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have lower transcriptional activity and lower ribosomal
synthesis. [n other words they may serve primarily as
the means 1o increase the number of early germ cells,
as well as the transient steps (o primary spermatocyies.
The latter then pass through six steps of the first
metete division, as observed in vertchrale primary
spermatocytes.™ The nuclear volume of LSc starts to
increase agan compared Lo Sg2, due to the need 1o
accommedate the increased amount of duplicated
chromosomic DNA. When this process is
accomplishied. the chromann fibers appear to wind
around the dense axes which make their firs:
appearance in late LSc. These dense axes may be the
mital site of chromosome condensation or they could
later turn into the synap-tonemal complexes which are
responsible for the pairings of homologous
chromasomes in 7S¢ From then on, chiromatin fibers
are pecked more nghtly mio heterochiomatin blocks
that transiorm into larger cords that ure increasingly
thickened and lengthened mn Pscand DS Apparently,
due to the chromatin condensation transcriptional
activity could cease and ribosomal synthesis 15 lessened,
as reflecred the disappearance of the nucleolt in PSc.
Furthermore, the eytoplismic o elles especially
ribosonies and matachondrn are drasucally decreasec,
resuhing in a much paler stamed cytoplasm, Finally, in
the Dise and MSc steps, the chromatin appears as large
pletes ol condensed chromoesomes that are
transtocaled o the equatorial region. The S5¢ s the
cell alter the lirst meiosis in which the haploid
chiromosomes start to decondense. Four steps of
derved spermatids could be identified based on the
nuclear size | shape, and chromatin condensation. The
first step exhibits loosely packed 30 nm chromatin
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fibers, which may becorme uniwound from the S5¢step.
The chromatin fibers are recondensed into a more
even miass in SL2 as the nuclear volume decreases. Si3
have elongated nuclel, which reflects o beginning of
morphogenetic changes ot the nuclear shape by a
force that is yet 1o be identthed. 5t4 are charactenzed
by highly clongated, almost eylindrical nutler, having

i higher degree 6l chrot

mitin condensaton, exven
theugh each fiber sdll mamtaims ws individuality and
width 01 30 nm. Subscquently, the eylindrical shaped
heads topether with completely condensed chromatin
are ohserved in spermatozea. Since the manchetie
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in these steps also show a paucity ol evioskeletal

('l:'Hh'i!I‘{‘ the force that modulates the naclens :'-iL':!."

could be mestly due 1o chromatin condensation.
The serosome of K tgering spermatozoa appent

nse 2 hisdenved from the Golg comples, and hnally
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ape of a lmtened sheet that
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in mammals in that very few acrosomal granules and
vesicles are formed [his perhaps explains the rather
thin and relatively small size of this acrosome as
compared to that in mammatian spern.*® The large
mammalian acrosomes are needed lor storage ol
hydrolytic enzymes, largely hyaluronidase, that are
responsible [or dispersing the mulu-layered curmuins
cells. [n brds, reptiles and amphibians the ova are nol
strrounded by this group of cells, hence there 15 no
aced for large acrosomes in the sperm ol these
species.

The cytoplasmic volume and cellular organe|les
als change during spermatogenesis. Iniually in 5g1
thete are abundant polyribosomes flat prohles ol
rouph endoplasmic reticulum, sizable Golgi complexes
and numerous small mitochonidna, Dunng primary
spermatocytes, the numbers of various organelles are
recluced, except the Golgl complex, which JRkLE
stabile i size and isstill observed mspermatids. Much
ol the cytoplasm is gradually relocated toward th
posterior pele, and becomes highily vacuolated in Late
spermatids, and s mostly cast olf in spermatozos. Sot
cvioplasm still remains at the midpiece, and 1h
guite subsmntinl when compared to that observed in
oummalian spermitozoa. s The midpiece ot R Hgerina
[= of the primitive type, which contains a pair of
perpendicular tentrioles surraunded by the striated
cvlindrical fibrous sheath with constant periodicity
and rootlet-like structures, as phserved in other Rana
artel Xenopus species,”’ This fibrous sheath may help
L stabilize and anchor the midpiece to the caudal el
ol the nucleus. 1 probably is not mvolved in the
movement (bending) of the tail like the outer librous
<hieath of mamahan sperm
similar to the endpiece of the mammalian spevmatozo

The principal piece is
consisting of only an axoneme surrounded by the
plasing membrane ™

Chromatin Organization in the Male Germ
Cells of Rana tigerina
Durning spermatogenesis and spermiogenesis ol R

ligering, thee chromaun fibersare vtgamzed into two
fundamental levels e 10 nm and 30 nm hbers, which
are mundomly comled In LSe, 30 nim fibers appear to
wind around a single dense hine, which may he the
initial part ol a chromosome condensation, which
hecomes enlarged in 25¢ (Fig 26-Fig 21 and Psc (R
Wh-Fig 301 Aler undergoimng the extreme conden

sauen into chromosomes to expedite the process of
DNA separation in MSe, the 30 nm hbers hecome
IU"'\-\.".‘-C".}:l'?':n.”.lll.ll shedl :I'_4."\ Fig40) w0 that they could
eventually be unfolded nnd become evenly distmbie

thraughont b uclews i early spermands (S, 5i12)
(Fig 4D-Fig 413; while 10 nm libers reappear bredlly and

disappear again m 513 (Fig 5A-Fig 5C). The 30 nm
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chromatin fibers, are re-aggregated and packed tightly
into a uniformly dense mass in St4, but still reman as
individual units (Fig SD-58). Itis only in the compleicly
opaque mass in spermatozoa that the individuality of
30 nm fibers disappears (Tig 5H). This observation
indicates that the 30 nm fibers do not increase in size
nor change in conlormation during spermatid
differentiation. {n contrasr, in mammals such as rat, -
primate, r even invertebrates such as
mollusk,” chinges in the degree of chromatin
condensation occuy during the advanced steps of
spermiogen:sis due 1o the replacement of histones by
the more basic proteins, including protamines or
protamine-liked proteins. From the data in this studly,
it 15 believed that 30 nm hibers in R, tigering sperm are
simptly brought close topether and coalesced o the
complete eleciron opague mass. Many siudies of
mammalian spermiogenesis such as in mouse, rar - and
human' have indicated thar the coiled 30 nm fibers
ocourin the nuelei of early spermatids, and then these
fibers transform into larger straight hbers (rodents)
ot knobby fibers (primates including humans) during
the middle and Lute sprrmatid steps *1°2¢ These fibers
eventually become tightly packed or fused in
spermatozoa. It is believed that the replacement of
histones hy TP pireteins or protamines, the other more
hasic testis specilic proteins,
fricreasing the size of chromarin fibers and their hinal
condensation. ' The laner process could be

[iuman,

s ansirumental 1o

amang sperm profamines.’ ln contrast, somatic type
histenes are tound o be present in the mature sperma-
tozoal nuclei ol R. piplens® and R. catesbeiana.® 1t has
also been shown in the larter thar there is no protusmne
in the spermatozoa, but instead there are H1 variants
(HIV)Y existing tnpether with the full ser of rore
histones. Thus, it was suggested that HIV may play =
role in chromatin condensation i the spermalozos ol
Raha spectes. instead of protamine-like proteins, as
nhaerved 1n mammalian spermatozea: HLY may help
w aggregare the 50 nm Sibers nro right packing, while

i,
still maintaining the nucleosomal organization. This
type of condensation probably uses the same
mechanism that occurs during heterochromatization
in fully ditlerentinted cells, such as chick erythrocytes,
which use anether H1 variant (H33 for imtating the
conden=ition of 30 nm nuclresomal fibers ¢
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ABSTRACT

Arylsulfatase A (AS-A) is localized to the sperm surface and
participates in sperm-zona pellucida binding. We investigated
how AS-A, usually known as an acrosomal enzyme, trafficked fo
the sperm surface. Immunocytochemistry of the mouse testis
confirmed the existence of AS-A in the acrosomal region of
round and elongating spermatids. However, immunofluores-
cence and flow cylometry indicated the absence of AS-A on the
surface of live testicular sperm. In contrast, positive AS-A stain-
ing was observed in the heads of live caudal epididymal and vas
deferenss sperm. The results supgested that acquisition of AS-A
on the sperm surface occurred during epididymal transit. Im-
munocytachemistry of the epididymis revealed AS-A in narrow
and apical cells in the initial segment and in clear cells in all
epididymal regions. However, these epithelial cells are in the
minarity and are not involved in secretory activity. In the caadal
epididymis and vas deferens, AS-A was also localized to princi-
pal cefls, the major epithelial cells. Because principal cells have
secretory activity, they may secrete AS-A into the epididymal
fluid. This hypothesis was supported by our results revealing the
presence of AS-A in the epididymal and vas deferens fiuid (de-
termined by immunoblotting and ELISA} and an AS-A transcript
in the epididymis (by reverse franscription polymerase chain re-
action). Alexa-430 AS-A bound to epididymal sperm with high
affinity (K, = 46 nM). This binding was inhibited by Ireatment
of sperm with an antibody against sperm surface sulfogalacto-
sylglycerolipid. This finding suggests that AS-A in the epididymal
fluid may deposit onto sperm via its affinity to sulfopalactosyl-
glycerolipid.

epididymis, fertilization, gamete Liology, male reproductive tract,
Spyenim
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INTRODUCTION

Arylsulfatase A (AS-A. E.C. 3.1.6.8) is known as a ly-
sasomal/acrosomal enzyme with a molecular mass of 65 -
68 kida. The mannose residues on the saecharide moicties
of AS-A are phosphorylated, which is the basis of how AS-
A is fargeted to the lysesomes vin its binding to mannose-
6-phosphate receptors [1]. AS-A desullates small artificial
substrates (e.g., p-nitrocatecholsuifate) and detergent- or sa-
pusin B-solubilized natural sulfoglycolipids, i.c., sulfoga-
lactosyleeramide (SGC) and sulfogalactosylplyeerolipid
(SGG) [1-3] The role of AS-A in keeping the balance of
SGC in the neurological system has been well recognized.
Individuals genetically deficient in AS-A show SGC ac-
curmulation in the nervous tissues. resulting in dementia and
paralysis in a syndrome known as metachromatic leuko-
dystraphy [4]. However, the physiologieal role of acroso-
mal AS-A is still unelear despite the available information
on its enzymatic propertics |5-7].

Recently, we demonstrated that AS-A also exists on the
surthee of mature mouse sperm retrieved from the cauda
epididymis and the vas deferens, uterine mouse sperm that
have undergone in vivo capacitation [8]. and ciacuiated pip
sperm [9]. Masking sperm surface AS-A by treating live
sperm with anti-AS-A imimunoglobulin (12)G or Fab resulis
in inhibition of sperm-zona peliucida (ZP) hinding, indi-
cating thal sperm surface AS-A participates n this binding
process. Purificd AS-A can bind directly to the ZP [8, 9).
AN-A binds o SGG with igh affinity (K, = 8.9 nM: in
the absence of a detergent or saposin B, although this hind-
ing does not result i SGG desulfation [10]. The high at-
finity between the two molecules may also explam their
colocalization in the sperm head [&, 11]. Beeause SGG s
also engaged in Z] bindmg, AS-A and SGG may act fo-
gether as complexes in this binding process. Accumulated
evidence sugpests that SGG is synthesized i spermatogen-
ic cells and then targeted to thewr plasma membranes. The
level of SGU remams stable during spermiogenes:s, sperm
muturation, and the initiaf phase of sperm capacitation [12-
14} However, despite the cxistence of AS-A transcripts in
spermatogenic cells [137 and AS-A plycoprotein in the
sperm acresome [0}, 11 has been unclear whether acrosomal
AS-A trafficks to the nplusma membrane of spermatogenic
cells and festicular speem or whether AS-A s present in

183
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the cpididymal Auid and adsorbed onto the sperm surface
during epididymal transit. Here, we present evidence ta-
voring the latter hypothesis, which suggests that acquisition
of AS-A onte the sperm plasma membrane may be part of
the sperm maturation process.

MATERIALS AND METHODS
ANti-AS-A IpGG and Anti-SGC IgG Antibodies

Anbi-AS-A 1gG anuserunt was produced i dur Tabosatory agamst bu-
man liver AS-A purified as deseribed previously {16] (a gifl from Dr A,
Fluharty, University of Californis, Los Angeles, CA). Details of this an
tibody production. and purilication ol its G Traction, and preparstion of
premmmune rabt serum (PRS) [gG were pllb]'\‘\n(,d previously [8]. Allin-
iy purified anti AS-A G was desiribed [17]

Polvclomal rabbit ant-SGLr (g0 antsserum monospecific o 5040 and
its analog SGC was produced in our laboratory, Anli-5GG 1pCOFah and
s atfimity-punfied trocuons and the correspomling PRS [ptifFab were
prepared as deseribed previousty (1],

Light Microscopic tmmunocytochemistry of AS-A
on Mouse lestis, Epidichamis, and Vas Deferens Sections

CD-1 malez mice (10 wk old) were nsed for all studies. Mice (n
31 were perfized with Bowm solution in sit throogh die [0l vendricls
The te epiddymin, imd vis deferens wore removed i one piece and
Turthes d dn Botue solution for an additbomd] 2 b Tisaes were then
embadded in paralTi Tor sectioming sceording s staindard procodures. Sec
tions (4 pm thick) were degarnlfin and rehydrated through des ni
concentrations of el (RS w TFD The tssoes were heated with
1'% hydrogen de in T ethanol and subsequently wili [ nhium
bopate in 70% cthanol to guench endopenous peraxtbase and lo remove
dunl peeric scud, respociively. The tissues were then froated wath 300
mM plycine to neutralize residunl formaldehyde. The antigen wits retricved
by permwnving the fissaes (udich were imumersed in U001 M ciimate bl
ptl 6.0) for 3 min at the ghest power and an additional ¥ min at low
wnapecific binding, the tissum were ingubated for 15
mit & fooi femperature with 10%% normal gear serom m Trs-biTered
sahine {T15) The tissues were then reacted (90 min, 25°C) wath ¢
putilied anti-AS-A LpG Following succesaive wastung with 0 1% Tween
e UAS, the slide was examined Jor sntigen-antibady interaction using the
Veetastain ABC Elite kit (Vector L atonies, Burlingnine, CA L This pro-
conx mvolved reatment of the slule with hiotiny lated socamianry antibody
(goat anti-rabbit 1pG, 30 mun, o temperature), followed by menlatinn
with avidm-blotimboraoradisl perowg i b e
achion with a perox subnirate, dammobenzidine. Concentrations ol
chomicals and conditions for these treatments were
trers. The brown product of the perexidase reac A
A localizaton, Tissues treated with 10 ppfml PRS 1gG served o
controls,

pawver. To bl

ane complex miid detect

s negabive

“oflection of Sperm fram the Testis, Caput and Curpus
Epiclidymis, and Cauda Epididymis and Vas Defirens and
of Fluid from the Cauda Epididymis and Vas Dererens

To colleet testiculnr sperm, decupsulated tester were lirst minced into
1=t 2-vm pleees m Kiel Blinger Weiarbosate medium bfTered witli Fle-
pes (KRB-Hepes: 1104 mM NaCl, mM KCL 17 mM Cally, 1.2 mM
KLy, 1.2 M)h 5 midd wodhiuen lsetite, | miM sodi I||"'.r'J-. 1
56 :||">‘| gl M phenal red, 4 i NallCo,, n ”ll"‘\
pll 743, HILpF)lLl'IILHlLtI with (.10 BSA (KRB-FHepes-115 "\) und contiutn
mp bl DRasel (Sipma. SO Lous, MOY. Prot
(P, Roche L Mamfritim, ChErmnmy) wé I
madium al a doke reconmended by the manwfacturer (ve o 1 iahiet por 10
ml oaf e mrdom) L mitn and clumpe of Lewdip and Suitel)
cells were pelleted (30 % “min}. The supemnatant (0 omi), con-
12 lonse testl bl 4 it il Bloed ells, was
layered on fop of & 2-m 11 salunion wn KRE-1epes. The tuls
was centriluged (600 x4 2 5 min) 1o pellet red blood cells, which
were then carctully removed wing o Provblec Pipet Tip (Bokud Laby
ralories, limcuh:x.-{'/\) willioul disturbing the teaticnlar cells and weslivndar
sperm that were sedimented 2t the interfiee hetween the toaded medunm
and the 44% Pereotl solution The tube was [urthar contifispued (1004
o 25°C, M mind o selectively pellet westicular sperm. Afier remeviny
ot U pelieted wstienluy gperm wene sashod (350 % g0 257

tom Mt 12

10 min) once in KRB-llepes and direety nzed for immunehlobing
resuspended i KRB-Hepes-BSA for indirect immunaliuorescence {LIF) or
for Alexa-430 AS-A binding expernments,

To collect caput and corpus emdidynal sperm. the capul and corpus
epididynins was cut once longitudmally and then immersed in KRIB-HS A
Caput and corpus epididymal sperm were allowed to swim out o the
medium by incubating the tissue at with pentle shaking for 15 mn
Al the end of the incubation, the tissue was removed from the whe, and
the cell suspension was cenirifeged at 45 X g to pellet red blood cells,
tissue debris, anil eell aggregates. The supematant contaming mainly caput
ariel carpus epididymal sperm was tsnsferred mio a new tube and centri-
fuged at 284 % g for 10 nun, The pelfetsd gaput and corpus epididymal
dperm were washed ance in KRB-BSA by centrifupation (284 % o 10
mind e sebpect o INF and fow eytomelry

Sperm and thad were also collected Trom the van delerens and esudi
ephilidymis. Collection was st de &t the vag deferens by
PE D palyetin iping sieeved overa I3-ga necdlo, which was g
o a l-mi wberculin syringe, nto the whule, Fallowing Qull 2sp
the van deteremt iubulo was washed twice with PIC-gapnlenn
liepes, and ail w vowere combinod with the onipginnl Tual To colleet
Meial fromm the cauda epididymis, the argan wos lengitdinally 2 onee
wilh i sharp mzor blade and genlly squeered with 1z
thick fluid that ooeed Hom the arpan was collested al
Hepes-FH Fluid from both tho va ana an
comhined e -mnlu--uj( [ A5, M) to
as elerens welr washeil ¢
niled in KRB-Hepes-HSA fov THE A |‘-‘1'L;!il- ml
brane profeim extragt was aleo prepared from washed caudal epididy
amd vis NI & 7 by meatrmmnd with a8l m
contamng 1 omvl EDTA ancd 1 mfg ATP (AES) | el used for ummnu-
nublottig. The collected supermatant was Turther centrifoged i g Moo
fuge I8 (Bockman Coulter, Pabo Alta, CAY (15 000 w0 g 25C, W man) ur
remove wll sperm and particulates. The spegm-frec thod was then used tor
[REITRETHNTH] S8 (L TAT Y

()

cid tuediszers, Thy
muxed wilh kRE3-

s¢ anlutimn (320

HE ror AS-A and SGG and How Cytametry of AS-A
o Live fesiicular Sperm, Caput and Corpus Epididvimal
Soermn, and Cauefil L'-r.-.'-."."rl'.\l"!.;rf and Vias Deforersd Sparm

Live testicular spern, caput and corpu -'mdsdy mal spem, and candal
fidyisenl and vas deferens sperm werg segarololy i {5% 070,
] I} mm) with 10 posmi] anti-AS-A Tgl or allinitv-purha I.mu AS-A
ledidken [8, 17} for purification aod nae m pmomanofiin : A
10 gl nity-puriticd wni-SGE gl [TEH]L all in KRB-NHepos-B5A
Spermy were Hhien washed n the swome wedon and ineobated with 29 g’
el gpodt enli-imhbny [ECconfugared with the Alexa 488 Muarochieng i Mo
leetbar Prabes, Bupeno, OR}Y Caudal eplihdymal and va
troafeat \\‘m] PRS 1t in plade of prisnary antibsdy ser comtrols 1
% b iy during the s S prOCESS, pRajiE e (0w
tecty, Palie Alto, UA) wis addesd o the cell suspension at a final conven-
tratiemy ol 05 wpiml 5 min before the e secondary anvibody . ingubation
per] ended R:r'.rn'u wore thet washed twice m KRB-Hepes - BSA e
ponded i the same medinm, monsted amio g shide o PHS glyoeral (100
viv), topped with & cover ship, and viewad under 8 Zeiss IMIS ep lh
erescenee microxcope (Carl Zevs Canada Lid |, Toronto, ON, Canada
Live lesticalar sperm, capat and corpin epidabymad dporm, nnd candi
cpchiehy il and vas deferens sperm thar were wed e amnnoflin-
bt without propidium lisdi 1'; e
5 famn

TN SPEri

1y 10 Zasess nlivid .
o reimove unbound ﬂlmnm GHERS curnfker\ .mlnom the spremm
i} cal | Tube-tap Filicon, Era KO Dhagrsstios

{ 0 n) immediptely dptore analy M a
C [ | i Cytipnigker (Beckman Coultee Fullisttun,
( 1. 5 excited by Bncargon won of b 48R nm, amd e
CHnIon Iiun:.. vence was mniiorod @535 10w band pase Sperm
cttbls werp wited from debrid using thesr unigue properics oF {er T
sicke Jight seatrennng. Duta fraom b e TEMT pvents witte gl d

rislative ASCA sty mtensily wits deterimmed vsing FOS Espress Soft-

wenntz §10e Mows SiMiwdre, (drangesilie, (0N, Canaili

Rewverse [ransceiption Polymerase Chain Reaction of AS-A
from Canda Fpidichemis and Vas Diferens ind from Testes
anid Nucfedtide Sequencing of the Produe

Total RMAs lrem conda epulidynns and vas delerens o
il using Treel meagenr (iibe

Wl SeparmIely - Ex ke
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ON, Cuanada), fotllowang the manufacturer’s protocsl Using RETROsenpt
First-Strand Synthesis Kit for reverse transcrption polymerase chain re-
action {R1-PCR} (Amiban, Avstin, TX), rotal RNAs (1 g, determined
from Agen) were teverse-transeribed into lirst-strand ¢DNAs in a 20-ul
resction mixlure. Subsequently, 2wl ol this reaction anxture containing
the first-strand cDNA was used as a lemplate far FCR. The primers for
amplification of 45-4 were as follows: F-ASA: 5 -ulpppatotttgeimogs-3°
{nucleotdes S66-587. numbering #s described for human AS-A sequence
(18] R-ASA  3atclgptaappiggeateppac-3’ {complementary o nucleo-
tides 2412-2434). Amplification reisctions were carried oul in a Master-
cycler {Brnkmann instruments, Mississauga, ON, Canada). These reac-
tions wuere iniliated with 10-min denaturation at 9470, followed by 30
cveles il denaturation ab 94°C for 30 see, auneibing o 56°C for 45 sew,
and extension at 72°C tor 45 see, mnd ending with further extension at
72°C for 10 tmn. RT-PCR products were then resolved by clecirophioresis
in a 2% agarose gel containing ethidium bromide (0.5 pg/ml) folfowed by
visualization under an ultravioiel lamp (UV Tramsilluminator, CGel Dog
1000; Binfad), RT-PCR experiments wers repeated three times u<|-|1
RNA smmples prepared on differem days from three different anin
Megative conlrols were perlonmed o all exporanents by omitting thie KT
ble

The RT-PCR product of AS-A from cauda epididymis and vis deterens
was puttficd by agarose pe! elecropharins. The pradoct band was encmsal
and puribed nsng a € a BRL,

{ Ruprd Crel Extracuan System (Gl

Gatthersherg, MDY Approxiuately 100 ng of the puatifisd PCR product of

AS-A was wsed for nuclentide sequencing, which was perfoomed by the
chain termination method using an automated capillary electrophoresia and
fluoron detection syster (AB] Prism 3100 Genetic Analyzes, Applicd
Bioys v baster Ol A

Immunobloiting of Sperm and Fluid Collected
from Caurdla Epididymis and Vas Deferens with Anti-AS-A

Epididymal Muid eollecked from the canda epididymis and vas doferens
and I\l peripheral plasma mertbrane proterm exirnet of caudal epadidymal
and vas deferens sperm wese subjectod o SDS-PAGE (gel: 11% acryl
amide, 0,75 o thick) | 1Y), ioltowed by clectrobiotting anto ailrocelutoss
membiie [20), The biot was incubatadd with anti-AS-A antiserum  1ol-
bowed by horseradish peroscichase [HRP)-conjugaied sevondary. atlthody

[Bin-Ral). Londitions of ihe incubation for antiboly-antigen intersctumn
were as deserived previousty (8], The AS-A signals on the mitroc ¢
blot were caplured by a Typhoon 8600 Varable Mode lmager (Mnh_,.ulﬂr
Dynamics, Sunnyvale, CA) in (he chemilwninescence mode, using Ty-
pheon Seapier Contral 1.0,

Quantificaiton of AS-A in the Caudal Epididymal
and Vas Deferens Fluid

AS-A purdied fram the jop sperm surface extract o a single hand on
SDS-palyacrylsmde gels [9) was used as a standard Candad spidilymmd
atid van detercns Hud coblaimng 6 g of total protemns or AS-A st
{}-13 ng. as quantified using Protem Assay Solution; Bio-Rad) in 10U p
ol 100 mM sodium carbonate, pH 9.6, was allowed to attach to the Boattom
surface of the wells of a LimbrodTiterteck 90-well polvstvrene plate (1ICN
Biomedicat, Aurora, OH overmight at 4°C The atached ph .
hlocked with 1% BSA in TAS at 25°C for | h followed by three wislics
in TBS and 0.05% Tween 20, The pratcin wells were then incubated with
100 w! of anti-AS-A antserum {1:1600 dilution in TBS) at 25°C for | h.
Following siceessive washing m TBS and 0.05% Tween 29, HO ul af
HRP.grant ant it | (1 HID0 dilution m TBS) was added ta the wells
for imcubatom wt 257 3 omin Altter washing thowoughly with TBS
and 0.05% Tween 20, 100 @l of an MRP substrate, a-phenylensdianine
dibydrochionde (0.05% w100 mM sadinn citrate, pil 8.0), and 11,0,
(1.5 b ml of ihe substrate solution) were added to the wells, which were
then incuibated at 25°C until the yellow color developed. The reaction was
thien stopped witl SO b ol 3000 HLS0,. and the eolos miensity was mea

ired at A

Rinding of Alexa-430 AS-A onta the Caudal
Epididymal Sperm

Alex WP AS-A anild Alexa-430 ovitlhamm weee I { iy camjii-
pating Ad-A wnd ovi i respe y. with the A]t)l 4111 T
chrome (Molecular Probes) as mstrocted by the manulsernze Caudal ap
ididymal sperm (1.2 % {07 were meabated (37°C, 5% CU5 1 B with
vartony concentations (0060 ahl of swg A0 ASA G with 6l uh

Alexa-430 ovalbumin in 600 il of KRB-BSA At the el of the meuna-
tion, sperm were washed free fiom the unhound protin by centrifugilion
(600 % g 257C, 10 mun) 1w KRB-BSA. The washed sperm pellod was
resuspended in 600 i of KRB-Hepes, and 100-p] ahquots (200000
sperm) were placed in cach well of & Costar black 96-well merotiter plut
{Corning, Cormng. NY) for measurement of fluorescence intensity nsing
a Speetramay GermiXS specirofluorometer (Molecular Devicis) at the
cxcilation and enussion wavelenpths of 425 md 520 nm, sespectively T
amount of AS-A bound per sperm was Then caloulated from the Alex
430 AS-A stundard curve. The data obtained were analyzed for the K,
value al' AS-A-ZP binding by Scatchard plotting using Grafit 4.0 soltware
for Windows (Lirithacus Sefllware, Surrey, U.K. ) Tn an allermative expey
mment, 600 nivi AS-A was included with 60 piv] Alexs—30 AS A for spen
incubation. Meisurement of Aleau-<50 AS-A binding 1o sperm was then
pevtormed as described above.
To investigate the roles of SGG and wannase phoaphuate I'CLPIOI‘\ o

the sperm surfuce i AS-A binding, 200 00 cpodal ¢ I'JI( |

150 ) KRB-Hepes were pretreated (37°C, 334 CO,. 30 imin) wi W var
concentrations of ant 8GO Foto (010 M, PRS-Fab (0 Juph), or ¢
nase S-phosphale (0-3 mM) befnre incubation wath 03 ndt Alexa-4 340 Al
A following the procedure described above. [Xala were exprizised as per
centages of the control Buoreseence inlensity values (i.c . re incubations
of Alexp=430 AS-A with spor rthiasnl vy compelitess) for each al i
compilor concentrations, il 9 the levels ol AS-A binding «

win i the control iweuhations {ne competiors added) and m those with
competitors pclisded were analyzed by ANOVA

RESULTS

Localization of AS-A in the Testis anid Epididymis

and Vas Deterens and on Live Testicular Sperm, Caput
and Corpus Epididymal Sperm, and Cauda Epididymal
and Vas Deforens Spean

‘To elucidate how AS-A, generally known as a lysosomal
enzyme, targets to the surface of mature spenn [8, 97, im-
munocytochemistry of mouse (estis and epididymis sec
tious and 1IF of live mouse sperm were performed using
affinity-purified anti-AS-A 1gG antibody. All experiment
performed with tissues and sperm coliected trom tive dif-
ferent mice, gave consistent results, In testes, AS-A im-
munocytochemical staining was observed in the Sertoli cell
eytoplasm, appearing from the base of the seminiferous cp.
ithelium toward the supranuclear region. winch was stained
with higher intensity and showed globular patterns. This
finding suggests that the enzyme compartmentalized into
cytoplasmic orpanclles, presumably Ivsosomes (Fig. la).
Early residunl bodies did not show aty reaction, in contris
to late residunl bodies, which were intensely stained (Fi
Ib). ]

Immunocytochemical reaction for AS-A wax also ob-
served (n spermatids, Staining was intense at the acrosomal
cap of round spermatids and at the mature cxpanded ac-
rosome of clongating spermatids (Fig. 1, a and b). In con-
trast, AS-A staining was not observed m primary sper-
malocvies or spermatogonia or in the lumen (g, 1, a and
by. Tissue sections that were exposed to PRS 1gG in place
ol unti-AS-A 1pG showed no staining (Fig. 1e). All of these
results indicated that the immunocytochemical staming ob-
served in Sertoli cell organelles, presumably lysosomes,
and spermatid acrosomal machinery was specific to AS-A.

[F of live sperm revealed that the majority of lesticular
spermatozoa {- R0%) showed no staining on the cell sur-
face (Fig. 2A). These sperm also did not stain for propi-
diuny iodide, indicating that their plasma membrane was
intact. A hustopram frequency of AS-A stainimng intensity,
based on flow cylometry analysis, showed a major peak of
testicular spevin (- B0%), with background fluvrescence m-
tensity similar to that of the negative control cells, 1.e., ma-
ture sperm {caudal epididymal and vas deferens sperm) thal
were subjected 0 PRS 1eGoand Alexa-488-comugaied
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FIG. 1. Light micrascopie immunocyiochemssiry tor AS-A in tesns @—c) g epididymis (d—{i sotmns of adult milce. Setisiis in a, b, amif d-f were
expased to anti-AS-A |G, whereas the soction shown ¢ was incubated with PES (2G ab The seminiterous splihelium of the teai moar stage VI oi the
cycle Atthis stage, the immunoperoxidase weachon pradiet i mtense i Sertal cells and appedrs as coltmue extending from the bae of the e oo
epithelium 1o the lumen, mevealig densely stained ghobulie misses aloog ther leapth (rrows) Also reactive ane the acosomic sysiems of exly rmuned
itrge artowcdheadst and bite: elangatig nail armowbeids) spermatics. <150, B The seminltoos apithiefiun ls at stige X of e cygle, The Serol: cells
are nol inlemsely reactive at this stage of the cyche howewer, the acrsomic systerms af e stiep 10 wlangating spermaticds e intensely. ey
fastmwheadst Also imesculy reacther ol the hase of the eplthelium are b late residusl bodios (opan armows) =358, ¢ Adjacant seminiternaes e
show 0 reaction prorfuc) over the entire seminiferats wpitheliun (SF1 Whes immunostained with PRS g0 =235 d) [0 the (nittal segmesni af ihe
epididyntis, narrow (N) and apical (A3 cells are the only cells 1o shawe intense reaction; principal colls (90 are unreacive. = 450 e I the corpus
epididynis, lear cefls (03 are intersely reabve, and procipal cells (01 s unieactive < 358, 0 In the cauin epsdidymis strps of principal celio show
interse meaction (cotved arows), wongaade sdiprent gop of snreactive princlpal cells. =215 nset: Higher iapnifsatinn woveals network patterns iof
stniniigg within the cyloplasm, Anpag the principal célls. o Tew clead cells alw shew wmvrse maenon tangi, small arovl. =092, g1 In fhe v
rlaferers, b privepal vells reae weth the gibdy, althoueh thie Dottt of the stainbig bs waikie than that pleerved 1o the ceoda epdidyimis. Toe
faamveny (Lu o the spididymis and s eantents do not show any sigmificant seethon. 2 152

ondary antibody (Fig. 3A). The results therefine suggest these sperm presumably were no longer viable, this flue-
that live intact testicular sperm are devoid of AS-A on the  rescein sothioeyanate staining with inconsistent patierns
surface. In contrast, the remaining 20%, of testicular spenm may reflect nonspecific binding of the primary andior sec-
were stained with propidium iodide, indicating that their ondary antibodics to sperm.

surface membranes were damaged (Fig. 3A). These prop- The ubsence of AS-A stuning on testicular imouse sper-
dium iadide-positive sperm also showed Alexa-488 stain- matozoa might be duc to the masking of the surface of
ing, although without any consistent patterns. Because these sperm. To test this possibility, TP of SGG, a male
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germ cell surtace sulfoglycolipid [11-14]. was performed
with live testicular sperm and mature sperm from cauda
epididymis and vas deferens. Results shown in Figure 4 (A
ancd B) incheated that both testicular and mature sperm ex-
poscd to affinity purified anti-SGG 1gG possessed specific
fluorescent staining patterns, i.c., at the convex ridge of the
sperm head and the posterior head region. In contrast, when
PRS [gG was used in place of aftinity purified anti-SGG
[g(; for sperm incubation, no Muarcscent staining was ob-
served on both sperm types (Fig. 4C). Thercfore, 1t was
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apparcut that SGG could be detected by [IF on the suriace
of both testicular sperm and mature sperm, (s argued
amst the possibibity that the testicular sperm surd
masked.

Immunoecytochemical results revealed the prescnee of
AS-A in the epididymis. In the initial segment, reaction was
restricled to narrow and apical cells (as identified by their
shape and location [21]) (Fig. 14d). In the caput, corpus and
cauda regions, clear cells {as jilentified by their possession
of numerous vacuoles [21]) were reactive (see an example
in the corpus. Fig. le). In the candal region, woannch prenter
number of cells reacted with anti-AS-A. The nutionty of
reactive cells often were prouped together, appuearing as
positively stained strips {(1g. 11). These cells spanncd from
the basal membrane to the apical membrane, showed a
brush border at a high magnification and were the majority
of the epididymat epithelial cells, und therefore they were
identified as principal cells [21]. The AS-A immunoresc-
tion in principal cells was over thic entire eyteplasm. ap-
pearing bs network patterns (Fig. [f, imse). In the vas de-
ferens, most principal colls surroundmg the lumen were re
active for AS-A, although the intensity of the staining was
not as high as for principal cells in the cauda epididymis
(Fig. 1g). However, the staining of AS-A in the lumen in
both the cauda epididymis and vas deferens was not readily
apparent (see example in Fig. | Fand g). It s possible that
the amount of AS-A secreted into limen may b small and
was therefore washed out from the sections during the pro-
cessing of the tissue sechions.

To further demonstrate that the cauda epididymis and vas
deferens were involved in AS-A biosynthesis, R1-PCR wus
pertormed on these tssues using AS-A primers synthesized

© WL
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2300 bp
2000 bp

FIC. 5 Limgg-range RT-PCR products of AS-A from mouse testis, cauda
eplelidymis, arnil vas deferens, Total RNA fractions extracted from the testis
and frewm the cauda e ymis and vas o suhjected 1o RT
iy AS-A primers syithesized based on noclentiles S66-587 and
i S|

wete e
T thy s leat)
PCR prosducts of e s

shiwn In e 30 lars

elorEs were

pme sl [ TEGE Dase pan

based on sequences in the 57 and 3’ regions of tesns AS-
A cDNA sequence. RT-PCR products of the same size
(1868 base pairs) were obtained from both testis and cauda
epiditdymis and vas deferens RNA (Fig. 5). Nucleotide se-
quencing revealed 100% identity between these two RT
PCR products, with 100% match to the mouse testis AS-A
sequence previously described [22]. These results indicate
that the sequence of the AS-A transeript synthesized in the
epididymal epithelial cells is identical 10 that from tests.
Although AS-A reaction was not evident in the jumen
of the cauda epididymis and vas deferens, possibly becanse
of the small amount, 93% of live sperm retrieved from
these tissues showed positive immunofluorescent stamming
in thee head region (Fig. 20). Caudal epididymal and vas
delerens sperm were collected without any issue mineing,
and =93% of these sperm were viable, as indicated by thewr
ability to exclude propidium iedide. Therefore, AS-A stain-
ing observed on these sperm heads, which consistently
demonstrated two distinct patterns, should represent AS-A
existence on intact sperm in the cauda epididymis and vas
deferens. The major stuining pattern (80% of total sperm)
showed AS-A signals at both the acrosomal nidge and the
head posterior region {Fig, 2C), the same sites where SGG
is localized (Fig. 4) [11]. In the remaining sperm (Z0%),
AS-A immunofluorescent staining was found oaly atc the
acrosomal ridge. The intensity of the AS-A fluorescent sig-
nal was variable in the population of caudal eprdidymal and
vas deferens spemi. Flow cytometry, performed an two dit-
lerent experimental days, showed enc major peak (histo
gram frequency) of AS-A staining intensity, encompassing
T0%-80% of caudal epididymal and vas deferens sperm
AS-A staining intensity of the major population of these
apermi was —8-10 times higher than the corresponding
background Auorescence observed in sperm collected also
fromm the cauda cpididymis and vas deferens and subjected
to PRS [gG. Approximately 20%—30% of caudal epididy
mal and vas deferens sperm showed higher intensity of AS-
A staining than did the major peak population (Fig. 3, A
and 13). Beecause the majority of caudal epididymai and vas
deferens sperm were viable, the trailing of the sperm pop-
ulation showing higher AS-A staining inensity indicated
infierent heterogencity of sperm quality. Corroborating the
iminunocytochemistry results, which revealed AS A ex
pression only in endocytotic clear cells in the corpus (Fig
J¢) and caput (data not shown) epididynus, was the absence

WEERACHATYANUKUL ET AL

-9
$ &P
I
113 = -
82 =
T
52.4=
36,2 =
296~
203
\ o A S
1 Liiveed el o

VES etraic] (peepaied fro

dlediapes

apidicdymial and v
were lopdert on S0 -polyncrylimi

i esntaninkp 1S pgt

of AS-A fluorescent staining i the majority (76%) of caput
and corpus epicidymal sperm (Figs. 2B and 3B). However,
another 30% of caput and corpus epidiymal sperm pos-
sessed AS-A staining with an iptensity sinilar to that of
the major peak of caudal epudidymal and vas deferens
sperm (Fig. 313). Fluorescent staining of AS-A in caput and
corpus eprchdymal sperm was Jocalized mainly to the post-
acrosomal region of the sperm head (Fig. 2B} This popu-
lation of caput and corpus epididymal sperm may have
come {rom the epididyimis urea just above the beginning of
the cauda epididymis. AS-AL secreted from principal cells
in the cauda region, may diffuse into the lumen of this
epididymis area. The transil sperm in this border area may
also be more mature than sperm i the proximal region off
the caput epididynus and may be capable of capturning AS-
A in the epididymal flund onto their surface, All of these
results indicate that AS-A is present on the surfaces of all
caudal epididymal and vas deferens sperm and in a minor
population of caput epididymal sperm, in addiuon 1o ils
mftracettular existence (i.c., in the acrosome; Fig. 1, a and
b).

To verify whether AS-A was present in the caudal epi-
didymal and vas deferens [umen, Awd from these repro-
ductive tract regions was collected. Care was taken to cause
the least amount of damupe to the epithelial cells durinp
collection, which could have resulted in the release of n
racellular AS-A into the fluid. Immunoblotting revealed
the presence of AS-A in the coudal epididymal and wvis
deferens fluid (Fig 6), A smple band of AS-A was ob-
served, possessing the same moleculor mass (68 kDo) ac
that of the AS-A present i the mouse sperm surface extroct
Bl AS-A present in the fluid setrieved trom the canda ep-
wlidymis and vas deferens was quantified by ELISA at .25
ng/pg of total fluid protems (an average of two analyses
with <d% difference).

Binding of Alexa-430 AS-A onto Caudal
Epididymal Specm

AS-A has high affinity (K, = 8.9 nM) for 5GG mono-
layers [10], which may explain how AS-A in the caudal
epididymal fluid 15 deposited onto the epididymal sperm
surface, provided that 5G4 on intact sperm has sintitar af-
finity to AS-A. Figure 7 shows that Alexa-430 AS-A bound
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st Linear Scatchard plot revealed a K. of 46 nM. Data
expetimiontal days. Six replicates of spenn samples were used oo Alew

to caudal epididymat spermi in a concentration-dependent
manner (Fig, 7A, open circles). At 60 oM, the binding of
Alcxa-430 AS-A to sperm was approaching saturation (Fig.
TA). However, binding of Alexa-430 ovalbumin to caudal
epididymal sperm was al a very low level {—2% of that
observed for Alexa-430 AS-A throughout zli concentra-
tions wsed; Fig. 7A, closed triangles, inset right). The bind-
ing of sperm to Alexa-430 ovalbunun was then considered
nonspecific, and the values obtained were used for subtrac-
tion from the fluerescence values of Alexa-430 AS-A bind-
Hip o sperm prior to kinetic analysis (Fig. 7B). IFluores-
cence microscopy revealed that Alexa-430 AS-A bound to
the sperm head at the convex ridge and the postacrosomal
region {Fig. 7A, insert left). Both of these sites contain
SGG (Fig. 4) |11]. When 600 nM unlabeled AS-A wag
included with 60 nM Alexa-430 AS-A for sperm incuba-
tion, binding of Alexa-430 AS-A to sperm was abolished
to the background level, implicating specificity of the bind-
ing. Analysis of the Alexa-430 AS-A-sperm binding curve
reveaded Ky of 46.0 £ 15.0 nM AS-A (Fig. 7B), a value
within the same range as that of AS-A binding to SGG
monolzyers [10]. The high SD of this Ky value may reflect
mlierent heterogencity of sperm quality. When (esticular
sperm were used in place of caudal epididymal sperm for
incubation with Alexa-430 AS-A. binding of the enzyme
to the sperm surface was not observed (data not shown).
Pussibly, the sperm surface needed to be modified as part
of the continuing sperm maturation process during migra-
tion through the epididymis to gain the AS-A binding abil-
ity. Thes Alexa-430 AS-A binding o sperm was dependent
on surface SGOG molecules. Sperm treated with anti-SGG
l'ab showed u dramatic decrease n Alexa 430 AS-A bind-
ing. compared with untreated sperm (Table 1) In contrast,
sperm Ireated with PRS Fab did not show any decrcasc in
Alexa-430 AS-A binding (Table ). The resulls strongly
suggest that deposition of AS-A onlo the spenn surface was
via ils affinity to SGG onr the sperm plasmua membrane.
Because w-mannosidase, an acidic glycohydrolase present
in the epididymal fluid, deposits onte sperm via interaction
with mannosc-fi-phasphate receplor on the sperm surface

michided in the lefl panel of the |
nate the level of nonsg
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| e Alexa-430 AS-A concenimaloe as wd
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[23] and because phosphorylation has been identified on
the mannose residues of lestis AS-A A-linked oligosaccha-
nides [24], AS-A deposition onto the sperm suriace may
also be through its interaction with mannose-6-phosphate
receptor. To test this hypothesis, mannose-6-phosphate
(having affinity for mannose-f-phosphate receptor) was in
cluded in Alexa-430 AS-A-sperm coincubates. Mannose-6-
phosphaie, even at 1 mM, did not inhibit Alexa-430 AS-A
binding to sperm, indicating that deposition of Alexa-430
AS-A onto sperm was not through the mannose-6-phos-
phate receptor mechanism.

DISCUSSION

The presence of AS-A in the sperm acrosome has been
praposed, based on biochenneal characterization |5-7). Re
cently, we localized AS A to the head surface of mouse
and pig sperm; this sperm surface AS-A participates in ZP
bindmng [§, 9]. Therefure, information regarding the source
of this sperm surface AS-A may be used to develop &

TABLE 1. Binthrg of Alexa< 3V AS-A o mniso speom is indnbhited |
SGG Fab Bl mn e srsmnose -6 -plwrsphate
L srdraliin u int
Treatmen) [rveral Areatr e . Crangi
None (k1] (
Anti-5000 ] L5 4.7 = 115
i g 15 ni
1.5 4 Bt LF
PRS Fab ok 2 = 6.2 O
7 1791 =22 9]
1.5 1165~ 98 0
Mannose-0-phosphate 7 GH.H 30 0
4.8
03

* Mouse spreern L0000 1in

metit, Because the i S
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means te regulate sperm fertilizing ability. Immunocyto-
chemstry results of mouse testis sections confinmed the
presence of AS-A in the acrosome and acrosomal processes
of round and elongating spermatids, respectively (Fig. 1),
However, AS-A was absent on the testicular sperm surface,
as revealed by ¥ of live sperm (Fig. 2). ln contrast, SGG
was present on the surface of testicular sperm (Fig. 4). Be-
cause the galactosyl sulfatc moiety, the antigenic epitope
of SGG, nses only a short distance from the sperm plasnia
membrane bilayer, the positive staining of SGG suggests
that the testicular sperm surface was not masked, and pe-
ripheral plasma membrane proteins, such as AS-A [8, 91,
shouid be even more exposed. Therctore, the negative iIF
staining, of AS-A on live testicular sperm strongly suggests
its absence on the surface of these spernt and argues against
the possibility that acresomal AS-A 15 mebilized to the
sperm surface during spermiogenesis.

Immunocytochemical staining also revealed the presence
of AS-A in Sertoli cells. In the majority of these cells, the
globular body-like staining patterns of AS-A, regionalized
mainly in the supranuclear reglon, might reflect lysosomal
tocalization of the enzyme. This postulation ts supported by
previous reports of the presence of AS-A in lysosomes of
Sertoli cells {25] and other somatic cells [18. 26-30] (Fig.
la). Late residual bodies present in Sertoli cells of certain
stages of the spermategenic cyele were also stained intense
Iy with anti-AS-A (Fig. 1h), although carly residual bodies
showed negative staining. Because the late residual bodies
eventually fuse with the Sertoh cell lysosomes [31], the
results sugpest that AS-A present m the late residual bodies
is derived from Sertoli cell lysosomes following the fusion
of one with the other. This result for AS-A is similar to that
described tor f-hexosamimidase A [32]. AS-A in Sertels
cells does not appear to be secreted, because the enzyme
was not found v the medium of primary culture of mouse
Sertals cells (N, Tanphaichir, unpublished resulis),

Results from 1F and flow cytometry analyses for AS-A
on live testicular sperm, caput and corpus epididymal
sperm, and caudal epidulymal and vas deferens sperm
(Figs. 2 and 3) indicate that AS-A is acquired by the sperm
surface during sperm transit through the epididymis. A few
lines of evidence mdicate that principal cells from the cauda
epididymis and vas deferens are the source of this sperm
surface AS-A. Immunoeytochemistry results revealed AS-
A staining in strips of principal cells in the cauda epidid-
vmis (Fig. 1) and most of the principal cells in the vas
deferens (Fig. lg) Principal cells are recognized for ther
sueretory activities [21, 33]. The network patterns of AS-
A staining in principal cells (Fig. 1f, inset), resembling the
endoplasmic reticulum and Golgi apparatus [34]. suggest
that AS-A is synthesized in principal cells. Similar staining
patterns have been noted in principal cells for SGP-2, im-
mobilin, and other known seereted proterns of the epidid-
ymis [35] The presence of the AS-A transcript in the ep-
ihidymis as shown by RISPCR (Fig. 5} alsu supports this
interpretation. lmmunobletting confinmed the presence of
AS-Ain e epididymal fluid (Fig. 6). These results strong-
Iy sugpest that AS-A s secreted by epididymal epithelial
cells mto the lumen.

Although mmmunocytochemustry also revealed the pres-
ence o AS-A in the initial segment, caput, and corpus and
cauda epididymis, the enzyme was restricted to apical cells,
narrow cells, and clear cells (Fig. 1, d 1), As demonstrated
for other lysusomal enzymes, inmunocytochemical reac-
tion and ¢lection microscopic immunogold labeling m these
cell types appear to represent the targeling of these enzymes

WEERACHATYANUKUL ET AL.

from the Ciolgi apparatus via small vesicles directly to their
lysosomes, which were abundant in these cells [21, 31, 36,
37} This may also be the case for AS-A. Altemmatively,
because narrow cells, apical cells, and clear cells are known
for thetr endocytotic activities [21, 33], AS-A present in
these cells may have originated trom transit sperm with
damaged acrosomes through the endocytosis mechanism.
AS-A in these cells may function in desulfation of SGG,
endocytosed from remnamt membrane vesicles in the epi-
didyrual fluid. These vesieles could originate from the shed-
ding of cxcess plasma membranes of round spermatids dur-
ing their differentiation to testicular spermatozoa and/or
from plusma membranes of damaged spenn in transit
through the mitial sepment and the proximal region of the
caput epididymis.

Once seereted i the fuid, AS-A may readily be depos-
ited onto the caudal epididymal and vas deferens sperm
surface. This proposal is supported by the observation that
AS-A i the epudidymal luid and that on the sperm surface
have the same molecular mass (68 kDa) (Fig. 6). Deposi-
ton of AS-A onte the maiure sperm surface ocgurred
through its lugh afhnoy for surface SGG (K - 46 aM)
{(Iig. 7 and "Table 1). However, deposition was not depen-
dent on mannese-0-phosphate receptor, which is present on
the sperm sorface [38]: millimolar concentrations of man-
nose-0-phosphate did not inhibit Alexa-430 AS-A binding
to intact candal epididymal sperm (Table 1), The inleraction
between AS-A and mannosc-b-phoesphate receptor on the
sperm surfoce may be of o low atfimity, making 1t impos-
sible for munnose-6-phosphate © compete with AS-A bind-
ing to sperm surface SGCG, which occurred wath high athin-
ity

ELISA results indicated that AS-A is a minor protein
in the caudal epathdymal fhud (e, 0.13% by weight of
total proteins m the caudal epididymal and vas deferens
flmid). This result and the strong implication, presented
herein, that sperm surface AS-A originates from the ep-
ididynsal fluid explam why AS-A cxisis in very small
amounts on the surface of mature mouse sperm (1 pmole/
108 sperm [8]). The physiological significance of sperm
surface AS-A, however, has been demonstrated. AS-A
remains on the antenor head surface of uterine mouse
sperm and ¢jaculated pig sperm and is involved in sperm-
cpg interaction hoth in vitro and in vive [8, 9]. The very
sinall amount of AS-A in the epididymal fluid explains
why immunocytochemistry could not detect AS-A in this
entity. The molar ratio of AS-A to SGG is very low in
mature sperm (SG s about 600 pmoles/10¢ sperm [39],
and AS-A is | pmole/10% sperm). This low molar ratio
may be essential in maintaining the integrity of the sperm
plasma membrane. When purified AS-A at a nonphysiol-
ogical high concentration was added to capacitated
sperm, the sperm developed a premature acrosome re-
action | 10]. The wide distribution of free SGG moleciles
(AS-A unhoumd) may be beneficial for interaction be-
tween AS-A-SGG complexus and the ZP glycans, AS-A,
bemg a periphernl plasma membrane protein (8]0 may
first hind to the AP glycins and anchor them next to the
sperm surface for additiona] interaction with the galac-
tosylsulinte head groups of SGG molecules. which are
extended only o short distance from the sperm plasma
membrane bilayers. Carbohydrate-carbohydrate interac-
tion between the sugar head groups of glycolipids with
other plycans has been well decumented and may also be
the basis of SGG-ZP plyean internction [40, 41]. Al-
though this type of intersction is not as strong as protein-




carbohydrate or protein-protein interactions,

SPERM SURFACE AS-A AND EPIDIDYMAL TRANSIT

it can be

compensated by availability of multiple glycolipid moi-
ecules within the giycan-binding domain. Restricted se-
cretion of AS-A by the epididymis may thus regulate the
low molar ratio of AS-A to SGG with a beneficial con-
sequence of better binding of mature sperm to the ZP. As
observed with other mojecules involved in cgg interac-
tion (e.g., P26H [42], a-mannosidase [43], und DE pro-
tein [44, 45]). acquisition of AS-A by the sperm surface
constitutes part of sperm maturation by providing sperin
with increasing ZP-binding ability.
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INTRODUCTION

Serotonn -hydiosytryptaming: 3-HT) and wirapepnde Phe-
Met-Arg-Phe amide {(FMRF-amide) are neurotransmitters thal
pliy many important joles in controlling the physiologic and be
haviral pocesaes al invertebrates (Kuang ¢ al. 2002, Mercier el
sl 2003). Ie molluses, S-HT controls heartbeat {Skelton et al.
1992y, locomation (McClellan et al. 1994, Satterlic & Norckiun
490A 1 fesding (Kupfermann & Weiss 19810, memory and learning
Melsan & Alkon 1997), and reproduction (Ram et al. 1996, Juncja
& Koide 19963, 'MRI-amide can cvoke muscle tension {Schot &
Bowr 1982, Buckett et ol 1990], medulate cardiac output (Buckett
1 al 19900, and reproduction (Lehman & Greenbery 19871, By
immunolocalization methods, 5-H1 and FMREF-amule have been
observed 1k many ganglia of the central nervous systen (CNS) of
wastropd mul luses (Aodesirk 1985, Elekes 1992, Croll e1al. 2001,
Fickbobm et al. 2001 ), especially in the pulmonate snails, Helix
pomatia and Helix aspersa (Grittond ¢t al. 1986, Lehman & Price
I, Hernadi en al. 1989, Elekes & Nawsel 1990, Hoermadi 1992,
wen investipared are a sea hare

Other pastropods thet bave also
Aptysie kurodal, o land snail Achanna fikica (Fujii & Takeda
TURR L, i wgnabie suadl Lvmpraea srgealls (Aodesirk 19853, and an
fhopae (Croll e al. 2001, The 5-HT and
FMRF-amide immunorcactive nensons have heen identified in the
CNS of all these species with spesific disiribution palterns. For

vpisthobianch Alesiiifa

o Apfysie buradas aml Achating fulica, the SHT-

immunoreactive celis and neuropils were abserved in ail ganglia

examp

Corresprmddingg aistbior: §-mll sepsr s mmhidni ac th

v, immunohisiechermisiy, nerve

g i

exvept the lefl pleural panglia. The sizes of these neurons are
generadly orge, and
FMRE-amide immunorcactive neurons have heen located throug

out the central panglia (cerebro-pleural, parictal, pedal, and vix
ceral ganglia) of Phestillu sibogas. and cbout 65-1110) ime
labeled newrons were observed in these ganglia, whescas amthel
40-45 neurons were weakly or variably stuned (Croll et al. 2001 ).
A similar study has been done in an aquatic snail, Ly ot -
pedis, in which FMRF-amide intininareactive peurons aed acw

pils were consistently found in the cerebral, pedal, right paricial,
and visceral ganglia (Andesirk 1985). Mereover, the colocalizaton
of 5-H'1 and FMRF-umide has also been pertormeed in 2 cluton,
Lepudoplenrus asellus, which 15 a primitive mnlluse xpecics
(Moroz el al. 1994). Both types of newrons are distributed in chi-
acterivtic patterns in the CNS (ie. the 3-HT

it reach up 1o 300U e in dhoaridies.

sy

NUNOFEACTivEe ne -
mide int-
munoreactive neurens in the lateral cords). In addition, a tight
netwink of 3-HT and FMREF-amide immunoreactive nerve [iheis
wre found in the body wall and the foor mucle (Moros el ul
19141). The prevalence af scrotonergic and FMRI-amidergic new-
rons in the CNS in pastopods implies that they are tnportant
neurotmnsmitters in these snimul

ronis ure concenirated in the ventrl vords white FMRI

In comtrast to the higher gustiopods, very fow works along this
line have been carvied out in the primitive pastropods. Only 1wo
stusdies reported the presence of 3-HT in the cerebral pairielion of
developing larvae ot peid abalone, Halionis refescons (Kinaoka et
al. 1987, Barlow & Truman 19923 and 5-HT-immunareactive fi-
bers in the outer zone of the retinal plexiform layer aad the opliv
nerve trumk cKataoka et ul P97 In the present studv, we have
examined and compared the disiribution of 3 HT and FMRI

11187
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amibilerpic nenrons in the neuryl panglin of the CMS of Haliors
asining, a tropical abalone commoniy Tound in Thai ciustal waters.

MATERIALS AND METHODS

Tixsue Collectinn

Adult male H. avining (aee +16 mo) were collected from

land-based aqui culture system ut Cuoastal Aquaculture Develop-

. 50um

PANASOPHONKUL T Al

mient Ceter, Depurimant of Fisheries, Prictuubkirikhun Proviiie.
Thailand. They were kept in concrete tanks housed i tic sl
and well Aushed with mechanically circulated sand-fillerad =cn
m ihe

witer and provided with an sir delivery systent @ mainta
stable controlled environmenl, The optunan fevel of saly
2290 10 2670 (Singhuy

wi & Dol 1990 They were fed with macroalgae (usuitly
Groaviliria spp, and Lamringria spp.), supplemiented with arificial

foud.

ini-

aboul 22.5-22.5 ppt and wemperature i

e &

Figure 1. LM micrographs ilustrating the loeation and characieristics of wrotooergic neurons and nerve fibers in the cerehral ganalia of
Hoasinina: A. A negative control cross section showing a cerebral panglion (CG) and oerve bandles (Nt) arising from the ganglion 1o buceal mass
{Rud. B = dorsal, V = ventral, M o= medial, Lt = Jeft side, Rt = vight side, B & C, 5-HT newvons (black dots- arrows), concendrafed in the upper
hall of the cortex al the medial edge of the gnglion, with the immonoereactive seese Ghees (N distribuoted theaugheot the neurapit of the
ganglion, wud the nerye brsmch roaning ints the buceal mass (B, DA high-poser mivrapraph of the mreavopil of o cevebral ganplion. slowing
the varicositivs of 5-H'T inmunorceactive nerve fibers (NU, Ko A micrograph femm the haxed arca in O, shiowing a row of serofonerpic neurens

in the cortex of the ganplinn. F & 6. High-power micrographs of the twa types of serotonergic neavons from B the large nearon (NR)

characterized by the presence of long ason varcowheads. and the modivm-size neurisecretory peuron (NS No immonrorcactiviey is defected in

the smali nenrons (arrows),
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Figure 2. LA micrographs of a mid cross section of the plearnpedal punglia of H. asining, illusirating the distribotien and characteristios of
serotonergic neurans and nerve fibers, AL A low-power microgriph, showing the distribution of 5-HT neurons (arrows) concentrated in the upper
or lvwer onc-third of the coclex (Ca) of the dorsal (DH) or ventral horns (VH}) The positively stained nerve fibers (Nt are also preseaf in the
medulla (Me) und pedal moscle (PeM). Lt = left. Rt = vight. B & C. Medium-power micrographs of the hoxed areus of lelt dorsal horn (131 and
right ventral horn (C) in A, shewing groups of serolonergic neurons (arrowsy in the cortes (Ca) and pesitively stained nerve fibees (N1 in the
medulla (Me), 1> & K. High-power micrographs of seratonergic neurons from the bexed areas in C, showing the large size neuron (NR)
churacterized by the long axon tarrowhends)y, and medium-size neurosecrciory cells (NS} withaut processes.
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Andibodies Against 5-HT and FMRF-Antide

The tabhit polyclonn! antibody against 5-HT was purchased
from Zymed Laboratories bne For antibody against EMREF-amide

0.5 mp/ml. This solution was mixed with keyhole tympel
hemocyanin (KLH) (10 mg/mL.) in 1:1 ratie. Then, elugnraldehyde
was added up 1o 0.375% with 1 M plycine-HCL After that, the
solution was mived with 0.1 M phosphate bullered salme (PBS)

the peplide (Sigma Company) was dissolved in deionized water at  containing complete Freund's adjuvant in 121 ratio ror subenane-
.

g L
SR .
H"\'\_‘ :
L 1\.—-#"“'-“ -Rr"&
£ RD E
-h‘ ¥ "IL ¥ w RL o
L3 L &

[

IFigure 5. LM micrographs of a cross section of o visceral ganglion, lfustrating the focation and characteristics of serotonergic newrors asod nerye
fibers. A. A low-power miicrograph, showing two groups of serotonergic neurvns Girrows) in the right lateral (RL-arrows) and cight latero-
ventral (RLV-avrows) edge of the ganglion, whercas only few positive eells wre found io the right and left dorsad edge (RD, LD-arrows) A Few
immunroreactive nerve Bbers (NUO e also present in the ganglion. B & O Medin-pow er micragraphs, showing groups of 5-H1 neonrons from
the hesed areas in A, and the B30T imimunoceactive nerve fibers in the medwlln region. 18 & 15 High-power microgeaphs, showing hath 1ypes
of LTarge (NR)Y and medium (NS) size serotonergic neurons in the boxed areas in A.



SEROTONERGIC AND FMRE-AMIDERGIC NEURONS 1N ABALONK

ous injection into experimentat mice (300 pl/mousc). After 14
dityx, a simitir dose of FMRF-KLH nixed with incomplete Freund's
acljuvanl was injected o boost the immune response of the ant
mals. On day 49, the blood was collected rom the heart bleeding
aned czmrifuged at 5.000¢. and the serum was collected, mixed
with 20 falids in volume of KLH selution to preabsorb antiKLH
the antiseruim. Then, the dot blot ELISA was used 1o detect the
specificity ol the mouse ansPMRF-amide polycional antibody,
and make sire thut antiKLEH was completely absorbed. The pre

aborhbed antisermn wos nsed W st the seclions of cerebral,

plouropesdal aned visceral ganglin,

Immanvperoxiduse Method

Ten wdull male H.
anesthesized with 5% MeCl then the shells were removed. Ce-

sebivud, plewrspedal. wnd vascesnl gaiiglin were dissected ot and

awrrriny weighing more than 200 g were

fixed in Boum’s solution at 4°C for 12416 h. Specimens were
wishid eitranal tor pemoval of the fixative. Then. they
were deliydrated through o praded series el ethanol (706 to 100%)
i ench depesiding on the size of the specimens.

for 3h4%

clewred with dioyaee. inhilirated and embedded in paraffin wax,

sectiomed g F-pn

thick. For immunostaining, the pariffin

aC- -
&= -
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sections of cach gunglion were deparaffinized witll xylene, 1ehy-
drated through a graded series of cthanol (100% w0 B4%). and
finatly in 704 ethurwl containing V4 Lithem carbomme (LiCO,).
The endogencus peroxidase was blocked by tcating 1he sections
with 190 HLOL o methanol for 384 vun. Thoen, 1he sections wern
coversl with 4% bovine serum albunun (BSA) in 100 mM plos
phate huffered salive. containing G 259 pinon X100, pH 74
(PBST), for 30 min. Following the blocking step, the comscautive
ey the rabbit aniiS-HT e o
antiPMRE-amide serum as e primary antibodics, Tor 1 b, 7790
Adler incubation, the secoons were washed e thimes with PRST.

sections were inculuted o

then incubated in the HRP conjusiied cout antirzhbit or anti
il 3¢ F
nally, the sections were fmimersed o the substae soluthm con
(i O03% wiv DAB, 0.3% NiCY, aml 005 RO, in S50 mM
Tris bufter plt 72, washed severd mes with distitled waier

Oy

mouse TpG o the secopdary aulifuulizs, for 5 .

tpined with Hematoxylin, and mowned o thie perminim
solation. The sections were observed wd photapmphed by o Nikon
microsenpe eqaipped wirk il comers DXM 120600 [ny add
the numbers of serotonerpic and FMRE-amulerpae
wotzhion of cach whalone were counted amt crtimared o nemiber of

LES TR RTINS

pomitive cells per total number of cells per section, which were
taken at the middle of each ganglion.

J‘ -

> .".l-
A, e

Fignre 4. A, Low-power mivrograph of a coass sechin of cerebral ganglia showing the distribution of the FMREF-amide cells (black culor)
cancentrated at thie upper and lower parts of lateral and the dorse-medial cdges of the ganglion. B, Medium-power micrograph, shawing the
conventridion of immunareactive IV RE-amide cells in the cartex tCa) of the apper hall of the cerebral ganglion, and nomerous immunorenctive
nerve fibers in the meduila (ded C & Do Bigh magnification showing the FMRF-amide immunereactive Barpe nensons (OvRY and mediune <iee

nenrans (NS te cartes of the cerebral ganglion, Ja = Jow,
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RESULTS

Immunehistochemical Localization

By using immunoperexidase technique enhancell with nicke!
chioride (NiCly) we were uble to Jocalize two sepurale seis
ol neurons containing 3-HT und FMREF-amide in the cere-
brat, plenrepedal amd visceral ganglia The patterns of disiribu-
tion of these two Iypes ol newrons i cach ganglion aie described
balow.

Sl

PANASOPHONKLUL 1T AL

Cerchral Ganglion

The 5-HT cells are concentrated in the uppes half of the cortex
of medul edoe of the o ='|I|)|! {Flgs. 1B, C. Fig. 7A), whernzas
there are tew widely scattered 5 HT cells in the latera) edge ot the
gunglion. FMRE-amide cells me concentrated in the cortex of 1he
dorsal and ventral edges of the panglion whereas the Literal edug
ait] the dorso-medial edge have only few widely seuttered FMRI
amide cells (uee Frps, 3A, B Figo 7A). Both 51T and FMRE
wnnde immunoreactive nerve fibers were also observed throughiown
the newopils of tie ganglia The S-HT immunoreactive nerves

branching vul from the g affgelii were also observed argud the head

b]

Figure 5. A, Low-power micrograph showing the distribution of 1he FMREF-amide cells iblack eolory concentrated in the cortes of e upper
oe-third ol beth anedial and Lateral edges of the dorsal hoen (DG andd the dorsal edge of the body part (o of the pleuropedul ganglis. B &
. Medinm-power micropraphs of FMRE-amide immunoreactive cells in the corfex of left doesal born (LB ack dorsal edge of the hady (Bo)
of (Heuropedal gimplia. DA high-power micrograph of #ft dorsal horn (L) in A, showing immunorenclive Jarpe 1NR and medigng size neorons

INS)in the covtes (ol and aceve Bihees with vavicosifies Gierows) in medulla (Me) of the panplin.
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and buceal areas of the abalone, bur fewer FMRE-amide immu-
noreactive Tibers were found (Fig. 1B, see Fig 4A fater). Based on
the histologic characteristics, the serotonergic neurons could be
classified into 2 1ypes (i.e., the large and medium size neurons).
The larpe oval or pyrimidal shape neurons (about 10 x 20 um)
contain the oval-shaped nucler with complete cuchromatin, and
usually lurge nerve processes (Figs. [E, 1), whereas the medium
sive neurons (about 7 x 10 wm). which could be neurosecretory
cells, contain round nuclei with patches ol heterochromalin
(Mpmtbrn et al. 1998, Krostachoe o al. 1999, Thongkokintkul ot al.
20001 amd lacking processes (Fig. 1G} Howgver, there was no
Iminmoresctivity of 5-HT in the cell bodies of small newrons
<y x 8 ny (Figs. 1F, G Smmilarly . trom the histologic Clisiae-
teriatics, FMRFaaniderpie newrons are alzo modily the lirge size
newrons aml medinm size neurons, with no staining e the
sivall nearons (Ees, 4C, DY, The number of S-HT cells are abour

g~ =G

TFOr2.300 colls per section in comparisen 1o 76/2,000 cells per
section for FMHREF-amude cells.

Pleuropedal Ganglivn

In plearopedal ganglia, the 5-HT cells were found concentrated
in the upper and lTower one third pat of the dorsal wnd vential
homs of the ganglion (Mg, 2A 10 C. Frg. 78) with widety scanered
5-HT cells on the Jawral cdpe of the venral horn (g, 2A, by
7B). FMRE anide colls were Tound concentrated b the cones ol
Ihe npper one-third of the dorsal hoen and the dossal edge conex ol
the bndy, with few widely scattered positive cetls in the venmma)
horiv and the ventral edge of the by (Fiz. SA). The limmunore
detivity of bath types ol nerve fibers were also Towd throsghout
the newropils of the ganpla, eipucially in the dorsal and ventig

horn regions, (g, SAL O Fistelogically. there are only twa types

sy - ]
; i{,.' - B g -?J ‘

Fipure 6. AL A medium-power micrograph and high-power micropraphs (B, C. & D) of the viseoral panglion, shiowing tee innnnorcactive baivge
(NR)Y and mediunm size neurons (NS) an 1he covtex region (0o of tee Teft Iatern-ventrad (1LY ) and dorsal (81D edies of the paaglion,
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o=serotonergic neurons
x=FMRF-amidergic neurons

Fipure 7. A schemalic diagram summarizing the distinetive distribu-
tion patterns of 3-HT and FMRF-amide imnmnaercactive pevrons in

the cerchral A, plevropedid B, and visceral ganglin € of zdall 4

asining. O = serstonergic neurons, X = FMRI-amidergic nenrons.

ol immuaoreactive > H'T and FMR]

i

neurons with sinilar

characteristic @ those Tound in the corebral ganplia (Pigs. 2D, b
Fig 5D The numibers of both types of [lwse neurons are approsi-

et
|

fiar

et

v eupu] el they

toned. T

neuraes o

enly distrthuted in spocalicsireas of |
e an: i L 2AW2, 100 cells persectiun
I i i, ool abWiaid B2 SR eells

setbon T FM R anide oo

Visceral Ganglivn

The S-1TT neaon: ure

ity
et

nd e ol 1l

prpakion (b

concentrated on the rght Lateral ol

A L Ol Frguine F7OT.

while the FMEF-amideisie peurons are comwentrated on the el
Litero-ventral and Lmeoo-dotzal edge (Fig 0AL Fig 7010 A Tew
immunereactive nerve fibers contannme 5 HT and FMRE-amide
were also observed in the neuropil of the canglion (Figs. 3A 10 C).
The two types of immuoporeictive nedrons fur both 5-HT and
FMR F-aimide could also be identified, with sonilae characteristies
mimglia (Figs 3D, E. Fig 6B (o
D The number of semtongdgie neummrs 1w aboait SIN0E cells per

etborn, wlgrgis that of FMRE-gmide cell

s e cevebal and plearopeda

DISCUSSION

The distribution ol 5-HT and FMREF-amde, the major acu-

ol inverte

rotransmitters, have been widely stodied 1o nomf

brites (Bellz & Krovtz TR, Massel ot ol 1UKS, B Tiab
VKA, Too e Croll 1S, Ratkova ¢f al 20001 incloding (e ga
o] eilluses CAGesbk 1983, Elekes 1992 Croll et al. MK

FleKhinhm e al. 2000 ). However, most pravioos siidicd Buve Been
dione i the apisthobranch e pubmonate species, the higher g
ropads. Up o now, there e Tew warks on the prosobraicli in-
cluding ubalone. which belong 10 the muost primitive subcliss of
aastropodls (Baliow & Truman [1992)

Lin thie praseent sty we hinve studied the distribation patie "

hese pwo rypes of neurotransmiiters o e centml ganglio of /1
e, The resulis shiowed the presence of immunoreadtive 511

i
and FMRE-pmide neurons in all three gapaelio, with the distinct]
summanzed in Frgns

b ganglion :

dimbution piftorms (e
Both seratonergic and FMRE-amide
endency o be grouped into clusters

neurons alsa shiowed
as in higher gustropods.

whereas i species of the Jweer classes: sudh iy, placyheiminthes,
wivielidan, and anhropod
widcly scuttered (Fujni & Tuakeda: (95

sersonerEic neumns lend 0 e o

H. wgimimr possesses o nitly high nimber of hath serotimer i
and PMRE amide

plenropedal pangelin. 11

ruic neurons in all three ganglin, capeciidly by
and Takeda CLOS8E 1 fowd that e

ber ol serptonerce aenrons i invertebrates teads 1o dnerease i the

higher phyla. Fuethermure, 1t was found thit ope ol the wiian

fnetors that contricly flie by of 3-FT cells 5 dhe phyaialo

ndition, In @ snuil Hefiv peoain, it was geported that the ronmibes
W sepstorergic cells i the contral panglia changed with the phasi
ologre conditions of the annals (e, they ivcrensed dunng nchive

phise und decivised daring hibernation) (Hiript & Salanki 1075,

While the inununoreactive S-1IT pnd FMRE-wmide newians
were observed i all three eanplin the iomunoreactive neeve 31-
Pers containing S HT were found concemmted in the

1l P s werdlsin o msealiure of e b sl sl o
1enions, wh 15 FAGRF-mlde fibers waere only Gomomd (o
ropils mmd groond the hensolymph sacs, Ths WHCIETISHIES Wore

sk g0 the  higie paniropog molluses S & Boor 19R2Z,
Frebbohm ot at, 20000 Therefore, it s possible it serotnsgg
nedrons nuy play o promary role in contodbiog the muscle con
traction for hewd el foot movement snd Geedding, as i othes
austropods, whercas FMRE-amulercic neuroms gy tonetin
ity as g seiirmeelilalor in the CNS.
The stires ol Both senstonergic and FMREFwmiderzic neur

e different froin those moother gedropeds, capeciatly in oo puj
e and opasthobrarch motluses, lso which the posiive
neurons showed semarkable size vasee (Fekbolim e el 20015 In

H.oasinineg, both imminnoreaciive newrons ae conlined to the large

merve cells with prscesses and the medinm size nerve cetls witl oo

cases, The brge nevrons coubd be cgpivident 1o ihe [arse p
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rons as classificd by Kruatrachue et al. (1999). which seem (o be
the watnr petrans contralling the musculature of head, buccal. and
foot wesion vis ther ling asen, The medium sive cells have all
Chmcterstics of nevroseeretory cells (Kruptrachue et al. 1999

y oall sl size nerve cells, which we helieved 1o be

Inrese
assoctation or internenmns, are noninnnunoreactive, Thus,
strong presence of S-HT and FMRE-amide in the CNS of H. as-
ming sugeests it hoth neurotransmitiers have important roles in

controlling the physiologic and behavioral responses of this i nid

as in the other gastropods,
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SENSORY RECEPTORS ON CEPHALIC AND EPIPODIAL TENTACLES OF HALIOTIS
ASININA LINNAEUS
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ABSTRACT  Halivtis aviniva, o tropical abulone, has 1 pail each ol ceplalic, optic, appendage witacles at the anerior end ol the
head, and numerous epipodial tenacles distributed on the penphery of its body. The cephalic and epipodial wentacles ave essentrally
sensoty organs with siobu peneral structure. Inoa patore adult (abowr 16 mo-old ) e cepbalie entacle measures aboal 277 ent in
length and 0.14 cm in diameter, whereas the epipodial tentacte measures about 9.27 nun i length and (.59 mm in diameter. In cross
seetions, cuch tentaele has o bundbe of nerve fiber forming the care structuee, surrounded by o thick Tayer ol circutar muscle, which
also hranches into radially onented fibers. These fibers are mmierlaced with thiek parasially ovientated fibers; wgcther they account for
the sive and mobility of the entacles. The surtace of both 1ypes of lentacles can be divided into three parts: the basal part exhibits slight
corrugation consisang ol siall folds aliernated with groyves. the middle pait has numerons shart billoek -shaped papillac, and the top
part has a very high concentration ol cone-shaped papillae. Each papilla comprises a group af densely siined ciliated neuroepithelial
celle surroundud by Tightly stuned sappornng epithelial cells bearing microvilli, Gumma animo butyric acid {GABA) was found, by
immunehistochemisiry, 1o be highly conceatrated w the neuroepithelial cells. The rest of epathelium of both kinds of entacles is of o
columnar type. consisting of clear cells bearing microvilli arel goblet cells. The GABA conwining nevroepithelial cells are scaticred

widely wnong them.

KEY WORDS:

INTRODUCTION

Tentacles are important sense organs of gastropods, which con-
tain actile und chemorecepter cells in abundance (Chase 1981,
Chase & Croil 1981). The cephalic tentacles are among the most
important prosobranch sense organs, aithough litlle attention has
been paid 1o their histologic structure and function. They are richly
endowed wilh sensory cells, which may be significantly different
in each of the major groups of gastropods (Haszprunar 1988, Bees-
ley et al. 1998). Tio ¢t al. (2000) stained the newrons 1 the tentacles
in aterrestrial shug, Limax marginatus, by hacktilling of the en-
tacular nerves with Lucifer yellow. Four types of stained neurons
comprising sensory neurons, gamma cells, ganglion cells, and lat-
cral cells, were identified in the superior and inferior tentacles. [n
Haliotis tuherculata, a temperate species of abalone, the cephalic
tentacle has « mixed sensery and moior nerve. which are centraily
located and extends along the length of the entacle. On the pe-
riphery of the nerve, there are sinuses located between muscle
ibers, and the latier are anenged longitudinally, obliquely and
transversely. Covering the inuscle iy the surface epithelivim that is
sfiown 1o have {olds or papillae (Crotts 1929y The epithelium is of
cubodal type, which consisis ol 3 cell types: sensory ceils, sup-
portive epithelial celis, and widely scattered mncus cells. The sen-
sory cells are spindle-shaped with darkly stnined noclei and sup-
porting cells that are oval and more transparent {Crolts 1929,
Bevelander 1988). The epipodivim is a serics of sinall lentacies
artsing from the dovsal part of the foot. They olten have the same
shape and structure as the cephalic tentacles. although they are
mruch sialler (Crofts 1929, Haszprunae 19881 Crofts (1929) in-

Covpespondi swther. B seewn @ mahaduelac th.

H.ooosbiina, entacie, histology, seusory receptor, GABA

dicated that the epipodial tentacles of H. jwberculata had 2 types of
epithelial cells: suppurting cells and sensory cells.

The present swdy reports on the structure of both the cephatic
and epipodial tentacles of Healiosis asinira Linnaeus, a tropical
abalone commonly distributed along the Thai coastal walter, as
observed by light and scenning eleetron microscopes. Tn addition.
tmmunohistochemistry showed that GABA, & major neurotrans-
mitter of gastropods, w highly concentrated in the sensory epithe-
Hal cells.

MATERIALS AND METHODS

Collection of Abaloue Specimens

Adult abalones over 12-mo-old were obtained from a land-
based culture systen ul Coastal Aquaculture Development Centey,
Depurtment of Fisheries, Prachaubkirikun Province, Thailund.
They were reared 1n conerete tanks housed i ihe shade, and well
Nushed with mechanically circolated sand-Njtered seawater, and
provided with an air delivery system (0 mawtain a stable con-
rolled environment. The optimum level of salinity wsed was
~22.5-32.5 ppt, and the emperature about 22 *C (o 26 °C (Sing-
hagraiwan & Doi 1993). They were fed with macroalgae (usualiy
Gracilaria spp. and Laniinaria spp.), supplemented with actificial
food.

They were ancsthetized i 5% MgCl., afler which thehr shedls
were removed. The tentacles (cephalic, epipodial and appendage)
were measured. dissected out and processed Tor light microscope
{LM) and scanning electron microscope (SEM) studies.

Specimen Preparation fur SEM

Tentacles were cut and fined in a Kavnovsky fixative (4% glu-

taraldehyde 2% paralormaldehyde in 9.0M sodium cacodylate

HwT
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0.1 M soddivm cacodyla i “C. Then. ol W

delvvdriated m
HCP-2 crit prrint diyig machine, using hquid €O, ss 4 wan
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tus, Hitaehi B 5000, The specimens were examined in a Hitacln
S-2500 scanning eloctim micoscope with an aceelerating voltage
ol 15 KV,

Specimen Preparation for LM

Specimens were lixed in Bouin solution in 0.14 M NaCl lor 24
h and washed sl JO% cthy) aleohol. They were then dehydrined
Uironiphe o praded series ol ethanel, cleared with dioxane. infilimted
ek enhedddied in paralfio. Fivesnicmon-thick sections were cul ad
dmied with Harns bematoxylin and ensin,
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Tavnnoblotting for GARA

The newre! and ientcy i tissaes were wested for the presence of
GABA by homogeiizing the cerehral manglia, pleuropedal ganglia.
tenticular, and epipodial tenfacles collected from adult L asunin
i 0.1 M osodiume phospliate biifler saiine (PBS) containing 1 mM
phenyl methyl-sallunyl-Muoride (PMSF). The homogenate wias
cemniuged at 120002 for ninutes, after which the supernatant was
collected. and the protein contents determined by Lowry method
(owry et al. 1951 Proteins were adjusted (o he about 1 mp/mbL
by wifiling the extacton butlee. A 1 pb of each suspension at the
dihrons ar Y H sl OO were spotied onte nitacellulose
L N¢ Newrtn, The N(

itk for blockeng of nomspecitic binding beforg being incubaitead 1

herts were then mcnbated in S5 skimnd

b piary anibcy Corasg inopoclional anlibody sesiou GARA,
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Additenl S pm sections of paratfi-embedded tentuculor el

el padial tentacied, us prapaned for LM shialy, were placed on glass

slides. deparaiTinized, and rehydrated in ethonel angd distilled wa
ter. They were then statned by an inuvbineperoxidase method. by
first tmmersing i O00M PBS. pH 7.4, containing .38 HLO. 1
Block endugenous peroXidase. followed by 05 glycine n bulfe
o bleek fres aldehyde proups from the fiative, then in 10%
norntil goal serum o the fudter for | b, o monoclimal antibody
(MoAb) (Sigma Chemieal Co, USAY at 1300 dilution, w20 ¢
overnight. The sections were thoroughly washed with PBS. ful-
lewed by incubatien in HREP conjugeited secondary antibody (Goat
antimouse 1eGi HRE, Zymed [aboratories) at 1:200 dilution. for 2
h, and labeled with an aminoethyl carbazole substrate kit (ALC.
Zymed Laborgtoriesy for 30 min, Fimally, the sections wee

coumer-stuned with Hirris hestatanylin belore being mouned in
buitered plyceral. and photopraphed in Nikon eclipse EAG mi-

croseape atid Mikon dighnd camerig EXXM 1200,
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Figure I A & B, SEM photographs of the dorsal view showing the external featares of wn wdutt (16 mo old) 8. asinine. Al = appendage tentacle,
Ep = epipicinl tentacte, Ey = eve, pe = pedal muscle, sh = shell, Ce = cephulic tentacle. Co A low-power SEM micrograph showing the location
and appearances of the optic (6y), cephalic (Cel. and appendage (A1) tertacles from lateral 1o medial. D, Higher magnification of the appendage
tentucle showing many graeves () and folds (19, E. A low-power SEM micrograph of a cephalic tentacle shows the basal (1 and middle (2) parts
of the teatacle. Fo A low-poswer SEM micrograph of the cephilic tentacle shows the top part of the tentacle et has numerous sensery papillace.
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Figare 20 AL A low-power SEA) micrograph showing the cone-shaped and knohby suvface of an epipedial tentacle that is divided into X areas:
lasal (01 mickdle (2. top (3 parts. B, A medium-poewer SEM micrograph of the Dasal parl showing grooses () alternated Folds (8 the former
contain mimy short papilla {pa). Co A medivm-pawer SEM micrograph of the middle part of cephalic tentacle showving the sarface that has short
bt stomt papillae {pa), D, A medinn-poswer SEM microgeaph ol the papillae ¢pae) on the tap pact of 5 cephalic tentacle, alt of which are long

and have a cone steape. 1. A high-power SEM micrograph of o paptlla of He middBe part shiswing a bulbons shape with a tult of cilia (Ci) un

Lopr 17 A Digh-poswer SEN] micrograph of the top part showing many tall cone=slped pagillie (pa) with numeros long, cilio (Ci) on tap, whereas
the vest ol its snrfacye & covered with micravilli gnsen.
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3AY. Along the axis of cach wentacle, there 15 o centrad tentacular
nerve running along its whole length, and gives nse 1o the radial
branches that innervate the surrounding muscle (Figs. 38, C). Cov-
ering the tentacle is a simple columnar epithelium lying oo a thick
busenment menthrane (Figs, 3D, EY. The cells in the epithelivm
covening he papilla can be classified o thiee wypes, Based on

thieir histologic characiénstics aind stnning affioities. They are: (1)
W osEmsary ool
nudlees, and contains darkly-stained chromatin (Figs. 3D, E). The
cytoplasnis dense and stained biue with methylene blue and pink-
ish purple with PAS-methylene bue. There are lung cilia at the tip

{har is spindle shaped with a ound or oval shape

ol cach sensory cell, which mve ise to the ciliary uft a the op of
ca w5 pbserved under SEM; (25 o supporting cell which
tas 3 cadurmmal of pysamidal shape, and it is generally larger than

It b o ronid o oval mociess it contims
miostly cuchmmnalin with a few blocks of heterochronaun (Figs.
A ) T
light bloe alter simning with methylene blue. and light pimkish with
PAS-methiyline blue stain. The suppiniing cel! bas o birush border

i goblel cell, which s d ype ol

e sensary o

cyloplasm s clearer than sensory celll und uppears

hat 1 e ol mcrowvi B, om0 3

nein-proiducing el with @ smal! moekods dnd ovil ||.!|:-~‘ LIFTI IS

T,

e, wlem

winatly cachiromatin (Fie, 30 The cytoplasm is fury
el Bl with wetbylene blue and pinkishi with PAS-
methylene biue. Authe point where sensory cells aggregate to form
a papilln, fbees rom the tentaculin nerve terminate a a group of

stiltieal i

thirse wells st have cilia on top (Fig. 3E)

Epipodial Pentacle

The pencial siructore of an epipodial tentacic is similar 1o that
ahready deseribad for a cephalic tentacle, but each tentacle is about
two times narrower and Tour times shorter dhan the cephalic wn

iwle thie. JA, Table 1), Based on the surface fomtures observed
antder SEM. cach tentacle eould wlso be divided into 3 pars (e..
1A bawal, 143 middle, and WS wop) (Fig. 24, Fac
s TR, (
betwoeen adjocent parts. The sinrface ol the basal part has folds
alternated with grooves (Fig. 2B). On the folds are many short
bulbous papillae. cach has a cirele of cilia on the top (Fig 28Y. In

B part has char-

uctemisiw wructures 130, hut there are gradual changes

wes il folds become less
r. mmd ewch ap
t1. On tie

nutieinus papiilae tht

comtrist, ul the middle pan the g
wider and long

dhvites, whisreas the papillae @

M us o bullock with a Circle ol

i o dop (Figs, 2

op pat of bn epipodial wentacle there

are more alender than those oo the lower parts, and e

ch appears

2D, By
In apite of itv much shorter lengih, the epipodial rentacle his-
re e a bundle of
< aML 1R Mhosk ol
ut of the lentele, ic
1sh bander (bps. 40, DL
al celly with 1he

as a truncated cone with a circle o cia at the top

wlogieilly resembiles the cephulic wentcle. Tt

epipodial fesvacle nerves in the centrad axis (F1

wiy alahe hosad

welieinn. partic

voLolummun cells beaving ol

contprises al fhnee Ly pes. ol epith
same chavacteristics and stining aflinitics as thoxe ol papitlae

locited on a cephalic tentacie (ligs. 40, D).

Appendage Teatacle

fo agdehnjin
axiffie han a pair ol vestigial appendage tentaeles, Bach is short

o the coplliv, vptic

and epipadial tentacles, H.

NI
wilh i hal!f circle shape, and is covered by numcrous irregniar
folds, alternated with prooves (Fig. 1D} The folds are covered hy
epithelial cells bearing mimerous microvili.

Trunsverse sections of the appendage tentacie reveal similar
mtenor structure (e . nerve and museles te chag of the cephalic and
epapidial tentacles. The colunmar epitliclivm, which covers ili
tentacle, plse comprises thres (ypes of cells thal are evenly spremd

uver the surfnce without being organized into sevsory papiline.
Immunoblots of GABA

The extracts of ff aviniea neural tssues {ie.. cerebral and

wal ganglion} are steongly szaied Tor GABA almiist el
cxtimet (Fig.
and epipodial entaculor Bisecs are orly <l Iy

GABA,

ey
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Figure 3. Paratfin sections (A o C) and semithin sections (D & 1) of cephalic tentacles. AL A Jow-pawer LM micrograph of a lengitudinal sectinn
al cephalic tentacle shiowing 3 parts: basal (0, middle (25 and 1op (4. Note the presence af cephalic eentacntar nerve bandle (Teb: T the siyis
ol the tentacle. Mu-muscle fasciculus, B & O A medium-power LM wicrograph of i crass seelion of the basal and top parls, respectively, showing
cephidiv twentaculir nerve bundles (Tebt in the axis. The tentacke is surronnded by an epitheliven. ¥ Mg omosele Sascicalus, pa-papillac,
Ten-fentactekar nerve, 10 A high-power LM miceapraph of osemithin plastic section of the top pat stadned witiomethy lese blue, showing 3 (vpes
of cellsin the papiltac: sensory cell fse), supporting cell (su} and goblet cell (GhY. A prowp of cilia (Cibis present on the dop of cacls papillac asd
linked with (e sensory cells, the papille are more slender amd losger than those on the muldle part of the tentacle. o A high-power 1M
micrograph ol a semithin plastic section of the hasal part sfained witl methvlene blue, showing an epithebinm with hrush border (1h). The
epithelinm contains sensary eoll tseh. supportiag cedl Gul, Muscle Tasciculi (vEe) are seen in e consective tissie nnderying the epithelivm,
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Fignre 4. Paraffin sections (A & B) and seniithin scetions (C & D) of epipodial tentactes. A, A low-power 1.V micrograph of a cross section of
the basal part showing surface epithelivm (1) that bas few papillac, aed a nerve bandle (1ph) in the axis. B. A lew-power LM wmicrageaph of
a cross section of the top pact sleswiog nwnerous saeface papillae (pm) and 2 neeve bundle (Epb) in the axis. C. A high-power micrograph
of inteepapillary ares of the hasal part of an epipodial tentacte stained with methylene blue, showing surface epithelivm with brush horder (hh,
but no papiilag, The epitheliom consists of goblet cell (Gh), sensary cell (se), and supporting cell (sul. The underlying connective tissue conkains
musele Gncieulus 1V and nerve nEpin o innervate the sensory cells of the epithelinn. 1. A bigh-power .0 micenagragh of ghe papillsc, showing
sensory cell (sey with cilia (1) ot the center of a papilla, supporting cetl (su) and gublet cell (Gh), The epithelinom is covered with hrush bovder
{hh).
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HaCg

HaPPg
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Figure 5 Chemiluminescent detection of GABA in immunoblots of

abalone tissues. Fxtracts of tissues From cephalic tentacke (HaCel, epi-
podial tentacle (HukEp), cerchral ganglion (HoCg), sud pleurgpedal
ganglion {HaPPg) were spotled in daplicate onto a nitocellulose mem-
hrane ot 4,01, 0.1, and | pp of prodein in the extraction buffer. All
extracls were positisely stained for GABA as well as mbuse brain
(MB), nsed as a pesitive contrel.

he hovapilla, SEM showed that there wais o
buim twisted cilla thar in crose dectlon were demaonsiratiad
o bilowg to the sensory cells In contrast, the supporiing cells bem

only nucrovilli that appeasr tn LM s 0 brush horder The gohlet
celly are aiwi widely seattered inthe epithelium, and few are li-
cated in the pugilla epithelium. Unlike the epithelivm lining the
uil, the tentcular epithelivm v

mantle und the hypobranchial g}

probnbly ool the magor ate Tor mmein mroductiom becanse it wpe

cializes mosily in the sensmy perce(ition,

The equpodial tentacles ane smutler and sharter than the ceplial

ed around the foot

ic wentacles, They are numerus fad locs
meesde, They have been shown m thos study, as well as in the sy

oy Crofts (19249, to have o basic structure similar o that of the

ceptinlic tentacles. However, the muscle bundles in the epipodial
eritac|es e siuller ol i nod appeer s regularly wrEnged as
thevie in the cephalic wntsclzs. The cophalic wmacles gre used {or

explunng the environnignt and Tor seeking out Toad, while avoeid

in} vt hevelobe, they mesd longer il strodper sk

Pruncles 1 s §orerrmet them over a long distance. Altern

tively the epipadial entacles function more in support of the ce

phalic i

les i P fond and recelving chemrical stinnh

arumd the ub y. Hence! epipodial emtiedes are setiller

angd sharter than the ceghalic tentacles and enly project ol for o

shint dislance around the bady. therefore these tentacles do ot

necd g steong o diosdle wsom e Tormer.

The g of cilated sensory eells i ibe papillae of cephalic

wd eprepodial teniecies ore structurally very much like those i (e

ullavtmry eprithelitnm or 1y tads o vertebrmles | Kigpsenbaum

thead msily s

MMIZY, Thas, thie papillse imay Fo chemorpoeplins

simtlar 1o the ollictory cpoheliam and taste buds of the vert
hribii 1y

Thies v supported by many investigatoss who have shown

WANICHANON 171 Al

that, (i pddition o wetile weeeption, the cephalic teniocles siluo ua
as chemical receptors because they can respomd to the chemical
stimi, odor, sl food (Preston & Lee 1943, Farkas & Shurey
1976, Chaze (UR1, Bell & Tubin 1982, Vass & Schntt 2K

Shimzona et al, (20011 reported it the metce b procerchal

neuron {MPNY of ity maerginetay is an outpul-neuron from the

procerebrum. The MPN jeceives monosvnagne inputs fromn the

superiar and inlerior tentadle menves. The MEPN, thus, mary recerss
olfactory information via 1wo pathwiivs (e, nine directly from ihie

tentichke und the vher

(mehons by imegratmg both sources pf inpa

mnputs may be gathered fy mitacles because their paptl-

Hpadial

lae have idemicnl cructurl organization.
funanehistochiemisiry

ids sty Digis emsans cils ot

d e presence ol GABA
bith cephabic and x‘ij'lfh il tenmacies. Jdenuficauon: of the i

nostained celly is hascd v the chavacteristivs pil e position of
saled] it the

celly, These cells we mostly the seipoey cells o

venter of aneh pupilts. o) sensiory cells widely scatiered in

the rest of the wentacalar epuichum, CGABA 15 the major intubitory
(TR bR L] and & nedromodi

er i the contial nervoss systen

fato i win peripheral pssues vertehu yidl P2y In

mariie inverichrites, GABA is o newrotransminier that atelales

arowth and nuwiunorphosis of the larvae isto more n

e sbife
fvmimur & Vel 2000, and in shalome it spenifically stinmslaies

setthenpent anld metmarphosis (Morse et gl P9RRY aml Feeding + f

larvae (Arshavsky eval. 1993 Therelore, it is highly possible |
the GARAermc wmsory
C adiad tentnehe play impartant parts in sensng the avankiohi| ity

y cells in the papillae of Both cephalic and

of lood and pechaps also controlling the fieeiding behiavior of e

postmetamorphosed abaloge up 1w und during the wdull stove

Appendage Tentacle

The pulmonate mollusks e 2 pairs of e )
and nferer wentacies, amd the anterior wmnd posterior wnincies
which are called the cenlislic wemacle and rhinophose (Beesley o

ul. 1SR 1 Rhinophaores luve

Chapes ro g lruml simple Lsper

rocds o elaborate onellae or tubofar organs (Beesley o1 al. 1995
tn the prosobranch mollusks, there is one pair of cephalic tenleches

ik they do oot bave a rhimophore (Beesley el al, 1W9EY In i

sty we found ot i sranll temag it Bescd g o

e asl

shape and were located dorso-medsal o 1he base of the o

1 . - L
werbacies, [0 possibic da

these tentpeles aret Boomologous o e prilmesidtes il

\l'.\,'l|\.llli

tontacle, They weme called

wes, I

The appendage tenaele lus o

they remiam ds vestigind structuies

simple colmmar epithelivm containing supponing and swecus cell,

TR feweer setisory cellbs, thpe wers 1 p il Hike those on
the cephalic wwd epipodial tentacles, and dere we no well e
nized muscles and nerve lbers. Thas, ey iy just be rodimen

lary slnicteres,
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Figure 6. Light micropraphs of the cephalic and epipodial tentacle scctions stained for GABA by an immunoperasidase method. A, Conteol
sectien shows na staining in the cross section of a cephalic tentacle. B. An adjacent paraffin section stain with antiG ABA showing pesitive staining
in the epithelinm covering papillac (pa) and the neeve bundie (Teb) and its fibers (Ten) traversiog the muscle fasciculus (Mol C & D, Higher
magnificativns of sections of the epithetium covertng eephalic teatackes statned for GABA, and showing intense staining of the seosory colls (se)
at the tip and 1he base of a papilla. 15 & F. A eross section of the upper part of an epipodial tentacle epithelivm stained for GABA, and showing,
the same pattern of positive staining in the sensery cells (se) at the tip and the base of the papillae.
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\BSTRACT  Mhe iy

s By seanniiig e

VA rscrgE . miimerrem TS of

LT 1. an [1EST] ] [E141]

1 o the poees were observed on the sueliwe o the Jeaves il the Teaflews, 0 bsverse secons, guch of the leal apd e Jeailler

can be dividesd o o g

the hasal prea consists mainly of two types o Tuge pobler celln, and the apical aea disg coneins a

misiure vl oatgpoeiiog cells, sensory cells and feur types of muens scctetieg celle, L gsindig has bopeeibse g0 Gills are olmerved
i bl dhe spe of 1ornaks dand Pl e | length ul their filamenis [ willl ae: In nuamee abalbope e it 17
Mamrnte per ench zi | saeh egual nm vt Ul wacdes: The Jenzth of i lageess Gilasnent s ap unately > AR v filasiesi

1 adrprported wee v Wy o (e ol lape i Commr i e, On e ellerent uiile, e ma V baped chitibeps shelcly Epdibe e

Bipg the Timment os composed of il columnu cells bearing ancrovilh micced wath ailiated columisn cells ol mucus cells.

KEY WORDS: W wsinind il Bypobicme sl slaml sl

INTRODUCTION
The hypobranchial rle or paired. highly glandula
ariza oof the epdermal hmng the rool ol the mantle cuvity (Hyi
1467). Two snch glandular wreas, ans un each <ide of the reclom,

wlind 15 o #i

oectr i Haliens, and the @il one is larger thun the right one
{Crofts 1929). The hypohrnnchial gland consists of regular folds or
Lt Hae e nted at right angles o the mantle wall (Hyman 19671,
The Bistetlney of e by pobeaigchial L
3o Crofts (1929) |
types of cells in the hypobranchial pland of Halions wberculata:

it Boas heen iavestimated

Crofts 1929, Bevelaider 198 lesenbed

mucus cells with spinille <lapesd secretion, mucus cells with gran-
ules, and eifiated colls, Hevelander {19830 described 3 1ypes of

Dius ceils with

ciells o the hypobranchial glamd of A, sdesce
risd-like eloments, mucas cells with pranulor eytoplasm, ard sy
perting cells.

Gills arc the principnl oreans for respratory gas exchange
medlusks, They are positioned in (the mantle cavity (Crofis 1929,
Cerpman 1990, s ey ure affected by many sobstnces that o
thirovpn e montle covity (Schulte-Qehliann oo al. 2000, The
ey s very limited: a few papers
stracture of 2ills of pulmonate Sipfro-

studies o castropad gill murphola

bve been puehlished o
(D Villiers & Hudgson 98T amd OF samne cue-
nogpstrogesd species. The gill strocture of the invesiguted gusty
pods shows asie unilormity because the gill filaments are com
posed ol o ridie and an extended sheet of nonciliated cells

Haomever the soll Filmments ol these vario pecivs ol

rropils

thar A0 the shape of fhe Glaments (cormugared, rinagulor, or
ronmdedy, Bach gt ridament s coverad with d single lavered epl
hetium ol eitber cubordal (Schulte-Oehlinman et al. 2000} or co-

lumnar cells (Crafis 1929, However, there seoms o e oo differ-

enee o the thackness of the epithelind cells. A hermococtle sp
wotpmes e cemer of each Glament (ot P95, De Villlers &

Hodgson 1WETY Crofls (1929) toundd that in B tuberendita, the

SEM

Veshaped chitivons skeleta] 1od, attached 10 one side of the oili
epithehim was sinilar w that in cephalopoda (Hissprunar 1987)
The epithelivm ol the ¢t of S vipensiy and B rbwrcadan con
sists OF three tvpes ol cell: noncliutes] cell, elliated cell. aml secre
wiry eell (De Villiers & Hodgsivn 198

To the best of our knowledge, there is still no infoamation on
the histology ol hypobrinchial slands and oills in H. asiming, o
commeon abudone species Funl sl the sGastal water o Th
fuik, wligh Is considered 10 be one ol the economin mjugiie o
mals that has beer owliured for commercial caplostaiion. Hero
this stwdy reports o the histology of hypobranchial elands and
zills of this species.

MATERIALS AND MITHODS

Collectinn of Abatone Specimens

Abalones wete ohtained trom a lowd bosed enhrme system o
Coastal Aguaculive Development Cesier, Depirtseent of Fishe
ws. Prachaubkicskun Province, Thailwul, They were reared i con
crete tanks howsed in the <hade, and well Nushed with mechani

cally crreulatisd sand-fiiered =eawater, amit provided woli an
delevery systeim W maintein e stalde conpnolled enviposimest The
aptimum level of salinity s 225305 ppi, and the Winperature

~22°C 1o 26 °C (Singhagraiwan & Do 1993), T v weie fed with
macroagac (uswally Gracitaria spp. and Laminariv »pp.1 sipple-
nieneed with arliieiml fo

They weie anesthetized in 3% MeCh alter which their shells
were removiend The gills and hypobranchiel glods were dissectid
out and processed for light microscops (LM) and scanning electron
microscape (SEM) studies.

Specimen Preparation for LM

Specimens were ixed in Houin o in 014 M NaCy for 74 h
and washed with 7000 ethyl alcohol, Then they s dehyd il

Hoonigh o proded = I ethoml, clemmd b dodcaie, Wil

1147
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and embedded i paraffin, Five-micron-thick sections were cut and
stained with hemutoxylin and cosin.

For semithin sections, specimens were fixed in Kamnovsky fixa
tive (2% paralormaldehyde and 4% glutwaldehyde in 0.1 M so-
e cacodylate bulfer, pl! 7.8
with 01 M sodinm cacmly
osmiurg tetroxade in U0 M sodiom cacodylate bufter of 4 “C for
| . Then. they were dehydraied in gradel series ol ethanol and
ctithedded in Avaddite 502 resin. Sections wese cut ab J-pm thick-
nexs with Porter Bl MT

methyle

at 4 C lor overmight, anl washed

s peostfixedd in [T

e bffer They we

}oplmmicromme, aod stone] sith
pe tloe or PAS-methylene blue (Havar 19931 Examina-
Gion el e lissies sections was done under an Olympus Vanox
light microscope.

Specimen Preparation for SEM

Hypeibranchial glands were cut and fixed in a Kamoyeky fina-
tve (390 glutaraldehyde 2% paraformaldebyde in 0.0 M osodiom
cacolybate bulTer), pH 7.8

M osihizm vl

tetretde i U1 M sodime cacody late buller far | hat4 "C Then

", Far overnighr, and washued in (1))

= bufler, They were posified in 1% osimun

they were dehydrated jn graded series of ethunol, and diied in a
Hitaehi HOP-2 critical poant drving machine, using liguid CO4 as

trssional mediim They were then (LRFTTHITR T

sbiihes and coated with platium dmnd pallady in am el Epaitiering
I !
il inow

Hituchi §-2500 scanning clecton nicroscope with an accelerating

walt

appacatus, Hitehi B 5000, The speciiness were exdm

RESULTS
Hypobranchial Gland

Tt hypatwanchmal glind of A asiging b Heated on the din

atfuee of tuemantle cavity and rins parallel W the gill. [0 gppears

oy lurge yellow peclinated rilge whose lateral safes bre con-

nectel o e eiits byt mantle membrane (Figs. 1A and B.
SO Bach glumd comsises ol ey axes. from cach of which 8o 11
leaves wrlse (Fip 1B Under SEM., the paajor folds or leaves

decline from 1 fevel and branch it fwe 1

1ais 10 th

three terminals. Many minor {olds or leatiers branch of1 from botn

iles of each leal (B 10 The hypobianehial glind exhibiis
iy tufis of rod-shaped cilio, paddle-like: cilia, amd ermmles dint
1

T weyliosed surfiwee of leaves and le

> tween the avs and leat
has fewer ciltary wifis, reusd pranules that are being exocylosed
rvnee pores v the Told. and there are deep gronves between the

fislbis (L 1%,

I ransverse secton, wach leaf and Baller cun beahivded intio
Soareass tae basal aveas which consists manly oF large nicus celis
amd the apicai arew that contdins a nixture of suppoerting eells,
sensory colls and small mucn creting colls having goblet ap
peamnce (Fig B ommd C 3A0 These cells have the followine

vharaltenstiio.

b Supporting cells. These cells vy in shapes they can be
I el ) The nuelows 15
ovil ] contains sty pale-stalield cachiromatin. The up-

per el ol this

i, oval, ov spindle (T

cell vype ds wiie el shows wwny long
e lli

Sensery oells, These cells are elongatel in shape, and they
confuin cucliromats uval nuelel with sy nuclenhi (Fies,
3B aml Ch The upper et of this el rype s morove and

veaches the surfuce of the epithelium where it bears some

cilia.
3. Mucus cells, These cells are filled with many inucin gran-
ules and have oval shape. Bused on the daaining cliatieter-

istics with PAS-methylene blue on seimithin sections, there

are 4 types of muces cells (Figs: 38 and C), Type=1 s p
mucts cetl with a round nucleas amnd PAS and methylene
Blue negative granules in the cytoplasmy. [U1s located nea

the basement wembrane (Figs, 3B und Cx Type 2 o0 mua

cus cell with flgttencd guchrmmatic maclens o

LIER IS = RPN

bloe gramles packed tightly together in the eytoplasam (Fgs.
IR and ). Pype-3 v wsmail mucus cell whose eytoplasin is
fitled with PAS-positive round granules (Figs. 3B und €.

Type < is the targest mocus cell comtgining |

s gronules with either pinkish or blwih {me

tve) ues (Fip A0
o oalmuein eells lying in

In the basal aien. thoe ave 2 Ly

alternation, Type 115 the mucos cell, which coniii

praeple tmethylene hlue positive) moterial in the

WD) Twpe-I bk the mucits cell containing
(PAS psitive ) matenal with stieiks of de

vials embedded mothe former (Fig, 30).

Gills

¢, positioned slig
inting anteriotly (Figs.
to the muntle by a thinomem-

H. asining has two bipectinaie g

lett of the center in the muntle cavity and §
1A il B). The gills are attact
brame. There are cgual puinbers of filaments o both siles (e,

about T fildments per each gl Al Glaments e parallel 1o coch
other. Bach e u debicate pleat wah blunt frec iip and is corrugated
i the middle (hip. 4A)

Transverse soclions lirsieh the l_:l“ Tilaments veveal tha they

e covered with o single layerod epithelium (Fige. 4B 0 E) E

pent s supportied axially by a thin collagenons conneciive

sate, enclosing the hemocachc space, wihich contains hemocytes
(Fhg. 4E). On the efferent shide, theie is o Vosliped opague chi-

tinouk skeletal md (Fg. 4B, serving a3 (he afacliment &ie lor

inwacles thal could bring about considerahle movenent of fhe g
lilnment. The gill rilament is hned by« colummar epithelivm that
viries much in thickness in different parts (IFgs 4B 10 1y Most of

e epithelinl cells on the prosmminl end distal ends of o Blonent ue

il columpar heap mucrovilli, which s i birosh b
ader LM, with cilimed epithelind cells (Figs 4B, Coand ). There
are numerous cilia on the region of the apical ciliary band (g 4B)
annd the Teral ciliary hand (e 4C) However, ino st of the
i cilia {Fig. A1) F
pypes of cells can e ddemified o the cpithelinm cove
elerent side o the Nlament (e, 4B ) (1) thie cabobdal cells with
round nucler on the Tateral cide ol the skeleinl sod; (23 the ciliated

tall colummar celle in the divtal emd of the Dtamene: 30 the simalt

Iilvidsents, e cellz wre eabsoidlal and Tave

aibis and ool (45 e mueus

I with dense

cells with lnrge ‘.l.|'\l-|1h|| LRIy

olmnar

metachnmmiie granules in 1he
elerent Blment.

The afterent epithelion of the gill filiment comprises of 4
of celly (P 4k) Thesa i (1) the cuboidal velly with
roamid neeelel willy ecchiramuiin and disriect soeleol on the 1nteru)
wider £20 e bl columaar eells wath round or oval nucler Jocobesd
in the terminal epitheliume ¢ 2 the clivted volimmnar coelis in the
distal end of the Akweent; c1 e mucus el with numerens dense

tranniiles pocked tightly gt e ihe dpictil evtoplasm (Fig. 4E)
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Figure oA & R Photographs of the dorsal view of the mantle cavity showing the external featuees of aldolt Ko asoring (16 mo old), afler
rerening the shell ok dissecting away snantfe membeane. ad-kddoector muscle, ax-uxis, dig-digestive pland, ex-ese, gi-gitl, go-ponad. hg-
hypabranchial giapd, Je-leaf, pe-pedal musele, rt-reciuny, te-cephatic tentiwle. C. A low-power SEM wmicragraph of o hypobranchind gland of
Flasinime showing e leal {ler swhich arises fron the axis (ax), and lealleks (80 which beanch off from both sides of the leal, D, Higher
npilication of 2 part sa the axis from hox 1in C showing cilinry tuft tefy, secreted grannles (e med evoes wsed pares (pd on the egwmental
Tobd. Nodive many deep grasye 1) between the tegumesital fold, 150 A high-pescer microgeaph of o part of the leaftet from box 2 in U, showing
ereterd granules (@i ond exocytosed pore (p) 1A oearhy area fronn hax 3 in Cal

aumeross ciliary tofts (en that arve enbarged in tee insel, s
the sme wapnificntion, showing many paddle-like {pe) cilia et e magnifivd in the inset.
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Figure 2. Light micrographs of cross section of the hypobranchial
gland. A. A survey photomicrograph showing the location of gill (zih
and hypobranchial gland (hg), which are counected by the mantle
(o), d-dorsal, re-rectum, v-ventral. B and O, Micrographs showing
many leaves te) and leaflets (6, whose lasal (ba) and apieal (ap) parts
apprar Lo conlain mucus celts of distinet characteristics.

DISCUSSION
Hypobranchial (Hdand

Thisre sre somhe coptroversles oo the types of cells Found |n the
iy pabratichial wland, Crofis (19293 and Bevelunder (1988) e
ported Foeell types in the hypobrancinal gland of Halions tiber
cithing and H. rifescenss respectively, Both anthors described 7
typen il iirucus cells that comtila ifFesemt seercton. Type- | mucts
cell contains rodlike or spindle-<huped secretion while tvpo 2 m
cus el contains grianulin 1929, Bevelinder
fuas) The third cell type in the supporting cell | Bevelunder 110%%)
wihieh o Giliated (Crofis 19204 These twe tvpes of nudus cells

cecialion [Crolls

carrespiond hese found i the busal avea of hypobranchiol eland
of £ awining, The firs) type of muecus cell comains inrge, rodl ke
mibcn pramiles that gave an imleise posive rescton 1§ PAS,
indicating the presence ol seutral mucopolyaecharide Tu # o
fewcenn the e cell s contiins rodlthe granules thin waoe
idemabed o he pond mecopolysaecharide in nature 1 Bevelanie
T9RE The second type of mucus cell in the basal aren ot £
xini hy poboancha cland appears homagenous and steins
puiphe with PASanethybon: blue, This may be eguivilem o e
secomd type of mucus cell ol FLorgeviems, but the content appears
more homogencus in A axinina. Bevelinder (1988) sogpested tha

ihe giadiiles oy these cells were glvonprotem.

WANIKCTIANON ET AL,

Figure 3. Semithin eross sections of the leaf of hypobranchial gland
stained with PAS-methylene blae, A. A micrograph showing apical
part (apy and basal part (ba) which contain different types of mucus
cells and nerve fiber (nb) ia the core of the leaflet. B and C. High-
power micrographs of the apical part showing supporting cell (sul,
sensury cell {(se) and 4 types of mocus cells: type-1 (1), type-2{2), type 3
13 type-4 (43 DA high-pavwer micrograph of the basal part, showing

twa cell types of mucus cells Iving in alternation; the first cell-Lype is
PAS pesitive mucuos cell (me ), and the second cell Lype (mc,) methy-
tene Blue positive cell,

I M. eosirelo, the ;1|'|E|.'.|| e of hypobranchinl glesd leaves
and feaflets represent specialized cones whese al leas) B Dypes of
cells are frrmed. Giec., supporting el cilinted sensary oetl amd
types o s cellar wlose clasalication is based i 1 PP
ance aned staining chairscierstics of the granules. These imucus cell
appear very different trom those tound in the basal aren, hoth in
cell shaps il secretioh, Judgang from (e stming paitem (o PAS-
methylene bl il
vills cuntaim huse

type | oand tvpe-3 incus cells contain e

-

mucopobysaeclaride graniles, whereas ype
philic srmnules suggesting neidic protein e matun: (H

1T Ty pre-2 paseias cisll copbinins hoth Lyptes o grimmles, et

Mg vsiie ade omd ||.1-1-||||||:-L LT

Beciuse of the vast number and considerable viriety of muens

celiu, th (LRI vl tanciion o bypobmwanchod plamd bl Iwe jhe
sechetion of mucin (Hymu 19678 The snetac pea of e glanil i

incrensed by the folding ol the vlandulis epthelium o larpe

pleats 1 incrense the TR seCreting e T he quamiity of

(£
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Figure 4. Photomicrographs of the gill of H. asinina. A. A micrograph
of the gill showing many filaments ({1} aligning parallel to caclr other.
B. An cnlarpement from the effecent end of the filament from box B in
Fig. A, showing four types of cells (1-4) in the terminal epithelium
which possess botit microvilli and shott cilia, C. A hundle of muscie
(mu) is attached to the V-shaped skeletal rods (ro}. C and ). Bigh-
power micrographs of the epithelivm of the gill taken from hoxes C
and I in Fig. A, showing many high columnar cells with tong cilia in
the epithelium near the efterent side and low columnar or cuboidal
cells in the epithelivm at the middle of the filament. E. An enlargement
from the afferent end of the filament taken from box E in Fig. A,
showing foor types of cells in (he epithelium (1-4). A hewmocyte (hed is
seen in the hemocoelomic space (hs).

dischatging inte the vespiratory chamber increases suddenly il the
animal is iritated. Mucus is thus produced and secreted for the
protection and for clearing away debris from the anus and renal
wrgans. 10 keep the gills and mantde cavily clean. Furthermaore,
when loreign irviating panicles frony wrbid water are attached (o
the surface of the gland, the mueas celis may release mucus o bind
particles that will be brushed away by the ciliary action of the
epithelial cells. The mucus cells that perterm this function may be
type-2 mucus cefls hecause they have similar characleristics o
those vbserved i the gill epitheliun that may periorm similar
function. Crolts (1929) found that irritating otls introduced into the
enttance of the respirtory chamber seemed 1o be perecived at once
by the hiypobranchial giand. and the shell closed down abruptly,
and at once a larpe wmount of moecus was released from the muens
celis, In g stwilar experiment, Alexander (19703 intraduced milk
inte the respiratory chamber, and obiaiited similar vesponses. Fur-
thermore, some hucus cells may release mucin into (he seawaler.
perhaps to clear away (the offending substance, ax well as o adjus
pH ol seawater o be suitable for respiration. The mueus cells

(RER!

participating in this protective action may belong to 2 iypes (i.c.,
the acidic and basic mucus cells types-1 and 3). The remaining
mucus cell (type-4) may acl as general mucus cells that produce
mucin to lubricate the organ and protect the gills. Furthermore, the
heierogeneity of the mucus cells of hypabranchial gland implics
thal the secretion of mucin for clearing irritants and debris may not
be the only function. The complexity of the mucin released could
be involved in other process, such as acting as the inducers for the
larval setlement. because it has been shown that mucus trial from
adult animals is one of the most important factors for settlement,

Gill

Light microscapic observation shows that the internal structure
of the gilis and the gill flanwnts of H. asiniza have an internal
architecture similar o those of other motlusks, The gills are bi-
pectinate, with individual filamems showing basic similarites. All
filaments are pesitioned parallel o cach other and are linked by a
cammon base through which the hemolymph is dirceied and dis-
tribuied to the tndividual filaments (Eertman 1996). Each Gloment
5 corrugaied in the middle part, which encloses the hewocoelic
space, thus it may be a medification o enlarge the total gill surlace
area il improve respiratory gas exchange (Crofts 1929, Ecrtman
1996).

The cpithelium of the gills in H. asinine s a simple columnar
or cuboidal 1ype, which presumably helps 1o enhince the rapid gas
exchunge. This feature has been found in most specics ol mollusks
studied so lur (Crofts 1929, Certman 1996, e Villiers & Hodgson
1987). The gill fitarments possess areus ol ciliated cells alternating
with areas of nonciliated cells. In our study, the efiercnt margin of
the lilament and both sides of the hemococlic space n the efferent
side consist of ciliated cells (Crolts 1929). Ciliary movement may
take part in sweeping mucus secretions from the mucus cells thal
serve lo caplure foreign particles and remove them from the gills
(Nuwavhid el al. 1978). Hence. the cihated celly lining ihe gills
ohserved in the present study may play both roles o making water
current and removing irritating particles.

Nuwayhid ef al. {1978) did not find any mucus cells in the gills
of Paiella vilgata, whereas in Siphoneria capensis there were a
targer number ol these cells (De Villiers & Hodgson 1987), and in
Austrocochleq conxtricta there were two types of mucus goblel
cells (Bertman 1996}, The presem study revealed two types of
mucus cells on the gills of H. asmina. Al of them are grouped al
the efferent and afferent sides of the filament. It was suggested that
these mucus cells Tunction primarily in the cleaning ol gills by
remuoving dirt in coordination with muscle contraction end ciliary
movement {Yenee 1952) The chitinous skeletal rods found in the
eflerent side may serve For atachment of mueseles that bring about
considerable mevement ol the gill idament (Crofis 1929, Hasy-
prunar 1987). In 5. capensiy, it was found that the muscle fibers
were lovated at intcryvals on the hemacoctic surface (De Villieys &
Hodgson 1987). On the contrary. the present study reveals 1ha the
muscle libers are aftached to the mner surface of the rod. The
function ol this muscle may be the same as described cwrlier
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cellsin the brccal cavity, caophogns, caopliapel pow b, hepatopag

are esprmsble for the 1% el

SR 1 oF Al et bl fo
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KEY WORLS:

INTRODUCTION

Haluni
cally impuortant abalene aniong,

The abhaior v asiing s considenal the most economi-

the three species found along the

constal water of Thuitund (Nawewathant & Bussawarit 1988) be-

cmres of ifs good taxie. high proportion af tlesh, and the fastest
et rate. D
abalone Trom natwrad habitat could not keep pace. To mcrease iz

abatone stocks and yields, the animals have been culned and fed

s o ncreased demand, the collection of these

artilicinl diets lor enhancing the growth e (Rervie Vil et

al VT The rate of prowth and nutritional commosmon sl nbia-
lone were significantly uffected by the leve) of proteins in the diet
(Britz & Hecht 1997), which could be increased up 1o 30% (Fallu

19911, This mgh protin contem could be booken down By pro-
|

e ey m the diestbve raot of abalome. cven
shalone wie considered w be bethivorous animals that feed on

mainly mucroulgae, which are tlcher in earbohydrates. One puos-
sible protesee melacible in the abalone s aminopeptidase, which s
a Yamily of zine-dependent enzy e that catalyees the bydrofysin of
dttine weid resihies
{Acimta ¢l al. 199%). The source of this eneyme is most likely the
epithelinm of the digestive et The epibelial cells of the diges
wct ol mustropedts |

e difteram numes. by exi

al the wimnge lermines of peptide substrates

tive | ave been classified mio 3 cell types und

iermc mpte. colimnar sloree cell,
secretury cell and muceus producing cell (Tiebskorn & Kunast
1990). noncilited, ciliated, and glandular cell (Leal Zanchet
193, Ruli & Garcla-Corrales - T9EBL Cinpbel] ¢ 1965) and
Chitppy g et gl (20000 liave studied the ibalone anil also Clas-
sitied 1hese epithelind cells into 3 rypes, wiich include prgmenied
cell, secvetory cell, nomid mucs cell. The uim of this siwdy is o
ity

Vil el

b it the presenee of aminepeplidise in of

diprestive tract of H. asterdieee 1
histos hemeal method,

WEATH, al the

C puaris Y¥oan Cnayme—

MATERIALS AND METHODS

Coltection of Abulenc Specimnens

Adull abatone £, asinina (age 16 mo old) of both sexes were
abhtained from the Constal Aguaculiure Development Center. De-

Cuirid wthies P o002 3537168 omands sepsott wiaiidol,

e

e ih

IR

wemitlcssgzatatied colmmmse by, which) is oo of ¥ ki

o, and s cells ), Thee subsers of hiese three 1vpes of cells vary Frmm region o regieon.
i amimopeptidase reactvity was localized princiuilly withis the evtapliani of prannbied

as, and the id intestinat vepion wiiel

mplies: i e Aites

i 1 pesinim o [veaLear Phids LsfreT.

Husliogn wsaritaa, ahalone, digesuve nact, sminopeplidase

e boiks, Wik wed

ptment of Fishenes, Prachuahkinka Pl

AL

anirruels were renred tothe n ey ol com

well flushed with mechanically circulimed seawaer and ar delin

cry syslenn to maintain contzolled environment. Abualone were fi

witly o deet of o m CGroefar i spip. and Lawbingog Apy

supplemented with anificidl food, and kegn wsder noormal daybgelu

cyuhe.
Burstone and Folk Method for Detecting Aminapeptidase

Abmtone with body weights of 36.5
with 5% magnesivm chloride 100 abom 30 min, The
sive of 6.5 cm > 2.8 cm) wirre removed aned dipestive o
slare

2 e owaere anesthetied

shells faverm

WANS W

lissected out and diced into sl precss 1 einbedided
|

m i

2 Cryo-strrtng (ved Froveen spe ¢ sechiomel

al S-pum ek, The aryosections were Frsed i two chianges of

chieroform for 4 min cach, then hydrated n praded senes of
acetone, and Tinally i distlled water, The sectons were meubated!
in o substrate soluion contabpng the mixtoe of L-lenevi b

naphthylande, distiled water, tris butter aad gemet GBC fon Ll
at 37°C, then in tap water for 5 min ol counterstained by Hema
wnyhing Adter the finul o throoeh wp water |

sectioins were womted on glass shides i baifered glveemsl (Hue
slome & Folk 1950).
Histulogy of the Digestive Froct

To ulently the cell tepes and choowtenee e cellular detalls

lor the enzyme locahzation, the histology of the abalone digeanive
truct was also studied from parafTin and senn thin plastic sections
by preputing the specimens as fellow

secLions, ol the divesive tract witie

For putiad virous

vt und fixed in the Gixative of Bouo at 470 overnight, Specimi

were washed in 70% ethyl dleohol lor vemoeval ol the fixative,
Tl they were dehydratent theoug
Jewl T by NAMNE for 12 h
and embe

i t | eiaded series ol cthy | alon

il cleared with diaxane, infilisled

MG LRHE
stained with ewatosylin-Eosin (H& 1) or Hematoxylin-PAS
(H&EPASY, The speciiens were obuived and evaliated far the
ki

sectioned 21 % pm ek, ond a1y

haracteristics of each el under mietoseope cipped witl
dighlal oo
Pou semithin plastic seclions, the correspondinge pans ol the

digestive tract were lixed in i solution ol 4% elutarddehyde and
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26 paaatvrmabdehyde in U0 M Millomg butfer at 4°C overmgin
After washing with bulfer, the samples weis posthized in Ve os
mnn teiroxide in 0.1 MO Millonie bufter a1 47°C Tor | b, and thew
behydrated In praded sevies of ethomal and pure propylene oxide
Alter bt e specimens were inflirated and embedded in Araldoe
502 pesin, and finally polvmerized at 60°C for 24§ Blocks of
i shat b
thin sections wiere staimed with §% methylene blue, and then ob

I'hetse semi

st embedidid) & o sechion

served under imeroscope equipped with o digital camera,
RESULTS

Histology and Aminopeptidase Reactivity

The Buccal Cavity

10 of Bbivenl gn

ormulated colinnar cells bedring mi

The epitlie 3 eedl oy pes, the wall

WiLy Cemaasis

rovilli: which apspent a3

“hmsh o urmier the light micreascope, e nengranulaed

chls, amd {he mncits c&lls hinvig a =gibdeét™ apprearance; sl ure

widely scatterad ip the epltheliony (Fie. ) The seomlnied ool

show yed onmge product in the apical eytoplasm ovedapping on
the: pranulared orea (Fig, 1e), imbresnig the presence of aminogpep
tidavie i dlils ares of the eyiisplasn and at the liminal surihee
whereas nongranulated sod mucus cells are dav stmned, The con-

trob seetivn does el shiow e presence o mmimgreptiduse |
The Vsophagus

Tl epithielinm:of the esopliagus contzing 4 oell wpes: 2 iypies
ol srmmolued colimmar eolls, nomgranuloted colummar cells, amd

mucies cells (Fie, [d 1o 1) The two types ol pranulited columnar

el are ihistbnguished by the presence of differcnl size eramulis

el color (e in HEE stiun wype | contaims smuf] bnowmsh grin

whs whereas type 2 continns larpe reddish cosinophilic granules.

whereas in senimliin seetion all thie gramili
dillerent fntehattbes (R, Ll ws )y The srooulated cells with large

appear Bhinsh with

reddish gramules nopgranulmed cells, and the rmvcus cells div o

show aninopeptidase renctivity, whereas the pranulated cells with

MR

siall Bvowemishy grammiles Ll

e

the granules (Fip, Th), The comtrol section does not ihosw per

product (Fig. Ty

The Crap

The epitheli o o pgiears 1o be peeudostmtified colummae

eptttiehurn shiat il ol only onseedl 1ype 1o the all

cobuminar cells, bewrmy @ brush border), These cells also contuin
simall clear mucin granules it ore nehtly packed together in both
the apical and Hasal evtiplasm (Fiee 1), This cell wepe shows only

wedh renctivity il His Jomsa) sapf e but

i e eytepdasng (e
Tho. henee probalily does not contiin aminepeptidise cnzyme.

The Stomach

The stomuch epithelium comprises ¥ cell tvpes: mucus cell, tall
grommlhied columpar celbs wilh toe praowdes in the apical oy
st e nengrnmalnted calump

cred by athick Tayer of PAS-positive pastric shield (g, 11, The

cetllse The epithalinm s cov

e Pl dase oo in presenl in the wic shenedil

- T ——

1Al sptheliamme T i b cpitiin

SAITONGDEE BT AL

plasm (Fig. bat, The control seetion show s negtive reactbon (B

lm).

The Intestine

Che intestinal epithelmm continns four types of colimpir epi
thelin! cetls. The former group comprises 1wo fypes ol pranlaed
cells with differene hametensiies of granules (Le, e Tt 1

é_r.rmm!u[cd cell appears be similat to those Found m the
per grpniles with varying

whe

o the seconrd tvpe possesses lar

h, cn The

densiiy (g
i, and ene type ol mucuh col! appe
Jal Al wo types ol granulated cells show e

ot lae ro s in

u,I"i}'
the crop (Fig
spiticdetse Peictivily 0 her cywoplusing (Fig. 2d

AT

fomr eel] wpen occapy almost the emre epithelinm ex
two pramitent longiodinal fulils, which contain only nonpranu-
lated e=i) 2 el
The mucus cells, wl digpersisd 0 the Epitheliom da pol
The codtral

Tt e devisid of eminopeptidase reactivily (Fig

I

seulion

show any aminopepticise reactivity either

does ot chow sny redacinon produer Jrig. 210
Hepatopancreas

1 L miugribser of weini (Fie.

celis near the lumes cxhibis

The: heprtopdnereas compiebes

My, The apical pan of the wcina

ction

intense aminoge ptidase reacuvily (g, 250 The contiol -
shows no reachion O anunppentidase (e 20,

RISCLSSION

of the abalome digestive |

In this study epithelinl ©
The g
Lecause they coutain dense granudes (sorons 1y pe) with differen
clory cells as reported
ol L 2000% In comirmst 1«

clidsified o 2 types ntiliated cells (GO are s gallisd

stzes Thi

cell Ivpe co

1 i3

w Campheli
these carlier works we conlil identify &t least four sulitypes of thise
dlve trach becouse of thelr well

GC ex
L ViTY.

cellv (1 varions mots of the dig

m plistie seciong. Al
I
which overlaps on the granitlated arca of the cyteplasm. Theye s

which doe

preserved chacicteristics o ser

cept these in the stomach exhibil dhe amnopempidase

(ELRLAE B ELLNLY

= ol mongramted cell (NCY
il beast 2 pypes of musus aolls

only ot 1yj

munopepiidase activaty fe fire
(MC), in contrast to only ane type of mucin producing cell re-
Ell\i'|l'r] Ity (:':n|||‘i‘~'” (1S and Cliltramvionge es gl 220000, The
first bype ol MO ey eorlunmg farge mcu

grmniled in e

TpEars |Ik._' b

cal part, which fend o be

Gl

WY s

shivwin in buecal envity, esophagus, and stoamach; whersas the se

o dvpe i sy Hasbed serid 1 pighily packed mactn goa
ules as show i i the Grogy and ntesting, Aguon the sdeatabcion vl
these two sublypes of muwus cells s possible because of (he use ol

phstie emtbedment. The presence aml distnbuiion of protealytic

eny it wts sbiglled by detectimy aming AP resction n

ditferent regions of the alimentary tract, from the huecal iegion o

the wims Almost adl paris of the digestive a0 show pusitive AP
acriviies restocied dit Ve brosh bonler of the emithe ! oty meom
thee lumen. The disunct appedrance of AP eaectvily was only

sdin the eytoplusin of the pranulated colls of buccal cavily,

abser

ine Trvowdidivion, 1he

extpihig s, espphugest pouch, g5 well us i

s ey e et ivily wiis dlso alewecied i fhe seinasr cells o

the hepatapancreas. Henee these cells are producing 2vmopen

piaiadies that oy eontaim iminopepidase. The resilis peree wilh

| W whe detccied the pn
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Figure | The epithelivm of various parts of I asinina digestive tract. Left column: semithin sections stainged with methylene blue. Middle
columm: The control sections for wninopeptidise reaction. Right cobumm: The eryosections exhibiting the presence of aminopeptidase (AP)
reactivity, (u.0 A semithin section of Bueead cavity stained with methylene blue showing tall granubated colunmpar cells (GO hearing microvilli,
nongranlated cell (NCo,and mocos cells (MO (b)) A control ervosection showing no AP reactivity. (¢, A cryoseclion showing moderate AP
reavtivity sl e Tuminad sweface of the sronubsted colimnar cebl. rd to f semithin sections of ceaphagis showing 4 cel] tepes inctuding granulated
colummar cells with small sive granules (GO and granulated cetl with large size grancles (GOC2E nongranetated vells INC) amd mnens cells
MO T ) The absenee the AP veactivity fn the control vesescetion. () An inteuse AP ceactivity in the pravutated colunmar cells. (. & semithin
section of crop showing the Wl columatar cefls bearing hrosh border and containing swall clear msein granales 1VC2Y in the eytoplasos (50 The
cantrol seetion showing no AT reactivity. (ko) AP renctivity is lealized on the Jumtina) sarfaee but nol o epithelial cell evtoplasm. (53 A semiihin
seetiom of the stomach showing 3 types of epitheltom cebts (e, muocus oot [MCT tall pranadated colnmmne celts [GC3 ] containing fine grannies
at the apicnd part, and nongeanelated cells [NC|). Note the preseoce af a thick gastric shicld (gs) covering ihe himinatl surface of the epithelinm.
(i Control evyoseclion showing no reactivity, (n.) Ceyosection showing moderate aminepeplidase reactivity of pastric shicld hut nol in the

epithelinl celds.

ealytic activisy i e hepatopamecas, crop and stomach congent. chymoteypsing activities weie glso detected o the intesiine il
ol sritestsnd el coeral Mugd of the bl abplivpee. L fefgeas, The  rectom by asing specdicosyntbenie sabsirates aned intubitors in ki
observed e Tntestingd und el Tind has wetie and clectraprhiondss saadys (Groppe & Morse Y993, Servicne

hse T the hepatiguan Zapagosaoet al o BRTL The AP peoctivily secogiiaed in adher gadis

(sl

LTI T T amge, whe
pnder were at gend phe I the hepuam al the digestive s

siserved in il present stady cirith

ChEi. etop

| vy bemg iiaed weidh e motricm

ML s, FRY fInHeises poe 1y pes of hydimdiais ml aodirhaosy, b il pesalt ol e ol
pssing trceueh hese oo ol e digeshive trsd) ratbasre i die

g wete diteciol by eeovime dssiys in f6 on

(Al
b VHET Hlermambos -Ssmtoseo ot al P00 Morooeer iygsinand eneaiois heing syonhesiasd Dy epithelial cells ol ibese mgians, i
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Figure 2. (4 to ¢.) Semithin sections of the intestine showing € types of columnar epithelial cells (ie., granulated cells with small granules [GC3j,
with large variable density granoies [GC4} in the apical cytoplasm, mucus cells [MOZ], and nongrannlated cells [NC]). {d.) A oy magnitication
of the intestine showing intense AT reactivity in most epithelial area except at the two prominent longitudinal folds (typhlesole} (arrows). (c.)
Higher magnification of the area of typhlosole in d showing no AP reaction, 1) The control cryesection of intestine showing the absent of AV

reaclivity. {g.} The higher magnilication of the intestinal epithelium in d showing intense AP reactivity in their cytoplasm. (h.) Paraffin section
of the hepatopancreas stained with H&E. showing many acini (Aci). (i.) The controb cryascetion showing ne AP reactivity. (j.) The cryaesection

of hepatopuncreas shiowing indensely AP reactivity ovar the lumen.

could cxplain the weak AP activity w the luminal surface of the
cropn the tirst and second mrestinal parts, and in the gastric shield
ol the stanich.

The absence o AP activity on the secondary foldines in the
crop cpithelium indicates that (his organ may be the main puart lor
Toad absorption rather than secreting the enzymes. Our observation
is i agreement with Mclean (1970) who lound. by using auleca-
diography with Y C-labeled algae, that in & refescens the crop is
the mrgor absorptive srea. This author alsa demonstrated that the
crop epithelinm is permeahle o phenyladammne and glocose. ow-
cver. ensymes other than protease vy he present in crap. beesose

high lipase activity was deteeted in the crop (Mclean 19703, In-
terestingly. i the testine there s an area called the jongitudinal
fold (typhlosole). which does net exhibit any AP activity us most
cells ave nomgranutated, and this structure probably is involved
mainly in ihe ubsorption, whergas the rest of intestine synthesizes
ane secretes he proféase enzyime.
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Abstract

The transcriptional products of Fasciola gigantica genes encoding cathepsin B proteases were cloned from adult, newly cxcysted
juvenile (NET), and metacercarial stages. The obtained ¢cDNAs were named FG cat-B1, FG cat-B2, and FG cat-B3. The deduced amino
acid sequences of the encoded proteases have identities ranging from 64 10 79%. Sequence comparison with homelogous proteins showed
that ali functional important residues formerty described for cathepsin B are conserved. Southern analysis confirmed the presence of a family
of related cathepsin B genes in the genome of /7 gigantica. Northern analysis revealed a common transcript size of 1400 nucleotides with
abundant cathepsin B transcripts delected in metacercarial and NEJ stages. Cathepsin B transcripts were located by RNA in sita hybridization
in the caecal epithelial cetls, in cells underlining the proximal pari of the digestive tract. and in the tegumental cells underdining the surface
tegument. Furthermore. ranscripts were detected in the lissues of the reproductive system including cells of prostate, Mehlis, and vitelline
glands, testis, and cggs. Stage-specific gene expression was investigated by RT-PCR using gene-specific primers and hybridization with a
labeled cathepsin B probe. FG cat-B1 transcripts were detecled in all stages, whereas FG cal-B2 and FG cal-B3 (ranscripls were expressed
in metacercariac. NEJ, and juvenile parasites only. The switching off ¢f the cat-B2 and cal-B3 genes during the maturation of the parasiles
impticates that these enzymes may be involved in digesting host tissues during penetration and migration o the liver, whereas cal-B1
present in all stages may perform general digestive function.
© 2004 Published by Elsevier B.V.

Keywirds, Fasciola giganiica; Cathepsin B; Northern hybridization: Seulhemn hybridization: RNA in sito hybridizalion; Stage-specific expression

1. Introduction

Fasciola gigantica causes wropical lasciokasis in infected
water buffaloes and caltle in Thaitand and countries in the
tropical region. Moreover, Lthe parasite can also cross-infect
human [1], which has been considered an important pub-
lic health problem in many parts of the tropics. Control

" Note: Nucleolide sequence data reported in this paper are available
w the GenBank'™, EMBL and DDBI databases under the agcession
numbcers AY227673- AY227675.

* Corresponding author. Tel.: +66-2201-3400; fax: +66-2247-9880.

Fowadl address: scpso@maoce mahidol.ac.h (P. Sohhan)

0166-6851/%  sce front natter € 2004 Published by Elsevier BV,
doi: 10,1016/ molbiopara.2004.02.010

of the diseasc is so far carricd out by lreatment with an-
tihelminthics, grazing management, and the application of
molluscicides [2]. All of these preventive methods have lim-
itations and transient effect. Vaceination is considered to be
the ultimate, mast cost-cffective, and susiainable strategy.
Many antigens have been tested as vaccine candidates in
Fasciola spp., such as fatty acid binding proteins (FABP),
glutathione S-transferase (GST), and cathepsin L proteascs
(Catl.) [3-8], because of (heir specific and important func-
tions mn the parasite’s survival. However, these vaceine can-
didates alfect mainly the adull parasiles which reside in the
bile ducl where fower concentrations of antiboches and im-
mune elfector celts are found. In addition, the adult parasites
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have already developed the foll complements of immune
evasion mechanisms. Therefore, the change of damaging and
killing parasites would be higher if the vaccine candidates
can be directed at the newly excysied and juvenile stages.
[n the parasitic life cycle, proteases have been deployed in
somc important tasks, which include lissve penetration, di-
gestion of host tssue Tor nutrition, and evasion from the host
immune responses [Y-11]. Although the most characterized

proleases in Fasciolu spp. belong to the cathepsin L. group of

cysicine proteases [12,13], Wilson et al. [[4] have reporied
that cathepsin B proteases are the major proteases scereted
by thc newly excysted juvenile (NEI) of F hepatica. In are-
cent publication the clening and expression of the major se
creted cathepsin B protein from juvenile F epatica has been
reparted | 15]. This protein could be detected in early stages
ol infection and the investigators suggested that the protease
may help the juvenile parasite in penetration and migration
through the host's liver. However. cathepsin B gene lrag-
menls have alsa been amplified from adult F hepatica RNA
[ 16], but its funclion in adulis has not been studicd yel.

In the present study, we have cloned cDNAs of F gigan-
tica cathepsin B zenes from three different stages {adult,
newly excvsted juveniles, and metacercariae) and analyzed
the identity of their sequences. The genes have been charac-
Lerized in respect to their copy number and differential ex-

pression in several developmental stages. The distnibution of

cathepsia B gene transeripts i F gigantica tissues has been
analyzed by RNA in situ hybridization using a cathepsin B
anlisense RNA probe.

2. Materials and methods
2.1 Parasite specimens

F giguntices melacercariae were obtained from cxperi-
mentally infected snails Lymincea ollula. To activate the ex-
cystment, the metacercariac were incubated in a solution
containing 2% pepsin and 0.5% HCI at 37°C for 45 min
and then in a solution of 0.02M sodium dithionite, 0.2%
tavrochohc acid, 19 NabiCO3, 0.8% NaCl, and 0.5% HC}
al 37 ¢ for ASmin. The melacercariae were excysted in
RPMI-1640 medium (Sipma Chemical Co.. St. Louis, MO,
USA) containing 10% normal sheep serum and 10 g/l
aentamycin at 37 °C Afier 3 of incubation the NEJs were
collected. Adull worms were obtained from the bile ducts
and pall Mladders of nawrally infected animals killed at the
locul abattows. The juvenile parasites were obtained from
Golden Syrian hamster experimentalty infected with metac -
ercariae. The specimens used for nucleic acid preparations
were kepton diquid nitrogen until required.

2.2, Nuclewe acid preparations

Genomic DNA was extracted from frozen and powdered
adull # gigentica as previously deseribed | 17]. Total RNA
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was extracted from developmental stages of K gigantica
by using TRizol reagent (Life Technologies), according (0
the manufacturer’s protocol. Polv(A)™ RNA was extracted
using aligo(dT) cellulose columny from the MessageMaker
Reagent Kit (Life Technologies). Nucleic acids were stored
at =20 C until used.

2.3 Construction of the cDNA libraries

The ¢DNA - libraries from adult, NEI and metacer-
carta of 7 gigantica were constructed using the SMART
¢DNA  library  construction kit (Cloatech), according
to the manufucturer’s protocol. Bricfly, the poly(A)*
RNA [rom the thwee slages were reverse-transcribed inlo
double-stranded  (ds) cDNA with SMART [V ¢ligonu-
clentide and CDSIIA PCR primers. The ds cDNA were
amplilicd by long distance (LI} PCR for coostruction
of mutacercaria and NL libraries, or by primer exten-
sion for the adult library construction. The PCR products
were digesied with prodeinase K and then with Sfil restric-
tion endonuclease before being size-fractiosated through
CHROMA SPIN-40 columns, The ds ¢cDNAs (> bp
lengih) were inserted in the SAIA and SAIB sites ol
ATrpiEx2, and the recombinant DNA was then packaged
in vitroe using Gigapack 1 Gold packaging extracts (Stratu-
gene). The ATriplEx? phages containing cDNA inserts were
subsequently amphificd on plate lysates. The ampliticd li-
brares were checked for their titers and kept at —80°C in
the presence ol 7% DMSO.

24, Library ycreening for carhepsin B genes

Incomplete cDNAs of the cathepsin B genes were isolated
trom the ¢DNA libraries using primers designed from ho-
mologous seguences of 7 feparica. Briefly, 10 wl of cDNA
libraries from cach [ gigantica stage were used as lem-
plates 1o obtain amplificd DNA fragments of the cathep-
sin B gene by a standard polymerase chain reaction (PCR)
with 7ug DNA polymerase {Life Technologies; 35 cycles
at 94, 55, 72°C. 1 min cach step) using a forward primer
{3 TGGCCACAATGCTGGACG 3') and a reverse primer
(5 TCAAAGACGTGGCATTCC 3 deduced from the nu-
cleotide sequances ol a £ hepatica cathepsin B gene | 14
The obtained PCR products were labeled with radioactive
FPadC TP using the Hexalabel DNA Labeling Kit (MBI Fus-
mentasj and vsed as probes 1o isolate full leagth cDNAs

The ¢INA libraries were soreened to obtain complete
sequences of cathiepsin B genes according 1o the procedure
of Sambrook el al. (18], Bach library was plated out with
5 % 10% pfu per petri dish (diameter 15¢m) and grown al
37 "C for 810 h until the plaqucs just began to contact cach
other. After a plague lift 10 nylon membranes the released
and denaturcd DNA was fixed by baking at 80°C lor 2h.
The membrancs were hybridized with cathepsin B probes
consirncled as mentioned above al 42-45°C overnight in
S0% formamide, 53 SSPEE 5% Denhardt’s solution, 0.53%
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SDS, and 100 pg/ml denatured, low molecular weight
salmon sperm DNA. Autoradiographic film was exposed
o the membranes overnight at —70°C with intensifying
screens. Ten cathepsin B-hybridized clones were isolated,
converted to pTriplEx2, and analyzed by restriction en-
donuclease digestion and agarose gel elecirophoresis. DNA
sequencing was done at MWG AG Biotech, Germany
and NSTDA Bioservice Unit, Thailand. Sequence analysis
was done with MacMolly Lite (Softgene, Germany) and
BicEdit (hitp://www.mbio.ncsu.edu/BioEdivbioedit.himl}.
The cathepsin B genes obtained from the aduli, NEJ, and
metacercaria libraries were named FG cat-Bl, cai-B2, and
cal-B3, respectively.

2.5 Nucleic acids hybridization analysis

Southern and Northern blot analyses were done as pre-
viously described by Grams ct al. [17]. For Scuthern
blot analysis, 10 pg each of genomic DNA was digested
with restriction endonucleases EcoRI. Psil. EcoRI/Psil
and size-scparalcd in a 0.7% agarose gel in TBE bufter
For Nerthern blot analysis, 5 and 25 ug of total RNA
was size-separated in 1.2% agarose gels containing 2.2 M
formaldehyde in 1x MOPS buffer. Nucleic acids were
iwansferred (o nylon membranes (Schleicher & Schuell).
Hybridization was done at 50°C (DNA) or 68 °C {(RNA)
50% formamide, 5x SSC, 2% blocking reagent (Roche),
and 0.02% SDS for 15h. A digoxigenin (DIG) labeled RNA
antlisense probe generated from the full length cat-B1 clone
was produced with the RNA DIG Labeling Kit (Roche), and
used in Southern, Northern, and in silo hybridizatons, A
DIG-labeled RNA sense probe of the cat-B 1 clone was con-
structed by the same method and used as control. The nu-
cleie acids detection was done cnzymatically using alkaline
phosphatase and CDP-Star (Roche) chemiluminescence.

2.6, RNA in situ hybridization

Cathepsink B mRNA  was detected 10 the (issues of

adull and juvenile Fogigantica using a DIG-labeled RNA
cal BY aniiscnse probe, The purasites were first fixed in
DEPC-treated phosphate buffer saline (PBS: 140mM NaCl;
2.7mM KCl 10mM NagHPO4:; 1.8 mM KH2POy4; pH 7.4)
conlaining 4% paraformaldehyde, pH 7.4 for 3—4 h at room

ahle |
yprecilie primers used for PCR analysis

temperature and then ernbedded in paraplast. Tissue sections
were cut (10 wm), dewaxed in fresh xylene, and rehydrated
in scrial dilutions of ethancl, i.e., 100, 95, and 70%. and fi-
nally in DEPC-treaw:d H;O. Prehybridization and hybridiza-
tion of lissue sections with a DNi-labeled cat-B1 probe
were done following the protocol of the non-radicactive
in situ hybridization application manual (Reche). Briefly,
the iissue sections were freated twice with PBS contain-
ing 100mM glycine for 5min cach, and then with PBS
containing 0.3% Triton X-100 for [5min. The sections
were subsequently permeabilized with TE buffer containing
5-20 pg/ml RNase tree proteinase K at 37°C for 30 min,
post-Axed with PBS containing 4% paraformaldehyde for
Smin at 4°C, and acetylated with 0.1 M triethanolamine
(TEA) buffer, pH 8.0, containing (.25% (v/v) acelic anhy-
dride for 3min. Prehybridization was done by incubating
with 4x SSC containing 50%. (v/v) deionized formamide
at 37 °C for at least [Omin. The sections were incubated
with hybridization buffer (40% dcionized formamide, 10%
dextran sulfate, | x Denhardt’s selution, 4= SSC, 10mM
dithiothreitol, | mg/ml yeast +-RNA, Img/ml denatured
and sheared salmon sperm DNA) containing 5-10ag of
DIG-labejed cat-B RNA probe at 45 'C overnight. The hy-
bridized sections were washed in a water bath at 37°C as
follows: two times 10 2% SSC, 1wo times in 1x SSC for
13 min cach, in N'TE buffer (500 mM NaCl, 10mM Tris,
I mM EDTA, pH 8.0) containing 20 pg/ml RNase A for
30minat 37 °C, and two Limes in 0.1x SSC for 30 min each.
Immunological detection was done using anti-DiG-alkaline
pliosphatase and NBT/BCIP substrates. Control experi-
ments were sitilarly done but with a DEG-labeled sense
RNA probe.

2.7. Stage-specific expression of cathepsin
B genes by PCR

The cDNA librarics were used ag starting materials for
PCR analysis employing three sels of gene-specific primer
pairs (Table 1). The PCR was sct up as described bafore lor
the isolation of the cathepsin B geies. The PCR producis
were Lransferred 1o a nylon membrane and hybridized with
a cal-B1 antisense RNA probe. Delection was done as de-
scribed before. A control experiment was done by RT-PCR
with total RNA extracted from adult and juvenile parusites.

S Primars

| FG cat-Blifarward )
I'G car-B l{reverse)
I FG cat-B2¢forwanii)

Silences

5 -TCGTCUTAGACTATGTTCG-3

FG ocat W2 reverse) A TGAATTTACCGGCCACG- Y
11 FG cur-R M torward) 3 TCCTCATAAACAAGGCTOG Y
FO7 oo B Aseverse) STCAGAATGOGAACACAC ¥

YU P boder grgenicio o

Fronluct sive

aln
SOTAAATCGTACTGACAGG-V
3" -CACGGCGCCAGCCAGTGE -3 500

by




3. Results

3.1 Cloning and sequencing of the ¢DNAs encoding
cathepsin B of F. gigantica

Screening of the cDNA libraries, using the gencrated F
gigantica cathepsin B fragments as probes, resulted in 270
positive clones out of 5 x 10% plagues from the melac
ercaria cDNA library, 100 positive elones out of 5 = 10
plagues from the NI ¢DNA library, and |2 positive clones
oul of 5 » L0* plaques in the adult ¢cDNA libracy. live
of the fen selected clones from each library contained the
complete coding seyuences for cathepsin B genes. The
clone isolated from the adult cDNA lLibrary (named cat-B1)
showed an open reuding frame ol 1008 nucleotides en-
cuding a cathepsin B protcase of 335 mmino acid residues.
The ¢lones isolated from the NEJ and setacercaria cDNA
libraries (nwned cat-B2 and cat-B3) contained open read-
ing frames of 1020 and 1014 nuclentides which encoded
proteases of 339 and 33
(Fig. 1),

Analysis of nucleic acid and deduced amino acid se
quences indicated (hat these three clones encoded putative
cathepsin B proteases. Identities between thic clones ranged
from 04 10 79% (Table 21 Aligament of the cathepsin B
amino acid sequences showed that the ol consensus pat-
tern (GIn-X(3)-[Gly, Glu]-X-Cys-Trp-X(2)-[Ser, Thr, Ala,
Gly]), where X is any amino acid residue, and the active
00 Agn220

apmine acid ressdues, respectively

site residues (Cys™, His
) are highly conserved in the sequences of £
nthepsin H iFig. D 141619 217 An oceluding
loop {residues 104-127, human cathepsin B numbering)
and 1?2 cysteine residues forming disulfide bridges are also
conserved in atl three cathepsin B proleins, However, from
the two His residues 110/111 which are responsibile for
exopeplidase activity as found in mammalian cathiepsin B
[22,23] oaly His''" is conserved. The pre—pro region of the
protein mvolved in the inhibition ol the enzyme activity,

., human cathepsin B
numberi

gigantiva
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correel folding, and stabilization of the cnzynie, is also
highly conserved (Fig. 1). By analysis with the Signall® pro-
gram (hitp/fwww.ehs.dtu.dk/services/SignalP) and compar-
ison with mammalian cathepsin B, amino acids 1--15 of all
three £ gigantica cathepsin B protoins form the pre-region
and amino acids 16-83 form the pro region. The mature
protease, after cleaving off pre- and pro-regions, varics in
length from 250 amuo acids in cat-B1, 10 254 amino acids
in cat-B2, and 252 amino acids in cat-B3 (Fig. 1).

3.2. Gene copy number of F gigantica cathepsin B

A Southern blel analysis was done to estimate the cathep-
sin B pone copy number in £ gigantica. Genomic DNA
extracted from adull B gigantica was digested with restric-
tion endonucieases LeoRI and Psil. The cloned cathepsin
B ¢DNAs do not contain recognition sites for these en-
zymes. The digested DNA was size separated by aparose gel
electrophoresis, transferred 10 a nylon membrane and hy
bridized with a FG cat- Bl antisense RNA probe using strin-
gent hybridization conditions. Five 1o six DNA {ragments
of 4-23 kb size were detected with a single prominent hy-
bridized band (Fig. 2). The observed hybridization patiern
indicates a small family of closely related cathepsin B penes
in I vigantica.

3.3. Cuathepsin B gene expression anulvsis

A Northern hlot analysis was donc with total RNA ex-
tracted from metacercaria. NEJ, 6-weeks-old juvenile, and
adult £ gigantica using a cat-BJ antisense RNA probe.
Under standard stningent hybridization conditions at 6% C,
the probe hybridized 1o transcripts of approximately 1.4 kb
length in all developmental stages (g, 3A-C). Cathep-
sin B franseripts were found o be abuadant in metac-
ercarial NET less abundant in 6-wecks-old
juvenile, and to cxist only in small amounts in the adult

stage.

ant stapes,

Tabke 2
Sequunce Identity'stimilarity matins of Faacnede cathepsin B amino sl sequence
FGocan-130 H0 cat-Hi2 FG cat-B3  FH USEGN) FH AJJESUTE! FH LXL76RY SIX70868  SM MZ{30Y HS L1630
G ocan-B 1 G.81 (142} X7 (+79 .50 .67 (s [PFE]
FG o B8 065 | 87 i ] (.56 077 i 0 G
TG car-led [ER 11 £ 1 &2 79 o857 LH7 [N {1
FH LS8N 008 1199 e I 0 & 155 o [ L
FH AJ4KEWZE 069 0.65 0.66 063 1 U5 w66 6% 063
FH 22X ThE 0.35 0.36 0.25 (39 0.38 | 0.55 755 [#
S K7096R 048 049 .44 aan 0.52 0.36 ] (N9 iy
SM M2130Y 0.49 [ED} 0s0 .40 152 (1,37 1 fits
HS Linslv 044 0.4 044 045 48 [ 1) {dh [
The simdlunty values betw wodifferen! sequences analyzed usig (e CURSMET mang wre shown in itabio, while their ideptity valies are shiven in

plain fext fooneiting

Only tee available partial sesquences were used Tor calculution, FH: Fasciola hepatica: S1: Schistosoma japonicuns, SM: Schistosoma wansoni; HS:
Henp sapreens. USRO0D ([ 14], complete sequence meported in (151, AJ4R8928 Junpublished], Z22768 [16]. XTOU6R [19]. M21309 [20], L16S1HI [21] are

soeessil minphess 0t cathepsin B oseguence

paitahle from GenBank ™.
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FG-cat-Bl1 1 - -MSWLLIFATIVVVQAAPNHKP - -QPRPFSDELIRYVNEESGASWKAARSTRFNNIEQFKKHLGALEETPERRNTRRPT 7
FG-cat-B2 1 T
FG-cat-B3 e 70
FH-T58000 1 76
FH-AJ4688928 1 6
FH-Z22768 1 .. e i
S5J-X70968 i MLEIAVY.VSLFTFLE.HVTTRNNQRI..L.. .M.5F1. .BEPD.G...DR.D. .HSLDDARILM. .RK.DA.MKRN. ...
SM-M21309 3 MLT.T.C.ASL.TFLE.HISV.N.EK...L,.DI.5.I, .HPN.G.R.EK.W,  HSLDDARIQM. .RR.E.DL.RK.... 1
HE-L16510 1 WQ.WASLCCLL.L.NARSR...§.H.L....VN...KR-NTT.Q.GHNFYNVDMSYL .RLC.TFLGG. --- -~ Ke.Q 70

r——i——*———d . [ -
FG-cat-H1 17 VRYSVSENDLPESFDAREKWPNCSSISEIP QSSCSSCWAV TASAMTDRICIHSNGEKKPRLSAVDLVSCC PYCGYGC 15-
FG-cat-B2 Wl OIKHDY.K.......... 5Q..Q.WT....R..A..G....TAA....B.. V... ... QMR. ..A.A.PL,...T...Q.. 1065
FG-cat-B3 T Q.-A..P..... S 88... L. i .enn... [+ T I.1..... Ao, a5
FH-U580040 T OIRMDILE. .. ..., SQ..Q.WT .R..B..G TAA....85..V...... QMR A.A.PL T...Q £55
FH-AJ480928 L N L.R..RQ....... [N AGVG..S..V...... MMQ.E. .. Y. ...... 5...N.. _dh
FH-7%22768 e GQ.GW...F.-..T.S..... A.Q.KHT.V...ENM.D...TS..M.. 4
S5J-X70%68 41 .DHHDLNVETI.S5Q..S.K.. H.X...Q.R...R.G... . F.AVE. .. ..... Q.G.GOSAE. . .L..I....RD..D |
SM-M21309 B0 .DHNDWNVEI.SWN..S5.K...G.K..AT.R...R.G...SF.AVE..S..8,.Q.G.KQNVE...... LT...ES..L I
H$-L16510 71 RVMFTEDLK..A...... Q..Q.PT.X..R..G..G LFLAVE.IS. . ... . T.AHVSVEV..E..LT..GSM, .D

. . £l . .
FGrecat-Bl o RGRY PSMAWDYWWRHGIVSGGY LENPTGCLPYPFPKCSHLEETPGLAPCPRELYATPKCBRQCQAGYSKTSEEDKIRGKS
FG-cat-B2 i56 R....PE..... M.E...T...W..R...Q.WM.T..D.V@GDSRRYSRE..HYT.P. .P.ARA. . T..N..Y.Q..FY.N. =i
FG-cat-B3 156 W..X.A.8 CTLBLVLT. e e GVV,.,..P....DI.P...... K.H...N..Y.Q..V, ...
FR-U5800¢C 150 R....PR... .. M.E...T...W .Q.WM.T..D.VGDSRRYSR. .HYT.P. .P.ARA..T..N..Y.Q..FY.N.
FH-AT488928 100 Q..3.PA....... P 0.R.PESRSQ.N. .. . ¥T.2..5.¥YPY..... D..Y.K..V¥..T
FH-722768 iF  N..GFPLELGSIGKKTRSCHRWFVRIERWM.TILVPSLRTSRDWTET, NQDV-T..A.KHT.RP..NM.YQK..WYART 12
5J-X70968 180 Q.. F.GV...,. VER...T,.8K..H...Q....... E.HTRG-KYPA.GTKI.K..Q.KQT..K..KTPY.Q. .HY.DE 231
5M-M21309 1 L JILGP. ... VEE...TASSK. .H...E....... E.HTKG-EYP..GSKI.N..R.XQT..REK.RKTPYTQ, .HR... 4,
H§-L1E510 50 N....AR. . NF.T.K.L....LY.SHV..R,.S5I.P.E.HVNG-5RP..TG.G-D....5.L.EP...P.YKQ. .HY.¥YN Il#
* *
FG-cat-Bl 416 SYNVGDRETDIMMEILITNGPVSTIYYIFEDFTVYRSGIYQYTSGSLMGGHGT - - IGHGVENGVEYWLAANSWNEGWGENG 41 |
FG-cat-B2 i 1 F, EH.SY..Q..ME....EVIFA..Q..G..R... .HHVA.KFI.R.AVRM......... N.o.. M., E..... 15
FG-cat-B3 & ... BQ...F....MK....DG.F.M....L LTLR.VLLLALRVL L L L I, .. K.
FH-USB000 108 .., .. BH.SY..Q..MK....EVTFA..Q.. HHVA.KFI.R.AVRM......... N...M..LLL E.....
FH-AJ4HB5248 4% ....DRH.YT..E..MK....ERGFIVYT.. HHV. .RYA.K.A.RI._ ........... T..... Voo, e
FH-%Z22768 127 V.K.PAD.HR..R.LL....MEVSFEVYG. .P5....V..------. T —ctse-eest= =- 1
5J-X70968 <37 ... QNN.EV.QRD.MMY.. EAAFDVY. .. RHYT..IV...A.RI...... ERTP...I...... B...K,. ]
SM-M21309 ....KEND.FA.QF..MKY...BEASFTVY.. .LN...... KHIT.EAL...A.RI....... 1 JERR SRS, gy
HE-L16510 ;4 ..5.SNS.K...A..¥YK....EGAFSVYS. . LL....V..HVT.EM....A.RIL....... TP...V..... TD..D.. 404
-

fG-cat-B1 135
FG-cat-B2 339
FG-cat-B3 13
FH-U58000 319
FH-AT488920 M.RLQENITNHH 337
FH-222768 166
SJ-X709568 Jaz
SM-M21309 T iH .V..RD,.S...EVI..RIN. ..., .... 340
HS-L16510 e F.K,L..QDH. .... EVV.._.I.RTDQYWEKI, 339

Fig. I. Algnment of the dedneed B piganne o cathepsin B sequences (B cin-Bi, PG cu-182 and G ocae B3) with selmed o rases, Full
identical (o that s FGocat-B1. (F) indicates the fGirst amine acid of e P segtion and the
matare proiein in £ gipendes cathepsin B, respectively, The thiol consensus patern represented as (F—), active site residues, {%); cysteine residues

e i given for G ocal-B1. Dois indicate sequence

involved in disullide honding, (o). FG: Favcioda givansive,
weguence 1s reporied in [FF]). Addd

sephets LISEOOD i) 14] complen

aceession murbers of cathepsm B seqoences wailable from GenBank ™

3.4 Distribution of cathepsin B gene transeriprs

The localization of cathepsin B RNA in parasile tissucs
was donc hy in situ hybridization on sections of adult and
d-wecks-old juvenmibe £ gigantica, using a cal-Bl antiscnst
RNA prabe. In both stages, the cathepsin B mRNA was To
calizetd in the caceal epithelial cells and cells underlining
the proximal part of the digestive tract which included the

TFH: Fasciolie bepatica; SI: Sefustesana ,'upmln'nm' SM: Schiistoaomg marsoons WSt Heomy
Q2K [unpuhlished]: Z22768 (16];

TORE [19)0 ME2T309 (200 L16510 J211 are

pharynx, oral, and ventral suckers (Fig. 4A-C). Morcover,
cathepsin B mRNA wax detected in the tegumental cells un-
derlining the surface tegement (Fig. 4A, B and D). Inter-
estingly. in the acdult parisiles cathepsin B mRNA was also
detected in the tissues of the reproductive system, such as
cells ol prostate pland, Mehlis gland, vitelline gland, testis,
eges, and cells underlining the uterine epithelium (Figs, 4D
and 5A- ).
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g 2 Southern hybridization analysis of £ gryantica genoize DMNA with
acithepsin B probe. Five micropiam eacl of genomic DNA were digested
willy FeoRl (Qane 1), Fal fline 23, EcoREMe (lane 33, sioe separated
in w 0.7% agmrose pol ond hybndized with 0 BG cat-Bl antisenss
probe. Lamidsia DA digested with EroREVHadIT was wseil as 2 markes
repiiesented on the left hand side.
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3.5, Stage-specific expression of Fgiguntica cathepsin B
genes

PCR products were obtained from the three ¢DNA Ti-
braries using pence-specitic primers for cach cathepsin B
gene (Table 1), The PCR products were transferred to ny-
lon membranes wd hybridized with a cat-B1 antisense RNA
probe. The cat-B1 fragment was detected in all three ¢cDNA
librarics, while the ¢at-B2 und cat-B3 tragments were de-
tected only in metacercaris and NEJ ¢ DNA hbraries (Iig.
6). This result indicated thal the cat-B1 gene was expressed
in all stages of the parasite. whercas the cal-B2 and cat-B3
genes were expressed only in netacercarial and NITJ stages.
The sume result was oblained by RT-PCR with total RNA
extracled frony developmental stages as used for ¢DNA -
brary construction.

4. Discussion

In this study we have cloned three c¢DNAs encoding
cathepsin B proteases from stage-specific libraries {adul,
NEJ, and melacercaria) of & gigantica and analyzed their
stape- and tissue-specific expression by Northern hybridiza-
tion, PCR wechniques and RNA in situ hybridizauon. The
three cathepsin B clones showed differences in length and
nucleotide/amine ocid scquences which jmply that they
are distinet members of the same gene tamily. Interest
ingly, FG cat-B2 showed 99% identity to K hepatice NEJ

6000 —
4000 —
3000 —

2000— '
1500 — "
1000 —

500 —

00—

)

Tag 3 Northern hybridizabon analysis of Foogeganties otal RNA with o FG ocat-B1 antisense RNA probe. Panel A total RNA (5 pg) extrcnsd from

mwlaczrearae (lane 1), NEF (ane 21 0-weeks 0] juveniles (lane 3, and adult purasites {lane 4) separated in a | 27 formaldehyde -

el hefore

Blonng. Pancl B0 cathepsin B gene transoripts detected atter bybodieaiion, Panel C sotal RNA (35 ppd extractesd from adult poonaiies beboe (lane 1) and

After hyhndiaton (Fane 2f wili o cathepsin B probe. Trascripy sizes (nuckomdes) o shown on e seft kand side chigh rang

MHEI Fermentisd

markes, HNA facdes
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Fip. 4. Lecatization of cathepsin B mRNA in K giganrica by in sstu hybridization using a FG catl-B1 antisense RNA probe (A) Cross wection of an adult
Auke, showspe positiee aomning i coccd epitheliom (Ca)d, egumentad cells (Tg), wests (Te), and viteline pland (Vg), (3) Soeital section of a 4 weeks
juvenile luke, showing positive staimng at the same oigans as found in adult Auke, except in the eproductive Lissues which s not yet developed. (C)
Al coeecal bifercaron (Chl the staining was present both in the caccal-lype =pithelium tCa) of the distal dipedise ract and inwcpumental-type epithehom
{TU of the proxnual dlgestive tact. (1) Higher magnification ol a cross-=tclion ol an adulc fAuke, showing the positive shdining 0 the ciaecal ('pilh('lium
(Co, tenamental coils (Tpo, nnd vitelline pland (Vg (B Conirol sectinn stained with a FG car-Bl sense RNA probe.

cathepsin B [ 151 with only three amine acuds different in the
pre/pro-region. The DNA sequences coding for the mature
form of the enzyme are compictely identical which indi-
cales a very ciose relationship beiween the two species. The
deduced amino acid sequences of all clened K gigantica
cathepsin B genes comain the residues generally conserved
in the cathepsin B Lumily (Fig. 1), exeept for the absence
of the His'"' residue, which is present in manymalian

cathepsin B as substrate hinding site for the exopeplidasc
activily [23]. This residue is replaced by Leu, Val, and Gly
in cal-BI, cat-BZ2. and cat-B3, respectively. However, the
exopeplidasc aclivily of calhepsin B in /£ gigantica is nol
affected because His'!'! is not critical for the CNAYMC dc-
livily. In human cathepsin B the imwation of His''! 10 Ala
showed only a small decrease of exopeptidase activ ity when
compared with the mutation ol cross bridge TTjs#'% and
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Fig 5 Localization of cuthepsin B mBNA in be eprodmtive issues of adult £ giganticn by in st hybridieation osing FG car- 3] anlisense HNA
prote. (A Postiive staining an e prestate gland” coble (P, anow), cells underlining the cirme cpithelium (CL anow), ond lemgle genita) conl (B,

wiiew ). A1) Positive staining in cells in te Mehlis gland (Mg, arow b (O D) The positive staining in voelling colle within e cogy
dages (arowa) wilhim the testicular 1ubule.

uterine lumien. (1) Positive sttining o cells of vanoos spormalogienest

Asp??, which showed a dramatic Toss of the activity [23].
Vhe exopepiidase activity of the cathepsin B in Fasciolu
spp. need ta be turther analyzed biochemically.

The cathepsin B proteases of ! gigantica are encoded by a
gene lamily comparable to the catiepsin L proteases of Frs-
viala spp. |16,17] or Schistosomea mansoni [24| The sirin-
gent hybridization conditions used in this study limited the
dutection sensitivily to only closelv related genes. This sub-
group of cathepsin B genes may not contain more than threu
members assuming only a single recognition site Tor one of

[Eg) moesend in the

the used restriction endonucleases in intron sequences. Vari-
ations in the strength of the hybridization signal are due to
differences in the DNA scquences and probe overlap.

The processed transcripts of the cathepsin B genes are of
approximately .4 kb size. An average of 1000 nucleotides
are contained in the coding region and 300 nucleotides, not
including the poly(A)T tail, make up the 3-untranslated re-
gion, This indicites a short length of the $'-untranslated re-
gion of the mRNA. The combination of Northern and PCR
analyses showed that the three studied cathepsin B gones
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Fig. 6. Southern hybridization of PCR products gencrmed from cDNA 1j-
brary samples with gene-specific primers (Table 1), A 7 cu-B1 antisense
RNA probe was wsed for hybndization. Lanes 13— udull cDINA; fancs
4-6 = NEJ cDNA; lane § = metacercariac ¢DNA. Lanes 1-7 = PCR
product using set | priiners: lanes 2, 5, and 8 = PCR product using
set It primers; lanes 3, 6, and 9 = PCR product using set 111 primess.
Twenty-five microliters of the PCR products were loaded in cach lane.

are differentially expressed. Metacercarial and NEJ stages
coniain abundant cathepsin B transeripis, whereas less ran-
scripts were (ound in 6-wecks-old juvenile and adulis; and
the latter of which centained the lowest amaunt of RNA.
This corresponds to the results observed during screening
of the cDNA librarics in which the metacercaria and NIJ
libraries showed higher numbers of posilive plaques (han
the adult hibrary. The prescnce of these transcripts in early
developmental stages is also matching & previous study in
which cathepsin B proleins were detected in carly F hep-
atica stages [13). The abundance of cathepsin B transcripts
in metacercariae and early juveniles sugpgests that the pro-
teases are important in the stage of penetration and in the
excystment of metacercariae. In the present study we have
also demonstrated the stage-specific expression of cal-Bl,
cal-B2. and cat-B3. Cal-B! mRINA could be detected in all
analyzed stages, whereas cat-B2 and cal-B3 could be de-
tected only in NEI und metacercariae. This may indicate the
swilching oft’ of the cat-B2 and cat-B3 genes as the para-
sites become mature. The reason could be that cat-B1 may
be a general protease that the parasites, especially the adult
stage, use in the routine digestive function. Since the intes-
tine of the juvenile fluke has only a sccretory function, and
not yet the absorptive function as in adult fluke |25]. cat-B2
and cal-B3 may nol possess the general digestive funclion
for acquiring nurrition but may be involved more specifi-
cally in the parasite invasion and migration, thus they are
present only in metacercariae, NEJ and possibly very carly
juvenile stages.

In adult and 4-weeks-old juvenile parasites. the cathepsin
B transcripls were found by RNA in situ hybridizauon in the
caecal epithelial cells, cells underlining the proximal part
of the digestive tract inctuding cral and ventral suckers, the
tezumental cells underlining the surface wgument. Further-
more, in the adult stage the transcripts were detected in cells
of the prostate, Mehlis, and vitelline glands, tesns, eggs and
cells underlining the uterine epithelium. In a previous study
of Fl hepatica, cathepsin B was detecied 1n cleciron-dense

granules within the caecal epithelium of NEJ and within the
parenchyma of the adult parasite [26]. Our study corrclates
with this finding in detecting cathepsin B genes in the cae-
cal epithelial cells of the adult £ gigantica, suggesting its
possible function as a general digestive enzyme. Morcuver,
we have shown that cathepsin B is specifically expressed in
the cells underlining the proximal part of the digestive tract
(anterior to caecal bifurcation) whaose epithelium is Lthe tegu-
menfal 1ype rather than the caccal type [27]. This pattern of
cxpression is similar to the tegumental cells wixlerneath the
surface tegument. It is conceivable that cathepsin B from
the 1egumental cells may also be scereted outside to per
form immune evasion funchions, possibly by preventing the
attachments of immune effector molecules [10] and cells 1o
the surface of adult parasites, and 10 aid in the stoughing of
the tegumental glycocalyx [28]. Direct evidence for cathep-
sin B secretion across the tegument syncytium is, however,
still lacking. Up te now there is no report on cathepsin B ex-
pression in cells of the parasites” reproductive system. The
presence of cathepsin B mRNA in adult reproductive glands
associated with the production of eggs and sperm is quite
surprising. The synthesis of cgp shell requires the partio)-
pation of secreitons from Mchlis gland [29], and vitelline
gland [29-31). It is possible that cathepsin B present in the
cells of these glands may be involved in the processing of
the precursors for the egg shell proteins into proper sizes
hefore they could be asscmbled into the mature cgp shell
proteins. Cathepsin B found within the vitelhine cells of de-
voloping egos [32] may also perform in a similar process of
cpg shell production. Morcover, cathepsin B protease may
be involved an the degradation of vitetlogenin, a yolk protein
precursor, during embryogenesis as previously investigated
in a varicty of animals [33-35]. In the male reproductive
systemn this enzyme may be a part of the acrosomal enzymes
as lound in some species of veriehrite animals, for exam

ple, in Xenopus sperm, cathepsin B is an acrosomal enzyme
which participates in the egp activation during fertilization
|36]. However, the localization of Lhis enzyme in the sperm
head of £ giganrica still remains o be demonstrated.
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Molecular Cloning and Characterization
of a Glutathione S-Transferase Encoding
Gene from Opisthorchis viverrini

Veerachai Eursitthichai', Vithoon Viyanant'®, Suksiri Vichasri-Grams’, Prasest Sobhon?, Smarn Tesana®,
Suchart Edward Upatham®, Annemarie Hofmann®, Giinter Korge® and Rudi Grams®

Opwsthorchis viverring 1s the
agenl of opisthorchiasis and causes
serious health problems among
human populations in North and
Northenst Thailand. The prevalence
of opisthorchiasis in Northeastern
Thailand is estimated to be 18.57%
which means about 6 million people
are infected.” Infection of humans
takes place through consumption of
raw or undercooked cyprinoid fish
harboring infective metacercariae,
The parasites remain in the bile ducts
for many yuars causing hepatobil-
iary diseases such as obstructive
jaundice, hepatomegaly, cholangi-
tis, cholelithiasis and cholangiocar-
cinoma.™ Infected persons develop
steong humoral and cell inediated
immune resphises probably due (o
the contact of parasite products with
the host immune system  through
the inflamed cpithelial hning of the
bile ducrs.

At present, knowledge about
the host/parasite relationship and
molecular biolowy of O viverrini is
limited. Scveral protein antigens
have been characterized and used

SUMMARY An adult stage Opisthorchis viverrini cDNA library was con-
structed and screened for abundant transcripts. One of the isolated cDNAs
was found by sequence comparison to encode a glutathione S-transferase
{GST) and was further analyzed for RNA expression, encoded protein
function, tissue distribution and cross-reactivity of the encoded protein
with other trematode protein counterparts. The ¢DNA has a size of 823 bp
and encodes a GST of 213 amino acids length (OV28GST). The most closely-
related GST of OV28GST among those published for trematodes is a 28 kDa
GST of Clonorchis sinensis as shown by multiple sequence alignment and
phytogenetic analysis. Northern analysis of total RNA with a gene-specific
probe revealed a 900 nuclectide OV28GST transcriptional product in the
adult parasite. Through RNA jn situ hybridization OV28GST RNA was de-
tected in the parenchymal cells of adult parasites. This result was con-
fimmed by immunolocalization of OV2BGST with an antiserum generated in a
mouse against bacterially-produced recombinant OV28GST. Both, purified
recombinant and purified native OV28GST were resolved as 28 kDa pro-
teins by SD5-PAGE. Using the anti-recOV28GST antiserum, no or only weak
cross-reactivity was observed in an immunoblot of crude worm extracts
against the GSTs of Schistosoma mansoni, S. japonicum, 5. mekongi,
Eurytrema spp. and Fasciofa gigantica. The enzyme activity of the purified
recombinant OV28GST was verified by a standard 1-chloro-2, 4-dinitro-
benzene (CDNB) based activity assay. The present resuits of our moiecular
analysis of OV28GST should be helpful in the ongoing development of
diagnostic applications for opisthorchiasis viverrini.

for immuncdiagnosis and attempts
have also been made to develop a
method to detect parasite DNA in
feces.'”"? Both techniques have been
found to be effective but have still
not replaced microscopic examina-
tion. In order to develop an immu-
nodiagnosis with high sensitivity
and specificity, a good candidate
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antigenic protein must be studied.
Moreover, this protein should be
readily available with high quality
and purity. Glutathione S-transferase
(GST) is a catalytic enzyme which
is active in the parasite’s defense
mechanism by detoxifying bioac-
tive chemicals. Two isozymes of
GST have been reported, a 26 kDa
cytosolic enzyme and a 28 kDa
tegumental cnzyme. GST is an
antigenic protein of frematodes that
induces a strong host immune re-
sponse. Recombinant GST has been
used for detecting lgG and IgE an-
tibodies in clonorchiasis.'® [a the
present study, the genc that codes
for Q. wviverrom GST was cloned
and the recombinant 28 kDa GST
was characterized and compared
with GSTs of ather species.

MATERIALS AND METHODS
Construction of ¢cDNA library

Adult O viverrini (1 mg wet
weight) obtamed from infected ham-
sters (Mesocricetus, auratus) were
lomogenized in TRIzol reagent (In-
vitrogen-Life Technologics. Carlsbad.
USA) by use of an Ultra-Turrax 123

homogenizer (IKA, Staufen, Ger-

many) and the total RNA was ex-
tracted. The RNA (1 ng) was used (o
construct a dircctional cDNA library
in Lambda TriplEx2 (SMART cDNA
synthesis kit, BD Biosciences-Clon-
tech, Palo Alte, USA). The recom-
binant Lambda DNA was packaged
in Gigapack 11] Gald packaging ex-
tracts (Stratagene, La Jolla, USA).
The primary library (4 x 10° pfu/ml}
was amplificd to a titer of 1 x 10 pfu/
mland stored at -80°C in 7% DMSO.

Screening of cDNA library

The c¢DNA  library  was
screened for abundant transcripts with

a "P-dCTP labeled mixed cDNA
probe {Hexalabel DNA |abeling.
Fermentas Life Sciences, Vilnius,
Lithuania). Briefly, a plague Iift of
50,000 plagques was done to a nitro-
cellulose membrane (BABS. Schiei-
cher & Schuell, Dassel, Germany)
and the DNA of the transterred
phage particles was released and
denatured under alkaline condi-
tions. The air-dried membrane was
baked at 80°C for | hour. prehy-
bridized and hybridized in 5x
SSPE, 5x Denhardt’s solution, 50%:
Formamide, 0.5% SDS. 1 mg/ml
herring sperm DNA. and 20 ng/ml
of the "P-dCTP labeled ¢DNA
probe. The hybridization reaction
was done at 55°C for 16 hours.
Posthybridization washes of the
membrane were done in Ix SSC,
0.1% SDS at room temperature for
10 minutes and in 0.1x SSC, 0.1%
SDS at 50°C for 30 minutes to re-
move nonspecifically bound probe.
An autoradiograph of the air-dried
membranc was produced on Kodak
XAR-S film at -80°C for 16 hours.
Positive plaques were  recovered
from the criginal plate and re-
screened at low density (100-200
pfu/90 mm plate) to obtain single
clones.  Cre-recombinase-mediated
recombination was used 1o release
the pTriplEx2 phagemid carrying
the cDNA from the viral DNA.
Several single clones were abtained
but only the analysis of clone CT1A2
is reported in this publication.

Sequencing and sequence analy-
sis of cDNA

Plasmid DNA was prepared
using the et Star Plasmid Midi Kit
(Genomed, Lohne, Germany)., Se-
quencing of the ¢cDNAs was done
by MWG AG Biotech, Ebersberg,
Germany,  Sequence analysis was
done using MacMolly Lite (Soft-

Gene GmbH. Berlin, Germany).
The BLAST program'® was used to
search the GenBank database for
related sequences. Multiple sequence
alignments were done using the
CLUSTAL W program'® through
the emboss emma program.! A
prediction of the secondary struc-
ture of the encoded protein was
done by the PHD program.”™ A
phylopenetic tree was constructed
to examine relationships among se-
lected homologous proteins using
the program PAUP 4.0" and based
on 1,000 replicates

Northern hybridization

Twenty micrograms of toal
RNA was size separated in a 1.5%
denaturing agarose gel (2.2 M for-
maldchyde) in 1x MOPS buffer
(0.2 M MOPS [3-(N-morpholine)
propanesulfonic acid], 50 mM so-
dium acetate, 10 mM LEDTA ad-
justed to pH 7.0) and transferred 1o
a nylon membrane (Nytran N
Schleicher & Schuelly. The air
dried membrane was baked at 84°C
for | hour, prehybridized and hy-
bridized in hyvbridization bufter [I
{(5x SSC, 2% blocking solution,
50% formamide and 0.02% {(w/v)
S138) at 65°C for 16 hours. A DIG-
labeled  antisense  RNA  of
OV28GST (DIG-RNA labeling and
detection  kit, Roche Diagnostics
AG, Rotkreuz, Switzerland) was
used as a hybridization probe at a
concentration of 100 ng/ml. The
hybridized probe was dctected by
an anti-DIG/alkaline phosphatase
conjugate on the membranc using
NBY/BCIP as substrates.

RNA in situ hybridization
RNA in six hybridization

was done as described before.®
Adult parasitcs were fixed over-
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night in 4% paraformaldehyde, 0.1
M PBS, pH 7.4, dehydrated through
a series of ethanol steps and em-
bedded in paraplast. Sections were
cut at 6 um {(Leica RM2145,
Wetzlar, Germany) mounted on
coated slides (Histogrip, Zymed,
San Francisco, USA) and dried at
42°C overnight. The sections were
dewaxed in xylene, rehydrated and
post-fixed in 4% paraformalde-
hyde, 0.1 M PBS. Afterwards the
sections were treated two times in
0.1% DEPC, 0.1 M PBS for 15
minutes each and equilibrated in 5x
SSC (0.75 M NaCl, 75 mM sodium
cifrate}. The sections were hybridized
at 60°C with 60 pl of 400 ng/ml
DIG-labeled antisense OV28GST
RNA probe (DIG-RNA labeling
kat, Roche Diagnostics AG) in hy-
bridization buffer Il for 16 hours.
After the hybridization reaction the
sections were washed in 2x SSC for
30 minutes at 25°C, | hour at 65°C
and finally in 0.1x 88C for 1 hour
at 65°C. Enzymatic detection of the
hybridized probe was done as de-
scribed before.

Expression and purification of re-
combinant and native OV28GST

A subfragment of C1A2, be-
ginning at the start codon in posi-
tion 23 of AY057838 was subcloned
mto the pET21a expression vector
(Novagen, Madison, USA) as fol-
lows: DNA of pTriplEx2-C1A2 was
used as a template in a standard
PCR (30 cycles at 94°C, 55°C,
72°C, 1 minute each step)} using the
forward primer 5'-CAT ATG AGT
GGT GAA AAA TAC AA-3' and
reverse primer 5-GAC TCA CTA
TAG GGC GAA TTG G-3' (pTri-
plEx2 bases 653 to 674, BD Biosci-
ences-Clontech). The PCR product
was subcloned into pGEM T-easy
(Promega, Madison, USA) and the

sequence verified (Bioservice Unit,
Bangkok, Thailand). Afterwards it
was cut with restriction endonucle-
ases Nde 1 (introduced by the forward
primer) and X%o I (contained in the
multiple cloning site of pTriplEx2)
and inserted into the Nde I/ Xho 1
recognition sites of pET21a.

The expression of recombi-
nant OV28GST protein in the trans-
formed E. coli strain BL21 was in-
duced at an ODgge of 0.6 by adding
PTG to a final concentration of 1
mM into the medium. After 4-hour
growth the bacterial cells were pel-
leted at 2,600 -x g and 4°C for 10
minutes, resuspended in PBS (1.37
M NaCl, 27 mM KCI, 101.4 mM
Na,HPQ,, 17.6 KH;PO, [pH 7.3])
and sonicated on ice in short bursts
(Microson ultrasonic cell disruptor,
Heat Systems, New York, USA).
The soluble product of the lysate
was separated by centrifugation for 5
minutes at 12,000 x g at 4°C from the
insoluble cellular debris and used
for purification of the recombinant
OV2BGST protein by the Bulk-GST
Purification Module Kit {Amersham
Biosciences, Piscataway, USA). Puri-
fication was done according to the
manual supplied in the kit. In addi-
tion, the native OV28GST was also
purified by the Bulk-GST Purifica-
tion Module kit. Freshly obtained
adult parasites were suspended in
lysis buffer (10 mM Tris-HCI, pH
7.2, 150 mM NaCl, 0.5% Tnton-X
100, 1 mM EDTA, pH 7.2, | mM
phenyl-methyl-sulphonyl-fluoride)
and homogenized on ice. The ho-
mogenate ‘'was rotated at 4°C for 1
hour, the insoluble material pelleted
for 15 minutes at 12,000 x g and
the native QV28GST purified from
the supernatant.

The extraction of crude
worm preparations from O. viver-

rini, S. mansoni, § japonicum, S.
mekongi, F. gigantica and Eury-
trema spp. was done as described
above for the native OV28GST pro-
tein. Fresh worms were suspended
and homogenized in lysis buffer.
The homogenate was rotated at 4°C
for 1 hour and insoluble material
pelleted for 15 minutes at 12,000 x
g. The supematant was used as
crude worm protein extract.

Production of anti-recOV28GST
polyclonal antiserum

A polyclonal antiserum
against recombinant OV28GST
protein {recOV28GST) was raised
in a female BALB/¢c mouse. Three
subcutaneous injections with doses
of 50 pg recombinant OV28GST
cut from gels after SDS-PAGE
were done in weeks 0, 3, and 6. In
the priming step, recombinant
OV28GST was injected with com-
plete Freund’s adjuvant; the second
and third immunization steps were
done with incomplete Freund’s ad-
juvant  (http:/dicty.com.nwu.edw/
Chris_lab/I.ab%20Manual/fmmuno
logical _techniques.htm). Blood was
collected and the serum obtained in
weeks 0 (preimmune), 2, 5, and 8
by centrifugation at 2,600 x g for
15 minutes. The sera were tested
for their antibody titer by ELISA
and were kept at -20°C before be-
ing used for EITB and immuno-
localization.

Glutathiene S-transferase activ-
ity assay

The enzyme activity of 1 ug
recombinant OV28GST was measured
in | ml reaction buffer (0.01 M
potassiurn phosphate, pH 7.0, 10 mM
tchloro-2, 4-dinitrobenzene, 10 mM
reduced glutathione) at room tempera-
ture for 5 minutes. The photometric
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absorption values at a wavelength
of 340 nm were recorded in one-
minute steps.”’

Enzyme-linked electroimmuno-
transfer blot (EITB)

EITB was performed as pre-
viously described.” Crude worm
extracts of 10 pg each of O. viver-
rini, 8. mansoni, S. japonicum, S
mekongi, F. gigantica and Eury-
trema spp., 0.5 pug each of purified
native and recombinant OV28GST
proteins were size separated by
SDS-PAGE (12.5%) and transferred
to a nitrocellulose membrane (Hy-
bond-C extra, Amersham Biosci-
ences). The immunogenicity of the
transterred proteins was determined
by EITB using the raised poly-
clonal mouse anti-recQV28GST se-
rum and an alkaline phosphatase-
rabbit anti-mouse immunoglobulin
conjugate. Enzymatic detection was
dane with the substrates NBT (0.3
mg/m!) and BCIP (0.15 mg/ml) in
100 mM Tris-HCI, pH 9.5, 100 mM
NaCl. and 50 mM MgCl,,

Immunolocalization of OV28GST

Native OV28GST protein
was localized in paraffin sections (5
pum) prepared from adult specimens
as described above. The dewaxed
and rehydrated sections were covered
with | mM EDTA pH 8.0 and
heated in a microwave oven at 700
watts for 5 minutes. Unspecific
binding sites were blocked by incu-
bation with 0.1% glycine in TBS
(20 mM Tris-HCI pH 7.5, 150 mM
NaCl} for 30 minutes at room tem-
perature and in 4% bovine serum
albumin in TBS for 30 minutes,
The sections were incubated in a
1:200 ditution of polyclenal mouse
anti-recOV28GST  antiserum  in
TBS for 16 hours and washed in

TBST (0.1% Tween-20 in TBS)
three times for 5 minutes each. The
sections were then incubated in a
1:50 dilution of biotinylated rabbit
anti-mouse immunoglobulin in TBS
for 30 minutes and avidin:biotinylated
horseradish  peroxidase  complex
(ABC complex-HRP, DAKO) for 30
minutes. Enzymatic detection was
done using 3, 3" diaminobenzidine
{Sigma-Aldrich, St. Louis, USA} as
a substrate.

Species names, database enfry
names, and accession numbers of
the GSTs used for comparisons in
this publication

These included 28 ka GST
of O viverrini (OV28GS5T AAL-
23713), 28 kDa GST of Clonorchis
sinensis (CS2B8GST AADLIT488),
mu class GST of O sinenses
(CsMuGST AAB46369), 28 kDa
GST of §. haematobium (SH28GST
AAA29802) 28 kDa GST of S hovis
(SB28GST AAA29893), 28 kDa
GST of Paragonimus westermani
{PW2BGST AABG3382), alpha class
GST of Fasciola hepatica (FhGST -
alpha AAB28746), GST of F. gi-
gantica (FgGST AAD23997), mu
class GST of K. hepatica (FhMu-
GST AAA20140), S-crystallin of
Loligo opalescens (SQCRYS AAB-
01054y, GST of Ommastrephes
sloanet pacificus (SQGST 1GSQ),
GST ot Caenorhabditis  elegans
(CLGST AAB6341LT), mu class GST
ol Rutrus norvegicus (RatMuGST
AADOOGD3). 28 kDa GST of &
mainsoni (SM28GST PD9/92), 28
kDa GST of S japonicum (S128-
GST P26624). 26 kDa GST1 of §
mansoni (Sm26GST! P15964). 26
kDa GST2 of 8§ mansoni {Sm26-
GST2 P35661), GST of Ascaris
suum (ASGST P46436), GST of
Onchocerca volvulus (ONCVGST
P46434), pi class GST of Oncho-
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cerca volvulus  (OnevGSTP2  P-
46427Y, GST of Dirofilaria immitis
(DimmitisGST P4642), GST of
Blattella  germanica (BlageGST
018598), sigma class GST of
Musca domestica  (HouseFlyS)
P46437). pi class GST of Mucuca
mulatta (MonkeyGSTPI Q28514),
pi class GST of Mus musculus
(MouseP1 P19157), alpha class GST
of Rattus norvegicus (RatGSTAS
P14942), GST-Yel of Raftus
norvegicus (RatGSTYce PO4904), pi
class GST of Rattus norvegicus (Rat-
GSTP7 P04906), Prostaglandin-D-
svnthase of Rattus norvegicus (Rat-
PGDS P22057), alpha class GST of
Gallus  gallus  (ChickGSTalpha
(008392), mu class GST of Gallus
galius  {ChickMuGST  P20136),
Prostaglandin-D-svnthase of Gallus
galius (ChickPGLS CAANT005),
GST of Brugia malayi (Bmalay-
iIGST CAAT73325), mu-5 class GST
of  Mus  musculus  (MouseM5
NP 34490), mu-2 class GST of Mus
musculns (MouseM2 NP (032209),
and pi class GST of Sws scrofa do-
mestica (pigpiGST 513780).

RESULTS

Sereening of ¢cDNA library and se-
quence analysis of isolated cDNA

An adult stage cDNA library
of (1 viverrini was constructed in
i.ambda TriptEx2 (ClonTech) and
screened for abundant transcripts
with a mixed cDNA probe prepared
from Q. viverrini RNA. One of the
positive clones detected in the pri-
mary screen {Cl1A2) was selected
for further analysis. The ¢cDNA in-
sert of C1AZ is 893 bp in length. It
contains a 22 bp 57 UTR, an open
reading frame of 639 bp length and
a 198 bp 3° UTR followed by the
poly{A) tail. A putative polyadenyla-
tion signal (FATAAA) is located 23
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bp upstream of the poly(A) tail.
The encoded protein of 213 amino
acid residues size has a computa-
tional predicted molecular weight
of 24 kDa and is rich in leucine and
glutamic actd residues (a total of
20.66%). A search of the GenBank
database through the BLAST pro-
gram’ showed that the encoded
protein is homologous to the 28 kDa
glutathione  S-transferases of other
helminths and to the rclated S-
crystallin of cephalopeds. The per-
cenlages of 1dentical residues shared
between the newly found OV28GST
and homologous proteins of trema-
todes, nuimatodes and cephalopods
are shown in Fig. 1A. It varies be-
tween 57% for the 28 kDa GST of
the liver fluke C. sinensis {GenBank
AAD17488) and 29% for Oncho-
cerca wolvulus GST-1 (SWISS-
PROT P46434). An alignment of
GST amino acid sequences obtained
through the CLUSTAL W program'®
shows eleven residues to be identical
among the compared proteins,
These are Tyri0*, Phell*, Gluls,
Arp2t, Asp33, Tmp4l*, Prod4*,
AspBy. Glyi55, Aspl62, and Arg208
(Figz. tC). Individual amine acids
forming part of the GSH-binding
sitc are indicated by a star. In the
GST-related squd lens protein S-
crystallin, an additional stretch of
15 amino acids (KNGREFTENGKE-
SEMN) exists. The prediction of the
secondary structure of OV28GST
by the PHD program'® revealed a
conserved structure of the active
site of the protein responsible for
glutathione binding. A phylogenetic
analysis through the PAUP pro-
gram'’ (Neighbor-Joining with 1,000
replicates) showed that OV28GST
15 in onc cluster with the 28 kDa
sized, sigma class GSTs (Fig. 1B).
The next neighbor of QV28GST in
the phylogenetic tree is the GST of
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OV2BGST

CSGST 571 CSHCST

SBIEGST 446 427 SCIBCST

SH2B8GST 45.5 44.1 97.2 SH28GST

SMISGST 460 431 919  spo  SMISGST

SJBGST 454 419 782 767 T7.0  OIPBGST

PW2BGST 377 376 386 386 386  4rg | V2SGST

SQGCST J4.1 34 36.0 275 27.9 0.1 28.2 SQ68T

ASGST 3.9 n.e 31.1 3t 315 31.6 318 29.6 ASGST

SQURYS 308 187 360 353 360 343 288 o9 31 OQCRYS
CFOST 30.8 16.1 9.1 291 0.1 30.% 176 38.5 47.0 a5z CEGST

ONCVGST 194 288 196 9.0 9.2 8.8 308 25.8 36.8 36.9

Fig. 1A Cross-species Identity values (%) for amino acid sequences of
OV28GST and homologous GST proteins. Details of species
names and accession numbers of the compared glutathione S-
transferases are given in the Materials and Methods section.
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Fig. 1B A phylogenetic tree showing the relationship of O. viverdni
OV2BGST to glutathione S-transferases of other species.
Details of species names and accession numbers of the
compared glutathione S-transferases are given in the Ma-
terials and Methods section.
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Fig. 1C Amino acid sequence alignment of OV28GST and homologous proteins. Identical residues are indicated by dots (),
similar residues by lower case letters and different residues by upper case letters Gaps are Indicated by a dash
{-) and residues forming the GSH binding site are indicated by asterisks (7). Residues identical for all of the aligned
seguences are indicated by hatch signs (#). Details of species names and accession numbers of the compared
glutathicne S-transferases are given in the Materials and Methods section.

C. sinensis (CS28GST)" confirming
the sequence alignment.

Northern hybridization

Northern hybridization of O.
viverrini total RNA with an antisense
OV28GST RNA probe resulted in a
single prominent hybridization signal
at a transcript size of 900 nucleo-
tides (Fig. 2). The transcript size
indicates that the full length of the
mRNA sequence is contained in the
cloned OV28GST cDNA. The size

is identical to the 28 kDa GST of
Paragonimus westermani®™ whereas
C. sinensis GST is encoded by a
mRNA of 1 kb size."

RINA i sit hybridization

Paraffin cross sections of adult
(). viverrini were hybridized with an
antisense OV28GST RNA probe.
Positive hybridization signals were
detected in the parenchymal cells
(Fig. 3A). Hybrndization signals
were not observed in vitelline cells,

tegument and caecum. A sensc
strand OV28GST RNA probe did
not result in positive hybridization
signals (Fig. 3B) as was true for a
control with only the enzyme sub-
strates to reveal endogenous phos-
phatase activity (data not shown).

Enzyme-linked electroimmuno-
transfer blot (EITB)

The crude worm protein ex-
tracts of Q. wiverrini, § mansoni, §.
Japonicum, 8. mekongi, F. gigantica,



