogenesis resalty f rom t he transplanted germ ce
Sertoli cell s, it foll ows t heetallI®96pFHangger m c
et al. 1998; Russell and Brinster 1996).

As the direct progenitor of SSCs and the only germtgpk found in neonatal
testes,gonocytes can be recognized by their characteristic morphological attributes and
topography within the seminiferous corfdcGuinness and Orth 1992b; Orwég al.

2002b) These unique properties may facilitate the searchdecific bicmarkers for the



identification and characterization of gonocytes. The extended lifespan of gonocytes in
large animal neonatal testes provides a prolonged window of opportunity for the study
and manipulation of these germline stem cells. Befor soon after birth, gonocytes
resume their proliferation and active amoeboid movement (migration) directed to the
basement membrane of the seminiferous cords/tufiesuinness and Orth 1992b;
Naganoet al. 2000b; Pelliniemi 1975; Van Vorstenboseh d. 1987) This renewed
migration capability has been suggested to promote relocation of gonocytes into the
basement membrane (Or#t al. 1998; Orwig et al. 2002b). Gonocytes can also be
cultured where they mimic th@ vivo behaviour by proliferating, deloping colonies,

and forming specialized cytoplasmic processes which adhere to Sertoli cells.

Although mouse SSCs can initiate full spermatogenesis after GCT, conflicting
reports exist on the ability of rodent gonocytes in initiating spermatogenesi<Géiie
(McLean et al. 2003; Ohboet al. 2003; Shinoharat al. 2001). It is unclear whether
transplanted gonocytes are indeed competent in producing full spermatogenesis in
recipient testes, especially in farm animals.

The overall objective of the presembrk was to study and manipulate gonocytes
from piglets as a farm animal model. We set out to characterize, isolate, purify and
preserve porcine gonocytes and test their potency in generating full spermatogenesis after

transplantation into recipient testes



CHAPTER 2 LITERAT URE REVIEW AND OBJEC TIVES

2.1 TestisStructure and Spermatogenesis

As the primary reproductive organ in the male, thature testis produces
spermatozoa and andrageWithin the scrotumthe tests is covered wittmultiple layers
including the visceral vaginal tunic and the tunica albugin€onnective tissue
projections extend from the tunicebaginea into the testis parenchg, dividing it into
several lobules. Each lobule consists of seminifertubulesand interstitial tissue. The
Leydig cells within the interstitial tissue produce androgesle spermatozoaevelop
within the £miniferous tubule The seminiferous tubules open at both ends into the rete
testis throughwhich the spermatozoare transporteadut of the testis and into the
epididymis,wherethey arestored andnaturel before ejaculabn (Almeida et al. 2006
Hafez and Hafez 200&ing 1993.

Every second, hoar can generate approximately 100,000 spermateg@aresult
of spermatogenesiwithin the seminiferous tubulegn a mature testigAlmeida et al.
2006 Kemp et al. 1988 King 1993. The highly efficient and continuous production of
spernatozoais maintained by spermatogonial stem cells (SSE8SCs undergmnitotic
divisions to maintain the stem cell poaind todifferentiae to advancespermatogenesis.
Mammalan spermatogenesis is classified inp@rsnatocytogenesis and spermiogenesis
which hagen in sequencelhroughout spermatogenesis, Sertoli cells remain in close
contact with various types of germ celBertoli cells by forming tight junctionalso
separate the basal and adluminal compartmenénly to protect haploid gerncells
from the immune systen{Almeida et al. 2006 Hafez and Hafez 20QKing 1993.
Spermatocytogenesis occurs in both basal and adluminal compartsgataingfrom
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SSG to spermatid, through different stages of spermatogon@&ag( types Ai-As,
intermediate and Band two rounds of meiosis (primary and secondary spermatacytes)
Spermiogenesidakes placeentirely in the adluminal compartmemthere spermatid
transforminto spermatozaaSubsequentlythe spermatozoaare releasd from Seroli
cellsinto thelumen of seminiferous tubules, atrdnsported intahe rete testigAlmeida

et al.2006 Hafez and Hafez 200&ing 1993.

In pigs, theprimary spermatocyiefirst appearat approximately 10 weeks and
spermatozoaat 20 weekof agein the seminiferous tubuk and inthe ejaculate at 22
weeksof age Generation ospermatozoa from spermatogonia takes 35 dapgys and
10.2 days for transportation of spermatozoa throinghepididymis. A boaris usually

considered sexually matuat approximately 30 weekd age(Hafez and Hafez 2000

2.2 Origin and Development of the Male Germline Progenitor Cells
2.2.1 Origin and Development of Primordial Germ Cells

Primordial germ cells (PGCs) are the first traceable gerrndirexted progenitors
for both maleand female germ cells. In mice, PGCs become identifiable initially7ab 7
days postoitum (dpc) as a cluster of 80 alkaline phosphatase positive cells at the
base of the allantois (Chiquoine 1954; Ginsbetgal. 1990). Migrating through the
allantois (at 8 dpc) and the hindgut, PGCs reach and aggregate in the genital ridge at 9.5
11.5 dpc (Andersoet al. 2000). In pigs, PGCs could be initially identified after staining
with stagespecific embryonic antigeh (SSEA1), and observed as elongatediscelr
with distinct pseudopods in the 18 dpc embryos. After proliferation for a few days, PGCs
begin to differentiate according to sex of embryasn 26 dpc (Black and Erickson

1968; Pelliniemi 1974; Pelliniemi 1976). In humans, PGCs could be originally
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distinguished in the allantois endoderm and mesenchyme of the stalk at'tfimpaf
gestation (Falin 1969), and colonize the genital ridge by 4.5 weeks (Franedvdla
1990; Rabinovici and Jaffe 1990).

On arrival in the genital ridge, PGCs go thrbugeveral rounds of mitotic
divisions in both male and female primordial gonads. However, from 12.5 dpc in mice,
PGCs start to behave differently depending on the gender. In the male, PGCs are
arranged in shape obws and enter mitotic arrest until afteirth (Hilscheret al. 1974;

Jostet al. 1973; McLaren and Southee 1997), whereas in the female they are arranged in
random arrays and enter meiosis by 13.5 dpc (8bsal. 1973; McLaren 2000).
Interestingly, the fate of PGCs is not determined by theorabsomal sex, but by the

somatic surroundings (Adams and McLaren 2002; McLateal. 1995). Organ (tissue)

culture studies indicate that PGCs will enter meiosis if not grown with embryonic testis
tissue, or if the testis architecture is disrupted (Dolci and De Felici 1990; McLaren and
Southee 1997; Yaat al. 2003). Sertoli cells likely pay a criti cal r ol

differentiation depending osex (Bowleset al. 2006).

2.2.2 Origin and Development of Gonocytes

Gonocytes are a temporary population of germline stem cells after the mitotic
arrest of male PGCs and before differentiation spermatogoinal stem cells (SSCs) (de
Rooij 1998; Jiang and Short 1998b). Morphologically, gonocytes can be identified as
distinctively large round cells in the center of the seminiferous cords with one or two
nucleoli in a prominent nucleus (McGuinnessddaOrth 1992b). Their existence starts
when the foetal seminiferous cords are formed and lasts until days or even years after

birth, depending on the species (Hughes and Varley 1980; Matedr2003; Olaso and
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Habert 2000; Russebt al. 1990; Shinoharaet al. 2001). Before or soon after birth,
gonocytes resume proliferation and many migrate to the basement membrane, while
others degenerate as a result of apoptosis (Coucousanls1993). This degeneration
process has been observed in virtually allnmelian species, except sheep that lack
mitotic arrest (Olaso and Habert 2000). For instance in the mbmseohases of germ

cell apoptosis occur, one at 13 dpc and the other-aBigbstpartum (dpp) (Wangt al.

1998); while in rats this apoptosis hamgs at 15.84.8.5 dpc and from 2 dpp which peak at

7 dpp, similar to the apoptotic patterns observed in cultured testicular tissue (Boetlogne
al. 1999). In pigs, gonocyte degeneration was observed even though no precise timing
was reported (Black 1971; @dos 1980; Pelliniemi 1975; Van Straaten and Wensing
1977; Van Vorstenboscht al. 1984). A decrease in germ cell number per testicular
transverse section was observed approximately 2 weeks after birth, although total germ
cell number increased (Van Straatand Wensing 1977). Morphological studies showed
that gonocytes resume active amoeboid movement (migration) directed to the basement
membrandn vivo (McGuinness and Orth 1992b; Nagaetoal. 2000b; Pelliniemi 1975;

Van Vorstenbosclet al. 1987). The migation of gonocytes to the basal compartment is
critical to their survival, cells that continue residing in the cords center will eventually
degenerate (Edward C. Roodeange 1968). In rats, gonocytes with pseudopods were
able to migrate into the basemartmpartment and derive full donor spermatogenesis
after transplantation, while most round gonocytes underwent apoptosis (€trvaly

2002h).



2.2.3 Origin and Development of Spermatogonial Stem Cells

While most gonocytes develop into SSCs after arriwal the basement
compartment, it has been suggested that a few gonocytes directly transform into
differentiating spermatogonia and initiate the first wave of spermatogenesis (Yeshida
al. 2006). The transition from gonocytes to SSCs happens shorthbaftewith unclear
timelines, although it has been estimated to start from ~3 dpp in mice (Mettesn
2003) and 12 months in pigs (Goedt al. 2007; Hughes and Varley 1980). Continuation
of the efficient and highly orchestrated process of spermatagesesends on SSCs. It
was proposed that two populations of SSCs
Aipotential o SSCs. Under certain conditions
a nonseltrenewing sukpopulation of SSCs (probably Naneg8sitive) may become
active and recover the SSC loss by -seifewal (Nakagawat al. 2007; Suzukiet al.

2009). Working SSCs undergo proliferation to renew the stem cell pool, and
differentiation to form differentiating spermatogonia which eventually léadthe
formation of spermatozoa (de Rooij and Russell 2000). SSCs are small in number
(~0.02% to 0.2% of cells in the mouse and rat adult testes (Huckins 1971; Kanatsu
Shinohareet al.2005c; Tegelenbosch and de Rooij 1993)), but have great potential as t
only stem cells in an adult body that can contribute genes to the next generation. Thereby,
if genetically modified, they can potentially pass the genetic modifications onto progeny
after natural breeding (Brinster and Avarbock 1994; Honarametzl. 2003b;
Honaramoozt al. 2008) or microinsemination (Goossestsal. 2003; Honaramooet al.
2002b; Shinoharat al. 2006). Therefore, SSCs could be a unique target for producing
transgenic farm animals. SSCs can be genetically modified (Nagah@®001a Nagano

et al. 2000a), cultured and cryopreserved, and still maintain their ability to initiate
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spermatogenesis in recipient testis after transplantation (Avadiaak1996; Naganceet

al. 1998). This provides a new option for the preservation of higallyed or endangered
species (individuals) and for propagation of desired male genetics (Fig. 2.1). However,
largely due to the rareness of SSCs and the lack of unequivocal identifyingatkers,

practical utilization of SSC potential has been limit@atley and Brinster 2008).

2.3 Isolation and Purification of the Male Germline Progenitor Cells

A major step toward improving the study and manipulation of the male germline

is to purify or at least enrich these cells. Gonocytes account for approxirhat@dyof

cells in the neonatal rat testis or 7% among the piglet seminiferous tubule cells
(Honaramoozt al. 2005; Orwiget al. 2002b). The proportion of SSCs is even lower than
gonocytes, comprising an estimated 0.02% to 0.2% of cells in mouse andlraestes
(Huckins 1971; Kanats&hinoharaet al. 2005c; Tegelenbosch and de Rooij 1993). It is
generally agreed that, after depositing the mixed population of donor testis cells in the
lumen of the recipient seminiferous tubules, Sertoli cells recognize and allow SSCs
access to the stem cell niche a& ttasement compartment of the tubule (Chetnal.

2005; Hasthorpet al. 1999; Jiang and Short 1995; Jiang and Short 1998a; Nagaio
1999; Ohteet al.2000; Shinoharat al. 2001; Yuji Takagi 1997). However, the extent of
colonization in recipientssidirectly proportional to the number and availability of donor
SSCs (Dobrinskiet al. 1999b; Jiang 2001; Nagarei al. 1999; Shinoharat al. 1999;

Shinohareet al.2000), emphasizing the importance of target cell selection.
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Fig. 2.1. A schematic repsentation of the procedures involved in germ cell
transplantation in farm animals. A singlell suspension ajermcells is prepared after
enzymatic digestion of the donor testis for transplantation into recipient testes. The
number of spermatogonialesh cells (SSCs) can be enriched in the donor cell population
and the resultant cells can be used fresh or preserved (for short term through hypothermic
preservation or longerm by cryopreservation) and/or transfected with genes of interest
before transplatation. The recipient animal can be treated with busulfan or undergo local
irradiation of the testes to reduce the number of endogenous SSCs, in preparation for
germ cell transplantation. Transplanted SSCs can form colonies of -deneed
spermatogenesiand produce spermatozoa to allow the recipient to sire progeny carrying

the donor haplotype.
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Germline stem cells could potentially arise from PGCs, gonocytes or
spermatogonia (Jiang 2001; Jiang and Short 1998b). Isolation of the male germline
progenitor cellgs the first step in subsequent enrichment, modification or transplantation
of these cls (de Rooij and Mizrak 2008; Dobrinski and Travis 2007; Khatral. 2005;
Oatley and Brinster 2008). Thereforig,is important to maximize the proportion and
recovery rate of germ cells in the freshly isolated cells, becausefimiency of cell

isolation may hamper the subsequent studies and applications.

2.3.1 Isolation and Purification of PGCs

Embryos at different developmental stages may be dissected for the collection of
migratory and posinigratory PGCs. Thegonadal sex could not be morphgically
distinguishedbefore 12 days in mice, 18 days in rabbits, 21 days in pigs, 40 days in cattle,
and 7 weeks of gestation in humans (Francaeilal. 1990; Leichthammeet al. 1990;
Pelliniemi 1974; Swain and LoveBadge 1999). Therefore, it mighe desired to select
male gonads at later stages for specific isolation of male PGCs. Tq thee soogenital
complex needs to be dissected from the sexed embryo and removed of its attached
mesonephros using fine needles, and the genital ridge disasddoyatepeated pipetting,
with or without enzymatic digestion. The resultant freshly isolated cells are
heterogeneous and include various genital ridge somatic cells and PGCs, depending on
the technique used and species. PGCs have been successfullyedamtsproportions
ranging from 0.5% to 68% among the freshly disassociated genital ridge cells from
mouse (Mayanaggt al. 2003; Pesce and De Felici 1995), pig (Shim and Anderson 1998),

goat and human foetuses (Kihholzet al. 2000; Shamblotet al. 1998). The isolated
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PGCs were suggested to contain-polpulations with different stem cell potential in
mice (Matsui and Tokitake 2009; Mortaujimuraet al. 2009); however, validation is

necessary in other species.

2.3.2 Isolation and Purification of Gonocytes

The parenchyma of the neonatal testis is made of seminiferous cords, with
gonocytes as the only type of germ cells present, and interstitial tissue (Etaalg
2000; Frankenhuigt al1981; Goelet al. 2007; Hughes and Varley 1980; Rt al.
2004). Topologically, gonocytes reside in the center of the seminiferous cords before they
are incorporated into the basement of seminiferous cords turning into SSCs. Sertoli cells
inter-connect along with the surrounding peritubular myoid cells to sugmor cell
development and to separate the seminiferous cords/tubules from the interstitial tissue.
The interstitial tissue is mainly made of Leydig cells and also contains vasculature and
mesenchymal cells. Since the stage and timingaofsition from goocytes to SSCs is
not clear, if the goal is to collect gonocytes, it is safer to use testes from animals shortly
after birth.Procedures for gonocyte/SSC isolation vary among laboratories depending on
the target cell types and the species. Howeawarstep enzymatic digestion strategies are
widely applied toisolate both cell types in many species. The rationale for using-a two
step enzymatic strategy is that the first step will largely remove testis interstitial cells
using enzymes specific for extracddir matrices (ECMs, e.g., collagenase and
hyaluronidase) and the second step is to break down the seminiferous cords/tubules using
trypsin with or without other enzymes, including DNase to prevent cellular aggregation

(Bellve et al. 1977) These approache usually result in a maximum of 10%
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gonocytestSCs in the freshly isolated testis cells (de Rooij and Van Pelt 2003; Hterrid

al. 2009a; Liet al. 1997; Loet al. 2005; Luoet al. 2006; Orthet al. 1997; Orwiget al.

2002b; Van DisseEmiliani et al. 198). However, the use of donor animals which are
cryptorchid, vitamirA deyci ent or have <certain mutat
higher SSC proportions in freshly isolated testis cells, because germ cells from these
animal models were reported the conprised largely of nonrdifferentiating
spermatogonia (Ogawet al. 2000; Shinohara and Brinster 2000; van Relal. 1996;

Van Peltet al. 1995).

2.3.3 Isolation and Purification of SSCs

SSCs could be highly enriched (but rarely purified) with diversategres in
different species (Khairat al. 2005). These strategies can be divided into those with or
without using fluorophore labelled antibodies, and include methods such as fluorescent
activated cell sorting (FACS) (Herriet al. 2009a; Izadyaet al. 2002b; Kubotaet al.
2004a; Loet al. 2005; Moudgakt al. 1997; Shinohar&t al. 2000), magnetic activated
cell separation (MACS) (Gasset al. 2009; Giuili et al. 2002; Herridet al. 2009a;
Kubotaet al. 2004a; Schinfeldet al. 1999), forward/side sc&r measurements in FACS
(Kubota et al. 2003; Lo et al. 2005; Shinoharaet al. 2000), density gradient
centrifugation (Diramiet al. 1999; Herridet al. 2009a; Izadyaet al. 2002b; Luoet al.

2006; Marret and Durand 2000; Rodrigtasaet al. 2006) and differential plating
(Dirami et al. 1999; Herridet al. 2009a; I1zadyaet al. 2002b; Luoet al.2006; Rodriguez
Sosaet al. 2006). Using such approaches, SSCs have been enriched to purity levels of as
high as 75% in testis cells from farm/largeimals (Herridet al. 2009a; Izadyaet al.

2002b; Luoet al. 2006; Rodriguefsosaet al. 2006). However, here is concern that the
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binding of cellular biemarkers (e.g., antigens/receptors on/in cells) by antibodies may
potentially influence the cell bekiour or its fate in response to manipulations
(Bashamboeet al. 2006; BendeBtenzelet al. 2000; Gilneret al. 2007; Yanet al. 2000).

While it is possible that PGCs and gonocytes could be collected by manually selecting
individual cells based on morplogy (Goto et al. 1999; Leichthammeet al. 1990;

Orwig et al. 2002b), it is not possible for SSCs because they cannot be morphologically

distinguished from other spermatogonia.

2.4 Short-term Preservation of the Male Germline

Advances in the biological wtlies of the male germline cells necessitate
development of proper preservation strategies. Preservation of semen/spermatozoa is now
commonly used in many farms and conservation/research facilities (Betgahi2008;
Barbas and Mascarenhas 2009). Congbavéh spermatozoa, conservation of germline
progenitor cells has additional benefits such as: retaining of the male germline at much
earlier age (from newborn or even foetuses) when spermatozoa do not exist; deriving
pluripotent stem germ cells from thgs®genitor cells; allowing extensive studies on the
entire male germline development process; and more efficiency because a single
progenitor cell is capable of producing thousands of spermatozoa (Brinster 2002).
Depending on the application scenariostngae cells and gonadal tissues could be
stored longterm using cryopreservation or shtetm using hypothermic temperatures.

Cryopreservation is to maintain living cells and tissues in media supplemented
with cryoprotectants at very low temperaturegy.(eat-196 € in liquid nitrogen) for
extended periods of time. This causes cessation of all biological activities while being

preserved and resumption of such activities once returned to the body temperatures. Slow
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freezing (controlled and necontrolled) and vitrification are two commonly used
techniques for cryopreservation of germ cells and tissues (@tyas2010;Brook et al.
2001; Geenet al. 2008;Wynset al. 2007; Wynset al. 2008. Although cropreservation

IS a great tool in preservation aérgn cells and gonadal tissues, it was not pursued in this

thesis.

2.4.1 Hypothermic Preservation of Testis Cells and Tissue

There are situations wheshortterm storage of testis cells or tissues would be
more suitableand necessary for future applications. Such applications inshwi¢term
maintenance of cells and tissues during transportation of samples, tissue maintenance
prior to transplantation/grafting/cryopreservatiionaramoozt al. 2004; Honaramooz
et al. 2002b; Yang and Honaramooz 2010; Yaigal. 2010a) Hypothermic conditions
could be divided into levels of mild (35 to 32 €), moderate (32 to 27 €), profound (27
to 10 €) and ultraprofound (10 to 0 €) (Taylor 2000). Hypothermic temperatures cause
a decrease in cellular metabolism and oxygen/intracellular energy consumption, thereby
prolong cell viability during storage (Belzer and Southard 1988; de Refriat 2003;

Taylor 2000).

While several investigatiorsttemptechypothermic preservation ofdts tissues,
no reports of studies on@it-term preservation of testis cells is available for any species.
Storing testis tissues at 4 € for one or two days in DPBS, DMEM/F12 with HEPE or
L15 was reported not to affect primate spermatogenesis aftartanbous grafting of the
tissue fragments into mice (Jahnukaimgral. 2007a), or adversely affect the viability of
isolated testis cells in the preserved pig testis tissue (Fujétaah 2008; Zenget al.

2009).
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2.5 Culture of the Male Germline Progentor Cells

The collection of target cells with higher purity usually coincides with
considerable cell loss in the process and relatively smaller target cell numbers in the
remaining cell population. As a result, up to 90% of germline progenitor (stem) cells
could be discarded during tissue/cell handling process such as in cell
enrichment/purification operations. Although the desired number of target cells with a
satisfactory purity level could be achieved by increasing the initial pool of cells prior to
purification, this may not always be possible especially when the donor tissue is in
limited supply. On the other hand, manipulation of germline progenitor cells such as
transduction and transplantation of SSCs requires large cell numbers. Therefore, it may
be necessary to propagate purified germline progenitor cells in culture. Culture of
gonadal cellsn vitro could also provide a controlled system to facilitate the study of

germline development.

2.5.1 Maintenance and Propagation of SSCs in Culture

Over the last decade, attempts were made aiming at-téwngin vitro
maintenance and propagation of SSCs in culture from different species, such as mice
(Hamraet al. 2004; Jeonget al. 2003; KanatstShinoharaet al. 2011; KanatstShinohara
et al. 2005b;KanatsuShinoharaet al. 2003a; Kanatsishinoharaet al. 2005c¢; Kubotaet
al. 2004a; Kubotaet al. 2004b; Naganaet al. 1998; Nagancet al. 2003; Ogaweet al.

2004; Van Der Weet al. 2001), rats (Hamrat al. 2005; Ryuet al. 2005; Van Pelet al.
2002),hamster (Kanats@hinohareet al. 2008), cattle (Apontet al. 2008; Aponteet al.
2006; I1zadyaet al.2003a), pigs (Diramet al. 1999; Kuijk et al.2009) and humans (Lim
et al. 2010; SadriArdekani et al. 2009). Establishment of an efficient culture system
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involves integrating the optimized culture conditions, mainly basal media, medium
supplements, feeder cells, plate coatings, type and concentration of serum or its
replacement, combination of growth faxd/cytokines, and incubation settings such as
temperature.

Once it was believed that germ cells could only surinveitro for several weeks
(Kierszenbaum 1994); however, after the availability of GCT as a functional assay for
SSCs, it was shown thatlture of mixed populations of mouse testis cells could maintain
SSCs for at least 4 months (Nagastal. 1998). This conclusion was based on observing
full spermatogenesis after allotransplantation of the cultured cells into recipient mice
(Naganoet al. 1998). The culture conditions in the latter study included a DMEM based
medium supplemented with 10% FBS on STO (SIM mouse ertdegved thioguanine
and ouabain resistant) feeder cells d&C3®%ith 5% CQ. Highly enriched typeA mouse
spermatogonia alsaisvived 25 days of ceaulture with Sertoli cells in DMEM with 5%

Nu serum (Van Der Weet al.2001).

Beyond survival, expansion of mouse SSC numbers was then achieved during 3
months of culture in DMEM with 10% FBS on STO feeder cells, and a combindtion o
growth factors which mainly included the platedetrived growth factor (PDGF) and
| eukemia inhibitory factor (LI F), along wi
cell factor (SCF), murine oncostatin M (OSM) and inslilke growth factorl (IGF1)
(Jeonget al. 2003). A systematic study of culture conditions found that the incubating
temperature (3%ss. 37 °C) did not affect the maintenance of mouse SSCs, but the

composition of feeder cells, culture media and growth factor (especially the glial ¢
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line-derived neurotrophic factor, GDNF), could influence the SSGreaffwal during
the weeklong culture (Naganet al.2003).

Long term propagation of mouse SSCs for 5 months was accomplished in culture
of mixed mouse testis cells on mouse embiydibroblasts (MEF), with introduction of
an expanded basal media components, namely Ste3dp#M (formerly used in culture
of human hematopoietic stem cells) with various reagents and foetal calf serum (FCS),
and a combination of growth factors suchL#s, bFGF, amurine leukemia inhibitory
factor (ESGRO), epidermajrowth factor(EGF) and GDNF (KanatsBhinoharaet al.
2003a). Additionally, progeny were produced using spermatids from the cultured SSCs
after allotransplantation (Kanat&hinoharaet al. 2003a). Similar culture conditions
applied for more than 2 years could substantially expand SSC populations while retaining
the potential to produce progeny using spermatids derived from the cultured SSCs after
transplantation (KanatsBhinoharaet al. 2005c). It was suggested that neonatal SSCs
have higher dividing activity than adult SSCs (Nagano In press; Nagtaab 2000a;
Naganoet al.2002b).

Despite the proven importance of STO and Sertoli cells as feeder cells for SSC
survival in mice and ratéHamraet al. 2004; Jeonget al. 2003; Nagancet al. 1998;
Naganoet al. 2003; Ryuet al. 2005; Van Der Weet al. 2001), mouse SSCs were
expanded on laminin coated plates in Stenrt&FM basal media without feeder cell or
serum for more than 6 months Wehmaintaining the competence to produce progeny
after transplantation (Kanatsthinoharaet al. 2005b). Enriched mouse SSCs were also
propagated for several months with a doubling time of approximately 6 days in a serum

free MEM-alpha medium on STO withddition of only GDNF, or along with GDNF
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family receptor alpha 1 (GFRU1) anretal.bFGF
2004b). Since SSCs did propagate in culture in the absence of both feeder cells and serum
(KanatsuShinoharaet al. In press), theymay not be indispensable for survival and
proliferation of mouse SSCs (KanatShinohareet al. In press; Kanats&hinoharaet al.
2005b; Kubotaet al. 2004b). However, GDNF was recognized as a single most critical
growth factor for mouse SSC se#finewalin culture (KanatstBhinoharaet al. 2005b;
KanatsuShinohareet al2003a; Kubotaet al. 2004a; Oatley and Brinster 2008; Ogaeta
al. 2004). Recently, it was shown that supplementation of colony stimulating factor 1
(CSF1), fetuin and lipid substancesncalso promote proliferation of SSCs in culture
(KanatsuShinohareet al.In press; Oatlegt al.2009).

Compared to mouse SSCs, hamster SSCs required bFGF as an essential growth
factor, along with GDNF, for vigorous proliferation during the ylesg cuture on
laminin coated platem a TX-WES basal medium. But although round spermatids could
be generated after transplantation of the cultured SSCs, no progeny was produced
(KanatsuShinoharaet al. 2008). Rat SSCs were also successfully propagateitro in
serumfree basal media of either Stemg@Bé with GDNFGFRU1 on ME¥F, or
alpha with GDNFG F R bEGF on STO. It was estimated that as many as a million
SSCs could be generated from a single SSCs after 7 months of culture (étaahra
2005; Ryuet al. 2005).

In farm animals, bovine typA spermatogonia were maintained in@alture with
Sertoli cells in a MEM basal medium supplemented with FCS for more than 3 months
when spermatidike cells were produced (lzadyat al. 2003a), and addition of GilF

improved SSC survival and sefnewal (Aponteet al. 2006). More than 10,06fld
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propagation of SSCs was achieved during armoath culture in Stempr84 SFM basal
media with a combination of GDNF, LIF, EGF and bFGF, (Apattal. 2008).

Similarly, populations of human SSCs were also substantially expanded (by
approximately 1800@old) when cultured on lamininoated plates with StemRB8#

SFM basal media in presence of GDNF, EGF, LIF and bFGF (Badekaniet al.
2009).

In contrast, approximately0% of porcine typeé\ spermatogonia were reported to
survive after 2 days of culture in the serfree medium KSOM with SCF and/or
granulocyte macrophagmlony stimulating factor (GMCSF) (Diramiet al. 1999).
Colonies of cells were observed during cudtim StemPreé84 SFM basal medium with
1% FCS and growth factors, but not in MEM basal medium with 10% FBS and LIF
(Aponte et al. 2008). Similar to results of culturing bovine testis cells, morphologically
different colonies arose from the early culturewsekold piglet testis cells; however,
number and magnitude of SSike colonies were only enhanced by EGF and FGF rather
than GDNF or LIF. SSCs could not be propagated beyond 9 passages (i.e., 1 or 2 months)

(Kuijk et al.2009).

25.1.1 Derivation of Pluipotent Embryonic Stem Cell-like Cells from SSCs in
Culture

After longterm maintenance and proliferation of SSi@svitro, colonies with
different morphologies start to appear during the first couple of weeks.
Multipotent/pluripotent stem cells could lberived from these colonies in neonatal and

adult mice (Guart al.2006; Huanget al. 2009; KanatstEhinoharaet al. 2004; Koet al.
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2009; Seandedt al. 2007) and adult human (Conratial. 2008; Golestaneht al. 2009;
Kossacket al.2009; Mizraket al.2010).

Colonies with appearances similar to colonies of embryonic stem cells (ESCs)
have been observed after several passages of testis cells in culture (with some or all of the
foll owing growth factors: bFGF, G-basdted LI F
plates with no feeder cells (Conratlal. 2008; Golestaneft al. 2009; Guaret al. 2006;
KanatsuShinoharaet al. 2004; Kossaclet al. 2009; Mizraket al. 2010), or on testis
stromal cells (Seandet al.2007). These colonies could be manuallested and further
maintained and expanded in a DMEM basal medium with bFGF and/or LIF and FCS on
MEFs (Guaret al. 2006; KanatstShinoharaet al2004; Kossaclet al. 2009; Seandedt
al. 2007) or feedecell-free gelatin (Conraeét al. 2008; Golestaneht al. 2009; Guaret
al. 2006) or Matrigel coated plates (Mizrakal. 2010).

Cells derived from mouse or human multipotent/pluripotent stem cells during
culture showed normal karyotype with various ESC genotypes and phenotypes. These
cells also have othaharacteristics in common with ESCs including: differentiation into
somatic cells of all three germ layers (ectodermal, mesodermal and endodermal lineages);
sharing typical phenotypes or functian vivo and in vitro (Conrad et al. 2008;
Golestanefet al. 2009; Guaret al. 2006; KanatstShinoharaet al. 2004a; Kossackt al.

2009; Mizrak et al. 2010; Seandelet al. 2007); formation of teratoma after
transplantation into seminiferous tubules and grafting subcutaneously or under the kidney
capsule in recipient mice (Conrad al. 2008; Golestaneht al. 2009; Guaret al. 2006;
KanatsuShinohareet al. 2004; Kossaclet al. 2009; Seandedt al. 2007); the potential to

generate spermatogenesis after transplantation (6uah 2006; KanatstShinoharaet
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al. 2004; Seandekt al. 2007); and development of chimera after early blastocyst
injection in mice (Guaet al. 2006;KanatsuShinoharaet al. 2004; Seandedt al. 2007).
Interestingly, mouse SSCs/gonocytes aggregated with foetal/neonatal
mesenchymal and epithelial cells on agar, survived and grew after grafting under the
renal capsule. More importantly, they directly gaise to somatic cells of all three germ
layers, suggesting that SSCs/gonocytes may retain the capability taliffarentiate
into other cell types in suitable microenvironments (Sirabal. 2009). Recently, trans
differentiation of mouse SSCs intorhatopoietic cells was reported after transplantation

into bone marrow (Ningt al.2010).

2.5.2 Maintenance and Propagation of Gonocytes in Culture

Although SSCs derived from cultured gonocytes could be potentially expanded
for more than 2 years in micKgnatsuShinoharaet al. 2005b; Kanatsthinohareaet al.
2005c), to date the lorAgrm propagation of gonocytes has not been reported in any
species. In most studies, gonocytes were maintained in a simple culture system for
several days or weeks, typicalyn Eagl ebds ME M, | MDM o D ME M
with or without FBS (Fujiharaet al. 2008; Goelet al. 2007; Hasthorpeet al. 2000;
Hasthorpeet al. 1999; Tuet al. 2007; Yuet al. 2009; Yuet al. 2005). Organ culture was
also developed in evaluating effeas certain additives, such as placing gonad tissue
fragments on a thin perforated film that floats on the culture media (Lekta@ki2009;

Li and Kim 2004; Petréazaret al.2007; Zhouet al. 2008).

In culture, gonocytes have been shown to develpgcialized cytoplasmic

processes and form colonies mimickimgvivo behaviour, probably through a SCHkic

pathway (Hasthorpet al. 1999; McGuinness and Orth 1992b; Oethal. 1997; Orth and
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Boehm 1990; Orth and Jester 1995; Gatlal. 2000; Orth andMcGuinness 1991, Ortét

al. 1998). Co-culture with Sertoli cells and ECM coatings have promoted gonocytes
proliferation and migration in rats (Orth and McGuinness 1991; Van Eisséiani et

al. 1993). On the other hand, Sertoli cells have also beemteepm have no enhancing
effects or even have inhibitory influence on gonocytes colony formation (Hasthorpe
2003; Hasthorpet al.2000; Orth and Boehm 1990; Piedratataal. 1997).

In rodents, bFGF, LIF, ciliary neurotrophic factor and activin have beeorted
to enhance survival of gonocytes and colony formation in culture (Hasthorpe 2003;
KanatsuShinoharaet al. 2007; Meeharet al. 2000; Piedrahitaet al. 1997; Van Dissel
Emiliani et al. 1996), while SCF, TGF RA, inhibin and androgens exerted thega
effects on gonocytes proliferation (Boulogeé al. 2003; Hasthorpe 2003; Kanatsu
Shinohareet al. 2004; Li and Kim 2004; Merle¢t al. 2007; Spangrude 2003; Tai al.
2007). It was reported th@®DGF was the single growth factor to potentially prognot
gonocyte proliferation in culture (Basciagi al. 2008; Liet al. 1997; Wang and Culty
2007).

Certain gonocyte supopulations showed multiple pluripotency markers, and
teratoma was observed aftembcutaneous transplantation of cultured piglehocytes
(Goel et al. 2009; HoeiHansenet al. 2005; Niu and Liang 2008; Tet al. 2007).
Gonocytes might also directly differentiate into other somatic cells of the three germ
layers (Simoret al. 2009).However, to date, no pluripotent stem cells haserbderived

from the cultured gonocytes in any species.
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2.5.3 Maintenance and Propagation of PGCs in Culture

PGCs proliferated duringn vitro culture before undergoing mitotic arrest, a
pattern similar to theim vivo behaviour, suggesting an adepenént cell autonomous
mechanism (Donovaet al. 1986; Matsuiet al. 1991; Ohkuboet al. 1996). A similar
mechanism was also proposed to regulate proliferation and differentiation of SSCs in
culture (Wuet al.2009b).

Tumor necrosis factea | p ha ( T &R §hpwn lbashanbte the proliferation
of PGCs prior to reaching the genital ridge, but not those in growth arrest (Keinase
1994). In additionLIF (De Felici and Dolci 1991; Farirat al. 2005; Matsuket al. 1991,
Pesceet al. 1993), SCF (Dolcet al. 1991; Godinet al. 1991; Pescet al. 1993), bFGF
(Resnicket al. 1992), interleukird (Cookeet al. 1996), retinoic acid (Koshimizet al.

1995) and cAMP (De Felicet al. 1993) were demonstrated to promote survival and
proliferation of PGCsn vitro.

Long-term propagation of PGCs beyond the growth arrest in culture was achieved
on feeder cells after the addition of growth factors bFGF, LIF and SCF in rodents
(Laboskyet al. 1994; Matsuket al. 1992; Resniclet al. 1992).

Although PGCs are belied to normally give rise to male and female germ cells
in vivo, it has been shown that LIF can derive and maintain the-Ik8Cells from
cultured PGCs (Pease and Williams 1990; Sreithal. 1988; Williamset al. 1988).
Similarly, the combination of groWwtfactors bFGF and SCF (Labosétyal. 1994; Matsui
et al. 1992; Resniclet al. 1992; Shimet al. 2008; Stewaret al. 1994) or the addition of
bFGF in culture were shown to stimulate the transformation of PGCs to embryonic germ
cells (EGCs) (Kawaset al. 1994; Matsuiet al. 1992; Resniclet al. 1992), which share

many morphological, phenotypical and pluripotent characteristics with ESCs (De Felici
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et al. 2009; Laible and Alons@onzdez 2009; Shamblotet al. 1998; Solter and
Knowles 1978; Stewast al. 1994).Interestingly, PGCs were also derived from EGCs in
culture (Equizabaét al. 2009).

Aside from mouse cells, rabbit EGiRe cells, with certain pluripotent
phenotypes, were also generated franturedPGCsin the presence of LIF, bFGF and
forskolin on MEF; however, they could only propagate for less than a month, no
teratomas were formed after graftiegl. under
2008).

When human PGCs were cultured in the presence of LIF, bFGF and forskolin on
STO feeder ds, ESC/EGClike colonies appeared. Some of the colonies formed
embryoid bodies (EBs), and the HRrived cells could propagate for letgrm and
differentiate into somatic cells showing numerous markers of the three germilayers
vitro; although no tetamas were formed after transplantation into the host mice
(Shambilottet al. 2001; Shamblotet al. 1998). Liver, myogenic and neural lineage cells
were also produced during thevitro culture, and after transplantation of the-B&ived
cells from cultwed PGCs into the liver, muscle or brain cavity (Cheal.2007; Shacet
al. 2009; Tencget al. 2009).

It was reported that many PGCs could not survive the primary culture due to
apoptosi s, suppl ement at i on ,omécrogmbub)taad s e i n
antioxidants may enhance maintenance of pig PGCsgiLak2000). LIF and SCF were
also suggested to have inhibitory effects on apoptosis of mouse PGCsgPast893).
Interestingly, PGCs could survive and proliferate in culture with DMEM and FBS on

STO feeder cells without supplementation with growth factors. EGCs were also derived

25



and propagated for more than 29 passages (6 months) in culture, differentiated in
multiple somatic cell typesn vitro, and pigletchimerasproduced after blastocyst
injection (Muelleret al. 1999; Shimet al. 1997). Growth factors SCF, LIF and bFGF
were also added in culture media DMEM/F10 for maintenance of pigd&@ed EGCs

on STO, and it was reported that P@Erived colonies developed into EBs in a few days
even in the absence of growth factors (Piedragtita. 1998).

Weeklong primary culture of pig PGCs on STO, SCF and LIF but not bFGF
promoted survival and proliferatioof PGCs (Redwan 2009). Synergistic effects of LIF,
bFGF and SCF were suggested in promoting survival and maintenance of porcine PGC
derived EGCs in culture, and feeder cells especially those releasing SCF were necessary
for the development of EGCs (Lee dprkdrahita 2000).

Bovine PGCs have been maintained in culture on SNL or cattle embryonic
fibroblast feeder cells for 7 weeks, with EBs formed and &€ cells derived in
culture. Incorporation of PG@erived cells into inner cell mass was also obsered
vitro after blastocyst injection (Chermy al. 1994).

One study reported maintenance of goat PGCs for 3 months on STO in DMEM
with FCS and LIF; however, colonies were formed only in the first month, spontaneous
differentiation of PGCs into multiple swatic cell types was also observed in culture

(Kthholzer et al. 2000).

2.6 Transduction of the Male Germline Progenitor Cells

To date, a biopharmaceutical protein (ATryn) produced by transgenic animals has
entered the market (http://www.ghio.com/produts/atryn.html), and it was estimated

that the production cost will be about 7% (using transgenic dairy goat) or 0.03% (using
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transgenic hens) of that using conventional methods (Redwan 2009). Improvement in
economicallyimportant phenotypic characteristiasf livestock could be expedited
considerably using transgenic technologies as compared with the traditional select
breeding (Niemann and Kues 2007). Through modification (deletion/replacement) of
impaired genes, genetic diseases could be potentially emcgrevented from passing

into the next generations (Toelen and Deprest 2010; Wagér2009).

Several technologies have been developed for production of transgenic animals,
including pronuclear microinjection (Brinstet al. 1981; Gordoret al. 1980; Hammeret
al. 1985), somatic cell nuclear transfer (Brunettil. 2008; Nottleet al. 2007; Schnieke
et al. 1997), oocytanediated (Caboet al. 2001; Charet al. 2001; Charet al. 1998;
Hofmannet al. 2004; Satoet al. 2003; Tsukuiet al. 1996; Yanget al. 2007a) and
spermatozoanediated methodologies (Arezzo 1989; Bracketil. 1971; Gandolfi 2000;
Lavitrano et al. 1989; Websteret al. 2005; Wu et al. 2008). Nevertheless, these
approaches have low efficiency, for example, no more than 1% of the microinjected
zygotes led to the birth of transgenic animals (Pinkert and Murray 1999), and low
survival rate of the cloned embryos%%) (Yanget al.2007b).

Transgenesis via viral vectors is indeed highly efficient, and could potentially
produce up to 100% transgenic animals born (Hofneral. 2004; Naganet al. 2002b;
Punzonet al. 2004; Whitelawet al. 2008; Whitelawet al. 2004). However, the use of
viral vectors has limitations including the limited capacity for carrying large foreign
genes, possibility of causing mutation or tumors, and posing higher biohazard risks
impeding their clinical applications (Goff 2001; Hofmaetnal. 2006; Park 2007; Themis

et al.2005; Whitelawet al. 2008).
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ESCs have been commonly used to produce various transgenic mouse models
(Capecchi 1989; Gertsenstesh al. 2002; Gossleet al. 1986; Robertsoret al. 1986).
Transgenesis of ESCs followed by their injection into blagts can lead to
incorporation into embryonic layers with a possibilty of germline transmission
(Robertsoret al. 1986). However, ESC technology could not be readily adapted in farm
animals, because to date ESCs are still not available in these améig et al. 2009).

In contrast, transgenesis via spermatozoa has been successfully applied in a wide range of
species (Marialuisa Lavitran@t al. 2005; Smith and Spadafora 2005); however,
spermatozoa are terminal male gametes, each transgenic spermatoaonally
produces a single transgenic individual after fertilization, and huge variations in success
rate are expected between labs and among different species (Behsaér 1989;
Marialuisa Lavitrancet al. 2005; Smith and Spadafora 2005).

Male prognitor germ cells (SSCs, gonocytes and PGCs) could also be
transductedin vitro, and because spermatogenesis is a very efficient process that
continues throughout the adult life in male mammals, a single transgenic germline
progenitor cell could potentigil generate millions of transgenic spermatozoa.
Furthermore, these progenitor cells can be transplanted into recipient testes where they

can produce transgenic gametes which upon mating can result in germline transmission.

2.6.11In vivo Transduction of SSCs

Attempts were initially made to transduct rodent testis ¢elisvo. While direct
injection of adenoviral vectors into the interstitial tissue or seminiferous tubules mainly
transducted Leydig and Sertoli cells, germ cells were not infected (Blahcral

Boekelheide 1997). Interestingly, injection of plasmid DNA followed ihy vivo
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electroporation of the testis transducted spermatogenic cells, with reported transient
expression of the transgene for up to ~2 months (Coetaatl 2006; Hibbittet al. 2006;
Kubotaet al. 2005; Muramatset al. 1997; Umemoteet al. 2005; Yamazaket al. 1998),

and transgenic mouse progeny were produced by ICSI of the collected transgenic
spermatozoa (Huangt al. 2000). In addition, when recipient mice and rats were mated
only a few days after testis injection of DNA plasmid/constructs mixed with a lipofection
reagent, eventually transgenic progeny were produced, showing germline transmission
(Celebiet al.2002;Changet al. 1999b; Sateet al. 1999a; Satet al. 1999b; Yonezawat

al. 2001). This suggested that the foreign DNA constructs were rapidly transported
through rete testis into the efferent ducts and epididymis as early as in one day, and
mostly acquiredy spermatozoa-8 days after injection (Chargt al. 1999a; Satcet al.

2002).

At least in mature mice, it seems that viral vectors could not successfully
transduct SSCsin situ after injection into seminiferous tubules, even though
differentiated spermagenic cells might be observed to express the transgene (Blanchard
and Boekelheide 1997; Honaramagizal. 2008; Ikawaet al. 2002; KanatstShinohareet
al. 2004b; Naganet al.2000a; Takehasleit al. 2007). However, one study reported that
SSCs in neonat rather than mature mouse testes were transdurctado after injection
of a retroviral vector (the Moloney murine leukemia virus) into the seminiferous tubules.
About half of the injected testes showed the transgenic SSCs, of the 86% fertile mice
injected with the vector, transgenic mice were produced from 26%, after natural mating
(~22% of all mice injected), showing germline transmission of the transgene in ~2.8% of

the sired offspring (KanatsBhinoharaet al. 2004b). The observed difference between
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the neonatal and mature testes could be due to the-tdetsl barrier and multiple layers
of germ cells in mature seminiferous tubules which may have blocked the access of the
transgene to the SSQAs situ (Changet al. 1999a; Kanatsbhinoharaet al. 2004b;

Naganocet al.2000a; Satet al.2002).

2.6.2In vitro Transduction of SSCs/Gonocytes

Since SSCs can generate full donor derived spermatogenesis after injection into
recipient seminiferous tubules, it is reasonable to transduct 8SAIr0 to increase their
exposure to the transgene prior to transplantation.

While no SSCs were transducted after injection of retroviral vectors into mouse
seminiferous tubules, transgenic SSCs were observed in recipient mouse testes (for ~6
months) after transplantatioof in vitro-transducted SSCs, or after-tansplantation of
freshly collected testis cells with retroviral vectors. Up to 20% of neonatal SSCs
expressed the transgene in recipient testes aftevitro transduction followed by
transplantation, and tragsne was carried in ~4.5% offspring after mating of the
transplanted recipients. Neonatal SSCs showed higher transduction effigienitso
compared with those of mature testes (Nagetrad. 2001a; Naganet al. 2000a).

Similarly, SSCs were successfutransductedn vitro with adenoviral or adero
associated viral vectors resulting in-48% transduction efficiency and production of
transgenic progeny (Honaramoeizal. 2008; Takehastat al.2007). The use of lentiviral
vectors resulted in transduction of-200% of SSCs in recipient mice, with SSCs from
neonatal testes resulting in ~fdd higher transduction efficiency than those from

mature testes (Nagamb al. 2002b).
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In rats, althoughetroviral vectors resulted in low transduction efficiency (~0.5%)
(Orwig et al. 2002a), ~45% of SSCs were transducieditro with lentiviral vectors
without significant toxicity, and after mating of the transplanted recipients, 6% of the
offspring carred the transgene and passed it on to at least three generations éHamra
2002; Ryuet al.2007).

Compared with viramediated gene delivery methods, noral methods are
simple and easier to operate, and carry virtually no biosafety risks to tretaypar the
public; however, they are also very inefficient. Although calcium phosphateDEAE
dextranmediatedin vitro transfection of neonatal mouse SSCs with a plasmid vector
resulted in hardly any transfected SSCs (0.6%), electroporation ledatosalyl high
transfection efficiency (~20%) but low survival rate (~9%), while lipofection resulted in
low transfection efficiency (~4%) with very high survival rate (~96%). After mating of
recipients that were transplanted with transfected SSCs by adtpof reagent, ~49% of
progeny carried the transgene and showed Mendelian pattern of germline transmission
(KanatsuShinohareet al. 2005d).

Despite the failure oih vivo electroporation of mouse SSCs (Cowatdl. 2006;
Hibbitt et al. 2006; Huanget al 2000; Kubotaet al. 2005; Muramatswet al. 1997,
Umemotoet al. 2005; Yamazaket al. 1998), in vitro electroporation of bovine testis
tissue resulted in transfection of SSCs, as assessed by xenogratfting into the back skin of
immunodeficient mice (Oatlegt al. 2004a). Transfection of pig germ cells was reported
after injection of a plasmid and lipofection reagent mixture into bustiiéatied testes;
however, from the report it was not clear whether SSCs were indeed transfectest (Kim

al. 1997).
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As a poof-of-principle study, testis cells from transgenic goats were injected into
the seminiferous tubules of recipient goat testes, and transgenic pregesproduced
after mating of the recipients (Honaramaaizal. 2003b). To datdn vitro transductiorof
isolated SSCéom large animals has been studied only in one report using goats, where
SSCs were transducted using adaseociate viral (AAV) vectors and transplanted into
recipient goats, resulting in the presence of transgenic spermatozoa in ~35% of
ejaculates, giving rise to ~10% transgenesis of embryos after IVF (Honaranhahz

2008).

Only one study could be found on gonocyte transduction (pig), where more than
90% cell survival was reported after using lentiviral vectorgitro, with a tranduction
efficiency of ~11%. After xenotransplantation into the seminiferous tubules of
immunodeficient recipient mice, the transgenic gonocytes survived and colonized the

recipient testes (Kimet al.2010).

2.7 Transplantation of Male Germline Progenitor Cells

Germ cell transplantatiofGCT), also referred to as spermatogonial stem cell
transplantation, is a process in which testis cells harvested from a fertile donor male are
microinjected into the seminiferous tubules of infertile recipi¢Btgisterand Avarbock
1994; Brinster and Zimmermann 1994yansplanéd spermatogonial stem celtould
migrate to thebasolateralcompartment of the seminiferous tubules and proliéetat
initiate donorderived spermatogenesis, with the support from the recifgstis somatic

cells (Chumeet al.2005; Clouthieret al. 1996; Fran@et al. 1998; Jiang and Short 1998a;
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Naganoet al. 1999; Ohtaet al. 2000; Orwiget al. 2002b; Parreir&t al. 1998; Parreiraet

al. 1999; Russell and Brinster 1996).

2.7.1 Transplantation of SSCs / Spermatogonia in Different Species

Full donorderived spermatogenesis was first reported after direct microinjection
of mouse testis cells into the testes of recipient mice, resulting in progeny production
(Brinster and Avarbock 1994; Brinster and Zimmermann 1994). Complete
spermatogenesis was also observed in mouse testes after heterologous transplantation of
testis cells from donor rats (Clouthier al. 1996; Russell and Brinster 1996) and hamster
(Ogawaet al. 1999a); however, only colonization/proliferation of SSCs but not full
spermatogenesis was found in recipient mouse testes after transplantation of donor germ
cells from rabbits (Dobrinslet al. 1999a), dogs (Dobrinslat al. 1999a), cats (Kinet al.
2006) bulls (Dobrinskiet al.2000), boars (Dobrinskit al. 2000), horses (Dobrinski al.
2000), baboons (Nagare al. 2001b) and humans (Nagaeb al. 2002a). Interestingly,
recipient mice supported fitbmplete spermatogenesis (demonstrated all stages o
spermatogenesis) of subcutaneously grafted testis tissue from a wide range of donor
species including pigs, goats, cats, bull calves, sheep, horses and monkeys (reviewed in
RodriguezSosa and Dobrinski 2009). Nevertheless, autologous/homologous
transplatation of testis cells also resulted in spermatogenesis in rats (Jiang and Short
1995; Ogaweet al. 1999b), dogs (Kimet al. 2008), goats (Honaramoaa al. 2003a;
Honaramoozt al. 2003b), pigs (Honaramoa al. 2002a; Mikkolaet al. 2006), sheep
(Herrid et al. 2009b; Rodriguesosaet al. 2009) and cattle (Herridt al. 2006a; 1zadyar

et al. 2003b; Oatleyet al. 2005a; Rathet al. 2005; Stockwellet al. 2009) (Table 2.1).
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Table 2.1. Progress of germ cell transplantation

Donor Recipient  Colonization Spematocyte  Spermatozoa  Progeny Transgenic Offspring

Rat Rat + + + + + (Hamra et al. 2002;
Ryu et al.2007)

Hamster Mice + (Ogawaet al. 1999a)

Dog Mice + (Dobrinskiet al. 1999a)

Bovine Mice + (Dobrinskiet al.2000)

Baboon  Mice + (Nagancet al.2001b)

Goat Goat + + (Honaramoozet al. + (Honaramooz et al.
2003a; Honaramooet 2003b)
al. 2003b)

+ (Kim et al.2006)




Ge

Pig Pig + (Honaramoozt al.2002a)

Chicken  Chicken + +
Dog Dog + +
Sheep Sheep + +

+ (Mikkola et al.2006)

+ + (Leeet al.2006)
+ (Kim et al.2008)
+ + (Herridet al.2009b)

+: Positive results obtained



2.7.2 Germ Cell Transplantation Techniques
In the first report of GCT in recipient mice, testis cells were directly microinjected

by a fine glass neediato the lumen of superficial seminiferous tubules visible through
the tunica albuginea under a microscope. This required abot®.D.tnl of cell
suspension and took3) min per testis, resulting in filling of 5000% of surface tubules
with donor cells (Brinster and Avarbock 1994; Brinster and Zimmermann 1994;
Clouthier et al. 1996). In mice and rats, donor testis cells could also be transplanted
through microinjection into efferent ducts (Dobringkial. 1999a; Fran@et al. 1998;
Naganoet al. 1999; @awaet al. 1997; Ogawaet al. 1999a) or rete testis (Hamea al.

2002; Jiang and Short 1995; Nagagibal. 2001b; Ogaweet al. 1997; Ogaweet al.
1999b). While all three routes could fill more than 50% of seminiferous tubules on the
testis surface, theete testis route is technically more difficult than the efferent duct or
tubule lumen routes. Efferent duct injection is relatively quicker to perform and less cell
suspension is required (100 W with 70%-100% surface tubule coverage within3%

min for both testes), but direct injection into the tubule lumen requires less preparation
and tissue dissection (Ogawhal.1997). Currently the latter two methods are frequently
utilized in transplantation of donor testis cells into rodent testis.

However,these techniques could not be readily adapted to use in large animals
mainly because of major anatomical structure differences including thick tunica
albuginea and very long and convoluted tubules in the testis of large animals
(Honaramoozt al. 2003a; Hhnaramoozt al. 2002a; Schlatet al. 1999). Therefore, an
ultrasoundguided intratesticular rete testis infusion system was developed which could
result in filling of about half of the recipient seminiferous tubules with ~5 mL of cell
suspension withir8B0 min (Honaramooet al. 2002a; Schlatet al. 1999). To date, this
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approach has been applied successfully in species such as boars (Honatmboz
2002a), bulls (Joergt al. 2003; Schlattet al. 1999), goats (Honaramocet al. 2003a,;
Honaramoozet al 2003b) and primates (Schlat al. 2002; Schlattet al. 1999). An
extratesticular rete testis method with ultrasound guidance or epididymal dissection was
also reported capable of introducing donor cells into sheep seminiferous tubules

(RodriguezSosaet al. 2006; RodrigueSosaet al. 2009).

2.7.3 Approaches to Improve Transplantation Efficiency

Widespread application of GCT is currently limited due to challenges in
improving the transplantation efficiency (reviewed by Honaramooz and Yang, 2011;
Khaira et al. 2005; Oatley and Brinster 2008; Dobrinski and Travis 2@&enset al.
2008) Studies on GCT demonstrated that dederved spermatogenesis in the recipient
testes could be improved significantly when recipient endogenous germ cellabhserd
due to genetic mutations (BoettgBong et al. 2000; Brinsteret al. 2003; Geissleet al.
1988; Ogawaet al. 2000; Ohtaet al. 2001; Shinoharat al. 2001; Silvers 1979) or were
depleted after ablative strategies such as busulfan injection (Br2@; Brinster and
Avarbock 1994; Brinster and Zimmermann 1994; Ogawal. 1999b; Okabet al. 1997)
or testis local irradiations (Creemeasal. 2002; Giuiliet al. 2002; Herridet al. 2009b;
Honaramoozet al. 2005; Izadyaret al. 2003b; Kimet al. 2008; Oatleyet al. 2005a;

Schlattet al.2002; Zhanget al. 2006).

Busulfan is a DNAalkylating agent that destroys proliferating cells and is
frequently used to deplete recipient germ cells before GCT (Brinster and Avarbock, 1994;

Honaramoozet al 2005;Moisanet al, 2003). As a side effect, high doses of busulfan
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have been reported to cause sevieematopoietic suppression and even death in rats,
mice and pigs (Honaramoot al. 2005; Mikkola et al. 2006; Ogawaet al. 1999a;
Udagawaet al. 2001). Therefee, busulfan treatment of pregnant females with lowered
doses was also utilized to reduce the potential lethal toxicity, especially to the progeny
(Brinsteret al. 2003; Honaramooet al. 2005). Currently rodents with genetic mutations

or after busulfan #atment are commonly used as recipients for GGie 1 the lack of

proper farm animal models with geneticatlgpleted germ cells, and the high toxicity of
busulfan treatment, local irradiation of testes has also been used to prepare recipient goats

for transplantation (Honaramoet al. 2005).

Aside from depletion of recipient endogenous germ cells, the efficiency of GCT is
highly related to the number of SSCs transplanted (Dobraisii 1999b). In mice, most
transplanted donor cell populations coneml ~108200 SSCs, resulting in ~Z0%
successful colonization in the recipient testes (Nagarmd. 1999; Shinoharat al. 1999).

It was also suggested that only two dederived spermatogenic colonies could be
produced after transplantation of everyeomillion testis cells (i.e., ~1% of transferred
SSCs) (Jiang 2001). Therefore, enrichment of donor germ cells for SSCs could increase
the potential number of spermatogenic colonies in recipients (Shinehaah 1999;
Shinoharaet al. 2000). Several sttagies have also been applied/suggested to improve
the colonization of donor germ cells in recipient testis. Younger animals were
demonstrated to be more suitable in providing a microenvironment for colonization of
donor germ cells (Brinstaat al. 2003; yawaet al. 1999b; Ryuet al. 2003; Shinoharat

al. 2001). Recipient treatment with GnRH agonists was also shown to improve the
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efficiency of colonization (Dobrinsket al. 2001; Ogawaet al. 1998; Ogawaet al.

1999h).

2.7.4 Transplantation of Gonocytesand PGCs

The ability of SSCs in colonization of recipient testes and differentiation into
spermatozoa after GCT are welitablished and have been shown in both homologous
and heterologous transplantations between mice and rats (Claithiet 996; Fra@ et
al. 1998; Ogaweet al. 1999b; Russell and Brinster 1996; Zhaeigal. 2003). However,
only colonization and proliferation of mouse gonocytes (and not full spermatogenesis)
were observed in recipient testis followihgmologoustransplantation (McLaaet al.

2003; Ohboeet al. 2003; Ohmureet al. 2004; Ohtaet al. 2004; Shinohar&t al. 2002a).

On the other hand, full spermatogenesis was generated after homologous transplantation
of rat gonocytes (Jiang and Short 1995; Jiang and Short 1998a; @rdid2002b; Ryu

et al. 2003). To date, homologous transplantation of gonocytes has not been tested in any
large animals, although piglet gonocytes were reported to colonize but not differentiate in
immunodeficient recipient mouse testes (Geelal. 2009; Kim et al. 2010). In some
aspects, gonocytes are believed to be different from SSCs (Fetamd 2009a;
Hasthorpe 2003; McLeagt al. 2003; Meehart al. 2000; Ohbcet al. 2003; Shinoharat

al. 2001; Van Den Harat al. 2002), and further investigation aneeded to determine if
gonocytes possess the potential to produce ddedved spermatogenesis following
GCT. This is particularly important in farm animals, where gonocytes could be easily

collected at a much earlier age compared with SSCs.
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As the progeitor of gonocytes, rat and mouse PGCs have produced -donor
derived spermatozoa in recipient testes after homologous transplantation (Eéhama
2005; Jiang and Short 1995; Jiang and Short 1998a; édlatla2004). PGCs are the first
identifiable germ cds in early embryos with limited number but capable of giving rise to
both male and female germ cells (Adams and McLaren 2002; Chuala2005; Jiang
and Short 1998a; Ohtet al. 2004; Wilhelmet al. 2007). Although at the beginning,
preparing sufficienamount of PGCs for transplantation might be a challenge, it could be
solved by propagation in culture. For genetic preservation and dissemination of foetus
died at earlier ages, PGCs transplantation could be an appealing strategy. Transplantation
of PGCshas not been reported in any large animals, with chicken as the most studied
nonrodent species (Motonet al. 2010; Naitoet al. 2010; Naitoet al. 2007a; Van De

Lavoir et al.2006).

2.7.5 Applications of Germ Cell Transplantation

When the transplantededtis cells contain SSCs/germline stem cells, donor
derived spermatogenesis may arise in the recipient testes allowing the production of
donorderived progeny. Since generation of each individual colony of spermatogenesis
represents the product of a sinfl8C/germline stem cell, this systgmovides a unique
bioassay for quantitative analysi§ the number and developmental potential of a given
testis cell populatior{Oatley and Brinster 2008). Severstldies in rodents and large
animals have used thisrfctional assay as a unique tool for the study of SSCs, and
investigation of spermatogenesis and male infertility (Brinster 2002; Brinster 2007;

Dobrinski 2006; Franget al. 1998; Hill and Dobrinski 2006).
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Transplantation of germ cells by providing accesgermline stem cells, can also
lay the foundation for modification of the male germline. Genetic manipulation of farm
animals may be aimed at improving production traits/efficiency, disease resistance. The
advantage of genetic modification through gemenistem cells is that a single genetically
altered stem cell can produce virtually unlimited transgenic spermatozoa without losing
its potential. Modification of the male germline by transplantation of genetiatéyed
SSCs is therefore a novel apprbdc generation of transgenic animals by fertilization of
selected oocytes vivo or in vitro (i.e., allow genetic recombination). This approach
does not involve extensive micromanipulation and is potentially more efficient, less
expensive and less time consuming than the conventional approaches to generation of
germline transgenic farm animalsr{i@ster 2002; Honaramoat al. 2003b; Honaramooz
et al.2008; Kimet al.2010; Naganet al.2002b).

Terminal male gametes (spermatozoa) are commonly used for preservation of
male fertility and genetic diversity; however, spermatozoa are not availgiepnbertal
males. Preservation of progenitor germ cells might be the only option for the continuation
of the germline from individual males of rare/endangered species that die prior to
reaching maturity age. Preservation of SSCs/germline progenitorfroetisprepubertal
boys undergoing sterilizing cancer treatments (such as chemotherapy or testicular body
irradiation) could also restore the fertility potential after autologous transplantation

(Geenset al. 2008).

2.8 Hypotheses and Objectives
The generahypothesis of this thesis was that spermatogenesis can be established

in recipient testes after transplantation of gonocytes in pigsobjeetivesof this thesis
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were to specifically identiy, and efficiently isolate, puyf preserve and trsplant
gonocytesin pigs as a farm animal moddExperiments were designed to test the

following specific objectives and null hypotheses:

2.8.1 Characterization and Quenching of the Autefluorescence in Pig Testis Cells
(Chapter 3)

To study and characiee the intrinsic fluorescence found in piglet testis tissue
and cells (botln situandin vitro), and to develop an effective strategy to mask this-auto
fluorescence to facilitate specific identification of piglet gonocytes with DBA immune
fluorescent stining, the following null hypotheses were tested:

A. Pig testis cells do not demonstrate intrinsic fluorescens#uor in vitro.
B. If piglet testis cells show autituorescence, it will not be masked using Sudan

Black B staining.

C. Piglet gonocytes do not specifically bind lectin Dolichos biflorus agglutinin

(DBA).

2.8.2 Development of Novel Strategies for the Isolation of Piglet Testis Cells with
High Proportion of Gonocytes (Chapter 4)

To investigate the effects of several taston piglet testis cell isolation, and to
develop novel strategies that can increase the proportion of gonocytes in the freshly
isolated piglet testis cellthe following null hypotheses were tested

A. Erythrocytes will not be eliminated from the fresh$plated piglet testis cells
using a NHCL-based lysis buffer.

B. Testis cells collected from littermate piglets or piglets of different litters will differ
in cell viability or yield.

42



C. Dissociation of piglet testis tissue using different mechanical metitisot
result in collection of cells with differing viability, yield or gonocyte proportions.

D. Collection of piglet testis cells with either ostep or twestep enzymatic
digestion methods will not result in different gonocyte proportions.

E. Piglet testis cell viability, yield or proportion of gonocytes will not differ between
mechanical dissociation and enzymatic digestion methods of cell isolation.

F. Pretreatment of piglet testis tissue with cold enzymes or hydrostatic pressurization
will not increase the efficiency of enzymatic digestion methods for collection of
testis cells.

G. Combination of enzymatic digestion and vortexing will not increase the proportion

of gonocytes in the freshly collected piglet testis cells.

2.8.3 Effects of Medium and Temperatures on Preservation of Isolated Porcine
Testis Cells (Chapter 5)

To investigate the effects of temperature, solution and preservation duration on
different types of cells after shetrm preservation of isolated piglet testis cetlse
following null hypotheses were tested

A. The survival rate of piglet testis cells will not change after preservation under room
or refrigeration temperatures for up to 6 days.

B. The survival rate of piglet testis cells in different solutions will not be different
after hypothermic preservation for up to 6 days.

C. The survival rate of piglet testis cells will not change on different preservation

days under room or refrigeration temperatures in different solutions.
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D. Piglet testis cells will not survive the shoerm cuture after 6 days of
hypothermic preservation.
E. Proportion of gonocytes, Sertoli and peritubular myoid cells will not change in

isolated piglet testis cells after hypothermic preservation.

2.8.4 Effects of Tissue Sample Size and Media on Shdadgrm Hypothermic
Preservation of Porcine Testis Tissue (Chapter 6)

To evaluate the effects of tissue size, solution and preservation duration on
maintenance of testis cell viability and tissue morphology after-$bort preservation of
testis tissue, the followgnull hypotheses were tested:

A. The survival rate of testis cells and the seuomeantitative morphometric
characteristics of the preserved testis tissue will not be different after hypothermic
preservation of piglet testis tissue.

B. Proportion of gonocytes will not change after hypothermic preservation of piglet

testis tissue.

2.8.5 Efficient Purification of Neonatal Porcine Gonocytes with Nycodenz and
Differential Plating (Chapter 7)

To study the effects of density gradieeintrifugation and differential plating in
composition of piglet testis cells, and to develop effective strategies for purification of
piglet gonocytes, the following null hypotheses were tested:

A. Proportion of gonocytes will not differ among populationspdaflet testis cells
collected after density gradient centrifugation using various concentrations of

Nycodenz.
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B. Proportion of gonocytes will not differ among populations of piglet testis cells
collected after differential plating using different extracelfulmatrix (ECM)
coated plates.

C. Proportion of gonocytes will not differ among populations of piglet testis cells by
extending culture durations in differential plating.

D. Combination of density gradient centrifugation with Nycodenz and differential
plating will not increase the proportion of gonocytes in the resultant piglet testis

cells.

2.8.6 Piglet Testis Irradiation and Subsequent Gonocyte Transplantation (Chapter
8)

To examine the effect of local irradiation of piglet testes using different
fractionaed doses on testis development and progress of endogenous spermatogenesis,
and to investigate the potential of piglet gonocytes in initiating spermatogenesis in
irradiated recipient pig testes after transplantation, the following null hypotheses were
testel:

A. Local irradiation of piglet testes using fractionated doses will not decrease the
testis weight.

B. Local irradiation of piglet testes using fractionated doses will not affect the
histological characteristics of the seminiferous cords/tubules.

C. Germ cellnumber (per 1,000 Sertoli cells) will not be decreased in irradiated piglet
testes.

D. Postmeiotic germ cells will continue to develop in irradiated piglet testes.
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E. Spermatogenesis will not develop in irradiated piglet testis after gonocyte

transplantation.
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CHAPTER 3 CHARACTERIZATION AND QUENCHING OF AUTO -

FLUORESCENCE IN PIG TESTIS CELLS

3.1Abstract

In searching for a specific bimarker for identification of piglet gonocytes, a
significant intrinsic fluorescence was encountered in the testigetessd in disassociated
testis cells which interfered with immuiluorescence. The aim of the present study was
to examine this intrinsic fluorescence in both the piglet testis tissue and cells, followed by
developing an effective method to block the afliorescence. We found that a number
of granules within the testis interstitial cells were inherently fluorescent, detectable using
epifluorescent or confocal laser scanningroscope, and flow cytometry. The emission
wavelength of the autluorescentsubstance ranged from 425 to 700 nm, a range that
could potentially interfere with the commonly used fluorophores. Following treatment of
the testis tissue sections with Sudan Black B fod80min or testis cells for 8 min, the
intrinsic fluorescence wasompletely masked allowing specific staining of gonocytes
with lectin Dolichos biflorus agglutinin (DBA). We speculate that the lipofuscin within
Leydig cell granules was mainly responsible for the observed intrinsic fluorescence in
piglet testes. The matkd developed in the present study will facilitate the identification

and characterization of piglet gonocytes using immflinarescence techniques.

3.2 Introduction

The mammalian testis is composed of seminiferous tubules, primarily containing

germ and S#oli cells, and interstitial tissues containing Leydig cells. As the earliest
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identifiable germ cell progenitors, primordial germ cells (PGCs) proliferate and
differentiate in the foetal testis gonad into gonocy(B&ack and Erickson 1968
Pelliniemi 1974 Pelliniemi 197¢. After birth, gonocytes proliferate in the testis and
develop into spermatogonial stem cells (SSCs) prior to pulpPegyRooij 1998 Jiang
and Short 1998b In the mature testis, SSCs initiate and maintain the continuity of
spermatogenesis through sedhewal, proliferation and differentiation to produce
daughter germ cells eventually leading up to spermat{@eaRooij 1998 Oatley and
Brinster 2008. In the neonatal testis, gonocytes are the only germ cells p(€sanég et
al. 200Q Frankenhuiset al. 1981, Goelet al. 2007 Hughes and/arley 1980 Ryu et al.
2009, and although they give rise to SSCs and are considered germline stem cells, there
is controversy as to whether gonocytes have the capability to initiate spermatogenesis on
their own(McLeanet d. 2003 Ohboet al. 2003 Ohmuraet al. 2004 Orwig et al. 2002k
Shinoharaet al. 20023. Compared with PGCs and SSCs, gonocytes are the least
investigated germline progenitor ce(Sulty 2009; therefore, obtaining new knowledge
about gonocytes may shed light on the germline stem cells as a whole.

Although gonocytes can be identifigdsituand in histological crossections by
their distinctive topography within the seminiferous cords/tubules and unique
morphological attributegMcGuinness and Orth 1992I©rwig et al. 2002h; specific
biomarkers are required for their accurate quantification. The unique expression of bio
markers in/on gonocytes may also indicate specific cellulactions, such a®\P-2 2
(transcription factor) (Paulet al. 2005) which upon further characterization could

uncover important biological information about gonocytes.
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Immuno-staining is commonly and widely applied in biomedical investigations,
and in laboratory diagnosis to locate specific antigens/biomarkers on/in cells and tissues.
Fluorophoreconjugated antibodies enable the quantitative detection of the targetnantig
often using multiple fluorescent probes simultaneo(Bhandtzaeg 1998e Matoset al.

2010. When multiple fluorescenprobes are applied, attention should be given to the
interference  among fluorophores, especially to the -Hutwescence (intrinsic
fluorescence) present in certain cells or tissues which could interfere with the
fluorescence signal of interest by cregtfalsepositive resultsintrinsic fluorescencéas

been reported in neonatal mouse testis cells, with intensities comparable to the labelling
fluorophores(Ohbo et al. 2003 Zhenget al. 2009, and in neonatal bovine testis cells,
interfering with the purification of spermatogonia using fluorescertated cell
sorting (Herrid et al. 20099. Fluorescent granules were also observed in Leydig cells in
testes of mature crossbred bo@sbaraet al. 1990.

In search for a specific biomarker for piglet gonocytes, we encountered an intense
autofluorescence in both neonatal testis tissue and disassociated testis cells. This
intrinsic fluorescence was not previously described in neonataégits, and could blur
the distinction between specific and rgpecific immunéluorescence signals,
interfering with characterization of piglet gonocytes among dissociated testis cells.
Therefore, in the present study, we examined the intrinsic fluaresce piglet testis

cells, and evaluated methods to mask such-fubonescence.

3.3 Materials and Methods
3.3.1 Testes Collection and Tissue Preparation

Testes were collected after castration of-aseekold, two-monthold and mature
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Yorkshirecross pig (Camborougi22 x Line 65, PIC Canada Ltd., Winnipeg, MB,

Canada) in a universigffiliated swine facility. Testes were then transferred on ice to the

| aboratory in Dul beccods p ho-83kGVaMediatesh) f f er e
Manassas, VAUSA) within 2 h after collection. On arrival, the testes were rinsed three

times with DPBS, the tunica albuginea, rete testis and excessive connective tissue were
then removed. Experimental procedures involving animals were approved by the

University of Sasat c hewands I nstitutional Animal Car

3.3.2In Situ Detection of Auto-fluorescence

Small fragments of freshly collected piglet testis tissues in DPBS were gently
disassociated into seminiferous cords using fine needles in culture drsthesamined
for autefluorescence with both epifluorescent (Leica DMI 6008iiipped with A3, 13
and N2.1 filter cubes), and confocal laser scanning microscopes (Leica TCS SP5, Leica
Microsystems, Mannheim, Germany) with a 20x objective ancexcitationlaser of 405
nm, and acquisition of signals from spectrums of-4840 nm (blue), 49%70 nm
(green), 575620 nm (yellow) and 62%80 nm (red).

Testis tissue samples were also fixed i
processed to prepare tissuect@mns using standard histological procedures. After
deparaffinisation, rehydratiorhematoxylin and eosimstaining, slides were examined

under both epifluorescent and laser scanning microscopes.

3.3.3 Autofluorescence Examination of the Isolated Pigletestis Cells

Testis cells were collected using twostep digestion method with minor
modifications(Honaranooz et al. 20023. Briefly, testis tissugieces of approximately
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100 mgwere minced with fine scissors, and digested with 0.2% w/v collagenase IV (cat.
# C-5138, SigmaAldrich, Oakville, ON, Caada), 0.1% w/v hyaluronidase (cat. # H
3884, SigmaAldrich) and 0.01% w/v DNase | (cat. # DN25, Sigdlarich) in

Dul beccob6s modi fied Eagl-043CM, Mediadech)an87 C D ME M,
for 15 min with agitation every 5 min. After centrifugation ag®s 16 € for 1 min and
discarding the supernatant, tissue pellets were further digested with 0.25% w/v trypsin
with 2.21 mM EDTA (cat. # 2853 Cl, Mediatech) at 37 € for 5 minUndilutedfoetal

bovine serum (FBS, cat. # AT®1, PAA Laboratories GmbH, Etobicoke, ON, Canada)
was added to stop the digestion, and the cell suspension triturated with a 1 ml pipette tip
before filtration through @&ncesWMississaudgaidNt er (
Canada). Erythrocytes were then removed with a lysis bodietainingNH,CL 156mM,

KHCO;3; 10 mM, NaEDTA 0.1mM (Sethuet al. 2004 Smithet al. 2009 at a ratio of 4:1
(buffer: cell suspension) for 15 min at room temperature. After centrifugation gff&@00

4 min and rinsing with 10 mL of 10% FBSMEM, newly disassociated cells were
suspended in DPBS andnsared onto polp-lysine treated slides. A subset of slides
were examined immediately using both epifluorescent and laser scanning microscopes,
while the remainingslides were dried in air and stored-20 € for auto-fluorescence
blocking and DBA staimg. Flow cytometry (Partec CyFlow Space, Partec GmbH,
Minster, Germany) was also used to characterize the-fludgcescence of the freshly
isolated testis cells after staining witt6-diamino-2-phenyl indole (DAPIcat. #D-9542,
SigmaAldrich) for 3 min To probe the autfluorescence spectrum, serial excitation
lasers (with wavelengths of 405, 458, 476, 488, 514, 543 or 633 nm) with emission

wavelengths ranging from 415 to 800 nm were applied to the freshly isolated testis cells
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using a confocal lasercanning microscope. The atfloorescence intensity following

different excitation and emission wavelengths walgjectively evaluated.

3.3.4 Duration of Auto-fluorescence in Cultured Testis Cells

Freshly isolated testis cells were cultured 1wl plates with cover slides at the
bottom of plates, in DMEM containing 10% FBS at 37 € in a 5% Qtmidified
atmosphere for 6 days. Every 24 hours, during the culture, cover slides (n = 3/day) with
cells on top were collected, rinsed with DPBS, and -flutrescence detected using a

laser scanning microscope using excitation with a 405 nm laser line.

3.3.5 Elimination of the Auto-fluorescence for Identification of Gonocytesn Situ

After deparaffinisation and rehydration, the processed testis tissue sewtions
rinsed with DPBS and incubated with 5% w/v bovine serum albumin (BSA, cat. # A7638,
SigmaAldrich) in DPBS at 37€ for 30 min in humidified atmosphere, and stained
overnight with a fluoresceinonjugatedectin Dolichos biflorus agglutinin (DBAjGoel
et al. 2007 (1:100, cat. # FL1031, Vector Labs, Burlington, ON, Canada) in humidified
atmosphere. After rinsing with DPBS, the sections were incubated with 0.3% w/v Sudan
Black B (SBB, cat. # 354%2, EMD Chemicals, Gibbstown, NJ, USA) in 70% ethanol at
37€ for0,3,5,8, 10, 12, 15 or 20 min in humidified atmosphere, rinsed with DPBS
and stained with DAPI for 3 min. The sections were timeunted (Cat# H.000, Vector
Labs)and examined by a laser scanning confocal microscope for sequential scanning and
detectionof DAPI and fluorescein, respectively, followed by merging and saving of the

images.
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3.3.6 Elimination of the Auto-fluorescence for Identification of Gonocytesn Vitro

After thawing at room temperature, cell
2-3 min, rinsed in DPBS, blocked using 5% BSA for 15 min at 37 € in humidified
atmosphere, rinsed again with DPBS and incubated with a fluordabeited DBA
overnight (1100) in humidified atmosphere. After rinsing with DPBS and incubation
with 0.3% SBB in 70% ethanol fd, 3, 5, 8, 10, 12, 15 or 20 micell smears were
rinsed in DPBS, stained with DAPI for 2 min, mounted and observed under a laser
scanning confocal mioscope. DAPI and fluorescein were sequentially scanned using a

laser scanning microscope using excitation with a 405 nm laser.

3.4 Results
3.4.1In Situ Auto-fluorescence

An intense fluorescence was consistently detected by both epifluorescence and
confocal laser scanning microscopes in testes from neonatghupestal and mature pigs
(Fig. 3.23.3). The autdluorescence was exclusively observed in the testis interstitial
cells in situ, mainly in the cytoplasm of most Leydig cells that contais&angly
fluorescent intracellular granules; although some Leydig cells did not demonstrate the

autofluorescent granules (Fig. 33L3).

3.4.2 Autofluorescence in Disassociated Testis Cells

When freshly isolated testis cells were observed using fluemésar confocal
laser scanning microscope, a strong dlutorescence was detected in the cytoplasm of
some small and large round cells (~10 u® ~20 pm), but the fluorescence intensity

differed among the observed atft@orescent testis cells (Fig. 3.4)he intrinsic
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fluorescence signal was also detectable in testis cells using flow cytometry, with emission
wavelengths overlapping those of fluorophores such as FITC, PE and Alexa 647 (Fig.

3.5).

3.4.3 Emission Wavelength of the Autdluorescence

Excitation lasers of different wavelengths affected the dlutmrescence emission
wavelengths of the freshly isolated interstitial celis. situ autcfluorescence was
detected with emission wavelengths ranging from 425 to 700 nm with strong signals
between 480and 620 nm, spanning the spectrums of green, yellow and red, thereby

interfering with the most commonly used
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Fig. 3.1. Autoefluorescence observed in what@ount seminiferous cords by epifluorescent
and confocal laser scannimgicroscopes. Seminiferous cords were dissociated fravk-1

old piglet testes and examined under an epifluorescent microscefg €duipped with
filters of A (A), I3 (B) and N21 (C). Confocal laser scanning microscopy with excitation
laser of 405 nmbrightfield (D) or brightfield overlad with acqured signal from spectrums

of blue (440490 nm, E), green (49570 nm, F), yellow (57%20 nm, G) and red (62630

nm, H). Scale bars, 100 pm.
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Fig. 3.2. Auto-fluorescence in testis tissue sections frpigs of different ages examined
using a epifluorescent microscope. Testis tissues framk-bld (A-C), 22monthold (D-F)

and mature (G) pigs were fixed, sectioned and examined for intrinsic fluorescence using an
epifluorescent microscope equipped witlkefis of A (A, D, G), 13 (B, E, H) and N21 (C, F,

). Scale bars, 100 pm.
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Fig. 3.3.Auto-fluorescence in testis tissue sections from pigs of different ages observed using
a confocal laser scanning microscope. Testis tissues fiwkidld (A-D), 2-month-old (E-H)
and mature (L) pigs were fixed, sectioned and examined for intrinsic fluorescence under a
confocal laser scanning microscope with excitation by a 405 nm laseacapuisition of
signal from spectrums of blue (44®@0 nm; A, E, I), green (49570 nm; B, F, G), yellow
(575620 nm; C, G, K) and red (6280 nm; D, H, L)with brightfield overlay Scale bars,

100 pm.
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Fig. 3.4.Auto-fluorescence detected in freshly isolated testis cells using epifluorescent and
confocal laser scanning micros&sp Testis cells were isolated fromwk-old piglet testes

and examined under an epifluorescent microscop€)(Aquipped with filters of A (A), 13 (B)

and N21 (C). Confocal laser scanning microscopy using an excitation laser of 405 nm
brightfield (D) orbrightfield overlaid withacquredsignals from spectrums of blue (4400

nm, E), green (49570 nm, F), yellow (5720 nm, G) and red (62ZB80 nm, H) Scale bars,

50 pm.
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DAPI Staining Detection of auto-fluorescence after gating with DAPI
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Fig. 3.5. Flow cytometry analysis of autituorescence in freshly isolataéstis cells.
Testis cells were isolated fromvik-old piglet testes, stained with DAPI, and assayed
with a flow cytometer equipped with detectors for FITC, PE/YFP and Alexa647 with
DAPI gating to specifically detect auflmorescence from piglet testislise
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Testes Tissue Sections
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Fig. 3.6.Auto-fluorescence spectrum assessed using a confocal laser scanning microscope.
Piglet testis tissue sections and dissociated cells were excited with lasers of 405, 458, 476,
488, 514, 543 and 633 nm. Emission wavelengths excitedSahdOwere probed every 10

nm ranging from 410 to 750 nm and the signal intensiy subjectively evaluatethtensity

of the signal is shown as tendency and may not demonstrate the actual signal. strength
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3.4.4 Autofluorescence in Cultured Testis Cells

To determine the fate of the atftoorescencen vitro, testis cells were cultured
for 6 days and examined daily with epifluorescent and confocal laser scanning
microscopes. Although the adloorescence was consistently observed for at least 6

days, the extent and intensity tended to decrease overtim&(Fig.

3.4.5 Quenching of the Autefluorescence with Sudan Black in Gonocyte
Identification

When SBB was applied to testis ceilts situ and in vitro, the expressed auto
fluorescence was completely blocked after staining for approximately 12 or 8 min,
respectively (Fig. 3.8). Compared with ntneated testis cells, Sudan Black completely
guenched the autfluorescence in testis cells bathsitu andin vitro, while not blocking

the specific staining of gonocytes with DBA (Fig. 3.9).
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Fig. 3.7. Autefluorescence in cultured testis cells. @vieold piglet testis cells were
cultured in vitro for 6 days and examined for atfftoorescence using a confocal laser
scanning microscope, and excited with a 405 nm laser and detection of emissions within 575
620 nm (yellow with brightfield overlay A-F corresponding to -6 days postulture,
respectively). Scale bars, 100 pm.
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Fig. 3.8.Auto-fluorescence blocked with Sudan Black B staining of testis iceigu andin
vitro. Piglet testis tissue sections (B) and dissociated cells (C, D) were stained with Sudan
Black B, examined under a brigfeld microscope (A, C), and a confocal laser scanning
microscope, excited with a 405 nm laser with detectiomu$&ions within 575620 nm (B,

D) (with brightfield overlay) Scale bars, 100 pm
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Fig. 3.9. Identification of gonocytes with DBA staining, following the masking of auto
fluorescence by Sudan BlackiB situ andin vitro. Piglet testis tissue sections (A, B) and
dissociated cells (C, D) were stained Wi C-labelled lectin DBA and DAPI, followed by
Sudan Black B staining and imaging with a confocal laser scanning microsatpe
brightfield overlay Scale bars, 100 um
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3.5 Discussion

Auto-fluorescence within the target tissue or cells could interfere with detection
of specific signals from the labelling fluorophores, leading to inaccurate or even false
positive results. In preliminary observations, we noticed that because of theistrat®y
autofluorescence in testis tissue/cells, identifying piglet gonocytes using fluorescence
staining was difficult if not impossible. In the present study, we observed that the auto
fluorescence was limited to the interstitial tissue/cells of thi#st@sg. 3.13.3), and the
source was primarily the intrinsicaljuorescent granules within the cytoplasm of
Leydig cells. Gonocytes did not emit fluorescence. The-#uboescence had a wide
excitation and emission spectrum which decreased in ingethgiing testis cell culture
(Fig. 3.6 and 3.7) Treatment of the testis tissue and cells with lffs@chromeSBB
completely masked the intrinsic fluorescence while allowing the identification of
gonocytes through detection of specific signals from imrrilumrescence method§gig.

3.8 and 3.9).

Throughout our observations, the intrinsic fluorescence was consistently detected
in interstitial cells in bothn vitro andin situ (i.e., in freshly disassociated testis cells,
tissue whole mounts, tissue secticared testis cell culture). This may imply that the
observed autdluorescence was indeed intrinsic to the cells and not acquired during the
processing.

When mice were under stress treatment (noise exposure), similar granules were
reported to form and accudate particularly in Leydig cells, and lipofuscin was
suggested as the fluorescent substance in the grgRulésli et al. 2006. Lipofuscinis
a nondegradable autfiuorescent pigment (composed mostly of lipid and protein) which

could not be exported from the cells; therefore, accumulates with increasing age in the
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cells and is stored in the lysosomes as waste mat@Bialak and Terman 2002 erman
and Brunk 2004 Although lipofuscin was described more than a century ago, its
fluorescence properties are not wadifined. Autefluorescence with broad excitation and
emission wavelengths is considered typical of lipofuscin, and its quenching by lipid
staining (e.g.,SBB) was suggested to indicate the lipofuscin origin of the -auto
fluorescence(Brunk and Terman 2002Monserratet al. 1995 Schnell et al. 1999
Terman and Brunk 2004 Therefore, the fact that the atftoorescence in the present
study had a broadosctrum (425 to 700 nm with solid signal from 480 to 620 nm, and
was observable with widely used filtergdhd was quenchable with SBB, supports our
speculationthat lipofuscin is mainly responsible for the afitmrescence in the piglet
testes.

Staining of neural tissue sections with Sudan BRakas reported to be capable
of completely eliminating the autituorescence, without causing the loss of the specific
fluorescence signal in immusstaining(Romijn et al. 1999 Schnellet al. 1999. In the
present study, SBB also completely masked the intrinsic fluorescence of pig testis cells
both in situ and in vitro, but allowed the identification of gonocytes with fluomse
labelled DBA.While degradation and exocytosis do not remove lipofusoim the cells,
mitotic division is the only reported mechanism that can reduce the lipofuscin
concentration within cell¢§Brunk and Terman 20Q0Zerman 2001 Terman and Brunk
20049). In the present study, decreasing aflilorescence wasbserved over the duration
of the testis cells culture. We speculate that the lipofuscin content of the cells was divided

into the newly formed cells.
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In conclusion, we detected and characterized an intrinsic fluorescence in piglet
testes and showed thdte use of SBB can completely quench this dlutorescence,

allowing identification of specific testis cells by immufheorescence.
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CHAPTER 4 DEVELOPMENT OF NOVEL STRAT EGIES FOR THE
ISOLATION OF PIGLET TESTIS CELLS WITH HIGH PROPORTION OF

GONOCYTES!

4.1 Abstract

Gonocytes have germline stem cell potential and are present in the neonatal testis,
comprising 510% of freshly isolated testis cells. Maximising the number and proportion
of gonocytes among freshly isolated testis cells will greatly facilitate their cudse
purification andin vitro study and manipulation. Seven experiments were conducted to
evaluate the effects of multiple factors on the efficiency of testis cell isolation from
neonatal pigs. We found that the use of a lysis buffer led to eliminatieryirocytes
without adversely affecting testis cell isolation. Approximately fiold as many live
cells could be harvested by enzymatic digestion of testis tissues compared with
mechanical methods. Digestion with collagerhgaluronidaséDNase followed by
trypsin resulted in the highest recovery of live cells. However, the proportion of
gonocytes (~7%) did not differ between the mechanical and enzymatic methods of testis
cell isolation. Prdreatment of the tissue with cold enzymes increased theagcof/live
testis cells. New strategies of combining a gentle enzymatic digestion with two rounds of
vortexing resulted in the isolation of testis cells watkiery high gonocytes proportion.

The efficiency of these novel methods could be further optdnisecollect testis cells

with a gonocytes proportion of approximately 40%. This novel tktep testis cell

This study has begsublished. Y. Yang, M. Yarahmadi and A. Honaramooz (2010).
Reprod.Fertil. Dev.22(7): 10571065. Portions of this study were also presented at the
41 and 429 annual meetings of the Society for the Study of Reproduction
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isolation strategy can be completed within 1 h and can harvest approximately £7 x 10
live gonocytes per g testis tissue. Therefore, in additioelticidating the effects of
several factors on testis cell isolation, we developed a novel strategy for the isolation of
testis cells that yielded approximately 40% gonocytes in the freshly isolated cells (i.e.,
four- to eightfold higher than the propatis obtained using strategiesported by

otherg. This strategy has instant applications in the purification of gonocytes.

4.2 Introduction

Neonatal testis contains interstitial tissue and seminiferous cords, with gonocytes
as the only type of germ cellsesent (Franget al. 2000; Frankenhuist al. 1981; Goel
et al. 2007; Hughes and Varley 1980; Ryt al. 2004). Gonocytes give rise to
spermatogonial stem cells (SSCs) that form the foundation of spermatogenesis and are
responsible for a lifetime supplyf spermatozoa (de Rooij 1998; Oatley and Brinster
2008).

In the testis of early postnatal pigs, as in most other domestic species, gonocytes
reside mostly in the centre of the seminiferous cords, surrounded by Sertoli cells.
Gonocytes then migrate graglly towards the periphery of the cords remaining in close
contact with Sertoli cells and peritubular myoid cells at the basement membrane to form
the stem cell niche (Pelliniemi 1975; Van Straaten and Wensing 1977; Van Vorstenbosch
CJ 1984).

Similar to S&s, gonocytes have been shown to colonise and generate- donor
derived spermatogenesis, after transplantation into seminiferous tubules of recipient mice
and rats (Ohbet al. 2003; Ohmuraet al. 2004; Ohteet al. 2004; Shinoharat al. 2002b).

This supportghe notion that gonocytes, along with SSCs, possess germline stem cell
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potential (Jiang 2001; Jiang and Short 1998b). Therefore, the isolation of gonocytes has
important implications for thén vitro study and manipulation of these germline stem
cells.

The separation of testis cells is the first step in the subsequent enrichment,
modification and transplantation of male germline stem cells (de Rooij and Mizrak 2008;
Dobrinski and Travis 2007; Khaireet al. 2005; Oatley and Brinster 2008).
Transplantatiorof genetically modified gonocytes and/or SSCs into recipient testes has
the potential to modify the future gametes of the individual (Honararab@at 2003a;
Honaramoozt al.2008).

Depending on the cells of interest or application, a range of strategge been
used to isolate testis cells; however, the efficiency of cell recovery may become a
limiting factor. Current cell separation methods usually result in low proportions of
gonocytes and/or spermatogonia in freshly isolated testis cells (ustEd86f the cell
population, (Herricet al. 2009a; Liet al. 1997; Loet al. 2005; Luoet al. 2006; Orth and
Boehm 1990; Orwiget al. 2002b; Van DisseEmiliani et al. 1989). Therefore, the main
objectives of the present study were to investigate diffeapproaches to testis cell
isolation, and to develop new strategies to maximise the proportitveajonocytes in

freshly isolated porcine testis cells.

4.3 Materials and Methods
4.3.1 Study Design

The effects of several factors on the outcome of testls separation were

evaluated through seven consecutive experiments with at least seven replicates per
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experiment) to develop efficient strategies for maximising the recovery of freshly isolated
testis cells with a high proportion of gonocytes. To dinfintise effect of erythrocytes

that are inevitably isolated along with the cells on the results of testis cell isolation, we
initially investigated the use of an erythrocyte lysis buffer. We then tested whether piglet
donors from different litters would prale a consistent source for the supply of testis
tissue. Thereafter, we studied the application of different mechanical dissociation
methods; and enzymatic digestions: (1) -stepvs. two-step enzymatic digestion; (2)
tissue preareatment with cold enzyrmse (3) hydrostatic pressurisation. Ultimately, we
devised and further optimised a novel strategy for the isolation of testis cells with a high

proportion of gonocytes.

4.3.2 Testes Collection and Tissue Preparation

Testes from dveekold Yorkshirecros piglets (Camborough2 x Line 65, PIC
Canada, Winnipeg, MB, Canada) were collected from a Univeaffitiated swine
facility after aseptic castration of the piglets. The testes were transferred to the laboratory
on ice in Dul bec csaline (DpPB5ocatpt2031-€V, Madiatéce, r e d
Manassas, VA, USA) containing 2% w/v antibiesintimycotic solution (cat. # 3004
Cl, Mediatech) within 2 h of collection. On arrival, the testes were rinsed three times with
DPBS and the tunica albuginea, regstis and excessive connective tissue removed. The
testis parenchyma was then cut into pieces of approximately 100 mg (unless stated

otherwise) to be used in each cell isolation method. The experimental procedures in the

present study that involved animal wer e approved by the Unive

Institutional Animal Care and Use Committee.
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4.3.3 Experiment 1: Depletion of Erythrocytes

In preliminary experiments, we encountered large numbers of erythrocytes mixed
with the isolated testis cells tha@ould interfere with the accuracy of assessing cell
isolation results. Therefore, we aimed to remove these blood cells. The efficiency of an
erythrocyte depletion lysis buffer (composition: 156 mM 48H, 10 mM KHCQ, 0.1
mM N&EDTA; (Sethuet al. 2004; Snith et al. 2009) was evaluated at different ratios
using two different enzymatic digestion methods. The assessment was based on
observing the abundance of the remaining erythrocytes, and comparing testis cell
viability and or yield after the applicatiorf the lysis buffer at different ratios. To reduce
variations, pieces of testis tissue used for comparisons were cut from the same testis,
minced and digested first with 0.2% collagenase IV (cat.-#1.83, SigmaAldrich,
Oakville, ON, Canada) and 0.01% DNals(0.2% wl/v, cat. # DN25, Sigrm@aldrich) in
Dul beccods modi fied Eagl-043CdM, Mediadech) ah37(CD ME M,
for 15 min, with agitation every 5 min. After the removal of the supernatant by brief
centrifugation (1§ for 1 min at 16 €), a second round of digestion (0.2% collagenase IV
and 0.01% DNase in DMEM) was applied for 30 min with occasional agitation. The
duration of these digestion procedures were determined on the basis of our monitoring
the progress of digtion under a microscope in preliminary experiments. Digestion was
then stopped by the addition of foetal bovine serum (FBS, cat. #7815 PAA
Laboratories GmbH, Etobicoke, ON, Canada), and the suspension was triturated with 1
mL pipette tips before fifation through a 40 pm nylon filter (cat. # 352340, BD
Biosciences, Mississauga, ON, Canada). The volume of the cell suspension was made up

to 5 mL by the addition of 10% v/v FBS in DMEM.
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Different volumes of the erythrocyte lysis buffer (O mL, contrdil(ratio of lysis
buffer: cell suspension; 10 mL (2:1), 20 mL (4:1) and 30 mL (6:1)) were added to the
samples and the tubes were then maintained at room temperature for 15 min. After
centrifugation at 509 for 5 min, the cell suspensions were rinsed id®#BS and made
up to a final volume of 5 mL with 10% FBS in DMEM. Cell viability and yield were then
assessed with a 0.4% w/v Trypan blue solution (cat. # T8154, Sidpnah) using a

haemocytometer.

To validate the results, a different digestion methidétbiod 7 as in Table 4.1)
was also applied in which, after the first round of digestion, tissue clumps were further
digested with 0.25% wi/v trypsin with.21 mM EDTA, (cat. # 2B53-Cl, Mediatech) at
37 € for 5 min. The remaining procedures and applicataf the lysis buffer were as
described above. Throughout the entire study, erythrocytes were not included in any of

the cell isolation data, regardless of whether the lysis buffer had been used.

4.3.4 Experiment 2: Variation of Donor Testes

Testis tissues collected from littermate piglets and piglets of different litters were
used to determine the potential variation among donor tissues. Até&poenzymatic
digestion procedure as in Method 7 described above was applied, with the erythrocyte

lysis buffer used at a ratio of 4:1.

4.3.5 Experiment 3: Mechanical Dissociation of Testis Tissue

Mechanical approaches to tissue dissociation are usually less costly, less time
consuming and require less laboratory resources. Therefore, several nadteatiegies

were compared for their efficiency and yield of isolated testis cells, as described below:
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4.3.5.1 Mincing (Method 1): Testis tissue pieces immersed in 0.5 mL of 10% +BS
DMEM were cut using fine scissors into sizes small enough to pass theodgmL
pipette tip. An additional volume (up to 4.5 mL) of 10% FBBIEM was added to the

tissues and the tissue clumps were triturated three to five times with 1 mL pipette tips.

4.3.5.2 TeasingMethod 2): Testis tissue pieces were torn apart into ubfragments
in 1 mL of 10% FBSDMEM using fine needles (2gauge) attached to 1 mL syringes.

After the addition of 4 mL of 10% FB®MEM, the tissue clumps were triturated.

4.3.5.3 Sieving(Method 3): Testis tissue pieces were sieved with a 60 um me&l (
Dissociation Sieve, cat. # CD1, SigitAd dr i c h) according t o t
instructions. The mesh was then rinsed with 10% -EBSEM and the cell suspension

triturated.

4.3.5.4 Grinding (Method 4): Testis tissue pieces underwent five rounds difdjng
using a tissue grinder (cat. # 7#27Corning, Corning, NY, USA), and the grinder was
rinsed with 10% FBEDMEM and the cell suspensions were triturated.

Cell solutions collected using each of the mechanical dissociation strategies
described aboverere made up to a final volume of 5 mL with 10% FBS DMEM. After
pipetting with 1mL pipette tips and filtra
buffer was added at a ratio of 4:1. Cell viability and yield were assayed using the Trypan
blue exclision method. Cell smears were prepared routinely from each dissociation
strategy, akdried at room temperature and stored -& € for subsequent
Immunocytochemistry.
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4.3.6 Experiment 4: Enzymatic Digestion of Testis Tissue

Testis tissues were cut witfine scissors, and digested with four different
enzymatic digestion methods (Methods$8)5Table 4.1. The common procedures were
performed as described above for enzymatic digestions. For methods in which
hyaluronidase (0.2% w/v in DMEM, cat. #3884, Signa-Aldrich) was used for tissue
digestion, it was added along with collagenase and DNase. Cell viability and yield were
determined as described above; in addition, cell smears preparations were prepared as

described above.

4.3.7 Experiment 5: Testis TissuePre-treatment with Cold Enzymes and/or
Hydrostatic Pressurisation

To further enhance the efficiency of enzymatic digestions, we examined the
potential effects of incubating minced testis fragments with enzymes at 4 € for 5 h
(Methods 912, table 4.2). Té mixture of enzymes and tissue clumps was then
transferred into a 37 € water bath to allow the enzymes to start the digestion.

In addition, a set up as shown in Fig 4.1 was developed with the aim of increasing
the hydrostatic pressure and to potentialiyrease the penetration of enzymes (as listed
in Table 4.2) into the tissue. Cell viability and yield were assayed and compared after
treatments. Cell smears were also prepared and frozen for immunocytochemistry at a

later time.

4.3.8 Experiment 6:Combination of Enzymatic Digestion and Vortexing

After assessing the results of the experiments described above, we devised a new

threestep strategy to increase the proportion of gonocytes in the collected testis cells.
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Briefly, approximately 600 mg testiparenchyma was cut into small pieces with fine
scissors and suspended in 5 mL DPBS. The tissue was then vortexed for 1 min with a test
tube shaker (Reax Top, cat. # 540000, Heidolph Instruments, Essex, UK) at 500 r.p.m.
After allowing the tissue fragemts and cell clumps to settle for approximately 30 s, the
supernatant was removed, the tissue was rinsed with DPBS, and digested using the
methods listed in Table 4.3 (Methods-18). Digestion was stopped with the addition of
FBS, followed by the additmof DPBS to a final volume of 5 mL, vortexing for a second
time, filtration of the cell suspension, and depletion of erythrocytes. Cell viability and

yield were then assayed and cell smears were frozen and stored.

4.3.9 Experiment 7: Optimization of theNew Three step Method

After evaluating the results of Experiment 6, one of the methods (Method 13;

Table 4.3) was selected and further optimised (Methodk9l Table 4.4).

4.3.10 Immunohistochemistry

Fresh testis tissue fragments were fixed in Boumhst®n for 24 h, followed by
rinsing with and storing in 70% ethanol, processing for standard histological procedures,
embedding in paraffin and sectioned at 4n. After deparaffinisat
sections were rinsed with DPBS and incubated sih w/v bovine serum albumin
(BSA, cat. # A7638, SigmaAldrich) in DPBS at 37 € for 30 min in humidified
atmosphere, and stained with the lectin Dolichos biflorus agglutinin (OB*el et al.
2007) conjugated with fluorescein, 1:100, cat. #-10131, Vector Laboratories,
Burlington, ON, Canada) overnight in humidified atmosphere. After rinsing with DPBS,
sections were incubated with 0.3% w/v Sudan Black B (cat. #334EMD Chemicals,
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Gibbstown, NJ, USA) in 70% ethanol at 37 € for 8 min in humidified aspiwere,
rinsed with DPBS and stained with 4&minc-2-phenyl indole (DAPI, cat. # 09542,
SigmaAldrich) for 3 min. The sections were then mounted and examined using
fluorescent microscope. Laser scanning confocal microscope was also used to
sequentiallyscan DAPI and fluoresceirand fluorescent images were overlaid with

brightfield images.

4.3.11 Immunocytochemistry

After thawing at room temperature, the
for 2 to 3 min, rinsed in DPBS, blocked with 5% BSA at@7or 15 min in humidified
atmosphere, rinsed again with DPBS and incubated with fluorescein labelled lectin DBA
(1:100) overnight in humidified atmosphere. After rinsing with DPBS and incubation
with 0.3% Sudan Black B for 105 min, the cell smears werinsed and stained with
DAPI for 2 min, before being mounted with a mounting medium (Vectashield, cat. # H
1000, Vector Labs) and observed using fluorescent and laser scanning confocal
microscope. At least 600 cells were counted for each cell smeartéomide the

proportion of gonocytes.
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Table 4.1. Methods used for enzymatic digestion of the testis tissue.

Method no. Description

5 CollagenaséNase 15 min

6 Collagenasé@Nase 15 min + collagenagENase 30 min

7 CollagenaséNase 15 min + trypsin 5 min

8 CollagenaséyaluronidaseDNase 15 min + trypsin 5 min

Table 4.2. Enzymatic digestions after pretreatment of testis tissue with cold enzymes
and/or hydrostatic pressurization.

Method no. Description

9 Cold collagenas®Nase for 5 h & 15 min digestion

10 Cold collagenas@yaluronidaseDNase for 5 h & 15 min digestion
trypsin 5 min

11 Pressurizedatold collagenas®Nase for 5 h & 15 min digestion

12 Pressurizeatold collagenaséyaluronidaseDNase 5 h & 15 mir

digestion + trypsin 5 min

78



Closed off

Digestion
S50 mL Conical tube 10 mL Syringe  golutions  Tissue clumps

Fig. 4.1. Schematic overview of the set up used for increasing hydrostatic pressure in the
digestion solution. The hub of a 10 mL syringe was closed off dkinges and the syringe

was filled with 1 mL digestion solution containing 100 mg minced testis tissues. The plunger
was then inserted and pressed down to the 5 mL level, and the syringe was fitted inside a 50

mL conical tube and capped to maintain pressure
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Table 4.3. Combination of vortexing and enzymatic digestion to improve gonocytes

recovery

Method no. Description

13 Vortexing 1 min + collagenadeyaluronidasédNase 10 min +
vortexing 10 s

14 Vortexing 1 min + collagenadeyaluronidasédNase 10 min +
vortexing 10 s
& collagenaséhyaluronidasédNase 10 min + vortexing 10 s

15 Vortexing 1 min + cold collagenag®aluronidaseDNase for 5 h &
10 min digestion + vortexing 10 s

16 Vortexing 1 min + cold collagenadwgaluronidaseDNase for 5 h &

10 min digestion + vortexing 10 s & collagends@luronidase
DNase 10 min + vortexing 10 s

Table 4.4. Optimisation of the newly developed tkstp isolation method.

Method no.  Description

17 Vortexing 1 min + collagenadeyaluronidaseDNase 10 min +
vortexing 20 s

18 Vortexing 1 min + collagenadeyaluronidaseDNase 10 min +
vortexing 30 s

19 Vortexing 1 min + collagenadeyaluronidaseDNase 10 min +

vortexing 40 s

80



4.3.12 Statistical Analysis

Data from different groups were compared with-arsey ANOVA, followed by a
post hoc Tukeyb6és HSD test wusing SPSS (Vers
stated otherwise, data are presented as the mean +s.e.m.. Famndedire, the values are

given per g fresh tissue. Differences were considered significant at P < 0.05.

4.4 Results
4.4.1 Experiment 1: Effects of Depleting Erythrocytes

Different ratios of a lysis buffer were compared for their efficiency in depleting
erythrocytes found among testis cells isolated by two enzymatic digestion methods.
Testis cell viability and yield did not differ between control (with no lysis buffer) and
treated groups (with the lysis buffer used at different ratios), or among diffetiest &
the lysis buffer (range 985% and 936% for cell viability, and 11018 x10° and 218
239x10°/g for yield, in each of the two digestion methods applied; P > 0.05). Although
the addition of the lysis buffer had no adverse effects on the tabiliyield of testis
cells, it facilitated the assessment of results by greatly reducing the number of
contaminating erythrocytes, especially at a ratio of 4:1. Therefore, for the remaining

experiments in the present study we used lysis buffer at radid of

4.4.2 Experiment 2: Effects of Variations in Donor Testes

Cell viability and yield did not differ between testis tissues collected from
littermate piglets and piglets from different litters (range982o for cell viability and

214-247%10° /g for cell yield; P > 0.05).
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4.4.3 Experiment 3 & 4: Mechanical Dissociatiovs. Enzymatic Digestion

Overall, enzymatic digestion methods yielded abctdl® more live cells than
mechanical methods (206 +5 x £0s.22 +7 x10° /g respectively; P 9.05; Fig. 4.2).
For mechanical disassociations, different methods did not differ in cell viability or total
live cells recovered (P > 0.05). Cell viability did not differ among different enzymatic
digestion methods. The use of two rounds of digestion watlkagenase and DNase
resulted in less total cells and live cells than digestion with collagenase and DNase

followed by trypsin (P < 0.05; Fig. 4.2).

4.4.4 Experiment 5: Effects of Testis Tissue Preeatment with Cold Enzymes
and/or Hydrostatic Pressurisation

Pretreatment of the testis tissue with cold enzymes and/or hydrostatic
pressurisation did not affect the viability of isolated cells. Howevertrpegment of
tissues with cold enzymes increased the recovery of live cells digested with collagenase
hyaluronidaseDNase followed by trypsin (Method 10), with an average of 260 +7 %10
/g (P < 0.05). There were no differences in cell viability, yield or live cell number among
groups of tissues undergoing cold enzymetpeatment with or without presssation

(P> 0.05; Fig. 4.2).

4.4.5 Gonocytes Quantification

Lectin DBA was uniquely expressed on the cell membranes of gonocytesetGoel
al. 2007) both as isolated cells and in tissue sections (Fig. 4.3). The proportion of
gonocytes, with an average yiadfl approximately 7%, did not differ among mechanical

disassociation and enzymatic digestion methods (Fig. 4.4).
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Fig. 4.2. Cell viability and yield after testis cell isolation using different methods. Cell
viability, yield and total number of live cells (x 20g testis tissue) are shown for different
mechanical dissociation andzymatic digestion methods. Groups of testis tissue pretreated
with cold enzymes and/or hydrostatic pressurisation were also compared. Data are the mean
+s.e.m. Columns without a common letter differ significantly (P < 0.05).
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4.4.6 Experiment 6: Effects of Combining Enzymatic Digestion and Vortexing on
Gonocytes Recovery

There were no differences in the percentage of DBA positive cells, cell viability,
or total number of live cellsPe 0.05) after vortexing, and one or two rounds of
enzymatic digestion, wit or without cold enzyme pieeatment (Methods 136).
However, vortexing with one round of enzymatic digestion without cold enzyme pre
treatment (three steps; vortexidggestionvortexing; Method 13) resulted in maximum
recovery of live gonocytes, highghan combining vortexing with two rounds of
enzymatic digestion (Method 14, P < 0.05, Fig. 4.5). Therefore, this noveldi@ee

approach (Method 13) was selected for optimisation.

4.4.7 Experiment 7: Optimization of the Newly Developed Threstep Method

Comparison of the duration of vortexing after enzymatic digestion showed that
vortexing for 30 s resulted in higher cell viability and live testis cell recovery than
vortexing for 20 s (90 +1vs.82 +2; and 42 +2 x 10 vs. 33 +3 x 10° /g for yield;
respectively, P < 0.05). Vortexing for 30 s also resulted in the recovery of more live
gonocytes than did vortexing for 20 or 40 s (17 +1 £¢6.11 +2 x10° and 11 +2 x
10°g, respectively, P < 0.05). This strategy resulted in the recovery of 40% + 2

gonocytes (Fig. 4.3F and 4.6).
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Fig. 4.3. Immunohistochemical and immunocytochemical detection of gonocytes. Confocal
scanning images of donor pig testis tissue and in isolated testis cells to showing labelling
with either a fluorescein conjugatedcim Dolichos biflorus agglutinin (DBA, green) to
detect gonocytes, or DAPI to show all cell nuclei (blue). A: Merged image of the donor testis
tissue with transmitted light as well as staining for DBA and DAPI. B: Transmitted light
image of testis cellseparated using a twstep enzymatic process. C: Isolated testis cells
stained with DBA (gonocytes). D: Merged image of isolated testis cells stained with DBA
and DAPI. E: Merged image of isolated testis cells stained with DBA and DAPI and the
transmitted ight image. F: Merged image of isolated testis cells using the noveldtage
process, stained with DBA and DAPI and the transmitted light image. Scale bars, 50 unm.
Note the strong green fluorescent signal that is restricted to the gonocytes, andhthe hig
percentage of DBA positive cells (gonocytes) among cells isolated using the novel method.
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Fig. 4.4. Proportion ofjonocytes obtained after testis cell isolation using different methods.
The proportion of gonocytes is compared among different methods of mechanical
dissociation, enzymatic digestion, and testis tissue pretreatment with cold enzymes and/or
hydrostatic pessurisation.
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Fig. 4.5. Comparison of new threeep strategies for the isolation of testis cells. Cell viability
(%), yield, the total number of live cells (x 1@y testis tissue, mean +s.e.m.), proportion of
gonocytes (% +s.e.m.), and the numbérice gonocytes (x 18 per gram testis tissue) are
shown for different combinations of vortexing and enzymatic digestions with or without
pretreatment of the tissue with cold enzymes. Data are the mean +s.e.m. Of the same texture,
columns without a commmoletter differ significantly (P < 0.05).
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Fig. 4.6. Optimization of the new thratep testis cell isolation method. The duration of
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gonocytes proportion and the number of live gonocytes {*d.@estis tissue) were compared
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texture, columns withat a common letter differ significantly (P < 0.05).

88



4 .5Discussion

The isolation of testis cells containing a high proportion of gonocytes is the first
fundamental and potentially limiting step in the study and manipulation of these
important germ cellsSubpopulations of gonocytes have been demonstrated to have stem
cell potential, similar to SSCs (Jiang 2001; Jiang and Short 1995; Jiang and Short 1998a,;
Jiang and Short 1998b; Orwigt al. 2002b; Ryuet al. 2003). Starting with higher
proportion of gonodges in the freshly isolated testis cells will increase the efficiency of
the subsequent purification of gonocytes which is still challenging. In the present study,
we examined a wide range of approaches to isolation of testis cells and tested the effects
of several factors that could potentially affect the outcome. Our investigations elucidated
these effects and also led to the development of new strategies for testis tissue digestion,
providing very high percentages of gonocytes (~40%). To our knowledgethar tissue
digestion strategy has yielded such a high percentage of gonocytes.

Procedures used for testis cell isolation vary among laboratories and depend on
the type of target cells and the species from which the testes are collected. Little research
has compared the virtues of different methods and procedures. In preliminary
experiments, we compared the digestion efficiency of two types of collagenasé/L
Although there were no differences between the two types, we chose to use collagenase
IV for the experiments in the present study because its use led to fewer cell aggregates.
However, in both groups, large numbers of erythrocytes were isolated along with
testicular cells, which could cause variations in testis cell counting by aggregatimg in
haemocytometer. Lysis buffers have been used to deplete erythrocytes during leukocyte
and bone marrow cell preparations (Erdmanral. 2004; Kleinet al. 2006; Lalet al.

2006; Lenget al. 2006; Mustafeet al. 2008; Sethiet al. 2004), but there areo reports
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on their application in testis cell isolation. We found that an,@GlHbased lysis buffer
efficiently eliminated erythrocytes without compromising testis cell viability or yield.

In the present study, testis tissues collected from littermatetpignd those of
different litters did not differ in cell viability, yield or live cell number, indicating that
such variations in the source of testis tissue do not affect the results of cell isolation.

Our results clearly showed that enzymatic digestad the testis tissue was
superior to mechanical dissociation methods in terms of cell viability, yield and live cells
recovered, which is in agreement with a previous observation (Cretblaé 1997).
Overall, enzymatic digestion of the testis tissueulted in the recovery of many more
(nine-fold) live testis cells than mechanical dissociation methods. Interestingly, there was
no difference in the proportion of gonocytes isolated between these two approaches
(~7%), indicating that the current standatdategies for testis cell isolation do not
necessarily enrich for gonocytes.

Most enzymes used in cell isolations target specific components within the tissue
and have optimal working temperatures; however, prolonged exposure of the tissue to
these enzynsecould damage surface cells while the tissue core may not be fully exposed
to the enzymes. Therefore, shortening the duration of digestion, while increasing the
access of enzymes into the tissue, could reduce the risk oflpestion damage to the
cellsand increase the efficiency of cell isolation. We hypothesised that the testis tissue
could be more efficiently digested if it were initially exposed to enzymes at cold
temperature, allowing the enzymes to penetrate deeper into the tissue before ah optima
temperature was provided to initiate digestion. We were also interested to investigate

whether hydrostatic pressurisation facilitated the penetration of enzymes into the tissue.
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In the present study, although testis cell viability and yield did notrdifé¢ween the
groups, predreatment of tissue with cold enzymes, but not with pressurisation, followed
by a twostep enzymatic digestion protocol (collagenhgaluronidaséDNase plus
trypsin) increased the total number of live cells and therefore thelbvermber of

gonocytes harvested.

It has been reported that tvgtep enzymatic digestions can effectively eliminate
disassociated interstitial cells (Belhat al. 1977), thereby increasing the proportion of
germ cell recovery. However, in the presendgt additional digestion with collagenase
DNase or trypsin as a second step did not increase the yield of testis cell or live cells, and
in fact, two rounds of digestion with collagend3Nase reduced the yield of testis cell
and live cells. Furthermordghere was no significant difference in the percentage of
gonocytes isolated between the one anddtep enzymatic digestion methods.

To increase the proportion of gonocytes we developed a novel strategy to use an
initial period of vortexing, followed bygentle digestion of the ECMs, and further
vortexing. This new approach yielded a surprisingly high proportion of gonocytes
(~40%) with high cell viability (~90%) in a short period of time (< 1 h). This is four to
eightfold the proportion of gonocytes aod/spermatogonia obtained using other
approaches (Herridt al. 2009a; Liet al. 1997; Loet al. 2005; Luoet al. 2006; Orth and
Boehm 1990; Orwiget al. 2002b; Van DisseEmiliani et al. 1989). Interestingly,
although other mechanical methods in the prasstudy had very low cell isolation
efficiency compared with enzymatic digestion, it was the combination of a mechanical
method (vortexing) and enzymatic digestion that resulted in the highest gonocytes

proportion.
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Prior to digestion,the in situ proporton of gonocytes in tubular sectiomd
neonatal pig testis tissue is approximately 7% (Honaranatoal. 2005). Therefore,
although the conventional strategies for enzymatic digestion of testis tissue do not result
in gonocytes proportions that are highieain those of the intact seminiferous tubules, our
novel threestep digestion and vortexing strategy results in significantly higher proportion
of gonocytes . At the end of digestion using our new tetep procedure, a large number
of small fragments othe seminiferous cords remain. Given the high proportion of
gonocytes harvested, we speculate that our initial vortexing of the minced testis tissue
followed by a gentle enzymatic digestion may have largely dissociated the interstitial
cells from the semiferous cords. The application of a second round of vortexing may
have led to disproportional separation of gonocytes that are located at or near the broken
ends of tubule fragments. It was interesting that extending the duration of the second
round of votexing by only 10 s (from 20 to 30 s) could improve cell viability and total
number of harvested live cells including that of gonocytes. The reasons for these
observations and the underlying mechanisms for obtaining such high proportions of
gonocytes willneed to be examined in further studies.

In conclusion, we systematically investigated and elucidated the effects of several
factors on testis cell isolation with a focus on gonocytes. More importantly, a novel
strategy of combining gentle enzyme digestizvith two rounds of vortexing was
developed for harvesting testis cells that can be completed within 1 h, with the highest
proportion of gonocytes in freshly isolated cells reported to date (40% or tiour
eightfold higher than current strategies). Tesuitant testis cells have a cell viability of >

90%, resulting in the harvest of approximately 17 %l gonocytes per g testis tissue.
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This high proportion of gonocytes among freshly isolated testis cells, as a starting point,
could greatly facilita# their subsequent purification and the vitro study and

manipulation of these germline stem cells.
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CHAPTER S EFFECTSOF MEDIUM AND TEMPER ATURES ON

PRESERVATION OF ISOL ATED PORCINE TESTIS CELLS?

5.1 Abstract

The effects of medium and hypothermic temperatures on testis cells were
investigated to develop a strategy for their stemnn preservation. Testes were collected
from 1-weekold piglets and enzymatically dissociated for callasion. In Experiment 1,
testis cells were stored at either room (RT) or refrigeration (RG) temperature for 6 days
in one of thirteen media. Live cell recovery was assayed daily using trypan blue
exclusion. In Experiment 2, three media at RG were seldotedhmunocytochensitry
and in vitro culture. Live cell recovery was also assayed daily for 6 days using both
trypan blue exclusion and a fluorochrome assay kit. For all media tested, significantly or
numerically more live cells were maintained at RG tRan On preservation Day 3 at
RG (cell isolation day as Day 0), 20% FB$5 resulted in the highest live cell recovery
(89.5% +1.7, mean £s.e.m.) and DPBS in the lowest (60.3% +1.9). On Day 6 at RG,
20% FBSL15 also resulted in the best preservatiorcificy with 80.9% 1.8 of Day 0
live cells recovered. There was no difference in live cell recovery detected by the two
viability assays. After preservation, the proportion of gonocytes did not change, whereas
that of Sertoli and peritubular myoid ceifscreased and decreased, respectively. After 6

days of preservation, testis cells showed similar culture potential to fresh cells. These

! This studyhas beempublished. Yang, Y. and A. Honaramooz (20F®prod. Fertil.
Dev.22(3): 523532.Portions of this study were also presented at tiead 42° annual
meetings of th&ociety for the Study of Reproduction
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results show that testis cells can be preserved for 6 days under hypothermic conditions

with a live cell recovery of me than 80% and aftestorage viability of 88%.

5.2 Introduction

Recent breakthroughs in the study and manipulation of spermatogonial stem cells
(SSCs) have highlighted the importance and unique potential of these cells in male
fertility and animal transgnesis and conservation (Dobrinski and Travis 2007; Ehmcke
and Schlatt 2008; Oatley and Brinster 2008). These SSCs reside at the basement
membrane of seminiferous tubules and have the ability to botheseliv and to finally
differentiate into virtually alimited numbers of spermatozoa throughout adulthood.
However, they need to interact with other testis cells, especially cells within the
seminiferous tubules to form the foundation of spermatogenesis.

One of the fundamental steps in the study and maripualaf testis cells, as with
any cell type, is to preserve them for various length of timétro. Current options for
maintaining live isolated testis cells are usually limited to culturing or freezing them. Cell
culture could be used for shdadrm sbrage but it may affect the characteristics of the
cells to a degree that they may no longer represent tbiguipopulation. On the other
hand, whereasryopreservation is used to preserve delteextended periods of time, it is
not appropriate for sheterm storage, as cells may undergo considerable damage during
freezing and thawingFor instance, current cryopreservation techniques result in testis
cell viability of 30% to 82% after presextion depending on the species and methods
used (Geenst al.2008), and even lower efficiency for SSCs (Izadytaal. 2002a).

There aresituations where shoterm storage of testis cells is required and seems

more appropriate. This includes various steps in preparation for male germ cell
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transplantation, in which testis cells from a donor individual are to be transplanted into
seminiferos tubules of recipients. Other circumstanaeslude maintenance of cells
during routine cell manipulation intervals and ease of transporting cell samples between
collaborating laboratories.

Hypothermic preservation maintains biological samples (cedisudis or organs)
below normal mammalian body temperatures but above the freezing point, in order to
slow down the cellular metabolism and to minimise oxygen and intracellular energy
consumption (Belzer and Southard 1988; de Pesbtal. 2003; Taylor 200Q)
Hypothermic preservation may lead to prolonged cell viability while reducing the
unwanted consequences of culturing or cryopreserving cells fortehortstorageOur
objective, therefore, was to test hypothermic preservation as an alternative skrategy

shortterm maintenance of cells.

5.3 Materials and Methods
5.3.1 Experimental Design

The present study was undertaken in two phases. In the first phase, testis cells
were maintained in 13 different media at room and refrigeration temperaturestiob6 up
days. In the second phase, the most promising media from the first phase were further

evaluated for their cell preservation efficiency.

5.3.2 Testis Tissue Preparation

Testes were collected after aseptic castration of-weekold piglets
(Camboough22 x Line 65, PIC Canada Ltd., a hybrid of Yorkshire, Large White and

Landrace,Winnipeg, MB, Canadaat a universityaffiliated swine facility. The testes
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were transferred to the laboratory within 2 h after excision in Dulbecco phosphate
buffered sahe (DPBS, cat. # 2031-CV, Mediatech,Manassas, VAUSA) containing

2% antibioticantimycotic solution (cat. # 3004Cl, Mediatech). In the laboratory, the
testes were immediately rinsed three times with DPBS and the tunica albuginea, rete
testis and oert connective tissue were removed. Experimental procedures involving
ani mals were approved by the University

and Use Committee.

5.3.3 Isolation of Testis Cells

Trimmed testis parenchyma was minced with finssmis, and dissociated using
a twostep enzymatic digestion as previously described (Honaragtoalz2002a), with
minor modifications. Briefly, the testis tissue was digested with 0.2% collagenase 1V (cat.
# C-5138, SigmaAldrich, Oakville, ON, Canada)).1% hyaluronidase (cat. #-8884,
SigmaAldrich) and 0.01% Dnase | (cat. # DN25, Sigidrich) in Dulbecco modified
Eagle medium (DMEM, cat. # 1013CM, Mediatech) at 37 € for 15 min, with
agitation every 5 min. After sedimentation for 6 min at roomgerature and removal of
the supernatant, tissue clumps were further digested with 0.25% trypsin with 2.21 mM
EDTA (cat. # 25053-Cl, Mediatech) for 5 min at 37°C, the digestion was stopped by
adding foetal bovine serum (FBS, cat. # Al®BL, PAA Laborataes GmbH, Etobicoke,
ON, Canada), and the suspension was triturated with 1 mL pipette tips before filtration
through a 40 em filter (cat . # 352340,
Erythrocytes were depleted with the addition of a lysis buffe6rfid NH,CL, 10 mM
KHCO;3;, 0.1mM NaEDTA) (Sethuet al. 2004; Smithet al. 2009) at a ratio of 1:4 (cell

suspension : lysis buffer) for 15 min at room temperature, followed by centrifugation at
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600g for 4 min at 4 € and rinses with 10% FBBMEM and DPBS, rgsectively. The
resultant cells were resuspended at a concentration ®f 12°/mL in the various

preservation media being tested.

5.3.4 Shortterm Storage of Testis Cells

Isolated cells were stored at room (R +1 € ) or refrigeration (RG4 1 C )
temperature in 2 mL polypropylene tubes in one of the following 13 media: DPBS,
DMEM, DMEM with 5% ethylene glycol (5% E®MEM), DMEM with FBS (10%,
20% or 50% FBEDMEM), FBS, Leibovitz L15 (L15), L15 with 5% EG (5% ELGL5),

L15 with FBS (10%, 20% or 50%BS-L15) or HypoThermoseFRS solution (HTS

FRS,cat. #609144, Biolife Solutions, Bothell, WAJSA).

5.3.5 Evaluation of Cell Viability

In the first phase of the present study, viability and concentration of cells were
assayed daily (at similar times +8r) with a haemocytometer using the trypan blue
exclusion method (0.4%, cat. # T8154, SighAldrich) for 6 consecutive days, and the
day of cell isolation was considered as Day 0 (control). Cell viability was defined as the
percentage of live cells remaig at each time point, compared with the original number
of live cells on Day 0. On Days 3 and 6, data were analysed to select the most promising
protocols for the second phase of the study.

There is an array of methods available for assessment ofiability, of these
trypan blue exclusion is one of the most widely used. However, using this method might
create variation in results depending on the operator and the procedures applied.
Therefore, in the second phase, for each sample of the selectedofmotell viability
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was assayed both with the trypan blue exclusion method and with a fluorochrome assay
(Live/Dead Viability/Cytotoxicity Kit, cat. # £3224, Invitrogen, Carlsbad, CA, USA) to
validate the cell viability data. On preservation Days @8l 6, cells were also smeared
onto slides coated with poly-lysine (cat. # F8920, SigmaAldrich) and stored a80 €

for use in immunocytochemistry analysis.

5.3.6 Immunocytochemistry

Seminiferous tubules in the omeeekold piglet testis contain googtes (as the
only germ cell type present), Sertoli cells and to a lesser degree, peritubular myoid cells.
Therefore, immunocytochemistry was performed to identify and quantify these cellular
subpopulations using specific antibodies on cell smears frosemwaion Days 0, 3 and

6.

5.3.6.1 Gonocytes

Cel |l smears were fixed in Bouinds solut
with 3% HO, for 10 min and 5% BSA for 15 min, and treated with a peroxidase
conjugated lectin from Dolichos biflorus (1:100, cat. # L1287, Sigwdaich) for 1 h at
37 € (Goel et al. 2007). Slides were then incubated with DAB enhanced liquid substrate
system (cat. B3939, SigmaAldrich) for 3-5 min, counterstained with hematoxylin,

mounted, and observed under a light microscope.

5.3.6.2 Sertoli Cells and Peritubular Myoid Cells

Cell smears were fixed in methanol for 4 min and acetone for 4 m20at,

rinsed wih DPBS, and incubated with the first antibodies (1:40, mousevamintin for
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Sertoli cells, cat. # V6630, Sigasddrich; or 1: 75, mouse anéilpha smooth muscle
actin for peritubular cells, cat. # Ab7817, Abcam, Cambridge, M®A) for 1 h at 37 C

in humidified atmosphere (Dufouat al. 2005; Dufouret al. 2003; Goekt al.2007; Tung

and Fritz 1990). This was followed by incubation with the second antibody (1:600,
donkey antimouse conjugated with Texas Red, cat. # Ab6818, Abcam) at room
temperature fo1 h, and rinsing in DPBS. Slides were then counterstained with 4, 6
diamino-2-phenyl indole (DAPI, cat. # D-9542, SigmaAldrich), mounted with a
fluorescence anfading medium (Vectashield, cat. #-HO00,Vector Laboratories,

Burlingame, CAUSA), and oberved under a fluorescent microscope.

5.3.7 Cell Culture

Samples of testis cells from preservation Days 0 and 6 of the selected protocols
were cultured in @vell plates with DMEM containing 10% FBS at 37 C, in a 5% £0
humidified atmosphere for 3 day®n the last day of culture, the cells were observed,
then resuspended using 0.25% trypsin with 2.21 mM EDTA and smeared on slides to be

further examined under a microscope.

5.3.8 Statistical Analysis

For general trends, data from each medium were amhilysng tweway repeated
measures ANOVA, using days as witliactor and storing temperatures (roors.
refrigeration) as betwediactor variables. Foposthoc analysis, a HolaGidak test was
used. Data are expressed as percentage of live cells compénethevnumber of live
cells present at the corresponding Day O
preservation Days 3 and 6, data were separately analysed usingp®NOVA for the
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effects of media and temperature, and H8mak test for pdshoc anal ysi s

replicates per group). The two methods of assessing cell viability were compared using a

pairedsamplet-t est (n O 5 r e p |l-waygrapeaes mgasures ANOGAU p ) .

was also used for the analysis of cellular subpopulationsdagls as withirfactor and
storage temperatures (roors. refrigeration) as between variables, followed by a Holm
Sidak test foposthocanal ysis (n O 6 replicates per

s.e.m.. Differences were considered to be stedibyi significant when P < 0.05.

5.4 Results
5.4.1 Temperature Effect

Fig. 5.1 displays the summary of data from comparison of 13 different media at
room and refrigeration temperatures for their efficiency in stesrh preservation of
testis cells. Bypreservation Day 6, in most media (except DMEM with 20% or 50% FBS
and 5% EG), a higher percentage of cells survived storage at refrigeration temperature
than at room temperature (P < 0.01). For DPBS, FBS and Did&dé¢d media (except
5% EGDMEM), the storge temperature started to cause differences in cell viability as
early as preservation Day2L(P < 0.05), while for L1#based and HT-FRS media, these
differences started from preservation Dag 8P < 0.003, Fig. 5.1). The beneficial effect
of FBS on cdlviability did not seem to increase in proportion to its concentration for
either DMEM or L15based media; however, 10% FBS postponed differences for L15
based media from Day 3 to Day 5 onward (P < 0.001, Fig. 5.1). Ethylene glycol was
examined for its ptential effects at refrigeration temperature. There were no benefits in

adding EG to the media and it appeared deleterious to cells when used with DMEM or
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L15 at room temperature, but the harmful effects were lessened when added to L15 at

refrigeration tenperature (Fig. 5.1).

5.4.2 Day Effect

We preserved testis cells for up to 6 days to simulate-gint storage or lorg
distance shipment of cell suspensions. When different media were compared at room
temperature, there was a drop in the percentagevefcklls on preservation Day 1
compared to Day 0 (P < 0.005), with the exception of 20%- EBsand 5% EGDMEM
for which the drop was observed on Day 2 (P < 0.001, Fig. 5.1). For RG, most media
resulted in lower cell viability rates on Day 1 or Day 2 coragdawith Day 0 control (P <
0.005), whereas 10%BSDMEM and 20%FBS-L15 showed this pattern on Day 3 (P <
0.005, Fig. 5.1). Supplementation of EG made no improvement when added to either
DMEM or L15, and was in fact, generally deleterious to cells eslheaiaRT. However,
when compared with RG on Day 6, EG showed less harmful effects in L15 than in
DMEM (P < 0.05, Fig. 5.3). At RG, the addition of FBS at 10% and 20% into DMEM,
and at 20% and 50% into L15 delayed the drop in cell viability, comparedDaighO

control (P < 0.05, Fig. 5.1).
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Fig. 5.1. Percentage of live cell recovery in different media at room (RT) and refrigeration
(RG) temperatures. Cell samples were assessed daily for 6 days, and the percentage of live
cellsremaining at each time point was compared to the original number of live cells on Day

0 (fresh/control). Asterisks represent the day from which onward, the number of live cells
significantly decreased compared with Day 0. Different letters between RTGmdpResent
significant differences (P < 0.05).
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5.4.3 Comparison on Day 3

As shown in Fig. 5.1, cell viability decreased for all protocols no later than
preservation Day 3; therefore, data for Day 3 were compared among different
preservation conditions. The use of different media resulted in a wide range of cell
viability from 34 to 80% at RT and 60 to 90% at RG (Fig. 5.2). After 3 days of
preservation, 10% FBE15 at RT and 20% FB&15 at RG showed the highest cell
viability values,while HTSFRS and DPBS maintained the lowest cell viability values

for RT and RG, respectively (Fig. 5.2).

5.4.4 Comparison on Day 6

For all media, on Day 6, there was a drop in viability rates (0 to 52%) for cells
maintained at RT; however, at RG, thimpd was not as obvious (32 to 81%). Moreover,
50% FBSDMEM (51.6 £5.2%) and 20% FB%15 (80.9 +1.8%) resulted in the highest
viability rates and HT$RS and 5% E®MEM had the lowest rates for RT and RG,

respectively (Fig. 5.3).

5.4.5 Selection of Praicols for Further Analysis

For both preservation Days 3 and 6, we obtained statistically or numerically
higher cell viability rates at RG than at RT. Therefore, for the second phase of the study
we chose three media at RG for immunocytochemical analydignhavitro culture. For
both Days 3 and 6, 20% FHS5 at RG consistently resulted in the highest percentage of
live cells among all media (Fig. 5.2 and 5.3) and therefore was selected for further

analysis. We also selected 50% FBBIEM at RG because it selted in an overall
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average viability rate (Fig. 5.2 and 5.3). HFRBS was included because it is a

commercially available medium for hypothermic preservation of cells and tissues.

5.4.6 Comparison of Trypan Blue Exclusion and a Fluorochrome Assay for
Assssment of Cell Viability

To validate the results obtained from the trypan blue assays, in the second phase
of the study we performed the trypan blue method, alongside a fluorochrome assay
(Live/Dead Viability/Cytotoxicity Kit). There was no difference Wween these two
methods for the selected media on any preservation day (Days 0, 3 or 6, P > 0.5, Fig.

5.4).

5.4.7 Subpopulations of Preserved Cells

To examine whether different media favour particular types of testis cells during
storage, the final cellutasubpopulations were identified and quantified. The cellular
subpopulations included gonocytes, Sertoli and peritubular myoid cells that make up
seminiferous tubules. The proportion of gonocytes did not differ among the three selected
media on preservatioDays 0, 3, or 6 (P > 0.05, Fig. 5.5). The percentage of Sertoli cells
increased from preservation Day 0 to Day 3 in the three selected media (P < 0.01).
However, there was no difference in the proportion of Sertoli cells among the three media
on any give preservation day (P > 0.05, Fig. 5.5). On the other hand, the percentage of
peritubular myoid cells decreased from preservation Day 0 to Day 3 in the three selected
media (P < 0.01), and dropped further from Day 3 to Day 6 in 50% PEM and
HTS-FRS (P< 0.01, Fig. 5.5). In addition, the proportion of peritubular myoid cells did

not differ among the three media on any preservation day (P > 0.05, Fig. 5.5).
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Fig. 5.4. Comparison of cell viability results assayesing trypan blue, or live/dead
viability/cytotoxicity kit for selected protocols. Percentage of lives cells obtained from the
two assays were compared for preservation Days 0, 3, and 6 for three selected protocols
(50% FBSDMEM, 20% FBSL15 and HTSFRS at refrigeration temperature). No
significant difference was found between the two methods for any of the protocols or days.
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5.4.8In Vitro Culture of Preserved Cells

After 6 days of preservation, the remaining cells were cultured for 3 days to
evaluate thir developmental potential. In culture, preserved cells from the selected media
showed no obvious morphological changes, compared with fresh cells (Fig. 5.6). A
confluent cellular layer was formed at the bottom of the plate with single round cells or
colony-like 3-dimentional structures on top, for cultures of both preserved and fresh cells

(Fig. 5.6).

5.5 Discussion

To our knowledge, this is the first study of testis cell preservation under
hypothermic conditions (for up to 6 days with up to 81% viability at RG). It should be
emphasised that our cell viability data actually represent the cell survival rate over time,
since it is expressed as the percentage of remaining live cells, compared with the number
of live cells before preservation. This differs from most reports where viability of cells
after preservation is provided without cell recovery information. Withouths
information, it is difficult, if not impossible, to evaluate the actual cell viability/survival,
because dead cells may disintegrate and therefore cannot be detected using viability
assays, resulting in seemingly higher viability rates. Here, tedits were repeatedly
measured daily for 6 days and on each day live cell number was compared with the pre
storage total live cell number; therefore, cell recovery information is also incorporated in

the reported viability data.
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Fig. 5.5. Cellularsubpopulations of testis cells on days 0, 3, and 6 preserved with three
selected protocols. Preserved cells underwent immunocytochemistry to identify gonocytes,
Sertoli and peritubular myoid cells on preservation Days 0, 3, and 6 for the three selected
protocols (50% FBEDMEM, 20% FBSL15 and HTSFRS at refrigeration temperature).
Data were analyzed for the effects of media and preservation day. Columns without a
common letter are significantly different (P < 0.05).
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Fig. 5.6. Appearance of cultured selirom preservation days 0 and 6 for three selected
protocols. Day 0 (fresh) testis cells as well as those preserved for 6 days in one of three
selected protocols (50% FHIMEM, 20% FBSL15 and HTSFRS at refrigeration
temperature) were culturad vitro for 3 days. No obvious changes were observed between
fresh and preserved cells in their appearance after 3 days in culture. In each case, they
displayed confluent layers of cells at the bottom of plates and ctilengtructures formed

by round cells oop. Scale bar, 60 pm.
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Hypothermic conditions can be classified into four levels, namely mild (35 to 32
€), moderate (32 to 27 €), profound (27 to 10 €), and ult@ofound (10 to 0 €)
(Taylor 2000), with profound temperatures being mostly usedrfgan preservation. For
hypothermic preservation of cells, two rather distinct cell damage mechanisms have been
reported to occur at above 10 € and below 5 € (Kruet al. 1995); therefore, we
compared testis cell storage at room and refrigeration tewypes. All tested media
showed higher cell viability rates after preservation at RG than at RT, although the use of
certain media and additives narrowed this difference. These results collectively indicate
that it is feasible to preserve testis cells witgh cell survival rate for at least 6 days at
RG.

In the present study, a range of media from DPBS to a specialised hypothermic
preservation product (HFBRS) were compared for their efficiency in shi@tm storage
of testis cells. Interestingly, evealme at RT appeared capable of maintaining more than
half of testis cells for up to 3 days, while refrigeration and the use of complex media may
be necessary to preserve testis cells for 6 days or possibly longer.

There were significant interactions betwn temperature and media (P < 0.001).
Compared with DPBS, viability of cells maintained in DMEM and L15 tended to be in a
closer range when kept at RT and RG. The use of-FRS at RT resulted in very low
cell viability (Fig. 5.2 5.3), probably becausai$ solution is designed for use at 2 to 8°
C.

Surprisingly, under refrigeration conditions, L15 was comparable to-FRS in
maintaining cell viability on both preservation Days 3 and 6 (Fig. 5.2 and 5.3). Most

culture media such as DMEM are buffered hwé bicarbonate system requiring an
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atmosphere with 5% COn order to maintain a physiological pH (Dontcheisal. 2008).
However, L15 has been developed with a phosphate buffer system fand&pendent
usage (Barngroveet al. 1985; Leibovitz 1963), ahthis may have helped to maintain
high cell viability by stabilising pH in ambient air in our study.

Hypothermic preservation may induce cell injury and death due to apoptosis and
necrosis. Therefore, inhibition of these processes could improve theemgficiof
hypothermic preservation. FBS is commonly used as an additive in cell culture and
preservation protocols. Therefore, we supplemented media (DMED and L15) with serial
concentrations of FBS. Although 20% and 50% FBS resulted in the highest cdityiabi
in L15 and DMEM, respectively, the beneficial effect of FBS did not seem to be
proportional to its concentration. Of many undefined components in FBS, serofendic acid
has been found to be able to attenuate cell injures caused by necrotic and apoptotic
changes (Kumet al. 2006). These positive effects of FBS have also been observed in
hypothermic preservation of osteochondral allografts (Penebak2006).

The cryoprotective agent polyethylene glycol has been used in hypothermic media
and was showno protect the renal medulla during kidney preservation (Fatiral.
2004). We tested the addition of EG since it has advantages over most permeating
cryoprotectants such as DMSO, glycerol and propanediol including low toxicity and high
permeability (Davison and Gerald 1977; Massip 2001; Moore and Bonilla 2006). In
DMEM, EG showed an obvious deleterious effect on cell viability under both RT and
RG. Surprisingly, however, EG in L15 maintained more live cells after 6 days at RG than
RT, to levels that wereven higher in value than those obtained in DMEM with FBS at

all concentrations tested (Fig. 5.1 and 5.3).
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Testis cells used in the present study were a heterogeneous nmédumy of
gonocytes, Sertoli and peritubular myoid cells. The ratio of celpsoilations after
preservation has important implications, for example in subsequent enrichment of
gonocytes, or for the study of these cell types, their culture or interactions. After 6 days
of preservation, the percentage of Sertoli cells increased,eadhdhat of peritubular
myoid cells decreased (Fig. 5.5). This increase in the proportion of Sertoli cells might be
due to their tolerance for hypothermic conditions (Yoen@l. 1988). Peritubular myoid
cells in humans and rats are smooth muscle cells (Virteheal. 1986), and smooth
muscle cells show high apoptosis rates in response to low temperatures §¥007).

This may explain why in the present study peritubulaoichgells were more vulnerable

to hypothermic conditions than Sertoli cells. Therefore, depending on the cell type of
interest, hypothermic preservation conditions may need to be optimized to obtain
maximum efficiency (Caputet al. 1998; Hendryet al. 1990; Mathewet al. 2004; Wuet

al. 2006).

In conclusion, testis cells could be successfully preserved under hypothermic
conditions, for at least 6 days with ~80% survival, and 88% -aftenge viability
(comparable to fresh cells). Cells could be efficiently preserved at room temperature for 3
days. Leibovitz L15 alone could be used as an effective defined preservation medium, the
effects of which can be further increased with FBS supplementation. After 6 days of
hypothermic preservation, testis cells could still be cultured without obvious

morphdogical changes.
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CHAPTER 6 THE EFFECTS OF TISSUE SAMPLE SIZE AND MEDIA ON
SHORT-TERM HYPOTHERMIC PRESERVATION OF PORCINE TESTIS

TISSUE?!

6.1 Abstract

The objective of this study was to develop effective strategies fortlmgpoic
preservation of immature porcine testis tissue to maintain structural integrity and cell
viability. In Experiment 1,dstes from dwk-old piglets were used to study the effects of
tissue sample size (as intact testis or fragments ofdf0OB0 mg)and the use of one of 9
different media on hypothermic preservation of the testis tissue for 6 days. The examined
media includedDulbecco phosphate buffered saline (DPBS), Dulbecco modified Eagle
medium (DMEM), Leibovitz L15 (L15), L15 with foetal bovireerum (FBS, at 10%,

20% or 50%), HypoThermos#RS solution (HTS- RS) , Hamés F1l2, and
On Day 0, 3 and 6, testis tissues were digested to compare the cell survival rates. Tissue
sections were also sefmuantitatively assessed to determine théciefiicy of different
preservation strategies. There was no effect of testis sample size (P > 0.05), but cell
survival rates of testis cells isolated from preserved testis tissues changed depending on
the medum and day (P <0.05). Testis tissue within HFBRS did not show
morphological changes after 6 days.Experiment 2two of the top performingnedia

(20% FBSL15 and HTSFRS) were selected foimmunocytochemical detection of

gonocytesProportions of gonocytes (%) inoisted testis cells, however, did not differ

! This study has begsublished.Y. Yang, J. Steeg and A. Honaramooz (2010). Cell
Tissue Res. 340(2): 39706.Portions of this study were also presented at tA 42
annual meeting of the Society for the Study of Reproduction.
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between the two media on Days 0, 3 or 6. These results show that testis tissue can be
maintained for 3 days at 4 € with high cell survival rate, and tissue morphology can be

preserved for at least 6 days in HF&S.

6.2 Introduction

The functional components of the early postnatal testis include seminiferous cords
surrounded by the interstitial cells responsible for releasing androgens. Within the
seminiferous cords, Sertoli cells provide support for gonoaytesh are progenitors for
spermatogonial stem cells (Frarg al. 2000; Frankenhuist al. 1981; Goekt al. 2007;
Hughes and Varley 1980; Ryt al. 2004). Spermatogonial stem cells are unique among
adult stem cells in that they possess the unique dapaio both self renew and to
contribute genes to the next generation through differentiation to give rise to a lifetime
supply of gametes (de Rooij 1998; Oatley and Brinster 2008). Recent breakthroughs in
the study and manipulation of these cells haghlighted their important potential for
overcoming male infertility as well as for animal transgenesis and conservation

(Dobrinski and Travis 2007; Ehmcke and Schlatt 2008; Oatley and Brinster 2008).

Effective preservation of testis tissue and cells &rdfore essential for most
downstream applications. In many instances, the immediate use of the testis tissue or its
cryopreservation is neither practical nor desired am@re shorterm storage of the
tissue is required and seems more appropré&teh nstances include collection of testes
sent to collaborating laboratories for testis tissue xenogratfting (Honaraeh@h2004;

Honaramoozet al. 2002b), or various steps in preparation for male germ cell
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transplantation, where testis cells from a domahvidual are to be transplanted into
seminiferous tubules of recipients (Honaramooz et al. 2002b; 2003; 2008).

We recently found that isolated testis cells could be preserved for at least 6 days
at 4 € with 88% afterstorage cell viability. Furthermoreestis cells preserved for 6
days could develop in culture with no obvious morphological changes (Yang and
Honaramooz 2010). These promising results encouraged us to preserve testis tissue.

The preservation of intact or fragmented testis tissue, as egpopreservation
of isolated cells, has certain advantages. Preserved testis tissue could maintasitthe
relationship of structures, including spatial orientation, stem cell niche and functional
interplay, between live somatic cells and germ caissential for the study of
spermatogenesis or testis function. Preserved tissue could also provide each type of testis
cell for later isolation. For example, preserved testis tissue could be xenografted to
produce donederived spermatogenesis in recipidaboratory mice (Goosseret al.

2008; Honaramooet al. 2002b; Shinoharat al.2002a; Song and Silversides 2007; Zeng
et al. 2009). The efficiency of frozethawed testis tissue for such applications is quite
low, while that of testis tissue preservegbbthermically for up to 2 days is not much
different from fresh tissue (Abrishamt al. 2010; Zenget al. 2009). However, storage
longer than 2 days could be beneficial.

Preservation of intact testes or testis tissue fragments is especially practical in
field situations where tissues are to be collected, requiring considerably less laboratory
resources, expertise and facilities than for cell isolation. Furthermore, testis tissue
amounts used for cryopreservation are usually abeht g, and the recovergf

sufficient number of cells from such small samples as well as the preservation of cell
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viability after thawing are currently challenging (Jahnukaieeml. 2007a; Kerost al.
2007; Milazzoet al. 2008; Wynset al. 2007). Therefore, shoeterm storageof chilled
testis tissue may offer an alternative to cryopreservation.
The objective of this study was to investigate the effect of tissue amount, intact or
fragmented, and media on cell recovery and testicular morphology aftertesimort

hypothermigpreservation.

6.3 Materials and Methods
6.3.1 Experimental Design

In order to develop strategies for shtetm hypothermic preservation of testis
tissue we undertook this study in two phases. In the first phase, testis tissue samples of
different sizes wre maintained in 9 different media at refrigeration temperatures for 6
days. In the second phase, the two most promising media in the first phase were further

evaluated for their tissue and cell preservation efficiency.

6.3.2 Collection of Testes ahPreparation of Testis Tissue

Testes were collected after aseptic castrationwk-bld Yorkshirecross piglets
(n = 228 piglets, Camborougt? x Line 65, PIC Canada Ltd., Winnipeg, MB, Canada)
at a universityaffiliated swine facility. Testes were trdesed to the laboratory within 2
h in icecold Dulbecco phosphate buffered saline (DPBS, cat.-@326CV, Mediatech,
Manassas, VAUSA) containing 2% w/v antibiotiantimycotic solution (cat. # 3004
Cl, Mediatech). In the laboratory, the testes werenédiately rinsed three times with
DPBS, the epididymis removed and the testes were either used intact or were further

trimmed by removing the tunica albuginea, rete testis and overt connective tissue. The
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testis parenchyma was then cut into pieces of rill@ or 30 mg. Experimental
procedur es involving animals were approve

Institutional Animal Care and Use Committee.

6.3.3 Hypothermic Storage of Testis Tissue

Intact testes and testis fragments of 100 or 30 mg weredstor 6 days at 4 € in
polypropylene tubes containing one of the following media: DPBS, Dulbecco modified
Eagle medium (DMEM, cat. # 1013CM, Mediatech), Leibovitz L15 (L15, cat. #
95016512, VWR International, Mississauga, ON, Canada), L15 with foeb&ine
serum at 10%, 20% or 50% (FBS, cat. # A1H., PAA Laboratories GmbH, Etobicoke,
ON, Canada), HypoThermosBRS solution (HTS-RS, at. #609144, Biolife Solutions,
Bothell, WA, USA), Ham's nutrient mixture F12 withglutamine, 25 mM HEPES (F12,
cat. # 09321, ScienCell Research Laboratories, CarlsbadJEA), and Media 199 with

Hank's salts and-glutamine (M199, cat. # 09121, ScienCell).

6.3.4 Isolation of Testis Cells

On preservation Days 0, 3 and 6 after collection, the tissues were digeste
assess testis cell recovery using a previously describedtepodigestion method with
minor modifications (Honaramooet al. 2002a). Testis tissues were minced with fine
scissors, and digested with 0.2% w/v collagenase IV (cat-5438, SigmaAldrich,
Oakville, ON, Canada), 0.1% w/v hyaluronidase (cat. <8884, SigmaAldrich) and
0.01% w/v DNase | (cat. # DN25, Sigmddrich) in DMEM at 37 € for 15 min with
agitation every 5 min. Aftecentrifugation at 1§ at 16€C for 1 minand discarding of the
supernatant, tissue pellets were further digested with 0.25% wi/v trypsin with 2.21 mM
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EDTA (cat. # 25053 Cl, Mediatech) at 37 € for 5 min. FBS was then added to stop the
digestion and the suspension was triturated with a 1 ml pipette tip beforeofiltrati
through a 40 em filter (cat. # 352340, BD
erythrocytes that were inevitably collected along with testis cells and can interfere with
cell counting, were then removed with a lysis buffer {8H 156mM, KHCQ 10 mM,
NaEDTA 0.1mM (Sethuet al. 2004; Smithet al. 2009)) at ratio of 4:1 (buffer: cell
suspension) for 15 min at room temperature. The suspension was then centrifuged at 600
x g at 4 € for 4 min and rinsed twice with 10 mL of 10% FESMEM. Cell viabiity
and concentration were assayed with a hemocytometer using the trypan blue exclusion
method (0.4% wl/v, cat. # T8154, SigAddrich).

Cell survival rate was defined as the percentage of live cells isolated from
preserved tissues on Days 3 or 6, conghaoethe original number of live cells on Day O
(n O 6 replicates per g r-samppe)variatidne, the istacu c e p
testis and tissue-ami3e mgmeces) Qdsed forfcompaaisom of 1 0 0
different tissue sizes for each mediwvere from the testes of the same donor piglet, for
each preservation Day 3 and 6. Cell survival rates were compared among preservation
strategies, and based on these data, cell smears were prepared from fresh samples, as well
as from the two best presation media, and stored aBO € for subsequent

immunocytochemistry.

6.3.5 SemiQuantitative Morphometric Analyses

Samples of fresh and preserved testis t

h, rinsed with and stored in 70% ethanol, processed standard histological
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preparations, embedded in paraffin and sectioneccatd t hi cknesses. The
then prepared and stained with haematoxylin and eosin.

The histological attributes of testis tissue were then evaluated using transmitted
light microscope as previously described (Milaztaal. 2008) with minor modifications
as follows. Slides were coded for blinded analysis and a minimum of 30 seminiferous
cords wer e randomly selected from differ
replicates/meidm/tissue size). The structural and cellular degenerative changes of the
tissues were senguantitatively scored at magnifications of 400 and x1L000. The
evaluations were based on the assessment of nucleic and epithelial morphology and
included:1) Nucleic distinction between Sertoli cells and gonocytes was scored O if easy,
1 if difficult or 2 if impossible;2) observation of nucleoli in Sertoli cells and gonocytes
was scored as either 0O if easy (visible in >40% of cells) or 1 if indistinguishable (when
pyknotic nuclei present in large numbers and very conden8ga)jcleic condensation
for Sertoli cells and gonocytes was scored 0 where absent, 1 where <40% of nuclei were
condensed or 2 where >40% were pyknoficdetachment of cells from the basement
membrane was scored O if absent, 2 if partial or 3 if total or observed on >75% of the
circumferences) fragmentation of the basement membrane was scored either as 0 if
absent and as 1 if obvious; a6jiLeydig cells nuclei condensation was also scored as
either O if <40% were condensed or 1 if >40% were condensed. The sum of the above
scores was calculated as the degeneration score for each seminiferous cord and its
surrounding Leydig cells. The average for all measurements in the slides was referred as
the global degeneration score for that testis sample. Therefore, the degeneration score

could range from O to a maximum of 10 per sample, where 0 represents ideal normal
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morphology and an absence of any of the measured aberrations, and 10 indicates the

worstmorphometric score for the sample.

6.3.6 Immunohistochemistry

Tissue sections (¢ m) wer e prepared as describe
rehydrated, rinsed with DPBS and incubated with 5% w/v bovine serum albumin (BSA,
cat. # A7638, Sigmaldrich) at 37C in humidified atmospheréor 30 min. Samples
were then stained with the lectin Dolichos biflorus agglutinin (DBA, (&bell. 2007)
conjugated with fluorescein (1:100 v/v (50 g/mL), cat. #H031, Vector Laboratories,
Burlington, ON, Canada) overnight humidified atmosphere. The sections were then
rinsed with DPBS, incubated with 0.3% Sudan Black B (cat. #-324&MD Chemicals,
Gibbstown, NJ, USA) in 70% ethanol at & in humidified atmosphere for 8 min,
followed by rinsing and staining with 4-damino-2-phenyl indole (DAPI, at. # D-
9542, SigmaAldrich) for 3 min. The sections were subsequently mounted with a
mounting medium (Vectashield, cat. #1800, Vector Laboratories) and examined using
fluorescent microscope. Laser scanning confocal niops was also used to

sequentially scan DAPI and fluorescein.

6.3.7 Immunocytochemistry

After thawing at room temperature, the cell smears from the two best preservation

NY

media were fixed in Bouinds solution for
BSAat37€ in humidified at mosphere for 15 min
The smears were then rinsed with DPBS and incubated with fluorescein labelled lectin
DBA (1:100) overnight in humidified atmosphere. After further rinsing with DPBS and
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incubation with 0.3% Sudan Black B for -1& min, the cell smears were rinsed and
stainel with DAPI for 2 min, mounted and observed under fluorescent and laser scanning
confocal microscopes. At least 600 cells were counted for each cell smear to determine

the proportion of gonocytes.

6.3.8 Statistical Analysis

Cell survival rates (% +®.m.) are expressed as the percentage of live cells
isolated from preserved tissue samples on Days 3 or 6, compared to the original number
of live cells on Day 0. For comparison of cell survival rateseeway ANOVA was
used with preservation day, mediad tissue sample sizes as independent factors. There
were significant effects of the day amdedum but not tissue sample size, and no
interactions were found for the tissue sample size. Therefore, the data across all tissue
sizes were pooled and the bisas was repeated using tweay ANOVA, with the day
and medum as main factors, followed by Hoh®idak tests. Semiquantitative
morphometric data were transformed and analyzed using-wageANOVA as above.

Again, there was no effect of testis sample iz interactions with it; therefore, the data
were pooled and reanalyzed using itway ANOVA for the day andmedum.
Spearman's rank correlation coefficient was performed to test the relationship between
the preserved testis cells survival rates and nmrghric data. Similarly, threeay
ANOVA was performed on gonocytes proportion data, with the oeegum andtissue
sample sizes the main factors. Data are expressed as mean +s.e.m. and differences were

considered statistically significant when P <3.0
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6.4 Results
6.4.1 Effects of Different Preservation Conditions on Cell Survival Rates

The actual average number of cells resulting from digestion of fresh testis tissue
(Day 0) was 235 x 10per gram tissue with a cell viability of 92%. However, ted
survival rates were expressed as the percentage of remaining live cells on Days 3 or 6,
compared to the number of live cells prior to preservation (Day 0); therefore, the survival
rate of fresh control was considered as 100%. Survival rates for selied after
enzymatic digestion of preserved testis tissues changed depending on the main factors of
day and media, without an interaction between them. These rates, however, did not vary
based on the main effect of tissue sample size (intact testegri¥img pieces), and no
interactions were fountbr the tissue siz€P > 0.05). Therefore, tissue sample size data
were pooled. For preservation Day 3, the cell survival rates differed among media groups
(P < 0.001), where HT-ERS group preserved theegtest number of live cells and
DMEM preserved the least number of cells (50% £3.5 and 18% *+3.9, mean s.e.m.,
respectively, Fig. 6.1A). Similarly, when compared on preservation Day 6, the cell
survival rates changed among different media groups (P0€1)). with HTSFRS
maintaining the greatest cell survival rate and DMEM resulting in the least cell survival
rate (26% +2.5 and 5% +3.3, respectively, Fig. 6.1B). When compared among edlys, c
survival rates dropped from Day 0 to 3, and from Day 3 o t@stis tissues within all
media tested (P < 0.001), with the majority of the media including the specialized
preservation solution HFERS maintaining this rate at about 50% on Day 3, and 25% or

less on Day 6, compared to that of control fresh celtp @=ILAB).
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Fig. 6.1. The effect of media on cell survival rates of preserved testis tissue samples. Nine
media were evaluated for the preservation of testis tissue samples at 4 € for 6 days. On
preservation Days 0, 3 or 6, testis samples were téideg he percentage of live cells
(mean% zs.e.m.) remaining on Day 3 or 6, were compared to the original number of live
cells on Day 0 and defined as the cell survival rate. Columns without a common letter within
each day are significantly different (P 0<05). Columns for Day 3(A) with asterisks are
significantly different from the corresponding columns for Day 6(B) (P < 0.05).
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6.4.2 Semigquantitative Evaluations of Tissue Morphology

Global degeneration scores for preserved testis tissues changed adgpmenthe
main effects of day and media, without interactions. These scores, however, did not vary
based on the tissue sample size as a main effect and no interactions were found (P >
0.05); therefore, data were pooled.

For Day 3, the results of morphologl evaluations for global degeneration varied
among different media groups (P < 0.001). Compared with the fresh testis tissue (0.5 *
0.2, mean global degeneration scores +s.e.m.), -HRS preserved the tissue with
minimal degenerative changes (0.7 + 0P > 0.05) while DMEM resulted in the
maximum morphometric changes (2.8 +0.2, P < 0.05, Fig. 6.2A and Fig.-H.3A
Compared to the fresh control testis tissue, nuclei differentiation between Sertoli cells
and gonocytes in tissues within DMEM was noteasily performed (0.0 £0.4s.1.4 +
0.2, P < 0.01). When compared to the controls, the basement membrane of seminiferous
cords were partially detached in tissues maintained in DMEM (0.05 273 £0.2,
respectively, P < 0.01), L15 (1.2 £0.1, P OQ) and 50% FB%15 (1.1 +0.18, P < 0.01,

Fig. 6.2A and Fig. 6.3A)).

On Day 6, the global degeneration scores again differed among the media groups
(P < 0.001). Compared with the fresh testis tissue, the minimum morphological changes
were observed indsues within HTS-RS (0.5 £0.23vs1.1 £0.38, respectively, P >
0.05) while once more the maximum changes were observed with preservation in DMEM
(7 £0.38, P < 0.05, Fig. 6.2B and Fig. 6.4A. There was a negative correlation between

the cell survivatates and tissue degeneration scores-(x.47, P < 0.01).
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Fig. 6.2. The effect of media on morphological degeneration scores of preserved testis tissue
samples. Different media were examined for preserving testis morphology at 4 € for 6 days.
On preservation Days 0, 3 or 6, testis tissue samples were fixed, processed, sectioned, and
semiquantitatively analyzed. The tissue degeneration scores (mean s.e.m.) were calculated
based on scores given to the degree of nucleic distinction between Sett®liand
gonocytes, observation of nucleoli, nucleic condensation of Sertoli cells and gonocytes,
detachment of the basement membrane, fragmentation of the basement membrane, and
nucleic condensation of Leydig cells. The lower the score, the less muogjdadl
abnormalities were observed. Columns without a common letter within each day are
significantly different (P < 0.05). Columns for Day 3 (A) with asterisks are significantly
different from the corresponding columns for Day 6 (B) (P < 0.05).
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Fig. 6.3 Morphology of preserved testis tissue samples on dayh8tomicrographs of
representative seminiferous cords after storage in different media at 4 € for 3 days. Semi
guantitative morphometric analysis was performed to assess the changes in the eppéaran
the nuclei, nucleoli, as well as the epithelial integrity in preserved testis tissues, compared to
the fresh control samples (A). The examined media included Dulbecco modified Eagle
medium (DMEM, B), Dulbecco phosphate buffered saline (DPBS, C)pokgilL15 (L15,

D), L15 with foetal bovine serum (FBS, at 10%, 20% or 50%) (E, F, G), HypoThermosol
FRS solution (HTS- RS, H) , Hamés F12 (F1l2, J) , and

15um.

130

M



Fig. 6.4. Morphology of preserved testis tissue samples gnéd&hotomicrographs of
representative seminiferous cords after storage in different media at 4 € for 3 days. Semi
guantitative morphometric analysis was performed to assess the changes in the appearance of
the nuclei, nucleoli, as well as the epithelid@kgrity in preserved testis tissues, compared to

the fresh control samples (A). The examined media included Dulbecco modified Eagle
medium (DMEM, B), Dulbecco phosphate buffered saline (DPBS, C), Leibovitz L15 (L15,

D), L15 with foetal bovine serum (FB&t 10%, 20% or 50%) (E, F, G), HypoThermesol

FRS solution (HTSS RS, H) , Hamés F12 (F1l2, J) , and

15um.
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When compared to the control tissue, and based on nucleic observations,
gonocytes were less easily distinguishablenfi®ertoli cells (P < 0.01) in tissues within
50% FBSL15 (0.7 £0.12), or DPBS (0.8 £0.12). It was very difficult to discern nucleoli
in cells of tissues within DMEM (1.6 +0.13, P < 0.05). Nucleic condensation occurred in
cells within the seminiferous ods as well as in Leydig cells for tissues within DMEM
(1.7 £0.13 and0.5+0.03, respectively, P < 0.01). Tissues maintained in 50%-EBS
also showed nucleic condensation in gonocytes and Sertoli cells (0.9 £0.13), and those of
DPBS in Leydig cells (@ +0.02) (P < 0.01). Detachments of the seminiferous basement
membrane were frequently encountered in tissues maintained in DMEM (2.2 +0.17),
M199 (1.9 +0.17), 50% FB$.15 (1.8 +0.17), L15 (1.8 +0.19) and 10% FBSL5 (1.7
+0.17) (P < 0.01). Broken dsement membranes were also observed in tissues within
DMEM (0.6 +0.04), M199 (0.5 +0.04) and 10% FBSL5 (0.3 +0.04) (P < 0.01, Fig.

6.4A-).

6.4.3 Proportion of Gonocytes

Based on cell survival rates and saquantitative morphological assessments of
the preserved tissues on both preservation Days 3 and 6, two media that were consistently
among the top performing media (HHFRS and 20% FB$15, Fig. 6.1AB and Fig.
6.2AB) were selected and used to determine the proportion of gonocytes among a
minimum d 600 cells in each cell smear using immunocytochemical detection of DBA.

The proportion of gonocytes did not differ between cells collected from fresh
tissues and those collected fromegevered testis tissues within either media (HFRS

and 20%FBS-L15) for either preservation Day 3 or 6 (P > 0.05). Similarly, the ggieo
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Fig. 6.5. Proportion of gonocytes remaining after storage of testis tissue samples in two select
media at & for 3 or 6 days. In the second phase of the study, out afitikemedia tested,

two top performing media, HypoThermodeRS solution (HTS-RS) and 20% foetal bovine
serumLeibovitz L15 (20% FBS.15), were selected for this comparison. On preservation
Days 0, 3 or 6, testis samples were digested and the proportigonotytes (mean% =+
s.e.m.) among the testis cells were determined through immunocytochemistry with lectin
Dolichos biflorus agglutinin (DBA) (A, B, C).
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proportions did not change between the two media for either preservation Day 3 or 6 (P >

0.05, Fig.6.5A-C).

6.5 Discussion

The current study investigated the effects of tissue sample amount and media on
survival rates of testis cells in tissues preserved up to 6 days in various media. The size of
the tissue during preservation had no effects on thevsilior morphology of the tissue
and cells. However, media composition had significant effects on both cell survival rates
and testis morphology. Compared to fresh tissues, up to half of the testis cells could
survive in preserved tissues after 3 days tofage at 4 €. Even after 6 days of
preservation in these conditions, about a quarter of testis cells survived in certain media
and displayed morphology similar to that of the fresh tissue. It is generally believed that
hypothermic temperatures (4 €) uddor preservation of biological samples suppress the
metabolism and reduce the activity of catabolic enzymes. Metabolic rate is shown to be
reduced by half for every 10 € drop in the temperature, resulting in a remainiri%®©
metabolism at 4 € (South@ and Belzer 1995). This may partially explain the survival
of cells in simple media for days.

We expected to have higher number of cells survive in smaller size testis
fragments compared to larger fragments or intact testes. It has been reported that
spermatozoa could be better cryopreserved in minced tissues than in larger tissue biopsies
(Crabbéet al. 1999). Tissue sizes ranging from 0.5 to 1.5°name routinely used for
testis cryopreservation (Abrishanat al. 2010; Zenget al. 2009). The absence of
differences among tissue sizes in our study could be partly due to the fact that the three
tissue sizes we useate still much bigger than those in the above mentioned reports.
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Significant differences also exist between the ways in which tissue responds t
hypothermic and cryogenic storage. It should be emphasized that in the current study, in
order to compare different preservation conditions we used the survival rates of isolated
cells and not their actual cell viability.e@ survival rates are expreskas the percentage
of remaining live cells, compared to the number of live cells prior to preservation. This
differs from most reports where only viability of cells after preservation is provided
without further information on cell recovery. Lack of susformation makes it difficult,
if not impossible, to evaluate the actual cell viability/survival rate, because dead cells
may disintegrate during digestion and not be detected using viability assays, resulting in
seemingly higher viability rate®Neverthdess, it appears that tissue size per se may not
be an important factor in determining the outcome of hypothermic preservation of testis
tissue. For shoitterm preservation of testis tissue in refrigeration temperatures, it may be
more practical to storehé testes as intact or in larger tissue pieces because this may
reduce the risk of contamination and maintain the tissue for a wider range of future
applications.

Our results showed that the specialized tissue preservation solutionHRIS)S
was able to geserve the greatest testis morphology and numerically highest cell survival
rates after 6 days of preservation. However, in many cases, the preservation efficiency of
HTS-FRS was not significantly different from n@pecialized media (e.g., 20% FBS
L15, or even L15). When small fragments (0.5 tonfr®) of primate testis tissues were
stored in 10% FB%.15 for one day, the vitro cell survival rates anih vivo ability for
spermatogenic development after xenografting did not differ from those of thedstish

fragments. This led the authors to conclude that the testis tissue was not harmed from
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iIschemia (Jahnukainest al. 2007a). L15 has also been reported to be suitable as a base
medum for use in cryopreservation of immature mouse testis tissueszidiet al.

2008). We had previously observed that L15 can efficiently maintain isolated testis cells
at hypothermic temperatures for over 6 days, especially when used in combination with
20% FBS (Yang and Honaramooz 2010). Effects of L15 might be maudytal its
content of a C@independent buffer system to maintain pH constant under-aipen
conditions. Therefore, in the present study, we also included other pH fluctuation
resistant media such as F12 witBEPESand M199. Rather similar performancesludge

media (i.e., L15, M199 and F12), as compared to DMEM and DPBS which have a less
efficient CQ-independent buffer system, confirmed the importance of providing a proper
pH buffer systems in the media used for hypothermic preservation of testis Ssailar
observations have also been made for hypothermic preservation of other types of tissues
and cells (Baicu and Taylor 2002; Bonventre and Cheung 1985; Bronk and Gores 1993;
Fuller et al. 1988; Hochachka and Mommsen 1983; Lingekl. 1998).

In our study, cell survival rates dropped from Day 0 to 3, and from Day 3 to 6 in
testis tissues within all media tested, with the majority of the media including the
specialized preservation solution HFRS maintaining this rate at about 50% on Day 3,
and abotu25% on Day 6.

Significant decreases in cell viability have also been observed in testis tissues
within DPBS at 4 for 3 days (Zenget al. 2009). However, ypothermicallypreserved
testis tissues were also shown to have higher spermatogenic deveppaantial
when grafted into recipient mice than that of cryopreserved testis fragments (Jahnukainen

et al. 2007a). In fact, short term ig®ld storage of testis tissues has been suggested to
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improve donotderived spermatogenesis after xenograftidgmukainenet al. 2007a;
Zenget al.2009) Therefore, shorter term (3 days) refrigeration temperature preservation
is preferred for testis tissue wh#re situation perms. These observations may indicate
that such drops in cell viability may not completely prevent futnreivo development
likely because the tissue is able to rebound upon transplantation into a suitable
environment. In the current study, our observatiorese based on morphology, and
could be further confirmed using transplantation studies. Although, our previous data on
xenografting of neonatal porcine testis tissue indicate ithatitro cell viability of
preserved tissue could be used as a relativéigbte predictor of testis tissue potential
for development (Abrishanat al.2010).

Gonocytes constitute the only type of germ cells in the neonatal testis and as such
their abundance within the preserved tissue is of interest for those involved tadize s
and manipulation of the male germline. Therefore, in this study, gonocytes proportions
were evaluated in select preservation conditions. The percentages of gonocytes did not
differ between two of the most promising media, or among preservation Dayand, 6.
This is in agreement with the reported viability of recovered gonocytes which did not
differ from that of other testis cells isolated after stierin hypothermic preservation of
testis tissues (Zengt al. 2009). These findings also indicate ttlsglection of the most
promising preservation media based on total testis cell survival rates may be sufficient for
future comparisons. This conclusion was further supported by the presence of correlation
between the results of testis cell survival raded the semguantitative evaluations of

the tissue morphology.
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The same two selected media in the current study of tissue preservation had
resulted in even higher preservation efficiency of isolated testis cells in a previous study,
where approximately0% of testis cells survived hypothermic preservation for 6 days
(Yang and Honaramooz 2010). This indicates that if the goal of tissue preservation is to
use the cells, it might be advisable to preserve cells rather than tissue when possible.

In conclusion for shortterm hypothermic preservation of testis tissues, the use of
HTS-FRS or 20% FBS.15 for 3 days was feasible, while preservation for lorigem
(up to 6 days) resulted in considerable drop in cell survival rates. However, compared to
fresh tissus, testis morphology did not show seveegenerative changes even after 6

days in HTSFRS as preservation medium.
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CHAPTER 7 EFFICIENT PURIFICATION OF NEONATAL PORCINE

GONOCYTES WITH NYCOD ENZ AND DIFFERENTIAL PLATING !

7.1 Abstract

Gonocytes are the only type of germ cells present in the postnatal testis and give
rise to spermatogonial stem cells. Purification of gonocytes has important implications
for the study and manipulation of these cells may provide insights forimgngo
investigation of the male germline stem cells. To obtain a pure population of gonocytes
from piglet testis cells, a wide range of Nycodenz concentrations were investigated for
density gradient centrifugation. We also examined differential platingstteells for
various culture durations with different extracellular matrix (ECM) components
(fibronectin, polyD-lysine, polyL-lysine, laminin, collagen type | and collagen type V).
Gonocytes were highly enriched in pellets of testis cells after usi8g Nycodenz
centrifugation to a purity of 81 +£8.5%. After culturing testis cells on platescpeted
with different ECMs for 120 min, the proportion of gonocytes increased among non
adherent cells (suspended in the medium), with fibronectin orpdyysine resulting in
the greatest (up to 85%) and laminin in the lowest (54%) gonocyte proportion.
Combining the most promising ECM coatings (fibronectin and-pelysine) and further
extension of their culture duration to 240 min did not improve the fioabgytes purity.
Centrifugation with 17% Nycodenz followed by differential plating with fibronectin and
ploy-D-lysine coating; however, further purified gonocytes among the collected cells to

more than 90%. The results provide a simple, quick and effitieapproach for

! This study has beeaccepted for publication iReproduction Fertility and
Development
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obtaining highly enriched populations of piglet gonocytes for use in the study and

manipulation of these germline stem cells.

7.2 Introduction

Germline stem cells can be categorized into the primordial germ cells (PGCs),
gonocytes and speatogonial stem cells (SSCs) (Jiang 2001; Jiang and Short 1998b).
The PGCs are the first traceable germbimected progenitors for both male and female
germ cells, initially distinguishable in the 18 dpc pig embryos as elongated cells or with
distinct psedopods. Upon transplantation into the recipient testis of rats or mice, the
PGCs have been demonstrated to successfully colonize and initiate-ddoved
spermatogenesis (Chureaal. 2005; Jiang and Short 1995; Jiang and Short 1998a; Ohta
et al. 2004). However, the use of the PGCs as a model for the study and manipulation of
the male germline is less advantageous than their progenies, because they need to be
collected from early embryos at relatively limited numbers, and also because they are not
genderspecific (Adams and McLaren 2002; Chuetaal. 2005; Jiang and Short 1998a;
Ohtaet al.2004; Wilhelmet al. 2007).

Gonocytes are a transitional population of germline stem cells after the mitotic
arrest of the male PGCs and before their diffeation into SSCs (de Rooij 1998; Jiang
2001; Jiang and Short 1998b). Unlike SSCs, gonocytes can be morphologically identified
as distinctively large round cells that are not yet fully migrated into the basement
compartment of the seminiferous cords of iatore testes (McGuinness and Orth
1992b). Before or soon after birth, some gonocytes migrate to the basement membrane
and develop into SSCs, while others degenerate as a result of apoptosis (Cou&tuvanis
al. 1993). Despite some differences with SSCs @t et al. 2009a; Hasthorpe 2003;
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McLeanet al. 2003; Meeharet al. 2000; Ohboet al. 2003; Shinohar&t al. 2001; Van

Den Hamet al. 2002), gonocytes transplanted to the recipient testes have been
demonstrated to colonize the recipient seminiferous tebolenice (McLearet al. 2003;

Ohbo et al. 2003; Ohmuraet al. 2004; Ohtaet al. 2004; Shinoharat al. 2002a) and
generate donederived spermatogenesis in rats (Jiang and Short 1995; Jiang and Short
1998a; Orwiget al. 2002b; Ryuet al. 2003). Thereforegonocytes may provide an easily
collectable stem cell source for the study and manipulation of the male germline.

Transplantation of male germ cells in large animals has provided a functional
assay for the study of SSCs in these species (Hetral. 2006b; Hill and Dobrinski
2006; Honaramoozet al. 2003a; Honaramoozt al. 2002a). With progress in
manipulation and modification of these male germline stem cells, germ cell
transplantation can also offer an alternative approach for the production ofetransg
farm animals where the current methodologies are inefficient, costly anadinseming
(Bacci 2007; Honaramooet al. 2003b; Honaramooet al. 2008; Lee and Piedrahita
2003).

A major step toward improving the efficiency of germ cell transduction and
transplantation is the ability to select germline stem cells or at least to enrich them in the
population of donor cells (Honaramooz and Yang 2010 SSCs comprise about
0.02% of all cells in an adult testis (KanaShinoharaet al. 2005c¢; Tegelenbokcand de
Rooij 1993). After depositing the mixed population of donor testis cells into the lumen of
the recipient seminiferous tubules, Sertoli cells recognize and allow the stem cells access
to the niche at the basement compartment of the tubule (Cauaha2005; Hasthorpet

al. 1999; Jiang and Short 1995; Jiang and Short 1998a; Nagaal01999; Ohtaet al.
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2000; Shinoharat al. 2001; Yuji Takagi 1997)Furthermore, the extent of colonization
has been shown to be directly proportional to the reatabundance of the
SSCs/germline stem cells (Dobringkial. 1999b; Shinoharat al. 1999; Shinoharat al.
2000), emphasizing the importance of selecting the target cells.

Although neonatal gonocytes could be distinguisheged on their unique
morpholayy from other cells of the seminiferous cords (McGuinness and Orth 1992b;
Orwig et al. 2002b), specific bimarkers are required for their accurate selection. In
rodents, several markers including NANOG and OCT4 were shown to be expressed by
gonocytes, butheir expression was not limited to gonocytes or they were not expressed
by all gonocytes (Culty 2009). Some of these markers, may indicate the pluripotency of
certain sukpopulations of gonocytes, although probably not all gonocytes have stem cell
ability (Goelet al. 2008). Recently, lectin Dolichos biflorus agglutinin (DBA) was found
to have specific affinity for piglet gonocytes, and it was proposed to provideradoicer
for in vitro identification of porcine gonocytes (Gaatl al. 2007), although DB binding
could not be detected in the testis of mice or bulls (&bedl. 2008; Izadyaret al.
2002b). To date, few studies have investigated purification of gonocytes, especially from
large animals. In pigs, gonocytes were enriched by combining Peeity gradient
centrifugation and differential plating, with a reported purity of up to 80% as identified
by DBA staining (Goekt al. 2007; Kimet al. 2010); however, further purification of
gonocytes would be beneficial for theirvitro characterization, study and application as
a model for germ cell transplantation in farm animals (Honaramooz and Yang 2010).

As the progenitors of gonocytes, PGCs have been enriched to a purity of more

than 90% with a Nycodenz gradient centrifugation icenquails and chicks (Mayanagi
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et al.2003; Zhao and Kuwana 2003). The objective of the present study was to develop a
practical and reliable approach for the purification of piglet gonocytes using gradient

centrifugation and differential plating.

7.3 Materials and Methods
7.3.1 Experimental Design

This study was performed through multiple advancing stages, where the outcome
of each experiment was used to design the next experiment until satisfactory results were
obtained. To control for potential varians among individual experiments, groups within
experiments occasionally overlappéa.separate experiments, we assessed the gonocyte
enrichment efficiency of various concentrations of Nycodenz for density gradient
centrifugation, and different extraaglr matrix components for differential plating.
Culture durations for differential plating were then compared for select extracellular
matrix components. The tgperforming density gradient centrifugation and differential
plating strategies were conseqtlgrcombined and evaluated for improved gonocyte

enrichment.

7.3.2 Testes Collection and Preparation

Testes were collected after aseptic castration of 186Mreld Yorkshirecross
piglets (CamborougR2 x Line 65, PIC Canada Ltd, Winnipeg, MB, Canadd) a
universityaffiliated swine facility and within 2 h transferred to our laboratory ircicil
Dul beccods phosphat e bu-03l-éV Kaliatecta Manassas,( DP B S
VA, USA) containing 2% w/v antibioti@ntimycotic solution (cat. # 3004Cl,

Mediatech). The testes were rinsed three times with DPBS, and the tunica albuginea, rete
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testis and excess connective tissue were removed. The testis parenchyma was then used
for collection of testis cells. Experimental procedures involving animals approved

by the University of Saskatchewands I nstit

7.3.3 Isolation of Testis Cells

A threestep strategy, involving vortexing and gentle digestion which we have
recently developed (Yanet al. 2010b), was used to isolate testis cells resulting in very
high proportion of gonocytes in freshly isolated testis cells. Briefly, testis parenchyma
was minced with fine scissors, and the tissue was vortexed for 1 min with a test tube
shaker (Reax Top, ta# 54110000, Heidolph Instruments, Essex, UK) at a vibration
frequency of 500 rpm. After rinsing, the testis tissue was digested with 0.2% wi/v
collagenase IV (cat. # -6138, SigmaAldrich, Oakville, ON, Canada), 0.1% w/v
hyaluronidase (cat. # 43884, SymaAldrich) and 0.01% w/v DNase | (cat. # DN25,
SigmaAldrich) in Dulbecco modified Eagle medium (DMEM, cat. #-Q13-CM,
Mediatech) at 37 € for 10 min. Digestion was stopped by adding 100% foetal bovine
serum (FBS, cat. # A1801, PAA Laboratories GmbH;tobicoke, ON, Canada), and
followed by another round of vortexing for 30 s, and filtration of the resultant cell
suspension through a 40 em filter (cat . #
were then removed with a lysis buffer as previously diesdr(Yanget al. 2010b). When
large numbers of testis cells were needed for investigation of several concentrations of
Nycodenz for density gradient centrifugation, we combined testis cells from different
donor piglets; otherwise, testes from each donglepwere used as a replicate within
each experiment. We have previously examined potential variations among testis donors

and shown that there are no significant differences among the tissues collected from our
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source swine herd (Yaref al. 2010b). Thecell viability was assayed with a 0.4% w/v
trypan blue solution (cat. # T8154, SigiAkrich) using a haemocytometer. Cell smears
were prepared from collected cells, allowed to bedsed at room temperature and

stored at80 € for immunocytochemical stdy at a later time.

7.3.4 The Effect of Density Gradient Centrifugation Using Various Concentrations
of Nycodenz

In preliminary experiments, various amounts of Nycodenz (cat. # D2158, Sigma
Aldrich) were dissolved in DPBS to find concentrations thatnfazell layers after
centrifugation. Out of 41 different concentrations of Nycodenz tested (rang&)%40
wi/v), those below 11.5% did not form visible cell layers (data not shown). Among those
resulting in formation of visible cell layers, 11 concentraidb5.530%) were selected
for examination on their potential for enrichment of gonocytes.

Three mL of each Nycodenz concentration was placed at the bottom of a 15 mL
graduated conical tube and 2 mL of the testis cell suspension was gently placed on top,
and the tubes were centrifuged at §@@ 4 € for 15 min. The cells in the cell pellet and
in the interface between Nycodenz and the cell suspension were gently collected and
rinsed with DPBS (n O 5 replicatetwampder gr

the storage of cell smears for immunocytochemistry were performed as described above.

7.3.5 Gonocytes Quantification

After thawing at room temperature, the
for 2-3 min, rinsed in DPBS, and blocked with 5BSA at 37 € for 15 min in

humidified atmosphere. The cell smears were then rinsed with DPBS and incubated
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overnight with a fluoresceifabelled lectin Dolichos biflorus agglutinin (DBA, (Goet

al. 2007; Kimet al. 2010), 1:100, v/v, cat. # FILO31, Veobr Laboratories, Burlington,

ON, Canada) in humidified atmosphere. After rinsing with DPBS and incubation with
0.3% w/v Sudan Black B (cat. # 3542, EMD Chemicals, Gibbstown, NJ, USA) in

70% alcohol for 1015 min, the cell smears were rinsed and stawiga 4, 6-diamino-2-

phenyl indole (DAPI, cat. # 9542, SigmaAldrich) for 2 min, mounted using a
mounting media (cat. #4000, Vector Laboratories) and observed using a fluorescent
microscope. DAPI and fluorescein were also sequentially scanned usisgratanning
confocal microscope (TCS SP5, Leica Microsystems, Richmond Hill, ON, Canada), and
the obtained images were merged. More than 600 cells were counted for each cell smear

to determine the gonocyte proportion.

7.3.6 Comparison of Different Concatrations of Nycodenz

The percentages of gonocytes, as identified by DBA staining, were determined in
cell populations collected from the pellets and interfaces in different concentrations of
Nycodenz. The Nycodenz concentrations resulting in the highegbmion of gonocytes
were then used in further experiments to be combined with the differential plating

method.

7.3.7 Comparison of Different ECM Coatings for Differential Plating

In order to screen for the most effective extracellular matrix (ECM) oommts
for gonocyte enrichment, commercially available-poated 6well culture plates (cat. #
354431, BD Biosciences) were seeded with freshly isolated testis cells at a concentration
of 0.25 x 1(F/cn?. Each plate well was either a nooated control ocoated with one of
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the following ECMs: fibronectin, polp-lysine, laminin, collagen type | or collagen type

IV. The cells were fed with 10% FBBMEM and cultured at 37 € in humidified
atmosphere with 5% COfor 15 or 120 min. Cells neadherent to the pte bottom
(suspended in the culture medium) were then collected by brief centrifugation of the
culture media. Adherent cells were also harvested by digestion with tigpSiA for up

to 3 min, while being observed under an inverted microscope for apepligestion

(i.e., 3050% of cells dissociated). This was followed by agitation using pipetting of the
remaining adherent cells, centrifugation at @@ 16 € for 5 min and rinsing with

DPBS (n O 3 replicates per yagndthewedparatiohbfe as s

cell smears for immunocytochemistry were performed as described above.

7.3.8 Combining the Most Promising ECM Coatings for Differential Plating

After comparison of different ECM components, fibronectin and 4alysine
were the rmost effective ECMs and were selected for further investigation. We
hypothesized that combining these ECM components may increase the efficiency of
selection; therefore, plates were coated in our laboratory as follows. Each well in a non
coated éwell culture plate (cat. # 353046BD Biosciences) was covered with 1 mL of
either polyD-lysine (cat. #477743736, VWR International, Mississauga, ON, Canada
or fibronectin (cat. #77743728, VWR at concentrations of 50 or 10 pg/mL in DPBS,
respectively, or witHh mL combination of pohD-lysine and fibronectin. Other wells in
the plate were covered with 1 mL of DPBS to serve as control, or with 1 mL of_poly
lysine (cat. # P8920, Sigrradrich), to test another variant of pelysine. The plates
were maintaineét 37 € in humidified atmosphere with 5% G@r 1 h, allowed to dry

in air in a biosafety cabinet and rinsed twice with DPBS. Freshly isolated testis cells were
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then seeded onto the plates and cultured

group). @Il smears were prepared for immunocytochemistry as described above.

7.3.9 Optimization of Culture Duration for Gonocytes Enrichment

From the differential plating experiments to this point, we observed that extending
the culture duration from 15 to 120mtould improve the final gonocytes purity in roON
adherent cells. In order to optimize the duration of culture for gonocyte enrichment,
separate groups of isolated testis cells were cultured in plates coated with a combination
of fibronectin and pohD-lysi ne as descri bed above, for 3
8 replicates per group). After culture, radherent cells were collected and smeared onto

slides for subsequent immunocytochemistry.

7.3.10 Combining Nycodenz Centrifugation and Differential Rting

At this stage and based on the results from above experiments, the most effective
methods of gradient centrifugation and differential plating were combined to determine if
the efficiency can be improved further. Among the 11 concentrations testéd, 1
Nycodenz resulted in the highest enrichment of gonocytes from the cell pellets and
therefore was chosen. In order to determine whether culture duration for differential
plating can affect the results, two culture durations from the previous experiraest w
included for comparison in this experiment. The cell pellets obtained from a 17%
Nycodenz gradient centrifugation were then rinsed with 10%-BB&M and cultured
for 120 or 240 min in culture plates coated with the combination of fibronectin and poly
D-l ysi ne, which had also resulted in the hi
per group). The cell viability of neadherent cells was assessed as described above with
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the evaluation of the gonocyte recovery rates. Smears were made freadheent cells

and stored at80 € for immunocytochemistry.

7.3.11 Statistical Analysis

Analysis of variance was performed on the data to analyze differences between
groups, followed by Tukeyds HSD tests.

differences were considered statistically significant when P < 0.05.

7.4 Results

7.4.1 Comparism of Different Concentrations of Nycodenz for Density Gradient
Centrifugation

Immunocytochemical analysis using DBA showed that after centrifugation with
Nycodenz, gonocytes could be more efficiently enriched in cell pellets than in cell layers,
with the inal gonocyte proportion in the ranges of-&@B% and 2150%, respectively
(Fig. 7.1). The gonocyte proportion in testis cells prior to centrifugation was ~38%.
Centrifugation with 17% Nycodenz resulted in the collection of the highest proportion of
gonocyes in cell pellets (81 £9%, mean +s.e.m.) and that of 15.5% Nycodenz resulted
in the lowest gonocyte proportion in cell layers (21 £4%, Fig. 7.1). ddle viability
ratesafter Nycodenz centrifugation were more than 80%erefore, we selected the 17%
concentration of Nycodenz to collect cell pellets for gonocyte enrichment in the

remaining experiments.
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Fig. 7.1. Gonocyte proportion in cell layers and cell pellets after density gradient
centrifugation of neonat porcine testis cells with Nycodenz at different concentrations.
Nycodenz density gradient centrifugation was applied at 11 increasing concentrations to
enrich for porcine gonocytes. After centrifugation at each concentration, cells in the layers
and cel pellets were separately collected and assayed for the percentage (+ s.e.m.) of
gonocytes. Different superscript letters among Nycodenz concentrations represent significant
di fferences (P < 0.065, n O 5 replicates per
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7.4.2 Comparison of DifferentECMs Coatings for Differential Plating

Gonocyte proportion among naaherent testis cells (suspended in the medium)
cultured for 15 min varied among groups (P < 0.05), but did not differ betweer ECM
coated and noenoated plates or compared with thoseam-cultured testis cells (339%
vs. 37% or 38%, respectively, P > 0.05, Fig. 7.2). Subsequently, additional groups of
plates were cultured for 120 min with the adherent andaaherent cells examined.
Compared with the freshly isolated (nroultured) céls, the proportion of gonocytes
among testis cells adherent to the plates dropped in all groups of cultured cells, regardless
of the plate (from 38% to 183%, P < 0.05). The percentage of gonocytes in these non
adherent cells varied among groups (P SP#nd increased among cells in all ECM
coated and nenoated plates, compared with those of-oaftured testis cells (585%
and 65%vs. 38%, respectively, P < 0.05, Fig. 7.2). Among the groups ofadterent
cells, those collected from the fibroneetioated plates had the greatest proportion of
gonocytes (85 +3%, with a cell viability of 79 £2%) and those of the lamcoated

plates had the lowest (54 £3%, with a cell viability of 81 £2%).

7.4.3 Combining the Most Promising ECM Coatings for Diférential Plating

Combining fibronectin and polp-lysine in coating the plates did not
significantly improve the proportion of gonocytes among theamtimerent cells over the
levels obtained by using these ECMs separately (83 A3%80 +3% and 80 * 3%,
respectively, P > 0.05, Fig. 7.3). Coating the plates with-pellysine did not enrich
gonocytes when compared with that of rawated plates (62 +3%s60 +3%, P > 0.05,

Fig. 7.3). Furthermore, the results obtained from diffea¢piiating using commercialy
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coated plates were not different from those obtained using plates that were coated in our

laboratory (P > 0.05, Fig. 7.2 and 7.3).

7.4.4 Optimization of Culture Duration for Gonocyte Enrichment in Differential
Plating

The perentage of gonocytes among radgherent cells collected after 240 min of
culturing in plates coated with a combination of fibronectin and-pslysine were as
high as 86 * 3%, which was different from those after 30 min (57+ 3%, P < 0.05).
However, gonocy proportion did not statistically differ among culturing durations of

60, 90,120 and 240 min groups (P > 0.05, Fig. 7.4).

7.4.5 Combining Nycodenz Centrifugation and Differential Plating

Cells obtained after density gradient centrifugation with 17% Nswpdwere
subsequently subjected to differential plating with a mixed fibronectin andDpolgine
coating for 120 or 240 min, to maximize the purity of resultant gonocytes. Compared
with the gonocyte percentage of freshly isolated testis cells (40 + &9,/ and 7.6),
combination of the two approaches increased gonocyte purity for both 120 and 240 min
culture durations (90 £3% and 92 +3%, respectively, P < 0.05, Fig. 7.5 and 7.6), which
were also higher than the two approaches used separately 808P+2%, or 83 +2%
for 17% Nycodenz, mixed fibronectin and pddylysine for 120 or 240 min,
respectively, P < 0.05). The cell viability after combination of the two approaches was 81
+2% or 76 £2%,with gonocyte recovery rates (compared to freshiaied cells) of 11

+2.4% or 6 +3.2% (for 120 or 240 min, respectively).

152



100
Adherent Cells
90—
é 80 Culture (min)
g 70 Lo
2 W10
3 60
2
8
& 50
L
S 40 a
Q
g 30 b b
S
© b b 2 2 b
20 b ol == ZE =l
10—
0 T T | T | T
Non-cultured Non-coated Fibronectin Poly-D-Lysine
Laminin Collagen-IV Collagen-I
Extracullar Matrices
100
Non-adherent Cells
90— 7 yz z
80— Culture (min) yZ
Q o
o~ 15
o 70 W20 Xy
2
T 60—
g.. X
5
& 50—
2 w
g 40— E_L;E) a a a a
a
s b
O 30
20—
10—

o | 1 I |
Non-cultured Non-coated | Fibronectin | Poly-D-Lysine
Laminin Collagen-1V Collagen-1

Extracelluar Matrices

Fig. 7.2. Gonocyte proportion in adherent and-adherent cells after culturing neonatal
porcine testis cells on commercialiyailable plates preoated with different extradular
matrix (ECM) components. After culturing neonatal porcine testis cells orcowted
(control) plates or those coated with different ECMs for 15 min, cells remaining non
adherent (suspended in the medium) were collected and assayed to deterroirygegon
percentage (+s.e.m.). Additional groups of testis cells were cultured for 120 min and the
proportion of gonocytes was compared among adherent anrddi@nent cells. Within each
culture duration, columns with different superscript letters (a, wex) are significantly

di fferent (P < 0.05, n O 3 replicates per
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Fig. 7.3. Gonocyte proportion in nadherent cells after culturing neonatal porcine testis

cells on plates coated in the laboratory with single extracellular matrix (ECM) contpare

their combination for 120 min. After culturing neonatal porcine testis cells on plates coated

with different ECMs (as single or in combination) for 120 min, -adherent cells were

collected and the percentage (xs.e.m.) of gonocytes determinagdn@®without a common
superscript letter are significantly differe
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Fig. 7.4. Comparison of different durations for culturing neonatal porcine testis cells on
plates coated in the laboratory with combireedracellular matrix (ECM) components for
gonocytes enrichment. After culturing neonatal porcine testis cells on plates coated with a
combination of fibronectin and pelp-lysine for different durations, neadherent cells were

collected and the percentage s.e.m.) of gonocytes compared. Columns with different
superscript letter are significantly differe
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Fig. 7.5. Combination of optimized strategies for Nycodenz density gradient centrifugation
and differenial plating for further purification of porcine neonatal gonocytes. After
centrifugation of neonatal porcine testis cells with 17% Nycodenz (17/Nycdd@nzells in
pellets were cultured on plates coated with a combination of fibronectin (F) andpoly
lysine (P) for 120 or 240 min, and the percentage (xs.e.m.) of gonocytes determined in non
adherent cells. Columns with different superscript letters are significantly different (P < 0.05,
n O 8 replicates per group).
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Fig. 7.6. Detection of gonocytes with immunostaining. Confocal scanning images of the
donor pig (twk-old) testis tissue isolated testis cells before, and after enrichment for
gonocytes show labelling with either a fluoresesimjugated antibody against the lectin
Dolichos biflorus agglutinin (DBA, green) to detect gonocytes, or DAPI to show all cell
nuclei (blue). A: Merged image of the donor testis tissue with transmitted light as well as
staining for DBA and DAPI. B: Merged image of the freshly isolated testls @ath
transmitted light as well as staining for DBA and DAPI. C: Merged image of the isolated
testis cells stained with DBA and DAPI as well as the transmitted light image after
enrichment for gonocytes with a combination of Nycodenz density gradiatrifegation

and differential plating. Scale bars, 50pm.
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7.5 Discussion

Several strategies have been applied to enrich spermatogonial stem cells (SSCs)
of different species (Khairet al. 2005). These approaches could be generally categorized
into those with or without using antibodies. Specific antibodies may be used against the
target or contaminating cells using fluorescent activated cell sorting (FACS) (eealid
2009a; Izadyaet al. 2002b; Kuboteet al. 2004a; Loet al. 2005; Moudgakt al. 1997;
Shinoharaet al. 2000) and magnetic activated cell separation (MACS) methods (Gassei
et al. 2009; Giuiliet al. 2002; Herridet al. 2009a; Kubotaet al. 2004a; Schinfeldtet al.

1999). Stategies that do not rely on the application of antibodies, employ the innate
cellular characteristics that differentiate the target and contaminant cells, include forward
and side scatter measurements using FACS (Kubkttal. 2003; Lo et al. 2005;
Shinolaraet al. 2000), density gradient centrifugation (Diraetial. 1999; Herridet al.
2009a; I1zadyaet al.2002b; Luocet al.2006; Marret and Durand 2000; Rodrigt®asaet

al. 2006) and differential plating (Diranat al. 1999; Herridet al. 2009a; I1zadyaet al.
2002b; Luo et al. 2006; RodrigueSosaet al. 2006). Using the aforementioned
approaches, SSCs have been enriched to levels as high as 75% among testis cells from
large animals (Herriét al. 2009a; 1zadyaet al. 2002b; Luoet al. 2006; RodrigueSosa

et al. 2006). In contrast, as the progenitors of SSCs, enrichment of gonocytes or pre
spermatogonia was only reported in a few studies in rodents (Mbat€2002; Van Den
Hamet al. 1997; Van DisseEmiliani et al. 1989), and more recently in pig&oelet al.

2007; Kim et al. 2010). In the present study, density gradient centrifugation using
different concentrations of Nycodenz, and differential plating with different ECM
coatings were investigated for their efficiency in enriching porcine gonocytes. Using

either strategy, we were ablo efficiently enrich testis cells for gonocytes to more than
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80%, and using their combination to more than 90%. This is up to 45 fold higher than the
gonocyte proportion found in the freshly isolated piglet testis cells using conventional
methods of cékeparation (with only 2% gonocyte yield, Kehal.2010).

Although target cells could potentially be highly enriched or virtually purified
using FACS and MACS, specific cell markers especially those on the cell surface need to
have been identified andubrophoreconjugated antibodies made. These cell markers
could include antigens/receptors on/in cells and upon blocking by the antibodies used for
sorting the behaviour or fate of germ cells may alter in response to manipulations
(Bashamboeet al. 2006;BendeiStenzekt al. 2000; Gilneret al. 2007; Yanet al. 2000).

A variety of cell types have been enriched by density gradient centrifugation with
Percoll (Pertoft 2000) and attempts were made to isolate spermatogonia from boar, bull
and ram testis celldzadyaret al.2002b; Marret and Durand 2000; Rodrigt#asaet al.

2006). Since gonocytes are different from testis somatic cells in size, shape and
sedimentation velocity (Orwigt al. 2002b; Van DisseEmiliani et al. 1989), they are

also likely to beenriched with a density gradient centrifugation method (Van Dissel
Emiliani et al. 1989). In the few studies on enrichment of piglet gonocytes, conflicting
results were obtained (70% vs. 5% gonocyte purity) after using similar Percoll density
gradient cetrifugation protocols, possibly because of technical and handling differences,
and it was noted that an easier and more reliable method is still requiredetGaiel

2009; Goelet al. 2007; Kimet al. 2010). Nycodenz is a neianic iodinated gradient
medum which can be dissolved readily in water. Compared with Percoll, gradients of
Nycodenz are easier to prepare and sterilize, as the solutions are autoclavable-and non

toxic to cells. Nycodenz gradients have been successfully utilized in collection of
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primordial germ cells (PGCs) with more than 90% purity in cell layers from mice, quails
and chicks using 8% Nycodenz at a density of 1.035 g/mL (Maya&tadi 2003; Zhao

and Kuwana 2003). However, to our knowledge, there are no reports on its application in
enrichment of SSCs or gonocytes in farm/large animals. In the present study,
interestingly, no cell layer formation was visible after centrifugation of cells with
Nycodenz gradients below 11.5% (w/v), and the greatest gonocyte purity (>80%) was
collected fom cell pellets at a gradient of 17% (density ~1.089 g/mL). For ram and bull
testis cells, Percoll was used at densities ranging from 1.0542 to 1.0654 g/mL to obtain
SSCs enriched to 65% and 38%, respectively (Hetrial. 2009a; Rodriguesosaet al.

2006), whereas for porcine gonocytes, a purity of up to 70% was possible6@e60
fractions (Goelet al. 2007), comparable to a density range of 1.060 to 1.075 g/mL
(Semple and Szewczuk 1986). These studies may collectively suggest that gonocytes
differ from PGCs and SSCs in the optimal density gradients for enrichment, with
gonocytes possibly requiring a density of 1.060 to 1.089 g/mL of either Percoll or
Nycodenz (i.e., PGCs < SSCs < gonocytes). Nevertheless, species differences should also
be consideredand suitable gradients established for gonocyte enrichment in each
species.

Testis cells from mice, rats, pigs and bulls have been enriched for SSCs by
differential plating using laminktoated plates; however, the results differed depending
on specieswith the highest enrichment at 30% (Haretaal. 2004; Herridet al. 2009a;

Luo et al. 2006; Orwiget al. 2002c; Shinoharat al. 1999). Because gonocytes are
progenitors of SSCs and may share common adhesion properties (Hasthalri®99;

Li et al. 1997), one might expect that they would respond similarly to differential plating.
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For coating plates in the present study, we used some of the major ECM molecules found
in the basement membrane of seminiferous tubules. Interestingly, among adherent testis
cells, gonocyte proportion decreased after incubation for 120 min for all coated and non
coated plates. On the other hand, whereas among@dimrent cells gonocyte proportion

did not change in any of the coated or tomated plates when incubated for 15t
increased significantly when incubated for 120 min, and this proportion was greatest in
fibronectin and pohD-lysine coated plates (to >80% gonocyte purity). These results are
in contrast to reports showing the affinity of rodent SSCs for bindidgnnin during
shortterm culture, or those showing that bovine type A spermatogonia could be enriched
among both adherent and radherent testis cells using lamirdnated flasks (Hamret

al. 2004; Orwiget al. 2002c; Shinoharat al. 1999). However, or observations are in
agreement with the recent reported use of lartoiated plates for selection of porcine
gonocytes among neadherent cells (Kinet al. 2010; Luoet al. 2006). The results from
these studies may collectively indicate that, at leashd shortterm culture conditions

and compared with SSCs, gonocytes have little affinity for adhering to ECM molecules
or even to noftoated plates. Therefore, in the present study, the application of some of
the tested ECM components effectively decedathe contamination by testis somatic
cells, indicating that in differential plating for enrichment of gonocytes, negative
selection may be more efficient and practical than potential positive selection. If these
observations accurately reflect the vivo adherence property of gonocytes and SSCs,
they may point to the possibility of fundamental differences between these two cell
populations, and that gonocytes change their binding behaviour after developing into

SSCs. This may also explain why in the re@htestis, gonocytes remain in the center of
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the seminiferous cords and only show affinity for the basement membrane at later
developmental stages when they are closer to becomirgpprenatogonia and SSCs.

It is not completely clear as to why in theepent study some of the outcomes of
differential plating changed as the duration of culture increased. For instance, testis
somatic cells seemed to show preferential affinity for ECM components, particularly for
fibronectin and pohD-lysine, and this pragss took 30 min or longer. Similarly, laminin
coating of culture plates improved gonocyte purity through negative selection after
incubation for 120 min but not for 15 min. Whether the longer culture durations merely
increased the chance of more somatitsa@ming in contact with the plate surface and
binding to it, or in fact gonocytes/somatic cells changed their adherence behaviour
toward each other or toward the plate coating during this period, reflecting a fundamental
change in their biology, may ngdurther investigation. In a recent study, significant
improvement in piglet gonocyte purity was observed after negative selection using
laminin-coated plates for 20 min (Kinet al. 2010). The differences between our
observations and those of the lattendy could be due to differences in plate coating
procedures and the fact that we started with much higher gonocyte purity than in that
report (38% vs. 2%).

Here, we identified fibronectin and pel-lysine as more efficient ECM
molecules for negative sekion of piglet gonocytes than laminin. In another study where
improvement in piglet gonocyte purity was observed after incubation of testis cells with
laminin-coated plates, no significant effect of fibronectin was noted @iiad. 2010). In
two relevant previous studies, although both differential plating and gradient

centrifugation strategies were tested for enrichment of porcine gonocytes, in one study it
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was concluded that gradient centrifugation, but not differential plating, is effective in
enrichmeat of gonocytes up to 70% (Goet al. 2007), and in another study it was
concluded that gonocytes can be enriched up to 80% using a differential plating protocol
that required culturing the cells for 12 h, while using gradient centrifugation only 5%
gonocyte enrichment could be achieved (Katral. 2010).In conclusion, in the present
study, we showed that gonocyte proportion among testis cells can be increased to more
than 80% using either a simple Nycodenz gradient centrifugation or differential plating
(incubated for only 2 h), and to motiean 90% when the two strategies are combined.
Findings in this study, therefore, provide a simple, quick and efficient approach for
obtaining highly enriched populations of piglet gonocytes which could also be applicable
for purification of gonocytes intber species. These results will be valuable for the study

and manipulation of gonocytes, as a transient population of germline stem cells.
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CHAPTER 8 PIGLET TESTIS IRRAD IATION AND SUBSEQUENT

GONOCYTE TRANSPLANTATION

8.1 Abstact

Preparation of the recipient testes can enhance the outcome of germ cell
transplantation. Whether neonatal pig gonocytes have stem cell potential has not been
shown. Therefore, the objectives of the present study were 1) to examine the effects of
neoratal piglet testis irradiation omestis development andubsequent endogenous
spermatogenesis, and 2) to investigate the potential of donor neonatal piglet gonocytes in
establishing spermatogenesis aft@mologoustransplantation into irradiated recipten
testes. Ninaday-old piglets underwent daily local irradiation of testes using fractionated
gammarays at doses of 0 (control), 1, 2 or 3 Gy (n = 6 piglets/group) for 3 consecutive
days. Two months after irradiation, half of the pigs in each group weréiced and the
testes examined. At the same time, the remaining pigs in each group were used as
recipients for donor neonatal piglet testis cells (with ~38% gonocytes). The donor cells
were injected, through the rete testis under ultrasound guidanceyria testis of each
irradiated and noirradiated recipient animal, and the corfateral testis was injected
with saline as an internal control. Two months after transplantation (i.e., 4 months after
irradiation), pigs were sacrificed and the testdected for examination. Compatevith
the control (0 Gy), at both-2nd 4 months postradiation, the testis weight indices from
the group of pigs undergoing daily irradiation doses of 3 Gy were smaller, seminiferous
tubule density from 2and 3Gy grops were lower, and tubule diameter in all irradiated

testes were also lower (P < 0.05). Two months after irradiation with doses of 2 or 3 Gy,
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the relative number of germ cells per 1,000 Sertoli decreased (P < 0.05). At 4 months
postirradiation, spermatogmc differentiation up to elongating spermatids was observed

in all norirradiated testes, and while no spermatogenic development was found in any of
the irradiated testes injected with only saline; after gonocyte transplantation, a small
number of tubulesn the groups of 4 and 2Gy contained spermatogenesis up to
elongating and round spermatids. In conclusion, local irradiation of recipient piglet testes
with as low as 1 Gy (for 3 days) could completely suppress the endogenous
spermatogenesis, and gonteyransplantation into irradiated recipients led to initiation

of spermatogenesis.

8.2 Introduction

Proliferation and differentiation of spermatogonial stemsq@B5Cs) in the testis
maintain a lifelong supply of male gametes in an adWith support from the recipient
testis somatic cellsSSCsare capable of generating dosamrived spermatogenesis in
recipient testes after germ cell transplantation (GCT) (Clouthiet. 1996; Frang@et al.
1998; Naganet al. 1999; Parreirat al. 1998; Russell and Brinster 1996). GCT bagn
used as a bioassay in the assessment of SSC potential of a given population of testis cells.
GCT has alsded to the introduction of an alternative strategy for producing transgenic
animals (Naganoet al. 200la; Naganoet al. 2000a). lrthermore, GCT provides a
potential approach faoreservation and propagation of the genetic potential of individual
animals of high value or endangered species, especially if they are preplbesiiie
their great potentishnd wideapplications SSG are rare in theestis and it is difficult if
not impossible to unequivocallydentify them by morphological or biochemical

characteristic (Oatley and Brinster 2008).
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In the neonatal testis, gonocytes are the only type of gellmgresent (de Rooij
1998; Jiang 2001; Jiang and Short 1998®fore or soon after birth, gonocytes resume
their proliferation, migrate to the basement membrane and eventually develop into SSCs
(Coucouvaniset al. 1993). Populationsof gonocytes were ported to express multiple
pluripotency markers, and produce teratomas afibcutaneous transplantation into mice
(Goel et al. 2009; HoeiHansenet al. 2005; Niu and Liang 2008; Tet al. 2007).
Gonocytes were also observed to differentiate directly smimatic cells of the three
germ layers (Simoset al. 2009), attesting to the likelihood that populations of gonocytes
retainpluripotency.

The distinctive morphological features and unique positioning of gonocytes
within the seminiferous cords/tubulesil@ate their identificatio(McGuinness and Orth
1992b; Orwiget al. 2002b) Unlike in rodents, gonocytes remain in the neonatal testis of
large/farm animals for a number of months after birth, providing a window of opportunity
for their study and manipulation. In rats, neonatal gonocytes have been shown to produce
complete donederived spermatogenesis afteomologoustransplantation (Jiang and
Short 1995; Jiang and Short 1998a; Orwigal. 2002b; Ryuet al. 2003). However,
transplantation of gonocytes from donor mice did not generate spermatogenesis
recipient mouse testesuggesting that spermatogengsident pseudopoded gonocytes
may be typical for rat§McLean et al. 2003; Ohboet al. 2003; Ohmuraet al. 2004;
Shinohareet al. 2002a).Interestingly, both the progenitors amttbscendantsf gonocytes
(i.e., primordial gem cells and SSCs) produced dowerived spermatozoa after
homologous transplantation in rats and mice (Cheitnal. 2005; Jiang and Short 1995;

Jiang and Short 1998a; Ohé&t al. 2004). Whether gonocytes are indeed capable of
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producing donoderived sper@togenesis after transplantation to recipients is therefore
controversial, and homologous transplantations of gonocytes has not been investigated in
large animals.

For SSC transplantation, colonization of the recipient testes and-denweed
spermatogems i S could be I mproved i f the recip
depleted due to genetic mutations (Boet@eng et al. 2000; Geissleret al. 1988;
Ogawaet al. 2000; Ohtaet al. 2001; Shinoharaet al. 2001) or following ablative
treatments such asdluse of chemotherapeutic drug busulfan (Brinster 2002; Brinster
and Avarbock 1994; Brinster and Zimmermann 1994; Ogeinal. 1999b; Okabeet al.

1997). Due to the lack of proper large animal models that genetically lack germ cells,
busulfan injection wassed to prepare recipient pigs for GCT (Honarametoa. 2005).
However, when busulfan was applied at sufficient doses to eliminate endogenous
spermatogenesis in postnatal piglets, significant-sftects were also observed and in
some cases mortality ade the approach unacceptable (Honarametoal. 2005). To
reduce the lethal toxicity, pregnant females especially in multiparous species can be
injected with busulfan to wipe out the endogenous germ cells in the male offspring.
However, thisin utero appioach can also lead to unwanted side effects in the dam and
female littermates (Brinstat al. 2003; Hemsworth and Jackson 1963; Honaransh@d.

2005; Moisaret al.2003).

Compared with busulfan treatment, local irradiation of testes has less systematic
toxicity and is not lethal at doses used for causing germ cell depletion; therefore, may be
more practical for use in large animals (Creenetral. 2002; Giuiliet al. 2002; Herridet

al. 2009a; Herridet al. 2009b; Honaramooet al. 2005; I1zadyaret al. 2003b; Kimet al.
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2008; Oatleyet al. 2005a; Schlatet al. 2002; Zhanget al. 2006). It was reported that
testis irradiation with a single dose of 15 Gy improved the donor-&$ed
spermatogenesis in sheep (Hegidal. 2009b).

Gonocytes were reported to be more sensitive to irradiation than
SSCs/spermatogonia in rats, pigs and bulls (Erickson 1964; Erieksdnl972; Forand
et al. 2009a; Hughes 1962). However, irradiation has not been studied for eliminating
endogenous germ cells for gergildransplantation in pigs.

Pigs are important models for biomedical research and are considered as a
potenti al source of Ohumani zedd tissues/ o
(Arundeii and McKenzie 1997; Coopet al. 2008; Klymiuk et al. 2010; Kuwaki et al.

2004; Sachs 1994). The objectives of the present study were to evaluate the effectiveness
of local irradiation of piglet testes in eliminating endogenous germ cells, and to

investigate the effects of gonocyte transplantation into {esdtsiated recipients.

8.3 Materials and Methods
8.3.1 Experimental Design

To study the effects of early postnatal irradiation on piglet testis development and
spermatogenic progress, piglets were subjected to 0, 1, 2, or 3 Gy of local irradiation of
testes i = 6 piglets/group), followed by sacrifice to retrieve testes for-gerntitative
morphological analysis at two months posadiation. Additionally, to assess the
potential of donor gonocytes in establishing spermatogenesis in recipient testesy isolat
piglet testis cells were transplanted into testes of the remaining pigs at two months post

irradiation, followed by sacrifice and examination at two months after transplantation.
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8.3.2 Animals and Donor Testes

Nine-day-old Yorkshirecross piglets (n 24, Camborougi22 x Line 65, PIC
Canada Ltd., Winnipeg, MB, Canada) were acquired from a univafitiated swine
facility, and maintained at the animal care unit of the University of Saskatchewan College
of Veterinary Medicine from three days beforedarp to four months aftdarradiation.
Testes for donor cell preparation were collected after routine aseptic castration of 1
weekold piglets from the same swine facility, transferred to the laboratory within 2 hours
after excision in icecold Dulbecco pbsphate buffered saline (DPBS, cat. #031-CV,
Mediatech, Manassas, VA, USA) containing 2% antibiatitimycotic solution ¢at. #
30-004-ClI, Mediatech). Experimental procedures involving animals were approved by

the Universityo f S a s k at c hienal Anim@alCaré and Wse Committee.

8.3.3 Irradiation of Neonatal Porcine Testes

Animals were randomly assigned into groups ensuring that littermate piglets were
distributed across groupBollowing acclimation to the new facility for three days and
overnight withdrawal of feed and watgriglets were sedated with Azaperone through
intramuscular injections (Stresnil, 2.2 mg/kg, NAC No. 11820822, Merial Canada Inc,
Baie doéUrf®, QC, Canad awyiththgr sceoturascexposed, aha r s a |
anaest hesia maintained using isopurane i nha
Theratron 780 Cobalt therapy unit (Best Theratronics Ltd., Ottawa, ON, Canada) was
used to deliver gamma rays to the testes fréfica source with doses of 0, 1, 2D Gy
(n = 6 piglets each) and the procedure repeated for three consecutive days (corresponding
to 9, 10 and 11 days of age). Ketoprofen was injected intramuscularly (Anafen, 3 mg/ kg,
NAC No.: 11820042, Merial Canada Inc) following the procedure to iatievany
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potential pain. Piglets were monitored until fully recovered from the anaesthesia before

returning to their pens.

8.3.4 Preparation of Donor Testis Cells with High Proportion of Gonocytes

The collected testes were immediately rinsed three tim#gs DPBS, and the
tunica albuginea, rete testis and overt connective tissue were removed. Testis cells with a
high proportion of gonocytes were prepared using a previalesgribed approach (Yang
et al. 2010b). Briefly, testis parenchyma of approximaté@0 mg was cut into small
pieces with fine scissors, vortexed for 1 min, rinsed with DPBS and digested with 0.2%
collagenase IV (cat. # -6138, SigmaAldrich, Oakville, ON, Canada) plus 0.1%
hyaluronidase (cat. #-43884, SigmaAldrich) and 0.01% Dnase | &t # DN25, Sigma
Aldrich) in Dulbecco modified Eagle medium (DMEM, cat. #003-CM, Mediatech)
for 10 min at 37 €. Foetal bovine serum (FBS, cat. # AIBL, PAA Laboratories
GmbH, Etobicoke, ON, Canada) was added to stop the reaction, followed byranothe
round of vortexing for 30 seconds. The resultant testis cell suspension was filtered
through a 40 em filter (cat. # 352340, BD
depleted of erythrocytes with a lysis buffer (156mM /8H, 10 mM KHCQ, 0.1mM
NaEDTA). The collected testis cells from multiple isolation procedures were pooled and
stored at 4 € overnight in 20% FBBeibovitz L15 (L15, cat. # 9501612, VWR
International, Mississauga, ON, Canada). Cell viability and yield were examined using a
0.4% try@mn blue solution (cat. # T8154, SigiAldrich) prior to transplantation. Cell
smears were also prepared,-died at room temperature and stored-&d € for

Immunocytochemistry at a later time.
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8.3.5 Immunocytochemistry

After thawing at room temperatue , donor testis cell smea
solution for 2 to 3 min, rinsed in DPBS and blocked with Bétine serumalbumin
(BSA, cat. # A7638; Sigmaldrich) at 37€C in humidified atmosphere for 15 min. The

smears were subsequently rinsed withBSPand incubated with fluorescein labelled
lectin Dolichos biflorusagglutinin (DBA, 1 1®0; cat. # FE1031; Vector Laboratories,

Burlington, ON, Canada)vernight in humidified atmosphere. Following rinsing and
incubation with 0.3%w/v Sudan Black Bin 70% ethanol (cat. # 35482; EMD
Chemicals, Gibbstown, NJ, USAQr 10-15 min, the cell smears were rinsed and stained
with 4j,6j-diamidinc-2-phenylindole (DAPI; cat. # 89542; SigmaAldrich) for 2 min,

and mountedVectashield; Vector Laboratorie®r observation under fluorescent and
laser scanning confocal microscopes. More than 600 cells from each smear slide were

counted for quantification of gonocyte proportion.

8.3.6 Gonocyte Transplantation

Two months after testis local irradiation, half thie pigs in each group were
randomlyselected and transplanted with piglet donor testis cells through rete testis
injection as previously described (Honarama&bzal. 2002a), with minor modifications.

Briefly, overnightstored testis cells were rinsed tei@and the volume adjusted with

DPBS to a final concentration of 258/0mL (cel |l s had an overall
Recipient pigs were offieed overnight, sedatednd anaesthetised using isoflurane
inhalation throughout the transplantation process. Wiiblets placedin lateral

recumbency, the scrotal skin and surrounding areas were cleaned and disinfeated, a 5
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linear incision was made along the median raphe of the scrotexpose the testi®fe

at a timeand enclosed in the parietal layer of taniaginali$. Under guidance of a
portable Bmode ultrasound scanner (equipped with aMHg lineararray probe, Aloka

SSD 900; Aloka Co. Ltd., Tokyo, Japan), the rete testis were located and inserted with a
Teflon i.v. catheter (20G x 1 1/4" , SRX2032CGA, Terumo Medical Corporation,
Somerset, NJ, USA) through the tail of the epididymis. A small drop of a tissue adhesive
solution (cat. # 1469SB, 3M, St. Paul, MN, USA) was applied to temporarily affix the
catheter in place. The testis cell suspension vhes tgradually infused through a
connecting tube into the left testis of all animals, while DPBS was infused into the right
testis as an internal control within each animal. After the infusion and removal of the
catheter, a drop of the tissue adhesive gmiuivas applied to the insertion site to block

the leakage of the infused solution. Once the infusion of both testes was complete, the
testes were returned in position, the scrotal skin incision sutured and covered with OpSite
dressing spray (cat. # 6600480 Smith & Nephew Ing.St-Laurent, QC, CanadlaPigs

were injected intramuscularly with Ketoprofen and intensively cared for until fully

recovered before returning to their pens.

8.3.7 Histological Analysis

At two months after irradiation, half of thégs in each group were sacrificed and
the testes analyzed, while the remaining pigs were sacrificed at two months after
gonocytes transplantation (i.e., four months poradiation) for retrieval of testes. At the
time of sacrifice, pigs were sedated agathanized using an intracardiac injection of

sodium pentobarbital (Euthanyl Forte; 0.2 mL/kg, Bim&iBC Animal Health Inc.,
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Cambridge, ON, Canada). Testes were weighed and tissue samples obtained from the

same topographic areas of each testidhigtological analysis

Briefly, testis tissue fragments were fixed in Bouin's solution for 24 h, rinsed and
processed with standard histological procedures, embedded in paraffin, sectioned and
stained with haematoxylin and eosin. The slides were then randouhyl dor blinded
histological analysis under a transmitted light microscope equipped with digital
photomicrography (ImagBroExpress, version 6.3\ledia Cybernetics IncBethesda,

MD, USA) as previously described (Abrishastial. 2010; Honaramooet al. 2005). The
numbers of seminiferous tubules per unit of surface (tubule density) was quantified in 12
random transverse sections in each testis sample (comprising 576,34faneverse
section). A minimum of 200 tubules in each testis sample were medsurde outer
diameter as well as for the lumen diameter and epithelium thickness (Image Pro Plus,
version 7.0,Media Cybernetigs Testes collected from pigs at two months post
irradiation were considered immature; therefore, the slides were analyz#uk footal
number of gonocytes/spermatogonia located in the seminiferous cords/tubules per 1,000
Sertoli cells. Cells on the slide were counted in random fields with > 25% coverage of the

tissue crossection.

For testes collected at four months piosdiation (i.e., two months after
gonocytes transplantation), the seminiferous tubules were scored for the presence of the
most advanced germ cell types classified as (i) Seantdiionly (no germ cells present);

(i) gonocytes or spermatogonia as the onbrmg cells; (iii) primary or secondary
spermatocytes as the most advanced germ cells; (iv) round spermatids as the most

advanced germ cells; (v) elongating or elongated spermatids as the most advanced germ
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cells; or (vi) spermatozoa present in the lumerthef tubule, as previously described
(Abrishamiet al. 2010). Presence of germ cells was examined in all seminiferous tubules

in randomly selected fields, covering > 25% of the tissue sections.

8.3.8 Statistical Analysis

We observed intraand intergroupvariations in body weights among pigs which
is known to be correlated with testis weights (Frae@al. 2000; Van Straaten and
Wensing 1977); therefore, to minimize the confounding effects of body weights on testis
weights, we used testis weight index (¥otestis weight/body weight) to compare the
effects of irradiation on testis development among pigs.-vmne ANOVA was
performed for comparison of the effects of local testis irradiation, followed by éhpost
Tukeyo6s HSdyuare ¢esttwas ugedricomparison of expecteds. observed
presence of spermatogenesis following gonocyte transplantation. Kruskal Wallis test was
also applied on neparametric data using SPSS (Version 17.0; SPSS, Chicago, IL, USA)
and SigmasStat (Version 3.5; Aspire Softwamneernational, Ashburn, VA, USA). Data
are expressed as mean +s.e.m. and differences were considered statistically significant

when P < 0.05.

8.4 Results
8.4.1 Effect of Irradiation on Testis Weight Indices

Due to individual variations in body and testis weights (Fig. 8.1B), we used testis
weight indices for comparing the groups. At two months 4rostliation, the testis
weight index was reduced in the group of animals receiving daily testis irradiatios dose

of three Gy, compared with the na@madiated control pigs (P < 0.05, Fig. 8.1A). At four
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months postrradiation, the same pattern of testis weight index was observed for the

irradiated testes which were subsequently injected with DPBS (P < 0.05,1Ag B3.

8.4.2 Effect of Irradiation on Testis Histology

Compared with nofirradiated testes, fewer seminiferous tubules?mmere
observed in testes collected at two months-poatliation with either two or three Gy
daily doses (P < 0.05, Fig. 8.2). Teame pattern of seminiferous tubule density was
observed at 4 months pastadiation, except the values were even lower in the three Gy
dose group than the two Gy group (P < 0.05, Fig. 8.2). Seminiferous tubule diameter was
reduced in all irradiated test (1, 2 or 3 Gy at both two and four months after irradiation
(P < 0.05, Fig. 8.3). By four months pastdiation, virtually all the tubules had formed
a visible lumen; therefore, we also compared the lumen diameter and epithelial thickness
in testes fom different groups. Both the seminiferous epithelium thickness and lumen
diameter were reduced in all irradiated testes at four monthsrgaiition (P < 0.05,

Fig. 8.4).
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Fig. 8.1. Gross testis development following local irradiation of pigleesessing different
irradiation doses. Piglet testes were irradiated using daily doses of 0, 1, 2 or 3 Gy for three
consecutive days (6 pigs/group). Testes were collected from half of pigs in each group at two
months after irradiation for assessment of tibgis weight index (% of testis weight/body
weight). For the remaining pigs at this age, one testis in each pig was infused with saline, and
collected at four months pestadiation for compassion of gross testis development. Data
are the mean +s.e.nColumns without a common letter differ significantly (P < 0.05) (A).
Images of the longitudinaligectioned testes collected at four months after irradiation are
also shown (B).
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Fig. 8.2. Seminiferous tubule density after testis irradiation and teamspibn of gonocytes

or DPBS. Early postnatal recipient piglets underwent local irradiation of testes (using daily
doses of 0, 1, 2 or 3 Gy for three consecutive days) in preparation for germ cell
transplantation. At 2 months pestadiation, testes wereollected for assessment of
seminiferous tubules from half of the pigs in each group, while in the remaining pigs, one
testis in each animal was infused with saline (DPBS), and the dateral testis was infused

with donor testis cells, and testes imted at 4 months after irradiation. Seminiferous tubule
density was expressed as the number of tubules péroftastis tissue crossections and
compared among groups. Data are the mean £s.e.m. Of the same texture, columns without a
common letter diffesignificantly (P < 0.05).
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Fig. 8.3. Seminiferous tubule diameter after testis irradiation and transplantation of gonocytes
or DPBS. Early postnatal recipient piglets underwent local irradiation of testes (using daily
doses of 0, 1, 2 or 3 Gy fothree consecutive days) in preparation for germ cell
transplantation. At 2 months pestadiation, testes were collected for assessment of
seminiferous tubules from half of the pigs in each group, while in the remaining pigs, one
testis in each animal wasfused with saline (DPBS), and the corfaiteral testis was infused

with donor testis cells, and testes retrieved at 4 months after irradiation. Seminiferous tubule
outer diameter (um) was evaluated and compared among groups. Data are the mean +s.e.m.
Of the same texture, columns without a common letter differ significantly (P < 0.05).
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Fig. 8.4. Diameter of the tubular lumen and thickness of the seminiferous epithelium after
testis irradiation and transplantation of gonocytes or DPBS. Early palsteaipient piglets
underwent local irradiation of testes (using daily doses of 0, 1, 2 or 3 Gy for three
consecutive days) in preparation for germ cell transplantation. At 2 monthsrpdgttion,

testes were collected for assessment of seminiferdugesl from half of the pigs in each
group, while in the remaining pigs, one testis in each animal was infused with saline (DPBS),
and the contrdateral testis was infused with donor testis cells, and testes retrieved at 4
months after irradiation. Semieifous tubule epithelium thickness (um) and lumen diameter
(um) were measured and compared among groups. Data are the mean £s.e.m. Of the same
texture, columns without a common letter differ significantly (P < 0.05).
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8.4.3 Effect of Irradiation on Germ Cell Development

At two months postrradiation, gonocytes/spermatogonia were the only germ cell
types present in all testes. Therefore, for the evaluation of testis irradiation effects on
germ cell development, we compared germ cell numbers as per @il cells.
Compared with the nemradiated control testes, germ cell numbers decreased in the
groups of testes receiving three daily doses of two or three Gy (P < 0.05, Fig. 8.5A, B).
At four months postrradiation, all stages of germ cell developrneap to elongating or
elongated spermatids were present in the-imadiated control testes (Fig. 8.6A, B).
However, no differentiated germ cells were present in any irradiated testes injected only

with DPBS (Fig. 8.6A, B).

8.4.4 Spermatogenesis in Rguent Testes after Gonocyte Transplantation

At 4 months postrradiation (i.e., 2 months po#tansplantation), while no
differentiated germ cells were present in any irradiated testes injected only with DPBS,
spermatogenesis was observed after transpiantaf gonocytes into irradiated testes
(Fig. 8.7). Spermatids were observed in two (out of three) recipient animal testes
receiving three doses of one Gy irradiation, although in only a few tubules accounting for
0.6% of seminiferous tubules, and onet(ofi three) recipient animal testis receiving
three doses of two Gy irradiation, representing 1% of seminiferous tubules (P < 0.05, Fig.

8.7).

180



Fig. 8.5. Examination of endogenous germ cell development at two months after irradiation
of piglet testes. Early postnatal recipient piglets underwent local irradiation of testes (using
daily doses of 0, 1, 2 or 3 Gy for three consecutive days) in pteparfar germ cell
transplantation. At 2 months pestadiation, testes were collected for assessment of
seminiferous tubules from half of the pigs in each group. Germ cell number per 1,000 Sertoli
cells was determined and compared among different ddge®ata are the mean £s.e.m.
Columns without a common letter differ significantly (P < 0.05). Representative
photomicrographs of testis tissue (stained vimatoxylin andeosin) from an animal in

each group are also shown (B). Scale bar, 100 pm.
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