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ABSTRACT 

The present study examines events of the Sertol i 

.:::ell iron delivery pathway following the secretion of 

diferric testicular transferrin (tTf) in to the 

adluminal compartment of the rat seminiferous 

epi thelium. The unidirectional secretion of t'rf by 

Sertoli cells was verified, in V1V'J, and it was shown 

that this prote in is internalized by adluminal qerm 

cells. It was further determined by Scatchard anùlysis 

that this internalization was mediated by high affinity 

transferrin binding sites on the surface ot round 

spermatids, numbering 1453/cell and displLlyi ng d 

Northern blot analysis of RNA isol~tc~ 

from adluminal germ cells, namely spermatocytes, round 

spermatids and elongating spermatids, indicated thùt 

these cells expressed Tf recer.-tor mRNA and ferritin 

mRNA in levels inversely related to their stage 01 

maturation. F inally i t was determined thùt foll ow i ng 

binding and internaI ization in round spermùt ids, '1' 1 

became associated wi th the endosomal compartment an~ 

was recycled back ta the cell surface. This stucly 

illustrates the immediate fate of tTf once i t i s 

secreted by the Sertoli cell. Thus, diferric tTf bincls 

to Tf receptor on the surface of adluminal germ celIs, 
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is internalized by receptor-rnediated endoLytosis and 

the apotTf-Tf receptor complex is recycled back to the 

cell surface where apotTf is released into the 

anlurnenal fluid. 

Name: Robert G. Petrie Jr. 

Title of Thesis: Receptor-Mediated Endocytosis of 
Testicular Transferrin in Germinal 
Cells of the Rat Testis 

Departrnent: Anatomy 

Degree: Master of Science 
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Rt:SUME 

Nous avons étudie la secrétion de la trùns fClT i ne 

testiculaire (tTf) par les cellules de Sertol i ct son 

incorporation par les 

dans le compartiment 

cellules germinales local isces 

adluminale de l'epithelium 

séminifère du rat. Nous avons d'abord conf i rme une 

secrétion unidü"ectionnelle de la tTf vers la lumiere 

des tubes séminifères, in vivo, et ensuite nous avon~; 

montré que les cellul es germinales incorporent cet te> 

protéine par endocytose. Une analyse Scatchard nous 

permet de conclure que cette endocytose est favorisec 

par la presence de récepteurs speci fiques a la surface 

des jeunes spermatides spheriques. On evalue a 11\53 le 

nombre approximatif de ces récepteurs de grando 

affini té (Kd=O' 6 X 10-9 M) à la surface de chaque 

cellule. L'analyse du mRNA par la methode Norl:hern 

Blot révèle que les spermatocytes et les spermatides 

sphér iques ou allongées possedent tous les mRNl\ 

responsables de la synthese de la ferri tine et des 

récepteurs de la transferrine mais en quant i te 

de ce~; decroissante au cours de la di[ferenti<:ltion 

cell ules. Nous avons pu égaleml:!nt observer qu' ùpre~~ 

son endocytose par les jeunes spermatides, la t'ft e~;t 

incorporee dans des endosomes pour être par la suite 
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recyclee vers la surface de ces cellules. Donc la tTf 

diferrique secretee par les cellules de Sertoli se lie 

aux récepteurs présents à la surface des cellules 

germinal es. Elle est endocytée par ces cellules pour 

être -Ï-ncorporee dans des endosomes vraisemblablement 

sous forme d'un complexe apotTf-récepteur qui est par 

la sui te retourné vers ) a surface des cellules ou 

1 'apotTf est libéree d.:::lns la lurniere du 

sémini fère. 

Nom: Robert G. Petrie Jr. 

Titre: Endocytose, Médiée par Récepteurs, de la 
Transferrine Testiculaire par les Cellules 
Germinales du Rat 

Département: Anatomie 

Diplôme: Maîtrise en Science 
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( INTRODUCTION 

Iron is clearly a vital nutritional requirement for aIl 

mammalian cells. Transferrin (Tf) is known to be the major 

systemic transporter of iron in mammals (Morgan, 1981). Each 

Tf molecule delivers two atorns of iron to cells via a pro cess 

of receptor-mediated endocytocis which involves a single 

high-affinity binding site (Karin and Mintz, 1981; Bleil and 

Bretscher, 1982; Harding et al., 1983; Klausner et al., 

1983b) . Curiously, however, the ligand, rather than finding 

its fate along the degradative pathway, as is often the case 

with receptor mediated events, is recycled back to the plasma 

membrane with and still bound to its receptor (Dautry-Varsat 

et al. , 1983) . During Internalization, the iron atoms 

dissociate from the Tf molecule and are readily absorbed by 

the cell. Upon recycling to the cell surface, the apoTf (Tf 

devoid of iron) is released into the circulation to acquire 

more iron and the Tf receptor once again becomes available to 

bind another Tf molecule and begin a new cycle. 

As in other cell systems 1 Tf is probably the maj or 

source of iron for aIl the cells comprising the male 

reproducti ve organs. The structure, however, of the basic 

functional unit of the male testis, the seminiferous tubule 

and its epithelium, is such that not aIl cell types are 

exposed to this systemic source of iron. Tight junctional 

complexes between adjacent Sertoli cells, a permeability 
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,', barrier known as the blood-testis-barrier (BTB) , restricts 
.. ' 

passage of bIood-borne macromolecules into the adiuminai 

compartment of this epithelium (Dym and Fawcett, 1970). Thus 

only Sertoli cells and germ cells of the basal compartmcnt of 

the seminiferous epithelium are able to bind systemic Tf (sTf) 

(Morales et al., 1986b). It is now understood, however, that 

sertoli cells may supply adluminal germ cells, namely 

spermatocytes, round spermatids and elongated spermatids, with 

iron by secreting diferric testicular Tf (tTf) into the 

adluminal compartment thus allowing the se cells to sequester 

their complement of Iron (Morales et al., 1987b). 

Presumably these haploid germ cells, which exist in il 

very unique extracellular environment (Fawcett, 1975; Waites, 

1977), carry Tf binding sites and express the ncccssary 

intracellular mechanisrns to store irone If so and given thnt 

these special conditions appear nowhere else in the organism, 

one may ask whether the nature of the endocytic pathway in 

these cells diverges from the model which has been observcd 

and accepted ta exist in somatic cells. Moreover one may aIse 

question the purpose of a recycling pathway if released apeTf 

is essentially wasted in the ej aCl!late. Pree iron is not 

known to be a constituent of adluminal fluid (Fawcett, 1975). 

The present work explores the hypothesis that adluminal 

germ cells of the rat seminiferous epithelium, instead of 

recycling tTf, possess an al ternati ve pathvJay tha t invol ves 
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the targetting of the tTf-Tf receptor complex to the Iysosomal 

compartment. In so doing the objective of this thesis also 

includes the characterization of the iron acquisition 

mechanism in adluminal germ cells, a process that is still 

poorly understood but which may involve receptor-mediated 

endoc{tosis of tTf. 

3 



LITERATURE REVIEW 

Section 1 Transferrin: Biochemistry and Function 

In the same way that today' s mammal ian organisms must 

supply aIl their cells with a very dependable and 

uninterrupted flow of oxygen, so they must ensure thùt each 

cell's vital requirement for iron is efficiently met. 

Evolution has accomplished this by developing a class of 

transport molecules termed transferrins by 1I01mberg and 

Laurell in 1947. since then Tf has been clearly demonstrdted 

to be the major systemic iron transporter in mammals (Aisen 

and Listowsky, 1980). 

The Tf molecule is a 77 kd glycoprotein made up of a 

single polypeptide backbone of approximately 680 amino acids 

in length and one to two carbohydrate side chains. 'l'h is 

complement of carbohydrate comprises 6% of the molecule's mass 

but its function is unknown (Morgan, 1981). In terms of 

tertiary structure the chain folds into two similar, but not 

identical, globular domains: The N-terminal domain and the C-

terminal domain (Huebers and Finch, 1984). Each domain 

contains one high affinity binding site for iron with a Kd 

range of 10-19 to 10-20 mol/l thus making Tf a highly 

efficient carrier (Huebers and Finch, 1984). This affinity 

approaches zero, however, if an anion, largely belicvcd to be 

bicarbonate, does not coopera te with ferric iron in complexing 
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to the Tf binding site (Gelb and Harris, 1980). 

Another prerequlslte for optimal binding of Iron to Tf 

is an apprapriate pH. This pH-dependence ls evident when a 

solution of diferric Tf (dTf), which characteristically has a 

salmon-pink colour, ls followed spectrophotometrically, at 

460-465 nm, as it is acidified (Surgenor, 1949). Binding, 

which is maximal abave pH 7, begins to drop off at pH 6.5 and 

approaches zero at pH 4.5 as evidenced by a graduaI loss of 

the s01ution's co1our (Morgan, 1981) . This lowering of pH 

causes the iron atams and bicarbonate malecules ta be 

displaced by three hydrogen atoms which bind at, as yet, 

unknown locations af the Tf mo1ecule (Crichton and 

CharloteauxWauters, 1987). 

Besides acting as an iron transporter, Tf may function 

in sorne secandary raIes as weIl such as in growth and 

differentiation of cell lines (see review by Khun et al., 

1990), clearing the organism of deleterious metals (Morgan, 

1981) and acting as a bacteriostatic agent (Schade and 

caroline, 1946). In aIl cases no additional function beyond 

its abi1ity to efficient1y de1iver Iron has been conclusively 

attributed to Tf i tself (see review by Khun et al., 1990 ; 

Perez-Infante and Mather, 1982). 

Transferrin is synthesized in a number of tissues 

including brain, stomach, placenta, spleen, kidney, muscle, 

5 



heart and testis (Aldred et al., 1987). In most of thesû 

cases it is secreted as an alternate source of Tf to the m~in 

lieu of synthesis, the liver. In the testis, tTt js ~lso 

destined to function as an iron transporter, but j n contrllst 

to the other sites, it is never secreted into the blood stre~m 

but ultimately ends up in the ejaculate (Morales et al., 

1987b) • 

Transferrin is not the only Molecule which binds iron. 

Lactoferrin is normally secreted by neutrophils during 

inflammatory states and j s found at high levels in lùctating 

women. Under normal physiological conditions, lactoferrin is 

present at very low plasma concentrations and is not 

considered to play any significant role in j ron trùnsport 

(Morgan, 1981). Haptoglobin (Laurel] and Cranvall, ] 9G2) ùnd 

hemopexin (Muller-Eberhard and Morgan, 1975) clear hacmoglobin 

and haem from the plasma to the liver, respectively, but are 

not involved in any delivery of iron to cells. 

ovotransfprrin, found in bird yolk sac, is also known to bjnd 

iron but only in a bacteriostatic capacity. Finally 

vitellogenin, which is not known to be expressed in mammals 

(Ali and Ramsay, 1974~ Morgan, 1975) has been shown ta have ùn 

iron-transport role in birds, fish and sorne reptiles (Wallace 

and Bergink, 1974; Dessauer, 1974; Craik, 1978). 'l'hcrcfore, 

for aIl intents and purposes, Tf can indeed be consiùcred as 

the main transporter of iron in mammais. 
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( section 2 Iron: Functian and Storage 

As suggested above, iron is as important a nutrient to 

cells as is oxygene Its central raIe in Iife processes is 

surely linked to its electron exchange capabilities and 

multiple oxidation states (Bergeron, 1986). This is evidenced 

by a vital role in biological redox reactions, serving as the 

prosthetic group in cytochrornes, catalases, as cofactor of 

ribonucieotide reductase, a rate-limiting enzyme in DNA 

synthesis etc. 

Available sources of iron in the body include the Iiver 

and the intestinal epitheliurn but by far the largest source of 

iron for Tf binding is that resul ting from the breakdown of 

senile erythrocytes (Morgan, 1981). Iron derived fram this 

degeneration is readil y picked up by Tf since f under normal 

physiologicai conditions, the total iron-binding capacity of 

plasma plus interstitial Tf is only 1/3 saturated (Morgan, 

1981) . 

Iron 1 S access to ceIIs is achieved by binding to i ts 

carrier prote in Tf. This efficient delivery system was 

developed by mammals, in part, because iron, if not bound to 

Tf, is prE~sent in plasma as Fe (OH) 3 which is insoluble and 

metabolically inactive (Bergeron, 1986). By complexing wi th 

Tf, iron transiently adopts its carrier's solubility and 

distribution characteristics thus rnaking itself universally 

available. 
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Once inter.nalized, iron becomes associated with its 

intracellular storage protein, ferritin. This 480 kd protoin 

consists of 24 subunits of two sizes, 19 kd (L) and 21 kd (H), 

in proportions varying from tissue to tissue and with iron 

load (Munro et al., 1988; Theil, 1987). Ferritin, which 1s a 

ubiqui tous and highly conserved protein, is known to play a 

pivotaI raIe in intracellular Iron metabolism (Campbell et 

al., 1989). Not enly is it known te act as a storage site but 

is considered as critical in preventing potential oxidùtive 

damage in the cytosol by rapidly binding internaI i zcd i ron 

(Campbell et al., 1989). Levels of intracellular territin 

mRNA are regulated by extracellular iron supply (Zahringcr et 

al., 1976). In tact, according to a rapidly expanding body of 

data, iron has been suggested to simultaneously regulate 

levels of 'l'f receptor mRNA and ferr i tin mRNA through a wc Il 

integrated negative feedback loop (Mullner et al., 1989). 

It is clear that an adequate iron supply is required by 

most proliferating cell systems studied, especially during 

events requiring the synthesis of nucleic acids. During the 

course of spermatogenesis it has been shawn that a numbcr of 

cell divisions occur, including 2 meiotic div isions (Lcblond 

and Clermont, 1952b). 

eV8nts ta take place. 

Iron is undoubtedly required for these 
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section 3 Th~ Transferrin Receptor 

The Tf receptor is expressed ubiquitously since the 

cellular need for iron is universal. Perhaps the only 

exception to this is in terminally differentiated cells such 

as the mature erythrocyte. The Tf receptor protein is a 180-

200 kd disulfide-linked homodimer. Each 95 kd subunit 

consists of a 760 amine acid backbone containing two, and 

rarely three, N-linked glycan units and is post­

translat .... onally modified hy the addition of two palmitate 

moieties (Omary and Trowbridge, 1981) . The amino-acid 

sequence of the receptor shows no strong homology to any other 

known protein (McClelland et al., 1984). 

Also, as determined by analysis of partial sequence data 

of a cDNA clone for murine Tf receptor, this integral membrane 

protein has a single transmembrane sequence of 28 amina acids 

(stearne et al., 1985), a 65 residue amino-terminal 

cytoplasmic damain and a long (672 amino acid) extracellular 

damain which houses its high affinity binding site (McClelland 

et al., 1984), the Kd of which generally fails within the 

nanomolar range. This reverse orientation in the plasma 

membrane designates the Tf receptor as type-rr which, like the 

as ialaglycoprotein receptor (ASGP receptor) for example, 

specifies the transmembrane region as the signal sequence for 

membrane insertion in lieu of a cleavable amine terminal 

signal sequence (see review by Steer and Ashwell, 1990). The 

cytoplasmic domain, which has been found to be highly 
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conserved from specie to specie (stearne et al., 1985), is now 

thought to be important for high efficiency endocytosis 

(Rothenberger et al., 1987). 

In the human, the Tf receptor is encoded by a single 

copy gene of about 32 kb, (Kuhn et al., 19d4) present on 

chromosome 3, (Goodfellow et al., 1982) which gi ves rise to a 

major 5.0 kb mRNA species containing a 2.28 kb coding region 

and an unusually long but highly conserved non-coding reg i on 

(Kuhn et. al., 1984). This 3' untranslated region i5 widely 

believed to be of regulatory significance for Tf receptor mRNA 

levels in the chicken (Chan et al., 1989), mouse (ste,u'ne et 

aL, 1985) and human (Kuhn et al., 1984). Since the homology 

between human and rat in these two reglons has been reported 

at 82% and 90% respecti vely 1 i t has been suggested that the 

same may apply in the rat (Roberts and Griswold, 1990). 

A model for regulation which is presently receiving 

widespread acceptance suggests that iron availability govcrns 

the relative levels of both Tf receptor mRNA and ferritin mRNA 

(Casey et al., 1988). According to this proposaI, a so-colled 

cytoplasmic iron responsive element (IRE) simultùneously 

interacts with this regulatory region on the 3' untri1nslateù 

region of the Tf receptor mRNA and with an analogous reyion on 

the 5' untranslated end of the ferri tin mRIJA molccu le. 'l'he 

IRE is proposed to interact with both corr2sponding regions to 

raise Tf receptor rnRNA levels and simultaneously lower 

10 
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ferritin mRNA levels when iron is in low extracellular 

concentration and vice-versa when iron is in abundant supply 

(Mullner et al., 1989). In vivo studies conducted by Schulman 

et al. (1989) concur in these results. 

Each Tf receptor subunit is capable of binding one Tf 

molecu le (Turkewi tz and Schwartz, 1988). This binding, as 

wi th most receptor-l igand interactions is pH-dependent 

(Goldstein et al., 1979). The diferric state of the Tf 

moiecule 1s aiso a prerequisite for bind1ng since the 

receptor's affinity for apoTf (Tf devoid of iron) is 10 to 30 

times lower than for dTf (Morgan et al., 1981). This would 

therefore ensure that cells only bind those Tf molecules 

containing a full iron complement. 

section 1: The Endocytic Apparatus and Transferrin Routing 

(a) Receptor-Mediated Endocytosis 

RME is the process by which ligands are specifically 

bound by a cell-surface receptor, internalized and packag~d 

into plasma membrane vesicles (see review by Gruenberg and 

Howell, 1989). This should be distinguished from pinocytosis 

or fluid-phase endocytosis and phagocytosis. The former, 

which is known to occur at the apical aspect of the Sertoli 

cell, i5 a constitutive process generally defined by the non­

selective uptake of extracellular fluid by small smooth-

Il 



surfaced invaginations of the plasma membrane (ste i ll11hll1 et 

al., 1978; 1983). Phago...!ytosis, which 3.5 aiso prùct iced by 

sertoli cells, can be described as the ingestion of p~rticles, 

membrane-bc,und entities or even expansive regions of membrane 

from the surface of the phdgocytosing cell (SteinmiH1 et dl., 

1983). Aithough neither of these processes arc generally 

thought ta involve a receptor-mediated event (see review steer 

and Ashwell, 1990), sorne preliminary studies have cuggcstcd 

that Sertoli celi may ce a notable exception (Morales et al., 

1985) • 

Cell surface receptors, depending on the specifie 

ligand, may be randomly distributed on the plasma bilùyer or 

occur in clusters in discrete invaginations of the membrane 

referred to as coated pits 

first step of RME is for 

(Besterman and Law, 1983). 'l'he 

dTf molecules to bind to thei r 

receptors and for these complexes to cl uster into clùthr i n­

coated pits (Hopkins and Trowbridge, 1983; Ciechanovor et al., 

1983b) (Fig.1); This is an essential but ill-understood stop 

for internalization by RME (Pastan and Willinghilffi, 198':); 

Wileman et al. 1985). It is clear however that most ligdnds, 

including Tf, interact wi th their receptor in a h j qh l Y pll­

dependent fashion (Goldstein et al., 1979). 'l'hus llq~nd 

binding ini tiates RME, but depending on the R-L syf;tcm in 

question, not necessariIy internalization (Goldstein ct al., 

1985). In the case of the Tf receptor, interna li zat i on occu r~; 

constitutively and as such its endocytosis 1S indcpcndcnt of 
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ligand binding (Wileman et al., 1985; Geuze et al., 1986; 

Forgac, 1988). The regulatory signal controlling constitutive 

endocytosis ls thought to be localized to the highly conserved 

cytoplasmic tail of the Tf receptor molecule. A tetrapeptide 

located in this region has recently been suggested by Collawn 

et al.(1990) to be necessary for high efficiency constitutive 

endocytosis to occur. 

(h) The Endosornal Compartment 

Once internalized, the clathrin-coated vesicles lose 

their coat and are thought to either fuse with one another to 

[orm an early endosome (Yamashiro et al. , 1984) or, 

al ternati vely, to individually fuse wi th a preexisting early 

endosome near the cell periphery. Whatever the case may be, 

the subsequent step following internalization is the rapid 

localization of the R-L complex with what' s been called the 

endosomal compartment, a compartment generally defined as a 

network of tubules and vesicles that form a reticulum wi thin 

the periphery of the cytosol (Geuze et al., 1983) (Fig.1). 

Whether structures that make up this compartment are 

permanent or transient organelles is the fundamental 

difference between the vesicular model of receptor trafficking 

proposed by Palade, 1975, and the maturational model (see 

review by Helenius et al., 1983). According to the vesicular 

model, early and late endosomes are expected to contain 

resident proteins in addition to the molecules which are in 
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transit. According to the maturational model, early endosomes 

are constantly being formed by the fusion of incoming vcsiclos 

with each other. This early endosome then matures while boing 

translocated within the cell dnd receives Golgi components ta 

become a late endosome, and eventually a lysosome (see review 

by Gruenberg and Howell, 1989) (Fig.l). In short, once 

molecules destined for reutilization have, at some point, 

sorted into the recycling pathwüy, the rest of the membrane 

and its contents become the next stage in the pathw~y. 

Therefore resident proteins are not expected to be present in 

early and late endosomes. Clearly the available biochemica l 

and functional data indicate that early and late endosames arc 

successive stations of the endocytic system (see Lev iew by 

Gruenberg and Howell, 1989). The question of resident 

proteins however has not been satisfactorally am,wcred to 

date. stations of the pathway, for the sake of clarity, will 

herein be referred to as "steps". 

(c) Sorting and Recycling of the Tf-Tf Receptor Camplex 

The next step following internalizatio~ and localization 

to the endosomal compartment is for R-L complexes to be 

"sorted". sorting is the pracess by which the various R-L 

complexes and their campGnents become targetted ta other 

compartments or back to the cell surface. Located within the 

endosomal compartment is thought ta be a region where at least 

most sorting occurs. This region is generally Cflaractcr i zed 

as be ing receptor r ich (Will ingham and Pastan, 1 Y8 tj) • 
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Recently sorne researchers have been able to identify, amongst 

il heterogeneous population of structures, a morphologically 

distinct system of thin anastomosing smooth-surfaced tubules 

with vesicles eXhibiting various degrees of detachment (Geuze 

et al., 1983). 

acronym CURL 

ligand) a name 

(Fig.l). 

These authors designated this structure by the 

{compartment of uncoupl ing of receptor and 

by which i t is still widely referred today 

They observed that tubular aspects of this structure 

were in fact receptor-rich whereas vesicular aspects were 

devoid of receptor but instead showed ligand enrichment 

(Yarnashiro et al., 1984). This observation indicated to them 

that sorting was indeed occuring in this structure. In the 

case ot Tf administration to cells, Tf-'ff receptor cornplex 

enrichment is also seen in the tubular structures together 

w i th other receptors . Furthermore it was speculated that 

sorting for the tr~nscytotic, degradative, receptor recycling 

and diacytotic pathways was coordinated through CURL. Whether 

the ~arly endosome matures into CURL, fuses with other 

endosomes to become CURL (Gruenberg and Howell, 1989) or fuses 

wi th a preexisting CURL is not clear (Yama j;,iro et al., 1984). 

Sorne have reported that the early endosome and CURL are 

one and the sarne (Stoorvogel et al., 1987) and that sorting 

may in fact occur at the early endosomal step. In these 
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experiments labeled ASGP and dTf were observed to be 

internalized and to rapidly colocalize to tUbulo-vesicular 

structures identified as the early endosomal step but whose 

morphology was said, in an earlier study, to be very 

reminiscent of CURL (Geuze et al., 1983). At this point i t 

was further observed that the two R-L complexes were 

immediately segregated which was taken to indicatc that 

sorting WdS occuring at this early step in the endocytic 

pathway. This suggestion was corroborated by independent 

double-Iabelling studies in hepatocytes using ASGP and 

pOlymerie IgA where both ligands were observed to calocal ize 

to early endosomes (within minutes) and segregate towards 

their respective destinations (Courtnoy, 1989). 

A number of eell surface entities undergo a process of 

recycling where the receptor, or R-L complex in the case of 

the Tf-Tf receptor complex, once their intracellular function 

has been performed, are returned to the cell surface. From 

which point in the endocytic pathway recyel ing is in j tiated, 

however, is currently a matter of cons iderable controvGrsy. 

The recycl ing kinetics for the Tf-Tf receptor complex Cdn bG 

very rapid (Goldstein et al., 1985; wi leman et al., 1985): 

For example, half-times of 3-5 minutes have been calculated 

for the release of apoTf from celis such as rabbit 

reticulocytes (Iocopetta and Morgan, 1981), chinese hamster 

ovary (CHO) cells (Schrnid et al., 1988) and hepatocytGS 

(Ciechanover et al. , 1983b) • since these kinetics are 
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consistent with recycling occuring soon after internalization, 

they have lead many to suggest that recycl ing of the Tf-Tf 

receptor complex may be occuring at the early endosomal stage 

(Schmid et al., 1988; Mueller and Hubbard, 1986; Hopkins and 

Trowbridge, 1983). According to the CURL model, the tubular 

segments, therefore, which conta in the apoTf-Tf receptor 

complex and other receptors would then recycle ta the cel! 

surface within the tubular structures (Geuze et al., 1983). 

Indeed structures fitting this description containing receptor 

devoid of ligand have been observed closely associated with 

the plasma membrane (\rJillingham et al., 1984). 

Therefore the morphological and the kinetic data both 

seem to point to the idea that at least recycling and perhaps 

sorting could be occuring at the early endosomal stage or at 

the step very shortly af'cer internalization. Ev idence that 

this is the case for the Tf-Tf receptor campI ex comes from 

Hopkins. He found that the vast majority of complexes, which 

had not embarked on an alternative recycling pathway, were 

indeed recycled to the cell surface directly from peripheral 

endosomal vesicles (Hopkins, 1983a). Whether these peripheral 

endosornal vesicles corresponded to early endosomes was not 

considered by the authors which may reflect the controversy 

which now surrounds the earliest steps of endocytosis. 

The mechanisms regulating differential processing are 

unknown al though sorne have suggested that sorting information 
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is contained within the amino-acid sequence of membrane 

receptors including Tf receptor (Harding et al., 1983; 

Ciechanover et al., 198 3a). An apparently important 

contributor to the sorting process is the acidi fication of tht' 

endosomal compartment (Dautry-Varsat et al., 1983). This 

occurs as a result of ATP-dependent proton pumps which become 

activated during the formation of the endosome (see review by 

steer and AShwell, 1990) (FiC). 1) . Once the step or 

compartment of receptor enr ichment has been achieved 1 the pH 

has been shown to drop to approximately 5.5 (Dautry-Vùrsat ct 

al. 1983). These authors suggested that at this pH, most R-L 

complexes dissociate from one another as a resul t of a pH­

dependent conformational change in the receptor that al ters 

affinity allowing sorting te take place (Tietze et al., 1982; 

Mellman et al., 1986). 

The apoTf-Tf receptor complex however is unique in its 

behaviour at this stage. Compartment acidi f icat ion hùs becn 

shewn to be necessary and sufficient to cause the dissociation 

of Tf-bound iron atoms (Ciechanover et al., 1983c). These 

sornehow diffuse through the vesicle membrane and presumably 

bind to ferritin through an unknown pathway, but i t does not, 

however, cause apoTf to dissociate from its receptor (Klausner 

et al., 1983a; Dautry-Varsat et al., 1983). The complcx 

rernains intact because the dissociation rate of apoTf trom the 

Tf receptor at pH 4.8 -5.5 is much reduced compared to tha t at 

neutral pH. This unusual behaviour may be due ta a 
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conformational change in the receptor and/or Tf and is 

suggeDted to be the reason why the apoTf-Tf receptor is sorted 

with other recyclinq receptors and returned to the cell 

surface (Klausner et al., 1983b; Dautry-Varsat, 1983) where 

diasociation is very rapid, Tl/2= 17 seconds (Ciechanover et 

al., 1983c). Indeed inhibi tors of compartment acidification 

such as monensin prevent iron release from the Tf molecule and 

may in fact cause Tf-Tf receptor complex accumulation in 

endosomes (stein and Sussman, 1986). 

Cd) Tf-Tf Receptor Complex Recycling and the Trans­
Reticular Golgi 

In addition to the main short recycling pathway, 

numerous reports describe a second longer recycling route 

involving elements of the Golgi apparatus, particularly the 

trans-reticular Golgi (TRG) (Willingham and Pastan, 1985: see 

review by Gruenberg and Howell, 1989) (Fig.l). In fa ct an 

increasing number of biochemical studies are compatible with a 

second slow recycling pathway that would not represent the 

main recycling route for Tf-Tf receptor complexes (see review 

by Khun et al., 1990). 

This is consistent with resialation studies using 

asialotransferrin. Regoeczi et al. (1982) observed in the rat 

hepatocyte that asialoTf was recycled in a resialated forro and 

concluded that the Golgi must be part of the Tf-Tf receptor 

recycling pathway since sialyltransferase is confined to this 

organelle. The results however also revealed that resialation 
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was incomplete and followed very slow kinetics (Regoeczi et 

al. , 1982). Al though there seems to be ev idence for the 

existence of both pathways (Hopkins, 1983b; Yarnashiro et al., 

1984; Mueller and Hubbard, 1986), there also secms to be 

strong indications that the TRG associated pùthwùy is 

relatively minor (Sibille et al., 1986: Ajioka et al., 1986). 

(e) The Degradative Pathway 

The final step of the endocytic pathway for ù number of 

ligands such as asialoglycoproteins, insulin, epidermal growth 

factor (EGF) , low density lipoprotein (LDL) (Dautry-Varsat ct 

al., 1983) and sorne receptors such as that for EGF (see 

review by Steer and Ashwell, 1990), in the case of down­

regulation, will follow the degradative pathway (Fig.1) The 

exception is the apoTf-Tf receptor cornplex which escapes this 

route (Willingham et al., 1983: Ciechanaver et al., 1983b) 

with missorting reported to sornetimes result in less than O.~~ 

degradation (Fuller and simons, 1986). Although it is clear 

that the degradative pathway is not a characteristic stcp of 

apoTf-Tf receptor recycling, there is controversy concerning 

the steps of the degradative pathway for the other ligands and 

receptors. 

There is agreement that as a result of sorting the 

ultimate fate of these ligands is degradation in the lysosomal 

compartment. According ta the CURL model, the vesicular part 

of CURL, which was shawn to be rich in ligand and receptors 
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destined for degradation, somehow becomes a secondary lysosome 

(Geuze et al., 1983). It is unclear, however, what the steps 

are between CURL and the lysosomal steps. Schmid et al. 

(1988) maintain that the late endosome is functionnally 

distinct and preceeds the lysosome step. A structure that May 

be intermediary between these two steps and possibly 

correspond to this "transformation" of CURL is the 

multivesicular body (11VB) (Felder, 1990). s ince the MVB and 

late endosome are often described to have r'ümilar features, 

such as a complex internaI membranous component, it would seem 

that these designates either refer to the same structure or to 

two distinct compartments related in a precursorjproduct 

fashion (see review by Gruenberg and Howell, 1989). 

In support of this notion Griff i ths et al. (1988) have 

claimed that entities destined for down-regulative degradation 

such as the EGF receptor sequentially pass from the late 

endosomal step to then localize to the multiple vesicles 

within the MVB. This MVB would then be involved in certain 

processing events leading to the lysosomal compartment step. 

The exact nature of these "processing" steps remains unclear. 

However, they have been shown ta include progressive acidifi-

cation, the development of acid-phosphatase positivity con-

comitant with a progressive 10ss of cation-dependent mannose-

6-phosphate receptor (CI-MPR) activjty (see review by 

Gruenberg and Howell, 1989), both of which seem to be charac­

teristic of lysosomal hydrolase targetting from the Golgi. 
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(f) Summary of the Tf-Tf Receptor Complex Endocyti c Uoute 

It is therefore generally understood that the endocytic 

and reeycl ing pathways ean be defined as an orderl y itincr<1ry 

of diserete membrane bound compartments through \vhich I~-L 

complexes eirculate and are differentially processed i1cl'ording 

to their specifie funetion (Hubbard, 1989). The progressive 

acidification of steps or compartements of the endocytlc 

pathway, from the earliest endosome to the lysosome, i5 

neverthe less seen to support the idea of funet ional 

heterogeneity of the various steps (Merion et al. 

Kielian et al., 1986; Murphy et al., 1983). 

1983; 

The specifie pathway followed by the 'rf-Tf receptor 

complex, accord ing to current understanding, can be summa r ized 

in (Fig. 1) : 1. Like many of the ligands mentioned, Tf binds 

to its receptor in a pH-dependent manner and is eonstitut ivcly 

internaI ized, along with other R-L complexes, by the inbudding 

of clathrin-coated pits. 2. The internalized ves ietcs 

containing the R-L complexes, including the diferric '1'(-'I'[ 

receptor complex, lose their clathrin coats and become 

associated wi th the endosomal compartment. 3. Proton-pump 

dependent acidification of the early endosome or CUIUJ causcs: 

a) the two iron atoms bound to the Tf molecule ta dissocidte 

and b) all ligands except for apoTf to dissociate l'rom thcix 

receptors. 4. Wi thin the endosome or CURL, sort ing 0 f the 

contents resul ts in the apoTf-Tf receptar comp10x bcing 

directed along either or both of two recycling pathvJays Le. 
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the proposed short pathway from the endosomal step or the 

proposed pathway through the TRG. 5. At no time is the apoTf-

Tf receptor complex targetted to the lysosomal compartment as 

are a number of ligands. 

It is notewhorthy that a novel new proposaI has recently 

been put forth by Hopkins et al. (1990) to explain the 

endocytic pathway. They used fluorescently labeled Tf and EGF 

to follow their intracellular route in living cells using 

video recording at low light. Instead of observing the label 

moving through discrete end oey tic compartments, rather, they 

seemed to show that the endosomal apparatus consisted of a 

continuous tubular reticulum through which pUlses of receptors 

move at high speed. Their model therefore suggests that the 

endosomal apparatus is a permanent but very dynamic organelle 

where pro cesses do not occur at discrete steps but 

continuously and in a highly integrated manner (Hopkins et 

al. , 1990) . No supporting data is yet available ta 

corrobarate these claims but it shall be interesting to see 

the types of developments that research in this direction rnay 

bring to the field. 
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FIGURE 1 

Sche:matic drawing depicting structures and pathways 
presently being consj dered as part of receptor-mediated 
endocytosis. (1) Circulating ligands (solid circles, solid 
squares) bind to plasma membrane receptors. (2) The ligand­
receptor complexes cluster in coated pits, which jnvaginate 
(3) to form coated vesicles. Very rapidly, the coated 
vesicle loses its clathrin coat and becomes an endosome (4). 
Sorne ligand-receptor complexes return to the surface 
membrane (diacytosis) (5). The endosomes fuse wjth eùch 
other and/or other smooth membraned vesicles (SMV) (6) . 
During release of the clathrin coat, membrane fusion, or 
both, protons are pumped into the intravesicular space and 
initiate disso~iation of ligand from receptor. The majority 
of ligands remain within the acidified vesicular portion of 
the compartment of uncoupling of receptor and ligand (CURL) 
(7) • The unoccupied receptor molecules concentrate in the 
membranes of tubular structures of CURL, which mediate the 
recycling of receptors back to the surface membrane (8). 
The recycling may involve a transient pathway through 
portions of the Golgi complex. The ligand molecules and 
sorne receptors wi thin the vesicular portion of CURL enter 
multivesicular bodies (MVB) (9), which ul timately [use with 
primary lysosomes (10). Degradation of the contents occurs 
in the resultant secondary lysosomes. 'l'he transferrin­
transferrin receptor complex has been observed to be 
involved in aIl steps except (9) and (10). (Adapted from 
Steer,C.J. and Ashwell, G., 1990). 
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~S,-,=e,-!:c~t,-",i,"",0,-,n~5""--_T~h,-,,e~R~a....,t: Sem i n i ferous Ep i the 1 i um 

Ca) Epitnelial structure 

'l'he rat testis consists of 25 to 30 tubules mO<.lsuring 

approximately 350 J.Lm in diameter and an average of J). 2 cm in 

length, aIl contained wi thin a thick f ibrous capsul c, the 

tunica albuginea (Clermont and Huckins, 1961). Each tubule is 

an anastomotic loop which is continuous with the rete tcstis 

which in turn is connected ta the ductuli efferentes <:lncl tho 

epididymis. The space between the tubules is calI cd the 

intersti tium and contains the testosterone-secreting l.cyLi 19 

cells, blood vessels, nerves and lymphatics. The seminifcrous 

tubule consists of a limiting membrane composed of one ta two 

layers of myoid cells, a lining epithelium and a centrùl lumen 

(Fig.2). 

The epithelium lining the tubules has been termcd the 

seminiferous epithelium and is made up of two basic ccllùlùr 

components: Sertoli ceUs, a somatic non-prol i feratj vc 

component which is made up of a single, termlna~ly 

differentiated cell type and a spermatogenic compone nt vJh i ch 

i8 composed of a population of proliferating germinal cclis ùt 

various phases of a complex differentiation process. 

The somatic component of the seminiferous cpi thel ium, 

the Sertoli ceU, extends from the 1 imi ting membrane to the 

lumen and is known to be evenly spaced along the length of the 
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seminiferous tubule. In a tubular cross section the 

spermatogenic cells give the epithelium a stratified 

appearance which displays three general germ cell types from 

LM to lumen: spermatogonia which rest on the limiting 

membrane, spermatocytes and spermatids (Fig.2). 

Finally the epi thelium is di vided into two compartffients 

by virtue of junctional specializations that link adjacent 

sertoli cells (Dym and Fawcett, 1970) (Fig. 2): The basal 

comfJartment conta ining spermatogonia and young spermatocytes 

and the adluminal compartment containing later spermatocytes, 

spermatids and spermatozoa. The functional significance of 

these junctional complexes will be discussed later in this 

section. 

(b) Spermatogenesis 

Spermatogenesis 

spermatogonial stem 

is the process by 

cells differen~iate 

which diploid 

into haplo id 

spermatozoa. Upon close examination of a tubular cross 

section from a mature rat, one can identify one to two 

supe rimposed 1 ayers or genera tions of sperma togonia, 

spermatocytes and spermatids which gives the epithelium the 

stratified appearance. These generations however do not occur 

at random and in a gi ven tubule cross section, in the rat, one 

will generally always see the same generations associated with 

one another. Such a cellular association is called a stage. 

In the rat 14 such stages have been defined, each composed of 
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several characteristic generations of gerrn cells, a generation 

being defined as a group of cc Ils at the same step of 

development (Leblond and Clermont, 1952b). 

If one, for example, observes, in time, a given cross­

section of a serniniferous tubule, one will wi tness the 

successive 

or stages. 

epi thelium 

appearance of each of the 14 cellular associations 

This constitutes one cycle of the sem iniferous 

(Leblond and Clermont, 1952b) (Fig.3). 'l'he 

duration of one cycle, that is the tirne requircd for a 

spermatogenic generation to mature into another, is species­

specifie and seemingly invariable for that species. In the 

case of the rat the cycle time is 12.9 days. Hence the time 

it takes for a spermatogonia, commi tted to different iation, to 

become a spermatozoon is 51.6 days in the rat (Clermont and 

Harvey, 1965). 

Finally spermatogenesis can be divided into thrce 

distinct phases: 1. Where spermatogonia undergo a series of 

rnitotic divisions which give rise to spermatocytes and 

spermatogonial stern cells which in turn rcncVJ thc 

spermatogonial population. 2. Where primary and secondary 

spermatocytes undergo two successive meiotic divisions giving 

rise to haploid spermatids. 3. Where spermatids foll~J'''' a 

dramatic nineteen s tep di fferentia t ion p rocess termed 

spermiogenesis to finally give rise to mature sp0rmatozoa. 
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(c) spermiogenesis 

As can be seen in Fig.3, the stages of the cycle of the 

seminiferous epithelium are indicated by roman numerals (1 to 

XIV) • The "steps" of spermiogenesis however are indicated in 

Arabic numerals (1 ta 19) (Fig.4). Spermiogenesis invol ves 

the transformation of young haploid germ cells or early round 

spermatids into mature spermatozoa. Because the nuclear 

changes invalved in spermiogenesis are relatively distinct, 

the steps describing this process, as proposed by Leblond and 

Clermont (1952b) are considered by these authors as the most 

inlportant guide for the classification of ti1e cycle of the 

seminiferous epithelium. 

For the purposes of description, the 19 steps of 

spermiogenesis were di vided, by the above authors, into 4 

phases: The Golgi, cap, acrosome and maturation phases 

(Leblond and Clermont, 1952a). The Golgi and cap phases 

(steps 1-7) are characterized, at the light microscope level, 

by a weIl demarcated Golgi zone, the appearance of 

proacrosomic granules associated with the nucleus and t.he 

eventual elaboration of the cap-like acrosomal system. At the 

antipode one can also see the assembled centrioles and the 

early development of the growing flagellum. Germ cells which 

have evolved to this stage are generally referred to as round 

spermatids (Leblond and Clermont, 1952b). 

r 
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During the acrosome phase (steps 8-14), the nucleus and 

covering acrosomic system undergo their most dramatic 

morphological transformation: As the nuclear contents 

condense and forro a more compact mass, the shape of this 

organelle takes on a species-specific shape. In the rat the 

nucleus acquires a falciform or sickle shape and remains 

closely associated with the acrosomic system. At the cùudùl 

end of the cell, the bulk of the cytoplasm i5 seen ta 

decentralize and accumulate around the flagellum which is 

attacheà to the nucleus and is continuing to elongate. 'rhe 

Golgi apparatus becomes displaced from the perinuclear region 

and relocates to the cytoplasmic lobule. Germ celIs which 

have evoived to this stage are generally referred to as 

elongated spermatids. The maturation phase (steps 15-19) 

consists of the final morphelogical transformations which 

result in the formation of the mature spermatozoa (step 19). 

At this time the spermatozoon sheds its periflagcllar 

cytoplasm te yield the residual body and is finally relcùsed 

into the tubule lumen in a process called spermiation (Leblond 

and Clermont, 1952b). 

(d) Sertoli Cells: structure and Function 

Extending from the limiting membrane te the tubule 

lumen, the Sertoli cell is a columnar cell with numerous 

apical and lateral sheat-like processes which envelope nearby 

spermatogenie cells. Its nucleus is either ovoid or piriform 
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with a prominent nucleolus and one or more characteristic deep 

infoldings. Sertoli cells constitute the frarnework of the 

seminiferous epitheliurn thus lending a tubular cross section 

its highly ordered stratified appearance. Generations of 

sperrnatogenic cells are continuously pushed through the 

interstices of Sertoli cell cytoplasmic extensions as they 

differentiate and are eventually extruded into the tubular 

lumen as mature spermatozoa (Fiq.2). 

For the most part, adjacent Sertoli cell cytoplasmic 

processes are separated by a spa ce of 150-200 A (Dym and 

Fawcett, 1970). However, at the level of the the junctional 

complexes constituting the BTB, they approach ta within an 

exceedingly close 20 A forrning an exclusion site that is 

morphologically unique (Dym and Fawcett, 1970) (Fig.2). The 

BTB forms a belt-like structure paraI leI to the tubule 

limiting membrane which defines the compartmentalized 

character of this epitheliurn and constitutes an impermiable 

barrier to virtually any blood-borne elernent (Dym & Fawcett, 

1970). 

The functional significance of the BTB is three fold: 

1. It acts as a permiability barrier that ailows Sertoli cells 

to create an adluminal extracellular environrnent that is 

conducive to germ cell maturation (Tuck et al., 1970; Skinner 

and Griswold, 1983). 2. It acts in a preventive role by 

( disallowing the passage of germ celi proteins which would be 

30 



identified as foreign by the immunological system (Setchell, 

1980) . 3. It has a dynamic role which permi ts the passage of 

clones of preleptotene spermatocytes from the basal to the 

adluminal compartment at the level of the junctional complexes 

(Dym and Fawcett, 1970). 

The Sertoli cell has also been shown to function as a 

phagocyte. Immediately preceding their release into the 

tubular lumen step 19 spermatids shed a globular mass of 

excess cytoplasm, or residual body (RB), which is quickly 

phagocytosed by the apical Sertoli cell (Fig.2). Besides RUs 

the Sertoli cell was also shown to regulate the area of its 

own adluminal plasma membrane via the same rnechanism. Morales 

et al. (1985) demonstrated that lysosomes formed as a 

consequence of fluid-phase endocytosis fused with the endosome 

containing the RB resulting in the degradation and absorption 

of its elements (Morales et al., 1986a). 

The Sertoli cell's primary r.ole, it is thought, and the 

one which is by far the most studied is its involvement in the 

maintenance of sperrnatogenesis (see review by Griswold ct al., 

1988b) . That is, it appears that Sertoli ceUs function in d 

nurturing capacity and thus, like a mother, provide rnost, if 

not aIl, the means of survival for germ cells. The manncr in 

which Sertoli cells fulfill this role and the nature of thesc 

rneans is presently the subject of intense study. This role of 

Sertoli cells still remains poorly understood. 
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In the study af the seminiferous epi theliull\ it has 

become clear that developing germ cells are invariably 

dependent on iron for their maturation. This dependence is 

thought to be linked, as is the case in proliferating celi 

1 ines in general, to the synthesis of important iron 

containing enzymes and co factors necessary for fundamental 

processes such as nucleic acid synthesis and respiration. 

These germ cells located in the adlumenal compartment however 

do not have access to irol1 bound to sTf due te the presence 0 f 

the BTB. It has been shown that sertoli cells as weIl as 

spermatogonia express receptor for Tf and thus are capable of 

providing for their awn iron needs (Morales and Clermorlt, 

1986b). The Sertoli cell therefore, acting in its nurturing 

capacity, must possess a mechanism for supplying adlumenal 

germ celi with iron. 

The Sertoli cell is known ta secrete a number of 

proteins including cerulaplasmin, sulfated glycoprotein 1 and 

2, androgen binding protein and tTf (Griswold, 1988a). These 

adlumenally secreted proteins are thought, at least in part, 

to mediate the Sertali cell' s raIe in the maintenance of 

spermatogenesis (Griswold, 1988a). Testicular Tf, which 

comprises up to 15% of Sertoli cell protein secretion (Skinner 

and Griswold, 1980), i5 currently being irnplicated in a 

developing model of iron delivery ta adlumenal germ ceIIs 

(Fig.5). In this model the Sertoli cell is described as the 

gateway mediating the flow of iren frem the plasma to the 
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adlumenal germ cells with tTf functioning as the means by 

which the Sertoli cells accomplish this task. 

Morales and Clermont (1986) have shown that Sertoli 

cells in vivo are capable of receptor-mediated endocytos i5 

(RME) at their basal aspect (Fig.5). Here, it was shown, that 

Tf receptors bind diferric sTf and the complex 1· ~. 
~. 

internalized. They went on to show that, in a similar way to 

other systems, [125 I ]-Tf then localized ta a discroto 

endosomal compartment. The pulse of labeled apoTf was then 

observed to be quickly released into the r.ledium w i t h 

interrnediate steps apparently invol ving small spher ical ùnd 

tubular-shaped vesicles visible at the electron microscope 

level. At no time was the label seen to enter an ciL: iù 

phosphatase-positive compartment or lysosomes. In order ta 

ascertain whether this putative endocytic pathway was in tact 

distinct, native ferri tin was simul taneously administered but 

instead injected into the lumen of the serniniferous tubule Vlù 

the rete-testis. The native ferritin was observed ta 

internalize by fluid-phase endocytosis at the lumenal pole ot 

the Sertoli celi and ta localize tr:> a separate endosom.-ll 

compartment which eventually evol ved into MVBs and seconda ry 

lysosomes (Morales and Clermont, 1986b). 

It was first shown by Skinner et al. (1934) that 

cultured Sertoli cells synthesized and secreted a tTf that was 

essentially identical to sTf and possibly the product of the 
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same gene. Sorne controversy arose concerning this preliminary 

f inding when Lee et al. (1986) argued that Sertol i cells, in 

vivo, do not normally produce Tf and that culture conditions 

artificially aetivated the Tf gene. Hence they claimed that 

the resul ts obtained by the above researchers were artifactual 

to in vi trI) conditions. In response Morales et al. (1987a) 

employed an in vivo system where paraffin-embedded sections of 

ra t tes tis were subject to bath liquid and in situ 

hybridization with eRNA probes specifie for tTf mRNA. They 

demonstrated that exclusively Sertoli cells labeled positively 

for Tf mRNA. Together with supporting data, derived from the 

same series of experiments it was concluded that Sertoli ceIIs 

do in fa ct express tTf. 

Once iron detaches from Sertoli-cell-internalized sTf, 

presumably in the endosomal compartrnent, it is not known how 

it crosses the endosarnal wall nor what its imrnediate fate is. 

It is known that Sertoli celis in culture express ferritin but 

it is not known whether or how iron interacts with it. 

Nevertheless the available data strongly suggests that Sertoli 

cells use iron 1 sequestered from s'l'RF 1 to supply adluminal 

gerrn cells 1 employing tTf as the vehicle (Fig. 5) . In an 

elegant series of in vivo experiment by Morales et al. (1986b: 

1987b) it was in fact shawn that newly synthesized [ 35S]_ 

labeled tTf was secreted in a vectorial fashion towards the 

adluminal compartrnent. It was concomitantly shown that 

[55pe] 1 internalized as sTf at the basal pole of the Sertoli 
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cell, also demonstrated the same unidirectional flm'l. The 

conclusion therefore was that iron, acquired from sTf, became 

attached to newly synthesized tTf and was secreted adluminally 

(Fig.5). A crucial step in this process however still remains 

undetermined and that is the mechanism by which t1'f j s coupled 

to iron. Is this pro cess mediated through ferri tin, through 

another iron chelator or is the iron directly chelated by 

newly synthesized tTf? New and creative investigative 

techniques shall be required to answer this question. 

As shown in Fig. 5 the steps invol ved in the suggested 

pathway for adluminal germ cell Iron delivery are: 1. Sertoli 

cells internalize diferric sTf at their basal pole by 

receptor-mediated endocytosis, 2. Iron is l iberated and the 

apoTf-Tf complex is recycled back to the interstitial space 

where apoTf is released, 3. The iron atoms are somehow 

coupled to tTf which is then released j nto the adl uminal 

compartment. According to this developing model thcrefore, 

adluminal gerrn cells must be capable of utilizing iron 

supplied to them in the form of tTf al though there exists no 

evidence to directly support this. 

Early work by Holmes et al. (1983) indicated that Tf, in 

vitro, specifically bound Sertoli cells, early, mid and late 

pachytene spermatocytes with Kd values in the nM range. 

Sylvester and GriswoJd (1984) soon after supportcd the sc 

findinqs in an indirect immunofluorescence study shoy/j ng thùt 
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Tf receptor was expressed on germ cells ranging from primary 

spermatocytes to early spermatids. Using northern blot 

analysis, Roberts and Griswold (1990) further demonstrated 

that mRNA for Tf receptor was expressed in spermatocytes and 

elongating spermatids but this time failed ta detect this mRNA 

species in round spermatids. In contrast immunohistochemical 

studies carried out by Brown (1985) do show Tf receptor to be 

expressed on the surface of round spermatids in addition to 

other germ cell classes. Furthermore he observed that the 

immunolabel ing of the Tf receptor decreased as spermatocytes 

matured into round spermatids. He found no labeling in 

elongated spermatids or mature spermatozoa. Therefore there 

seems to be conflicting results concerning the final steps of 

the iron delivery pathway to adluminal germ cells. 

Sylvester and Griswold (1984), using indirect 

immunofluorescence techniques, suggested that tTf may bind to 

spermatids and perhaps somewhat to spermatozoa. No 

immunolabeling for Tf was seen on spermatocytes. They 

explained this discrepancy with their above Tf receptor 

resul ts, where spermatocytes were shown to carry Tf receptor 

mRNA, by postulating that sertoli cells may selectively target 

tTF to different germ cell populations depending on the stage 

of the cycle (Leblond and Clermont, 1952b). 

The work presented herein will attempt to clarify the 

above and propose what the final steps of this iron delivery 

model may be following the release tTf by the Sertoli cell. 
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(e) Sertoli Cell Regulation and Testicular Transferrin 

It's been mentioned that Sertoli cells play Ll central 

role in the maintenance of spermatogenesis. One approach that 

is presently being taken to clarify the nature of this role is 

to determine how certain factors may regulate Sertoli cell 

function. It has been known for sorne time that the hormones 

FSH and testosterone and nutritive factors such as retinol and 

iron are necessary for the control and maintenance ot 

spermatogenesis 

Harvey (1965) 

respectively. Early work by Clermont 

confirm that while hormones such 

and 

as 

gonadotropins and androgens act in a permissive role, they do 

not influence the rate of spermatogenesis per se. Furthermore 

the effect of testosterone on spermatogenesis was Invcstigated 

and similar conclusions were drawn (Clermont and lIarvey, 

1967) • 

Recently the regulatory roles of sorne of these 

substances, vis-a-vis Sertoli cell protein synthesis, have 

been assessed. Roberts and Griswold (1990), in experiments 

where various combinations of FSH, testosterone, insul in und 

retinol were administered to Sertoli celis in culture, 

reported that while Tf receptor rnRNA levels were unaffected by 

the treatment, tTf mRNA levels were "sensi ti ve" to hormones. 

In another recent study i t was shown that retinal, wh i ch i s 

thought to interact with Sertoli cells, modulated l evels of 

tTf mRNA in Sertoli cells in vivo (Hugly and Griswald, 1987; 

Morales and Griswold, 1991). The molecular nuture of this 
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interaction rernains ta be shown (Erikson et al., 1987). 

Studies involving iron as a possible regulator of 

Sertoli cell function have also been carried out. In 

conditions of iron deprivation Sertoli cells in culture were 

found to express levels of Tf receptor mRUA that were 7 times 

higher than control cultures. Levels of tTf rnRNA and ferritin 

rnRNA, however, remained unaffected by these conditions 

(Roberts and Griswold, 1990). These results rnay indicate that 

the rnechanism, involving the mutually counterbalancing 

regulation of Tf receptor rnRNA and ferritin rnRNA by iran and 

IRE, is not applicable to Sertoli cells. 

The above experimental resul ts irnply that each of the 

agents mentioned are important for spermatogenesis because 

they influence Sertoli cell secretion patterns of proteins 

known ta be important for the maintenance of this process 

(Griswold, 1988a). The question of the Sertoli cell's role in 

spermatogenic regulation, however, still rernains unanswered. 

Attention has therefore been turned to the suspected 

association of germ cell and germ cell-Sertoli cell 

interactions with Sertoli cell function and regulation of 

spermatogenesis. 

During the course of their experiments, Roberts and 

Griswold (1990) made the observation that the increased Tf 

receptor mRNA response to iron deprivation paralleled that in 
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a control proliferating cell 1ine. It is generally known that 

cel1s entering a proliferating state express higher levels of 

Tf receptor comp.ired to non-proliferating ceUs (Enns ct a]., 

1988) • Since Sertoli cells are non-prol iferati ve in primilry 

culture, it is possible, according to these authors, that this 

relatively dramatic response to iron depriviltion W3S 

associated to the Sertoli cell's role in iron delivery to germ 

cells. Stallard and Griswold (1990) conducted stud ies to 

address this point. They showed that Sertoli cells, 

cocu1tured with germ cells, expressed 3 times higher levcls of 

Tf rnRNA relative to control Sertoli cell in cu] turcs ilS 

demonstrated by solution hybridization and Northern blot 

analysis. This resul t was taken to suggest that gerrn cell s, 

perhaps via secretions such as paracrine factors, somehow 

control iron flow through the regulation of Serto] i cell 

function (Stallard and Griswold, 1990). Another similar study 

where Sertoli cells were cocultured with enriched populations 

of germ cells also dernonstrated that this treatment milrkedly 

increased secretion of tTf. Furthermore spent medill 0 t the SC' 

germ cell populations Axhibited the Sllme effect thWi 

reenforcing the idea of germ cell-regulation of Sertol i cell 

function (Le Magueresse et al., 1988). 

Based on these observations the notion of germ cell-

regulation of Sertoli cell function has started to gil in 

popularity and studies recently carried out to explore these 

possibilities appear to be positive. It has been obscrved 
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that levels of Sertoli cell proteins are differentially 

regulated according to the stages of the cycle of the 

seminiferous epithelium (Morales et al., 1987a: Roberts and 

Grlswold, 1990). It was demonstrated that tTf is expressed at 

its highest level, by Sertoli cells, at stages XIII and XIV of 

the cycle while levels of SGP-2, another Sertoli cell 

secretion product used as a control, rernained unchanged. This 

surge exactly coincided with the two successive meiotic 

divisions of spermatocytes (Morales et al. 1987a) implying 

once again that germ cells appear to regulate their own supply 

of iron by influencing Sertoli cell expression of tTf and Tf 

receptor. 

stage-specifie regulation of Tf receptor mRNA has also 

been documented (Roberts and Griswold, 1990). In addition to 

confirming the above resul ts using northern blot analysis of 

Sertoli cells in culture, these authors observed that Sertoli 

cell Tf receptor mRNA expression peaked at stages VII-VIII 

while that in total germ cells remained unchanged. Hence the 

increase appeared to be specifie to Sertoli cells. It was 

therefore suggested that the Sertoli cell undergoes a period 

of iron loading during stages VII-VIII and an intense period 

of iron delivery at stages XIII-XIV when pre-meiotic 

spermatocytes presumably most require iron. These authors 

have also reported that Tf production by Seï:toli cells seems 

to correlate linearly with germ cell number, implying perhaps 

that Sertoli cell tTf levels are limited by the number of 
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post-meiotic germ cells a testis can support (Griswold et al., 

1987). 

The emerging picture therefore, is that indeed hormones 

and essential nutritive factors are important for the 

maintenance of spermatogenesis and that their cellular target 

is most cases the Sertoli celle The regulation of the 

expression of Sertoli celi proteins however, which are 

considered important for spermatogenesis, appears to be, 

according to data amassed to date, most clearly attributablc 

to spermatogenic cells. 
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FIGURE 2 

Schematic diagram of the structure of the rat 
seminiferous epithellum. The base of the seminiferous 
epithelium consists of three to four layers of myoid cell 
called the limiting membrane. Resting on the limiting 
membrane are various types of spermatogonial stem cell and 
non-proliferating Sertoli cells. Sertoli cells are tall 
jrregularly-shaped somatic cells which extend to the tubular 
lumen and send numerous fine cytoplasmic processes in the 
interstitial spaces between surrounding germinal cells. 
Adjacent Sertoli cells are linked by tight junctional 
complexes which divide the seminiferous epithelium inta two 
physically and functionally different compartment: The 
basal compartment which houses the various spermatogonia 
stem cells and the adluminal compartment which contains 
spermatocytes and spermatids. Ser, Sertoli cell; N, Sertoli 
cell nucleus; G, spermatogonia; PL, preleptotene 
spermatocyte; sptc, spermatocyte; Sptd, spermatid; eSptd, 
elongating spermatidi P, Sertali cell process; !JI, limiting 
membrane; Tjn, tight junctional complexes; RB, residual 
body. 
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FIGURE 3 

Schematic diagram depicting the spermatogenic cell 
associations of the 14 stages of the cycle of the 
seminiferous epithelium in the rat. Each column, designated 
by a Roman numeral, represents spermatogenic cell types 
which constitute the cellular associations found in cross­
sections of seminiferous tubules. steps in the development 
of spermatids (or spermiogenesis) , which are used to 
identify the stages of the cycle, are designated by Arabie 
numerals 1 to 19. Letter initiaIs designate the various 
maturational states of spermatogonia and spermatocytes: Al' 
A2' AJ and A4' four genera tions of type A spermatogonia; In, 
intermediate spermatogonia; B, type B spermatogonia; Pl, 
preleptotene spermatocyte; L, leptotene spermatocytes; Z, 
zygotene spermatocytes; P, pachytene spermatocytes; Di, 
diplotene spermêtocytes; II, secondary spermatocytes. 
capital M designates mitotic divisions of spermatogonia. 
The duration of each stage, in hours, is also given. 
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FIGURE 4 

Schematic representation of spermiogenesis in the rat 
illustrating the gradual differentiation of young spermatids 
into mature spermatozoa. The 19 steps, which are defined by 
changes in the structure of the nucleus and acrosome, can be 
divided into 4 phases: The Golgi phase (eteps 1-3), the cap 
phase (steps 4-7), the acrosome phase (d~eps 8-14) and the 
maturation phase (steps 15-19). The numbers given to each 
of the steps correspond to those proposed in the 
classification of Leblond and Clermont (1952). RB, residual 
body. 
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FIGURE 5 

Schematic representation of the iron delivery pathway 
ln Sertoli cells of the rat seminiferous epithelium as it 
was previously understood. At the lower aspect of the 
drawing is the first step of iron delivery: Receptor­
mediated endocytosis of diferric serum transferrin (Tf) at 
the basal pole of the Sertoli cell and recycling of the 
apo'I'f-Tf receptor complex back to the basal plasma membrane. 
Proton pump acidification of the endosome containing the 
internaI ized complex results in the release the two iron 
atoms from each Tf molecule. It is then known that these 
atoms become associated with testicular Tf. The number and 
nature of the steps between the release of iron and its 
coupling ta testicular Tf still remains to be determined. 
At the upper aspect of the drawing it is shown that the 
di ferric testicular Tf is secreted by the Sertoli cell into 
the adluminal cornpartment. Its fate, once secreted, 
remained unclear. ( Â ) , serum/testicular transferr ln; (.) , 
ironi G, spermatogoniai sptc, spermatocyte; Sptd, 
spermatidi E, endosome; RB, residual body. 
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MATERIALS and METHODS 

1. Isolation of Germ Cells from Mature Rat 

a) Germ cell preparation for mRNA isolation: One adul t 

male Sprague-Dawley rat was sacrificed by C02 inhalatj on and 

the testis removed by a scrotal incision. ThE> testis were 

th en washed wi th Hanks Balanced Salt Solution (HBSS), 

decapsulated and ligl1tly minced. The tissue was then 

suspendeJ in 10 ml HBSS containing 4 mg collagenase, 6.64 mg 

DNase, 6 mM sodiurr. pyruvate and 2 mM lactate. The suspension 

was then incubated at 37"C for 10 minutes followed by an 

additional 15 minutes incubation period with 18 mg trypsin, 

all the time wi th intermittent agitation. The supernatant 

containing the gerrn cells was then spun at 700xg for 5 minutes 

and the cells resuspended in 10 ml HBSS containing 18 mg 

trypsin inhibitor and 6.64 mg DNase. 

The cell suspension was then spun again at 700xg for 5 

minutes, resuspended in 1% BSA-HBSS and sequencially filtered 

through 80 J..Lm and 35 J.Lm mesh to remove cellular debr is. It 

was finally layered into B staput charnber and left to sediment 

for 2 hours in a 400 ml linear 1-4% BSA densi ty gradient wi th 

HBSS. Twenty 10 ml fractions were collected and each examined 

by contrast-phase microscopy for identification and assessrnent 

of germ cell-type percentage per fraction. Only those 

fractions containing pachytene spermatocytes, round spermatids 
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(steps 1-8) and elongated spermatids (steps 9-18) in purities 

of at least 90% were pooled and used to isolate their 

respective contents of RNA. 

b) Germ cell preparation for binding assays: 'l'he tissue 

was removed from the animal and processed in the same Wùy as 

above. It was however suspended in 10 ml HBSS containing 1300 

Kunitz/ml DNase, 350 units/ml collagenase, 1 mg/ml trypsin 

inhibi tor, 6 mM sodium pyruvate and 2 mM lacate. 'l'he 

suspension was then incubated as above for 20-30 minutes with 

continuous agitation. It was then filtered as above ùnd 

directly layered into a similar gradient containing 50 mq 

trypsin inhibitor, 6 mM sodium pyruvate, 2 mM lactate and also 

left to sediment for 2 hours. Fractions were collected 1 

identified, their percentages assessed as above and f ina lly 

put on ice until the experiment begun. 

2. RNA Isolation 

AlI RNA samples were obtained from freshly isolated 

tissue and processed as specified above. The RNA was 

extracted by dissolving the tissue in 1 ml of lysis buffer (5 

M guanidine monothiocyanate, 10 mM EDTA, 50 mM Tris-IICl, 8% 

beta-mercapto-ethanol, pH 7.5) and homogenizing the mixture 

wi th a polytron homogenizer. Once dissol ved the homogenù te 

was precipi tated wi th 25 volumes of 4 M LiCl 2 at -20' C 

overnight. The mixture was then spun at 14000xg for 30 

minutes a t 4 0 C and the pell et resuspended j n 1 ml 
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( homogenization buffer (150 mM NaCl, 0.5% SDS, 5 mM EDTA, 50 mM 

Tris-Hel, pH 7.5). In order t0 dissolve protein away from the 

nucleic acid 100 ~g/ml proteinase Kwas added and the solution 

incubated at 45°C for 30 minutes. 

The resulting proteinacious debris was then removed by 

three consecutive equal volume phenoljchloroform (50 ml 

chloroform, 50 ml phenol f an overlay of 10 mM Tris pH 8, 1 mM 

and 0.4% beta-mercapto-ethanol) extractions of the nucleic 

acid. The resul ting extract was then precipitated with 2.5 

volumes of ethanol for 24 hours at -20·C, spun at 14000xg rpm 

for 20 minutes and the pellet finally resuspended in 

resuspension solution (30% diethyl pyrocarbonate-treated 

water, 69% ethanol, 1% NaCI)n and stored at -70·C (Cathala et 

al. 1983). 

3. mRNA Blotting 

1.2% agarose-formaldehyde gels, used in aIl cases, were 

run in an LKB electrophoresis bath in running buffer 

containing 10% HEPES-EDTA and 16.2% formaldehyde. The samples 

were mixed with sample buffer, which contained formaldehyde, 

formamide and HEPES-EDTA, denatured at 60 0 e for 10 minutes and 

stained with 5 J.1.1 bromophenol blue. Following 15-20 hours at 

20 volts, the gels were washed with lX sse and transferred ta 

a nylon membrane in an LKB 2016 VACUGENE vacume transfer unit. 

The membrane was then washed, dried until lightly moist and 

treated with ultraviolet light to crosslink the RNA to the 
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nylon matrix. 

4. Narthern Blot Analysis 

In arder to establish favourable hybridization 

conditions, the membrane was soaked in 30 ml of hybridizéltion 

buffer (0.2g BSA, 100 ml formamide, 80 ml NaH2Po4, 800 1.Ll 250 

mM EDTA and lOg SDS) in a hybridization chamber (lloefer 

Scientific Instruments) and incubated at 60" C for 24 hours. 

Pre-hybridization buffer was then withdrawn from the chélmber 

and replaced with 30 ml of fresh hybridization bufter 

containing [3 2p] -labelled nick-translated cDNA for Tf 

receptor or in vitro transcl"ibed ferritin L-chain mRNA labeled 

with [32 p ] -UTP. The chamber was then resealed and incubated 

at 42 oC for 24 hours. The nylon was then removed from the 

chamber washed to remove non-specifically bound activity from 

the membrane and placed over x-ray film at -70"C and developed 

after 1 week. 

5. Densitometric Analysis 

Quantitative interpretation of x-ray radioautographs was 

carried out by assessing the rel ative densi ty of bands by 

densitometric scanning of each band. In aIl cases three scans 

were made of each band and averaged to obtain an accurate 

resul t. A Zeineh soft Lazer Scanning Densi tometer (Biomed 

Instruments, Inc.) was used for the measurements. 
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6. cDNA Probes Preparati, on 

The pcD-TR1 plasmid obtained from the laboratory of Dr. 

L. Kuhn (Kuhn et al., 1984), containing the 4.9 kb Tf receptor 

cDNA sequence, was nick-translated and labeled with [32P]-ATP 

(Dupont-NEM) according to the specifications of a kit from 

BRL, Maryland, USA. Unincorporated radioactivity was removed 

by G75 Sephadex column chromatography. 

7. cRNA In vi tro-Transcribed Probes 

An SP-65 plasmid containing the cDNA sequence for 

ferritin L-chain in its ECoR1 site, obtained from the 

laboratory of Dr. H. Munro (Brown et al., 1983), was 

linearized by treatment with Hind III restriction enzyme and 

transcribed at 37 ° C for 2 hours in transcription bufter 

containing SP6 polymerase (Promega) in the presence of [3 Hj -

UTP according to the procedure Ot Morales et al, 1987. The 

resulting radiolabeled cRNA probe was then successively 

extracted by phenol/chloroform and precipitated with ethanol 

at -20°C. 

8. Plasmid Amplification and Isolation 

Competent E. coli bacteria transfected with our plasmid 

were stored at -70 ° C in 15% glycerol. Prior to plasmid 

isolation, the bacteria was submitted ta two chloramphenicol 

amplifications and grown overnight in broth at 37'C. The 

cells were pelleted for 5-10 minutes at 2500xg and resuspended 

in 1.28 ml of solution l (5 mM glucose, 10 mM EDTA, 2 mg/ml 
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lysozyme and 25 mM Tris pH 8) él,nd incubate on ice for 15 

minutes. Then 2.56 ml of solution II (0.2 N NaOH, 1% SDS) \vùs 

added, mixed gently and incubated on ice for a further ') 

minutes or until the mL"ture became clear. 1.92 ml of 

solution III (3 M sodium acetate pH 4.8) was then added, ~ixed 

gently and again incubated on ice for 20 minutes. 'l'Ill"' 

solution was then centrifuged at 7500xg for 20 minutes and the 

supernatant precipi tated with 5.6 ml of isopropanol for 2 

hours at -20"C. After another spin at 7500xg for 20 minutes 

the pellet now containing the plasrnid was washed with 2 ml ot 

100% ethanol and spun down once again under the same 

conditions. 

The resul ting pellet was dissol ved in 1 ml T 5 0A150 (150 

mM NaCL and 50 mM Tris, pH 7.5), precipitated overnight at-

20 oC, spun down for 15 minutes at 1200xg, washed with 2 ml 

100% ethanol, pelleted again and air dried. The plélsmid 

pellet was thcn resuspended in 1 ml T50A150' incubated at J 7 'C 

for 30 minutes with 20 Jü/ml RNase and incubated wi th 40 J..Ll/ml 

proteinase K for a further 30 minutes. Three successive equ<.ll 

volume phenol/chloroform extractions were performed ta obtain 

pure plasmid DNA. Sodium acetate was then added to a final 

concentration of 300 mM in addition ta 2.5 volumes of 100% 

ethanol, the solution left for 1 hour at -20" C and the DUA 

pelleted at 12000xg for 15 minutes. 
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The pellet was thouroughly dissol ved in 4 ml TE buffer 

(1 mM Tris and 25 ~M EDTA). To this was added 4.3 9 of CsCl2' 

10 mg/ml ethidium bromide and the Rl adjusted to 1. 3895-

1.3900. A vertical gradient was then formed using a VTi 65 

Beckman rotor for 21 hours at 60000xg. The plasmid DNA band 

was collected, cleansed of contaminating ethidium bromide and 

the solution extracted wi th SSC-saturated isopropanol (2 OX 

SSC: J M NaCl and 0.3 M sodium citrate-mixed with 2 volumes 

isopropanol and the upper phase used) until clear. The 

resul ting extract was then precipi tated at -20 0 C for 2 hours 

with 0.7 volume isopropanol following the addition of 2 

volumes water and 0.1 volume 3 M sodium acetate. The DNA was 

then finally pelleted, washed and precipitated as before two 

more times and resuspended in the appropriate buffer for 

utilization. 

9. Transferrin Labeling 

Diferric Tf was prepared by disolving la mg lyophilized 

rat Tf (Organon Teknika Inc., Scarborough, ontario) in 1 ml 

buffer (0.25 M Tris-CI, pH 8, .06 M NaHCo3) and was then 

incubated wi th 5 mM ferrous citrate for 3 hours at room 

tempe rature . Removal of free iron was not necessary for our 

purposes. [l25I J-Tf was prepared by reacting 50 ~g dTf with 2 

mCi Na[125I] for 30 seconds using the chloramine T method. 

The reaction was halted by the addition of sodium 

metab isul fi te. All tracers made were calculated ta have a 
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- specifie activity of between 5-7 ~Ci/~g. 

separated from free radioactivity by 

ehromatography. 

Labeled protein was 

G25 Sephadex column 

10. Polarized Secretion of Testicular Transferrin 

The following experiment was performed to con f l rm that 

tTf is secreted by Sertoli eells, in a polarized fash Ion 

towards the seminiferous tubule lumen. 

An adult rat was anesthetized and the portal circulat ion dnù 

the testes exposed via an incision along the abdominal 

midline. The hepatic artery and portal vein were tied off as 

1 mCi [35S ] -Methionine was injected subcapsularly into each 

testis. The incision was then sutured and the animal given ~ 

ml of warm glucose Lp.. Body tempe rature was maintaincd LÜ 

37 0 C with the aid of a cervo-regulated heat lamp connected ta 

a rectal temperature probe. 

HBSS. 

One hour later the testes were removed and rinsed with 

Intertubular fluid (TIF) was collected by placlng the 

decapsulated testes inta 5 ml of ice-cold HBSS. 5 minutes 

thereafter the liquid was retained and the tubule mass washcù 

two more times with ice-cold HBSS and the three 5 ml washes 

pooled as TIF. The intratubular fluid (SNF) was collected by 

extruding the washed tubules through a 20-gauge needle and the 

resulting sheared tubules spun at 17000xg. The resulting 

supernatant was pooled wi th 1 ml of HBSS as SUF and the 
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tubule pellet washed once more with HBSS and homogenized with 

eold IMPB (10 mM Tris pH 7.4, 150 mM NaCl, 2 mM PMSF, 5 mM 

EDTA, O. ~., Triton X-Ioa, 0.5% sodium deoxycholate). The 

homogenate was then centrifuged at 17000xg and the supernatant 

fluid taken to be solubil ized eells. Each fraction (TIF, SNF 

solubilized eells) was preincubated with Pansorbin for '30 

minutes and then immunoprecipitated with rabbit anti-rat Tf 

antibody, run on SDS-PAGE and the gels fluorographed (Chasteen 

and Williams, 1981). 

11. Internalization of (35S]-labeled Testieular Transferrln 

The following experiment was carried out to determ~ne if 

newly synthesized tTf, seereted by Sertoli cells in vivo, lS 

internalized. by adlumenal germ c1!lls of the rat semin~ferous 

epithelium. 

The animal was proeessed as above exeept that once the 

testes were removed they were minced and the various germ cell 

populations separated as above. Also according to thlS 

procedure pachytene spermatocytes and round sperrnatids ,,;ere 

identified and their fractions pooled. This suspension 'was 

then treated with 0.1 mg/ml trypsin ta remove aIl specifie and 

non-specifie Tf activity from the cellular surface. The eells 

were then homogenized in eold IMPB, eentrifuged at 17000xg and 

the supernatant immunoprecipitated with rabbit anti-Tf 

antibody. Finally the pellet was run on SDS-PAGE and the gel 

fluorographed (Chasteen and Williams, 1981). 
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12. Electron Microscope Radioautography 

The following experirnent was undertaken to ascerta in 

whether Tf is internalized by adlumenal gerrn cells of the rat 

seminiferous epitheliurn. Two male adult Sprague-Dawley ri1t~ 

were anesthesized and a scrotal incision made to expose the 

internaI genetalia. [125 I )-labeled Tf was then microinjected 

through the rete testis into each testis. At 5,15 ilnd JO 

minutes thereafter one animal was sacri f iced and the testes 

perfused through the abdominal aorta with 2.5% glutaraldehyde 

buffered in sodium cacodylate (0.1 M, pH 7.4) containing u.~t 

After perfusion, the testes were removed and irnmersed in 

the same fixative for 1 hour at 4 0 C and then dehydrated ln 

alcohol and embedded in epon. Thin sections were cut, pldced 

on 1% celloidin-coated glass slides, and coated with il 

monolayer of Ilford L4 nuclear emulsion with an automat le 

coating instrument· After a 3 month exposure period at 4" C, 

electron microscope radioautographs were developed with a 

freshly prepared solution physical developer, preceded by gold 

latensification for fine silver grains. Sections we re 

counter-stained with uranyl acetate and lead acetate. 

13. Kinetic Study of Transferrin Internalization and 
Recycling in Round Spermatids 

The purpose of the following experiment was ta 

determine, in vitro, whether round spermatids isolated from 

rat seminiferous epithelium recycle or degrade internalized 

Tf. 
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Round spermatids were isolated as described in Section 

l, part b and the suspension divided according to cell number 

in 15 aliquots of 3 million cells or 5 times replicates of 3 

tubes/cell suspensions. The volume of each al iquot was 

brought up to 3 ml with incubation media lM (6mM sodium 

pyruvate, 2mM lactate and trypsin inhibitor in HBSS) and kept 

on ice. Excess [32 p ] -labeled Tf (50 /.41 containing 

approxirnately 1 X 104 cpm) of specific activity 5-7 ~Ci/~g was 

then added to each cell suspension and left to bind, on ice 1 

for 6 hours. 

Excess radioactivity was then washed off the eells with 

ice-eold IM and the aliquots then slowly warmed to 37°C for 10 

minutes to allow internalization of the [125 IJ - Tf to take 

place. At the end of this time period 0.1 mg/ml pronase was 

then added to each aliquot to remove aIl surface-specifie and 

non-specifie activity then washed once again. The suspensions 

were then cooled to 4"C. 

Eaeh replicate was then incubated at 37"C for various 

lengths of time, rapidly cooled to 4°C and spun down at 3000xg 

for 5 minutes at 4"C; Three samples of the supernatant were 

then taken, TCA preeipitated, spun down, and the resulting 

supernatants separated from pellets and each counted. In 

summary there were three replicates (aliquots) per time point 

(5 tirne points) and three supernatant samples taken per 

aliquote 
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14. Scatchard Andlysis of Transferrin Binding Assay in Roung 
Spermatids 

This experiment was conducted to ascertain the 

characteristies of Tf receptor expressed on the surface of 

isolated round spermatids. 

Testicular tissue from two ddul t male Sprague-Dd\v l cy 

rats was processed and loaded onto two 400 ml BSA-BOSS 

density gradients as described in section l, part b. Also ,w 

described in this section cellular fractions were eolleetcd, 

identified and eounted. For the purposes of this experiment, 

however, only fractions containing round sperrnatids in 

relative purities exceeding 90% were retained and pooled. 

In order to establish an optimal eell number for the binding 

study, a dilution assay was performed. lt consisted ot 

aliquoting these round spermatids into groups of 4 tubes 

with final cell concentrations ranging from 1 to 10 mi 11 ion 

cells/ml. Two replieatesjgroup eoineubated with excess cold 

Tf (2/.Lgjml) and 22000 cpm of [125 I ]-labeled Tf to a flnal 

volume of 0.5 ml to assess non-specifie binding and the other 

2 replieates of the same group eoincubated only with 22000 cpm 

of [125I ]-labeled Tf to assess specifie ligand binding. 

The ligand was then allowed to bind to its eel! 

surface receptor for 6 hours at 4 OC. The tubes were then 

diluted to 3 ml wi th ice-cold lM (see section 11) and spun 

down at 1000xg for 5 minutes at 4°C. The media was then 

removed and the resulting pellets are then counted, non-

specifie eounts subtracted from specifie ones, to determine 
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which cell concentration has incurred the greatest degree of 

specifie binding. 

Secondly it was necessary to pre-establish the optimal 

binding time: This was carried out as above except that the 

cell number was held constant at 4 million and the incubation 

time varied from 1 to 16 hours. Finally the binding study was 

performed wi th an optimal cell concentration of 8 mill ion 

cells/ml and an optimal incubation period of 6 hours. In 

arder to obtain a reliable Scatchard plot, 8 datapoints were 

considered desirable (Scatchard, 1949). This required the 

isolation of at least 96 million round spermatids at high 

purity since there were to be 3 replicates per datapoint at 4 

million cells each. Thi"l requirement was satisfied and the 

cells were incubated in lM (with the addition of 0.5% BSA) at 

a final volume of 0.5 ml with 22000 cpm of [125 I ]-labeled Tf, 

specif ic activity 5-7 j.LCi/Jl.g. Final concentrations of cold 

t.ransferrin were: 0, l, 3, 10, 30, 100, 300 and 2000 ng/ml as 

an excess to assess non-specifie binding. Following binding 

all tubes were diluted to 3 ml wi th ice-cold lM (pl us 0.5 % 

BSA) and spun down at lOOOxg for 5 minutes at 4· c. The 

pellets were then counted for 10 minutes and the raw data 

analysed and plotted with the use of GraphPad InPlot, a 

standard graphies computer program. 

58 



RESULTS 

1. Polarized Secretion of Testicular Transferrin by Sertoli 
Cells 

This experiment was carried out to verify whether 

Sertoli cells invariably secrete tTf apically into the 

adlumenal compartment of the seminiferous epithelium. 

De novo protein synthesis in the testes of the rat was 

labeled with [35s ]-methionine while at the same time sTf 

access to the systemic circulation was mechanically excluded 

by porta-hepatic ligation. Each of the TIF, SNF and cellular 

fractions were isolated, immunoprecipitated with rabblt ~nti-

rat Tf antibody and run on SOS-PAGE and fluorographed. 

Immunoprecipitates of spent media from Sertoli cells ln 

culture incubated with [35S]-methionine were aiso run on the 

same gel to serve as a source of molecular markers. 

The resulting fluorograph revealed mdjor bands running 

at 77 Kd which corresponded to immunoprecip i tated [ J 5S ) -

labeled tTf. These were associated, however, only w i th the 

intratubular fraction (SNF) and the cellular fraction (cells) 

but not with the extratubular fraction (TIF') (Fig.6). ThiS 

experiment reconfirmed that tTf activity only bectlme 

associated with cellular and tubular fluid elements of the rat 

seminiferous epithelium but not with interstitial elements of 

the testis by virtue of the strict apically-directed secretion 

of tTf by Sertoli cells. 
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2. Germ Cell Internalization of (35S ]-labeled Testicular 
Transferrin 

Following the same experimental protocol, 

methionine was injected into the testis and the liver excluded 

from the circulation. In this case however the testicular 

tIssue was processed for germ cell separation on a staput 

veloci ty sedimentation gradient at 4 0 C. Only high puri ty 

fractions of spermatocytes and round spermatids were pooled 

together, treated with trypsin, homogenized and 

immunoprecipitated with rabbit anti-rat Tf antibody. The 

pellet was run on SDS-PAGE and the gel fluorographed. Sertoli 

cells in culture coincubated with [35s ]-methionine were 

treated as above and the spent media run to serve as 

molecular weight markers on the gel. 

The fluorograph shows that the [35S]-labeled protein, 

precipitated by the anti-Tf antibody, ran in a 77 Kd band as 

indicated by the Sertoli cell markers. This corresponds to 

newly synthesized tTf secreted by the Sertoli cell and 

internalized by the isolated germ cells (Fig.7). 

3. Scatchard Analysis of Transferrin Binding to Round 
~permatids 

Round spermatids were again used for this experiment 

only because the y can be isolated in sufficient quantities to 

carry out a proper binding assay. Tf receptor type(s), number 

and their dissociation constant was assessed by subjecting the 

equilibrium binding data to Scatchard analysis. 
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preliminary dilution experiments were first performcd to 

establish an optimal cell concentration and an optimal binding 

time for the actual binding study. In the f irst CLlse Lln 

increasing number of cells were incubated with a constant 

quantity [125I ]-labeled Tf (specifie activity 5-7 ~Lci/J.1.g) 

(Fig.8). This experiment shows that a cell number of 4 X 10 6 

cells/reaction mixture constituted the optimal lcvel of 

binding amongst the cell nurnbers examined. This range 

extended only to 6 X 106 cells since but a limited number of 

cells a:;.e isolatable at one tirne. 

The second dilution experiment involved incubLlting a 

fixed number of cells with a fixed amount of Illbelcd 'f[ for 

increasing lengths of time. Maximal binding was achieved at 6 

hours and remained relati vely constant therea fter unt il Tc=.15 

hours (Fig. 9) . Binding may or may not have becn enhanc0d 

after this time but due to the rapid deterioration observed in 

these cells in vitro, the lowest possible binding timc of 6 

hours was selected. 

The binding assay was therefore carried out for 6 hours 

with 4 X 10 6 cells/reaction tube and the resu 1 ting data 

interpreted according to the rnethod of Scatchard by plotting 

the ratio of specifically bound [125 1 ] -'rf and frcc ligand 

against the concentration of bound 1 igand (Fi q. 10) . 'l'he 

linear nature of the plot suggests that a single rcccptor type 

is expressed on the surface of round spermatids under these 
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conditions. The earliest datapoint was somewhat removed from 

the plot and was considered to have resulted from random 

error. Nevertheless a correlation coefficient of 0.9 was 

calculated, taking all points into consideration. 

Mathematical interpretation of the slope data reveals an 

apparent Kd of 0.6 X 10-9 thus indicating a high affinity 

binding site. According to the x-intercept the number of Tf 

binding si tes present on the surface of each round spermatid 

is approximately 1453. 

4. Transferrin Receptor mRNA and Ferritin L-Chain mRNA 
Expression in Rat Whole Testis of lncreasing Ages 

The expression of Tf receptor mRNA and ferretin L-chain 

mRNA in rat whole testis was examined by northern blot 

analysis. Total testicular RNA was isolated from rats aged 10 

to 45 days and each sample suspended in an equal volume of 

water. Concentrations of RNA and record of the most advanced 

cell type at each age is listed in Table l. Five ~l of each 

sample was then fractionated on a 1.2% agarose-formaldehyde 

gel and transferred onto a nylon membrane where the samples 

were crosslinked to the matrix with u.v. light. 

Two separate membranes produced as above were used for 

the hybridization experiment. The first blot was hybridized 

with a [32 p ]-labeled nick-transcribed cDNA probe specifie for 

Tf receptor rnRNA and the second was hybridized with a [32 p ]_ 

UTP-labeled in vitro-transcribed cRNA probe specifie for 

ferritin L-chain mRNA. The blots were then washed free of 
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Sample no. 

1 
2 
3 
4 
5 
6 
7 
8 

TABLE I 

ISOLATION OF RNA FROM PREPUBERTAL TESTES 

Age Most Advanced Cell-Type 

10 Pachytene SpermatocyLe 
15 Early Pachytene 
20 lAI te Pachytene, Diplotene 
25 Step 1-3 Spermatid 
30 S tep 6 -8 Spermatld 
35 Step 13 Spermatid 
40 Step 16-17 Spermatid 
45 Step 18 Spermatid 
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mg Total RNA/ 
testis 

0.7 
0.7 
1.1 
0.9 
1.7 
2.0 
2.9 
2.7 

l 1. 

l .1. 
2 '} 
1 Il 
:1 1. 
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non-speeifically bound radioactivity and autoradiographed on 

X-ray film for 3-5 days. 

Both RNA species were found ta be expressed at each age-

specifie stage, henee eontinuously throughout testieular 

developement (Fig.ll,12). Furthermare the rates of expression 

of each specie were shawn to increase linearly with testieular 

age as illustrated by densitometric analysis of the 

autoradiographs as (Fig.13,14). 

5. Relative Expression Rates of Transferrin Receptor mRNA and 
Ferritin L-Chain rnRNA in Adluminal Germ Cells 

The relative expression rates of Tf reeeptor mRNA and 

ferritin L-chain mRNA in adluminal germ cells of the rat were 

examined by northern blot analysis using radio1abeled probes 

specifie for each mRNA transcript. Spermatocytes, round 

spermatids and e10ngated spermatids were isolated at < 90% 

purity by staput veloeity sedimentation on a 1-4% BSA gradient 

in HBSS. In the case of the elongated spermatid fractions, 

contamination was chiefly by residual bodies. The colleeted 

fractions were identified by phase-contrast microscopy and the 

high-purity fractions of each of the above cell types pooled. 

The three resulting cell suspensions were then counted and the 

RNA extracted from the spun-down pellet of each eell type. 

Concentrations of RNA abtained from each sample was determined 

by spectrophotometric absorption at 260 nm. 
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The RNA-equivalent of 10 X 106 cells from each cell type 

sample was fractionated on a 1.2% agarose-formaldehyde gel and 

transferred onto a nylon membrane. The blot was then 

hybridized with a [32 p ] -labeled nick-translated cDNA probe 

specifie for Tf receptor mRNA, washed and placed over an X-ray 

film for autoradiography for 3-5 days. The same blot was then 

striped of this probe by high-temperature boiling and 

rehybridized with a [32 p ]-UTP-labeled in vitro-transcribed 

cRNA probe specifie for ferritin L-chain mRNA which WllS 

autoradiographed in a similar way as before. 

As seen in Figs.15 and 16, both mRNA species 

demonstrated a decreasing expression rate as adlumenal germ 

cells mature. Densitornetric analysis of each autoradiogrllph 

illustrates this linear decrease (Figs.17, 18). The relative 

decrease in the case of Tf receptor mRNA was observed to be 

sharper. 

6. Recycling of Transferrin in Round Spermatids 

The internalization and subcellular fate of tTf by germ 

cells was examined in isolated round sperrnatids by incubating 

these cells with [125 r ] -Tf. According to the aforementioncd 

procedure, cell suspensions of [125 I ]-Tf-loaded round 

spermatids at 4°C were sequentially and slowJy warmed to J7'C 

for various lengths of time. Each replicate, at the end of 

its incubation period, was fast-cooled in freezing point.-

depressed water to haIt any possible recycling that may have 
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taking place. The tubes were then irnmediately spun down at 

4 u C. Tripl icatl~ samples of each resul ting supernatant was 

then taken and TCA-precipitated. Precipi table radioactivi ty 

was taken ta be intact "recycled ll [1251 ] -Tf and non­

precipit~ble radioactivity was taken to be free [1251 ] 

liberated from the degradation of the internalized Tf in a 

putative lysosomal cornpartment. 

1t was found that radioactivity localized to the 

precipltable fraction thus indicating that Tf, internalized by 

isolated round spermatids in vitro, do recycle the 

internalized Tf. The radioactivity contained in each 

replicate was averaged and plotted against tirne (Fig.19). The 

resul ting Tf recycling profile shows that a progressively 

increélsing amount of [12 3 r ] -Tf was externalized by the round 

sperrnatids with time. It also indicates that recyclinq 

achieved a constant rate at approximately 10 minutes. In an 

attempt to account for the earliest recycled Tf molecules, the 

experiment was repeated and time points before 10 minutes were 

examined. The resul ting data was simi lar to the f irst but 

fa iled to detect any rddioacti vi ty, above background levels, 

prior ta 5 minutes. 

7. Internalization and Subcellular Localization of [ 125ll= 
labeled Transferrin in Adluminal Germ Cells 

In order to deliver [125 I ]-Tf to adluminal germ cells in 

viv~, [1251 ]-Tf was microinjected through the rete testis into 
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the lumen of the semini ferous tubuls. At times of 5, 15 ,\nu 

30 minutes following injection one animal was sacr if iced by 

fixation and thin sections of testicular tissue were processeù 

for electron microscope radioautography. 

At 5 minutes following injection, the radioautograph le 

grains appear ta be associated with the plasma membrane 0 t 

the spermatids (Fig.20). At 15 mir.utes following injectIon, 

the label was internalized by the spermatids and localized tu 

electron-Iucent, membrane-bound vesicles that were very 

reminiscent of endosomes. Often the label was seen in c 1 o~c 

proxirnity to the plasma membrane associated wi th what may be 

small tubular ves icles (Fig. 21) . It could not be determined 

whether the Tf was entering or exiting the cell, which in the 

latter case would be indicative of recycling in this germ ccll 

type. At 30 minutes following injection, the labeled Tt 

seemed to have completely exi ted the cell and the adl umena l 

space which again rnay be indicative of recycling (Fig.22). 

67 



FIGURE 6 

Fluorograph of polyacrylamide gel electrophoresis of 
radiolabeled newly synthesized testicular transferrin in the 
rat testis. An adul t rat was anesthesized and the 1 i ver 
exposed by an abdominal inC1S.lOn. The hepatic artery and 
portal vein were ligated to exclude the liver from the 
circulation immediately after l mci [35S ] -methionine was 
injected intratesticularly. The animal was sacrificed one 
hour later. At this time the intertubular (TIF) fluid and 
the intratubular (SNF) fluid were collected and the 
remaining cells were washed and extracted with 
immunoprecipit~tion buffer. Immunoprecipitation with rat 
anti-transferrin antibody reveals that testicular 
transferrin is associated with SNF and cell pellets but not 
w i th TIF. Lane 1 represents control radioiabeled proteins 
secreted by rat Sertol i cells in culture used as molecular 
markers. 

FIGURE 7 

Fluorograph of polyacrylamide gel electrophoresis of 
radiolabeled transferrin immunoprecipitated with rat anti­
transferrin antibody from germ cell homogenate. After 
l igating out the liver from the circulation, [35S )_ 
methionine was inj ected intratesticularly and the animal 
sacrif iced one hour Iater. Lane 2 shows immunoprecipi tated 
testicular transferrin from isolated germ cell pellets 
containing pachytene spermatocytes and round spermatids 
previously treated with trypsl.n to remove non-specifically 
bound transferrin from the plasma membrane. Lane 1 
represents control radiolabeled proteins secreted by rat 
Sertoli celis in culture used as molecular markers. 
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FIGURE 8 

Dilution experiment to determine optimal cell number 
for the bind ing assay. Round spermatids were isolated, in 
the presence of trypsin inhibitor, by staput velocity 
sedimentation on a 1-4% BSA density gradient in HBSS. The 
ceUs were then aliquoted in increasing concentrations in 
four-tube repl icates and incubated wi th 22000 cpm [12 5r ]­
tr.-msferrin (specifie activity 5-7 J.LCi/J..Lg) for 6 hours with 
continuous agitation at 4 0 C. Two tubes of each repl icate 
were also incubated with excess cold transferrin to measure 
non-specifie binding (NSB). Following the incubation the 
tube~. were diluted with 3 mIs ice-cold medium, spun down, 
the pellet counted and NSB subtracted. 
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FIGURE 9 

Dilution experiment to determine optimal binding time 
for the binding assay. Round spermatids were isolated, in 
the presence of trypsin inhibi tor, by staput veloci ty 
sedimentation on a 1-4% BSA density gradier.t in HBSS. The 
cells were then egually distributed in four-tube replicates 
at ù concentration of 8 X 106 cell/ml and incubated with 
22000 cpm [125 I ]-transferrin for increasing numbers of hours 
with continuous agitation at 4"C. Two tubes of each 
repl icate aiso contained exeess cold transferrin ta 
ùscertain non-specif ic binding (NSB) for each replicate. 
After eaeh incubation period the tubes were diluted wi th 3 
ml s ice-eold medium, spun down, the pellet eounted and NSB 
subtracted. 
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FIGURE 10 

Scatchard analysis of transferrin binding to round 
spcrmatids. Round sperrnatids were isolated in the presence 
of trypsin inhibitor and at high purity by staput velocity 
sedjmentation on a 4% BSA-HBSS density gradient. The cells 
were then al iquoted in 8 replicates of 3 tubes each at a 
concentration of 8 X lOG/ml and incubated with 22000 cpm 
[125I]-labeled rat transferrin for 6 hours at 4°C. Final 
cold transferrin concentrations were 0, 1, 3, 10, 30, 100, 
300 and 2000 ng/rnl ta assess non-specifie binding (NSB). 
Following the binding period tubes were diluted to 3 mIs 
with ice-cold medium containing 0.5% BSA. The suspensions 
were f inally spun down, counted and the raw data interpreted 
using the method of Scatchard. 
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FIGURE 11 

Northern blot analysis of testes mRNA isolated from 
rats aged 10, 15, 20, 25, 30, 35, 40 and 45 days (lanes 1 to 
8) . The RNA was isolated from whole testis and equal 
vol urnes (5 J..Ll) were fraetionated so that the intensi ty of 
the resulting bands eould be as relative to the total amount 
of specifie mRNA per testis. The lanes represent a 
radioautograph of a blot probed with a [32 p ] -labeled nick­
transeribed eDNA probe specifie for transferrin reeeptor 
mRNA. 

FIGURE 12 

Northern blot analysis of testes mRNA isolated from 
rats aged 10, 15, 20, 25, 30, 35, 40 and 45 days (lanes 1 ta 
8) . The RNA was isolated from whole testis and equal 
volumes (5 J..Ll) were fraetionated sa that the intensity of 
the resulting bands eould be visualized as relative to the 
total amount of specifie mRNA per testis. The lanes 
represent a radioautograph of a blot hybridized with a 
[32 p )-UTP-labeled eRNA probe transeribed from an SP65 
linearized veetor cantaining the L-ehain ferritin eDNA. 
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FIGURE 13 

Variations in the levels of transferrin receptor mRNA 
per testis of increasing ages expressed as relative 
hybridization. The columns represent densitometric values 
obtained by scanning the northern blot radioautograph 
(Fig. Il) with a densitometer. The readings indicate a 
signi ficant increase in the levels of this mRNA specie as 
the seminiferous epithe2.ium matures. The increasing values 
correlate well with the successive appearance of pachytene 
spermatocytes, round and elongated sperrnatids. 
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FIGURE 14 

Variations in the levels of ferritin L-chain mRNA per 
testis of increasing ages expressed as relative 
hybridization. The columns represent densitometric values 
obtained by scanning the northern blot radioautograph 
(Fig. 12) wi th a densi tometer. The readings indicate a 
significant increase in the levels of this mRNA specie as 
the seminiferous epithelium matures. The increasing values 
correlate weIl with the successive appearance of pachytene 
spermatocytes, round and elongated spermatids. 
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FIGURE 15 

Northern blot analysis of spermatocyte (lane 2), round 
spermatid (lane 3) and elongated spermatid (lane 4) mRNAs. 
Each lane represents the total RNA isolated from 107 ce11 s 
probed with a [32 p ]-labeled nick transcribed transferrin 
receptor cDNA. Lanes land 5 represent 7 J..Lg of rat liver 
and whole testis mRNAs run as positive controis. 

FIGURE 16 

Northern blot analysis of spermatocyte (lane 1), round 
spermatid (lane 2) and elongated spermatid (lane 3 ~ rnRNAs. 
Each lane represents the total RNA isolated from 10 7 cclls 
hybridized with a cRNA probe transcribed from an SPG5 
linearized vector containing the L-chain ferritin cDNA. 
Lane 4 represents 7 J..Lg of rat liver mRNA run as a positive 
control. 
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FIGURE 17 

Densitometric analysis showing the expression profile 
of transferrin receptor mRNA in adluminal germ cells of the 
rat seminiferous epitheJ ium. In terms of relative 
hybridization the analysis indicates that, for equal numbers 
of cells, the ~~xpression of transferrin receptor decreases 
as the germ cells mature from spermatocytes (Spc) to round 
spermatids (rSp) and finally ta elongated spermatids (eSp). 
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FIGURE 18 

Densi tometric analysis showing the expression profil e 
of ferritin L-chain mRNA in adluminal germ cells of the rat 
seminiferous epi thel ium. In terms of relative hybrid i zation 
the analysis indicates that, for ec;.uôl nurnbers of cells, the 
expression of ferri tin L- chain mRNA decreases as the gcrm 
cells mature fr0m spermatocytes (Spc) ta round spermùtids 
(rSp) and finally to elongated spermatids (eSp). 
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FIGURE 19 

Transferr 111 recyel ing prof ile in round spermé1t 1 ds. 
This study shows that testieular transferrin, followinq 
binding ta cell surface reeeptors, is reeycled bllCk to th<.' 
extracellular milieu of the adlurninal compartment of the rùt 
seminiferous epithelium. Round spnrmatids were isolatcd 
«90% purity) in the presence of trypsin inhibitor anù 
allowed ta eoincubate with [125 I ]-transferrin for G hours ùt 
4 oC. The incubation medium was then slowly raised to 1'1 C 
to permit internalization of the label for 10 min1ltes. 'l'he 
cells were th en treated with trypsin ta remove ,11 L cC'll 
surface protein, bath specifie élnd non-specifie, ()nù wi1shod 
3 times with HBSS a t 4 c, C. Repl icates were then llll owccJ ta 
ineubate at 37 0 C for various lengths of t ime a fter \-Jh icll 
they were spun down and sarnples of the supcrnùtilnts 
withdrawn, TCA precipitated and counted. 
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FIGURE 20 

Eler.tron rnicrograph showing portions of three round 
spermatids from an animal sacri f iced 5 minutes foll ow j llq ,lIl 

intralumenal injection of [125I)-tr~nsferrin. silver gr~ins 
can be seen overlyi ng or in close oppos i tian ta the plasm<:'1 
membrane (arrows). spt, spermatid cytoplasm; Sc, Serto 1 i 
cell cytoplasm. X42 000. 

FIGURE 21 

Electron micrograph showing a portion of a round 
spermatid from an animal sacrificed 15 minutes following <Jn 
intralumenal inj ection of [1251 ] -transferrin. sil ver gr'l i n~ 
can be seen overlying the plasma membrane (arrovJs) or .ln 
endosome (E). Spt, spermatid cytoplasm; Sc, Scrtol i cc 11 
cytoplasm. X42 000. 
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FIGURE 22 

Electron micrograph showing a port ion of a round 
spermatid from an animal sacrificed 30 minutes following i:ln 

intralumenal injection of [125 I )-transferrin. No 
8.ignificant labeling is seen to be remaining in association 
with the spermatide E, endosomes; spt, spermatid cytoplasm; 
N, spermatid nucleus i Cb, cytoplasmic chromatoid body; Li, 
cytoplasmic lipid inclusion. X42 000. 
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DISCUSSION 

Transferrin, being the main iron carrier in mammals, 

serves to transport vitally required iron :0 aIl celis in the 

organism thus ensuring that critical enzymatic processes can 

take place. Adiuminai germ cells of the rat semini ferous 

epithelium do not have access to sTf so they depend on SertaIi 

cells to supply them with iron via tTf. The final steps af 

the iron delivery pathway, following the secretion of diferric 

tTf in to the adluminal compartment by Sertali cells, have 

been characterized. 

One of the objectives of this investigation was to test 

the hypothesis that haploid germ cells located in the 

adluminal compartment may possess a novei endocytic route for 

Tf following binding to the Tf receptor. This hypothesis 

suggested that the internalized apoTf-Tf receptor complex, 

rather than being recycled as is generally the case, may be 

targetted to the lysosomal compartment of adl urn inal gorm 

cells. The reasoning behind this idea is as follows: ]. ThQt 

given their physically and environmentally unique disposition, 

adluminal germ cells may display endocytic function thQt 

differs from that of somatic cells, 2. That the presumcd 

recycling of apoTf wouid seem to be futile since free iron or 

iron present in a chelatable form is not knovm ta be a 

constituent of adluminal fluid, 3. That Sertol i ccll s have 
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never been observed to internalize apoTf at their apical 

aspect, which potentially could be a means of apoTf 

reutilization, 4. That since there has been no function so 

far ascribed to apoTf in the semen, evolution may have 

pravided for a means of disposaI, perhaps via degradation in 

germ cells, of a carrier that is seemingly without function 

once released. 

In addition, several experiments were carried out to 

characterize the mechanism of iron sequestration employed by 

adluminal germ cells. In so doing we expected to elucidate 

the final events in the seminiferous epithelium iron-delivery 

pathway following secretion of tTf by the Sertoli cell. 

As it is understood to date the model of iran delivery 

envisaged to take place in Sertoli cells contains the 

following steps: 1. Diferric sTf binds to Tf receptors at the 

basal pole of Sertoli cells, in a pH-dependent fashion, and is 

internalized by receptor-mediated endacytosis, 2. The Tf-Tf 

receptor complex is routed to the endosornal cornpartment where 

acidification to pH 5.5 causes iron to dissociate from the Tf 

while leaving the complex intact, 3. The apoTf-Tf receptor 

complex is recycled back to the cell surface where, upon 

encountering neutral pH, the apoTf quickly dissociates and the 

receptor binds yet another diferric sTf molecule, 4. The 

l iberated iron is sornehmvT coupled ta tTf ei ther before or 

after packaging at the Golgi stacks, 5. The diferric tTf is 
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secreted into the adluminal compartment of the seminiferous 

epithelium (Morales and Clermont 1986bi Morales et al., 19870) 

(Fig.5) . Events following secretion have not however been 

fully characterized. rmmunohistochemical studies des igncd to 

localize tTf and the Tf receptor in the seminifcrous 

epithelium have strongly suggested that Tf receptor is present 

on differentiating germ cells (Sylvester and Griswold, 1984; 

Brown, 1985). Recently it has been shown, using northern blot 

analysis that spermatocyte express Tf receptor mRNA (Roberts 

and Griswold, 1990). Amongst these reports, however, results 

differ in the types of germ cell that are proposed to express 

the Tf receptor. 

Studies carried out in this thesis have attempted to 

clarify this issue and furthermore describe the final step of 

the iron del i very model: The binding characteristics of tTf 

to adluminal germ cells and events following the prcsumcd 

internalization of the tTf-Tf receptor complexe 

Polarized Secretion of Testicular Transferrin by Sertoli cells 
and its internalization by adluminal germ cells 

As an important predicate to this study it was necessary 

to demonstrate de nova synthesis and the polarizcd secretion 

of tTf, into the adluminal compartment, by Sertoli cells. In 

order to accompl ish this we used a procedure, invol v ing the! 

metabolic labeling of newly synthesized proteins, prcviously 

utilized by Morales et al. (1987b). This exper l ment vIas 
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designed by these investigators to prevent contamination by 

sTf and allow protein synthesis, Iabeled with [35S]_ 

methionine, to proceed under as near physiological conditions 

as possible. Hence the main organ of sTf synthesis, the 

Iiver, was removed from the circulation by porta-hepatic 

ligation and (35S]-rnethionine incorporation was left to occur 

in the testes in situ. These measures have been accepted as 

valid means of ensuring that the reported synthesis of tTf by 

Sertoli cells (Griswold et al., 1987 ) is indeed not 

artifactual as had been suggested by Shabanowitz and 

Kierszenbaum, 1986; Lee et al., 1986. This experirnent clearly 

verified that: 1. Sertoli cells synthesize immunoreactive Tf, 

now referred ta as tTf, 2. Since no Tf activi ty was 

associated with the extratubular fraction (TIF) but only with 

SNF and the cellular fractions, Sertoli cells therefore only 

secrete tTf adluminally. Furthermore, given that tTf activity 

is associated with the cellular fraction which includes total 

germ cells, this experiment also leaves open the possibility 

that adluminal germ cells rnay internalize tTf. 

To ascertain whether or not tTf was in fact internalized 

by adluminal gerrn cells, a similar experiment was carried out 

where, under the sarne conditions, testicular de nova protein 

syr..thesis was labeled wi th [35S ] -methionine. In this case, 

however, the spermatogenic cells were separated by staput 

velocity sedimentation and do ne so at low ternperature to 

ensure that any internaI ized tTf r~mained within the ceUs. 
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Spermatocytes and round spermatids were ehosen for use in this 

experiment as the y could be isolated in high purity without 

contamination of cytoplasts and cellular debris. since thesc 

cells were treated with pronase prior ta lysis dnd 

immunopreeipitation, the radioactive band seen running llt 77 

Kd must c'Jrrespond exclusively to internalized ùnd newly 

synthesized tTf seereted from the sertoli cell in vivo 

(Fig.6). Rence these results show that adluminal germ cells, 

or at least one of either spermatocytes or round spermatids, 

do internalize tTf. 

Scatchard Analysis of Transferrin Binding to Round spermatids 

If spermatogenie cells internalize tTf, is this proecss 

receptor-mediated and therefore is it specifie? We dccidcd 

ta investigated the eharaeteristics of the Tf rcccptor on 

isolated round spermatids which could be isolated Llt high 

number and puri ty. Under optirnized conditions the b i ndi ng 

assay was carried out generating a seven-point Scatchard plot 

(Fig.lO). The resulting binding data was analysed using a 

standard graphies computer program from which a regrcss ion 

line was requested taking into account aIl datapoints. 

Because the B=O datapoint is sa far removed from the plot line 

i t is considered to have occured by random error. 'l'h i s 

conclusion is supported by the calculated correlation 

coefficient= 0.9 which 

account. In terms of 

also takes 

r 2 which 
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variance was due ta random scatter of the datapoints. 

The calculation of the apparent Kd from slope data was 

also performed and a value of 0.6 X 10-9 M was obtained. The 

l ineari ty of the plot and the Kd value indicate a single type 

of binding si te and that it is of very high affinity 1 

respecti vely. These resul ts are in agreement of those 

obtaj ned by Holmes et al. (1983) where the Tf receptor on 

isolated pachytene spermatocytes was found to carry high 

affinity binding si te of a single type wi th an apparent Kd 

value of 0.3 X 10-9 M (This fraction is being used as a means 

of comparison since a Kd value for the spermatid fraction was 

not supplied in that publication (Holmes et al., 1983). 

Assessment of receptor number on spermatids however was 

supplied. Whereas these authors reported spermatids to 

express 551 binding sites/cell, our data suggests that round 

spermatids carry 1453 high affini ty binding si tes/cell. 

Before carrying out our binding assay, optimal binding 

conditions for this particular cell type and ligand were 

carefully established. Dilution experiments to identify 

optimum cell concentration and binding time for the assay 

indicated that 8 X 10 6/ml and 6 hours represented the best 

parameters, respecti vely. It is however not known, from this 

authors publication, l.I.nder which conditions the cited 

experiments were carried out. The above discrepancy could be 

explained by the fact that the fractions used in the binding 
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assays in this study were greater than 

spermatids while the fractions used in 

contaminated with elongated spermatids, 

other cellular debris to the extent of 30%. 

90% pure round 

their study werc 

spermatocytes and 

This factor could 

conceivably have caused an underestimation in receptor number. 

Transferrin Receptor mRNA Expression in Adluminal Germ Cells 

Although transferrin specifically binds to round 

spermatids and the binding data clearly indicates that 

internaI izatlon of Tf in these cells is a receptor-mcd iatC'cI 

event, it is still not conclusive proof that that round 

spermatids specifically express this protein. ~ve there fore 

turned to molecular means to answer this question. Ta run 

whole testicular RNA of a mature rat on northern blot and 

probe this for Tf receptor rnRNA is not sufficient te 

demonstrate that germ cells express this message. It ceuld be 

argued that the probe is simply detecting Tf receptor mRNA 

produced by Sertoli cells, the greatest source of this message 

in the testis. 

In order to eliminate this interpretation, RNA from 

prepubertal rats of increasing ages was run on northern blot. 

The rational was that since Sertoli cells stop dividing at 20 

days of age in the rat, any differential expression of the Tf 

receptor among these samples could be attributed to germ cell 

expression. Because aliquots of each sample VIere ot equal 
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volume, fractionation by gel electrophoresis revealed the 

amount of Tf receptor mRNA relative ta the stage of testicular 

deve 1 opmen t . Densitometric analysis of the resulting 

autoradiograph depicts this relationship (Fig.l3). Our 

resul ts demonstrate that Tf receptor mRNA levels increase 

throughout the development of the serniniferous epithelium and 

moreover that the expression rate positively correlates with 

the multiplicative increase in germ celi number that 

accompanies this maturation process. 

This correlation was taken to suggest that germ cells 

express this message. since Sertoli cells do not increase in 

number after 20 days, it was reasoned that the observed 

increase was unlikely due to Sertoli cells. It cou Id be 

argued however that Sertoli cells, despite their constant 

numbers, may have up-regulated their O'Nn Tf-receptor rnRNA 

production as the epithelium matured thus causing the observed 

pattern of increase. This Interpretation, although unlikely, 

cannot be dismissed since there exists no studies to our 

knowledge documenting such a regulatory mode in Sertoli cells. 

To conclusively demonstrate that gerrn cells actually do 

express Tf receptor mRNA, spermatocytes, round spermatlds and 

elongated sperrnatids of the adlumenal cornpartrnent were 

isolatedo It was aiso of interest to determine whether Tf 

receptor mRNA is differentially expressed amongst these ceIl 

populations. The mRNA equi valent of 1 X 10 7 cells of each 
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spermatocytes, round spermatids and elongated spennat ids was 

fractionated by gel electrophoresis. In this way the relative 

expression rates of this mRNA specie, amongst the three 

classes of cells, could be visualized. Brown (1986) obs~rved 

that anti-Tf receptor antibody labeled these cells, wher~ 

spermatocytes were labeled most of aIl, spermatids to a 1055er 

extent and elongating spermatids and mature spermatozon not nt 

aIl. Our results confirm this decreasing trend in express i on 

as depicted by densitometric analysis. We show however that 

elongating spermatids express the lowest levels transcripts of 

aIl but nevertheless it is expressed in this cell type. 

This discrepancy cannot be readily expIa ined w j th the 

available data. These resul ts t.hus show that a Il three 

spermatogenic populations of the adluminal compartment express 

Tf receptor mRNA and moreover that the expression rate 

progressively decreases as the cells mature. 

Our results also confirm northern blot analysis recently 

carried out which showed that spermatocytes express Tt 

receptor mRNA (Roberts and Griswold, 1990). 

Ferritin L-Chain mRNA Expression in Adluminal Germ Cclls 

Levels of ferritin L-chain mRNA in relation to 

seminiferous epithelium maturation and to adluminal germ ccll 

development were evaluated exactly as above. This was donc> 

for three reasons: 1. To serve as a positive control [or the 
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( Tf receptor experiment above, 2. To aetermine if territin, 

which is closely involved with the storage of iron, was 

expressed and how it was expressed in this tissue, and 3. Ta 

ascertain how its levels may vary in relation to those of Tf 

receptor mRNA. 

The northern blot analysis shows that this speeie of 

mRNA is also expressed throughout the development of the 

seminiferous epithelium. The densitometric data reveals 

moreover that the expression profile of ferritin L-chain mRNA 

in relation ta animal age is very similar ta that seen for the 

Tf receptor. The profile character, which is thus common ta 

both mRNA types, supports the notion that the inerease is due 

ta germ cell proliferation and that it is in fact the germ 

cells which are expressing these two mRNA species. 

The northern blot used to determine Tf reeeptor 

expression in adluminal germ eells was striped of the cDNA 

probe for Tf receptor and reutilized in the present 

experiment. When hybridized with a probe specifie for 

ferritin L-chain mRNA, bands at 1.1kb were detected. In terms 

of relative hybridization variations were similar to thüse 

observed for Tf receptor mRNA. This positive control thus 

suggests that the resul t obtained for Tf receptor mRNA was 

reliable and specifie. This finding also demonstrates that a 

positive correlation exists between the levels of these two 

mRNA species as a function of germ cell maturation. An 
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explanation of why this correlation exists can, howcver .:l t 

this point, only be a matter of speculation. 

The levels of Tf receptor and ferr i tin mRNA have becn 

shown to be present in an inverse relationship, due to 

regulation by iron in sorne celi types (Mull ncr et ,11., 1989; 

Theil, 1990). This observed s imul taneous decrca~~c ln thesc 

two mRNA species may hypothetically be consistcnt wi th th i~; 

mode1: As the expression of Tf receptor is progrcssively 

decreased, by sorne unknown regu1atory mechanism, as germ celIs 

mature, the cytop1asmic IRE (iron regulatory element) becomos 

activated due to iron depletion; The IRE in turn prcvcnts 

ferritin mRNA translation and thus, by shitting the 

intrace1lu1ar equi1ibrium to the 1eft, the parallcl dccrcaso 

in mRNA transcription for this specie is observ0d. 'l'ho 

sharper decrease in expression of Tf receptor mRNA, comp~rcd 

to that for ferr i tin L-chain mRNA (Figs. 17 , 18), mùy indccd 

support this hypothetica1 feedback mechanism. 

A1ternatively there exists a more probable clnù perhap:.; 

more rea1istic explanation for these resul ts. l t has becn 

shown for ê' number of proteins that there is a progrcss ive 

decrease in synthesis as germ cel1s approach sperrnLJti on 

(Hecht, 1988). At spermiation gerrn ce 11 s il re te rrn i na 1 l Y 

differentiated so therefore rnaturing adluminal gcrm colIs rnay 

disp1ay a decreasing need to acquire and store irone In tilct 

transcription has been shown ta be terminateù early in 
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spermiogenesis, previous to 

nuclear cond8nsation (Hecht, 

that this observed decrease 

or during the initiation of 

1988) • It is therefore possible 

is due and related only by the 

fact that transcripts for the two mRNA species 1 synthesized 

prior to transcriptional termination, are simply being 

depleted as adluminal germ cells mature towards spermatozoons. 

Recycling of Transferrin in Round Spermatids 

As indicated dbove, the purpose of this investigation 

was to analyze the fate of tTf once having been internalized 

by adluminal germ cells. Accordi~g to our hypothesls, there 

was good reason to believe that a novel system for the 

endocytic routing of tTf existed in adluminal germ cells. 

Again, round spermatids were used since 

isolated in high numbers and puri ties. 

these cells could be 

The [125 IJ - T f-loaded 

round spermatids were treated with pronase to remove aIl non­

specifie activity and replicates were warmed for various 

lenghts of time to allow activation of the endocytic 

apparatus. 

hypothesis, 

suspension 

fraction. 

It was found that rather than conforming to our 

the results showed that measured radioactivity of 

supernatants localized tr the TCA precipitable 

This observation indicated that intact Tf was being 

recycled out of round spermatids. Had degradation been taking 

place, free non-precipitable radioactivity was expected to 
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have appeared in the suspension media. Our results from this 

experimE!nt also suggest that recycling of the intern,-~ 1 i.:ed TI' 

achieved a constant rate at approximately 10 minutes following 

reactivation of the endocytic apparatus by warming. This 

period i3 within the range of known recycling half-times tram 

various cell lines examined in a similar way (Wileman et ,lI. 

1985). Atternpts to record the earliest time at wlllch 

recycling occured failed, presumably because levaIs ot 

radioactivity prior to 5 minutes were beyond our boundaries ol 

detectability. Neverthless an equilibrium recycling l"ltC ot 

approximately 10 minutes could be consistently reproduce~. 

Since this experiment was repeated a number of t imes 

wi th the same lack of detectable radioact i vi ty pr i or to 'J 

minutes, it is possible that this behavlour m.1Y be 

attributable ta a "recycling lag" in response to low 

ternperature. In other words it is possible that ~hese ceUs 

show a higher sensitivity to temperature-dependent 

irnmobilization of their endocytic apparatus, the consec:iuence 

of which being a longer time to respond to warming. Closer 

analysis will be required to determine the initial recycllng 

rate of apoTf in these cells. 

Therefore, according to the obtained recycling data, the 

endocytic routing steps for the Tf-Tf receptor camp Lex in 

round spermatids is sirnilar to that found in other cell s. l t 

would also seem that the Tf concentration in tubular fluid, as 
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measured by Sylvester and Griswold (1984), represents the Tu11 

compliment of Sertoli cell secretion. Sertoli cells have not 

been observed to take up radioactive Tf and adluminal germ 

cells have now been shown not ta degrade it. Thus the 

reported concentration must represent, despite being quite 

low, aIl secreted tTf (diferric and apoTf) by Serto1i ce1ls. 

The function of 1umenal apoTf, however, remains an open 

question. Cl inj cal studies have suggested that up to 80% of 

Tf present in the ej aculate of human subj ects is of Sertoli 

cell origin and that these levels could be used as markers of 

Serto1i cell function. Transferrin has been reported to act 

in a bacteriostatic capaci ty in sorne instances (Schade and 

Caroline, 1946) but with the ca1culated concentration being so 

low it was concluded that the purpose of lumenal apoTf must be 

other than for biological defense (Sylvester and Griswold, 

1984) • The function, therefore, if one exists, of apoTf 

itself in the reproductive tract still remains to be 

illucidated. 

Internalization and Subcellular localization of [1251J -
Transferrin in Adluminal Gclrm Cells 

As a means of identifying the subce1lular compartments 

involved in the interna1ization and recyc1ing of Tf, as 

observed in the above in vitro experiments, we have employed 

electron microscope radioautography in the following in vivo 

analysis. Autoradiographs taken at 5, 15 and 30 minutes 

fo1lowing injection of [125!J-Tf into the rete testis were 
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examined. At 5 minutes following injection, the label is seen 

associated wi th the plasma membrane of a spermatid. This 

rapid association time was consistent with that found in other 

ce11s carrying high affinity binding sites for Tf. At 15 

minutes the label was seen to have been internalized and to 

have entered the endosomal compartment. Interestingly sorne 

label was also seen in close proximity to the plasma membrane. 

It was not possible however to determine whether this Tf was 

entering or exiting the celle At 30 minutes f0110wing 

injection, the corresponding autoradiograph showed that no 

label was found in endos ornes or in the vicinity of the germ 

cells. Therefore this experiment presents additional support 

for the observation that tTf is internalized by adluminal germ 

cells and eventually recycled back, as apotTf, to the 

adluminal extracellular space. In addition it was observed 

that the binding and recycling characteristics of the ùpoTf-Tf 

receptor complex in these cells are consistent with those 

generally reported for a number of other cell types (Goldstein 

et al., 1985). 
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General Summary and Conclusions 

From the exper iments carr ied out herein, the following 

conci usions can be reached: 

1) Adluminal germ celis which are not exposed to interstitiai 

fluids due to the BTB, depend on Sertoli cells to supply 

them with essentiai factors necessary for their growth 

and differentiation. In the case of iron, the Sertoli 

cell has developed to adequately fulfill this role by 

directing i ts secretion of tTf towards the adluminal 

compartment where the germ cells in question reside. It 

has become clear that, once secreted, diferric tTf is 

internalized by spermatocytes, round spermatids and 

( elongated sperrnatids. 

2) Serum Tf is universally known to enter target cells by 

means of the Tf receptor A like rnechanism is also 

expected to exist between tTf and adlurninal germ celle 

Indeed a single type of high affini ty binding site does 

reside on the surface of these celIs, presumably involved 

in the process of receptor-mediated endocytosis of tTf. 

3) Using molecular means it is possible ta ascertain with 

relative certainty if a given protein is expressed by a 

tissue. Adlurninal germ cells which appear ta bind tTf 

with high affini ty 1 do in fact express the rnRNA for the 

Tf receptor. They do so, however 1 .... 01 i th an inverse 
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relationship ta their level of maturity. \\1hereas 

spermatocytes express the most Tf receptor mRNA, 

elongating spermatids conta in the least of the message. 

Ferritin L-chain mRNA, which is also expressed in thesc 

populations of germ cells, shows the same differential 

pattern of expression. 

4) After internalization into the endosomal compartment, the 

endocytic route employed by the apuTf-Tf receptor complex 

seems to be highly conserved. Thus, unlike most R-L 

complexes where the receptor is recycled and the ligand is 

left behind for degradation, apoTf remains bound to its 

receptor until the complex is recycled back to the plasma 

membrane. In round spermatids the tTf-Tf receptor complex 

appears to lose i ts complement of iron in the endosomlll 

compartment and subsequently recycle back to the ceU 

surface following kinetics that are consistent with other 

known systems. 
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FIGURE 23 

Updated schematic representation of the iron delivery 
pathway across the seminiferaus epithelium of the rat. The 
lower box illustrates the first step of iran delivery: 
Receptor-mediated endocytosis of diferric serum transferrin 
(Tf) at the basal pole af the Sertoli cell and recycling of 
apoTf back to the interstitial space. Acidification af the 
endosame containing the internalized complex results in the 
release of the iron atams fram serum Tf. It is then known 
that these atoms become associated with testicular Tf. The 
number and nature of the steps between the release of iron 
and i ts caupling to tTf still remains to be determined. At 
the upper aspect of the drawing it is shown that the 
diferric testicular Tf is secreted by the Sertoli cell inta 
the adlumenal compartrnent. 
The upper box illustrates the subsequent steps which have 
been characterized in this study. Thus, secreted diferric 
testicular Tf specifically binds to high affinity 
transferrin receptors (Tf receptor) on the surface of 
spermatocytes and spermatids. The newly-formed complex is 
then internalized by these cells and localizes to the 
endosomal compartrnent. Iron is presumably liberated 
follawing the same mechanism as above and stored in 
ferritin. Finally testicular Tf is recycled back to the 
lumenal fluide Ser, Sertoli cell; Sptd, spermatid; sptc, 
spermatocyte; C, spermatogonia; PL, preleptotene 
spermatocyte; En, endosome; llB, residual body; (.), serum 
transferrin; (.6.), testicular transferrin; (), irone 
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ORIGINAL CONTRIBUTIONS 

1. In vitro demonstration that adluminal gerrn cells are 

capable of binding and internalizing diferric transferrin 

by receptor-rnediated endocytosis. 

2. In vivo demonstration that testicular transferrin, sccreted 

by Sertoli cells into the adluminal compartment, is 

internalized by adluminal germ cells. 

3. Demonstration that isolated round spermatids recycle 

internalized [ 125I]-transferrin (presumably apotransferrin) 

back to the adluminal fluid of the seminiferous epithelium. 

4. Description of subcellular cOJl'l~artments involved in 

receptor-mediated endocytosis and recycling of l12 5I]-

transferrin in round spermatids. 

5. Demonstration that both transferrin receptor mRNA llnd 

ferritin L-chain mRNA are differentially expressed in 

adluminal germ cells. 
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