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Cell- and Region-Specific Localization of Lysosomal and
Secretory Proteins and Endocytic Receptors in Epithelial
Cells of the Cauda Epididymidis and
Vas Deferens of the Adult Rat

SERO ANDONIAN AND LOUIS HERMO

From the Department of Anatomy and Cell Biology, McGill University, Montr#{233}al, Qu#{233}bec, Canada.

ABSTRACT: The epithelial cells lining the cauda epididymidis and
vas deferens are active in endocytosis and have an abundance of
lysosomes and a well-characterized secretory apparatus. However,
little is known about the nature of lysosomal proteins contained with-
in lysosomes, the types of receptors on the cell surface, and the
types of proteins secreted by these cells. In the present study, ca-
thepsins A, D, B, and sulfated glycoprotein (SGP)-1, well-character-
ized lysosomal proteins, as well as SGP-2, a secretory protein and
low-density lipoprotein receptor-related protein-2 (LRP-2), an en-
docytic receptor, were immunolocalized at the light-microscopic level
within epithelial cells of the cauda epididymidis and vas deferens.
Principal cells showed numerous intensely reactive lysosomes for
cathepsins A, D, and SGP-1 in all regions of the cauda and vas
deferens and for cathepsin B only in the cauda epididymidis. Basal
cells were intensely reactive for cathepsin A, unreactive for cathep-

sins D and B, and weakly reactive for SGP-1 in the cauda region.
In the vas deferens, these cells were intensely reactive for cathepsin
A and SGP-1 and unreactive for cathepsin B; in the case of cathep-
sin D, basal cells were weakly reactive in the proximal vas deferens
but intensely reactive in the middle and distal vas deferens. Clear
cells, present in the cauda region and proximal vas deferens, were
intensely reactive for cathepsin A, weakly reactive for SGP-1, and
unreactive for cathepsins D and B, while narrow cells found mainly
in the proximal vas deferens were intensely reactive for cathepsins

A, D, and SGP-1 and unreactive for cathepsin B. Thus, the expres-
sion of different lysosomal enzymes in the cauda epididymidis and
vas deferens is not only cell- but also region-specific, suggesting
differences in the type of substrates internalized by these cells.
SGP-2, a secretory protein, showed a checkerboardlike staining pat-
tern in the cytoplasm of principal cells of the cauda epididymidis,
while the cytoplasm of all principal cells were intensely reactive in
the vas deferens. This type of reaction, as well as staining of sperm,
suggests that SGP-2 is secreted into the lumen, where it functions
in relationto sperm. The endocytic receptor LRP-2 was noted only
on the apical surface of principal cells of the cauda and vas deferens
and in spherical structures indicative of endosomes suggestive of
their role in the uptake of various ligands, including SGP-2, for which
it has a high binding affinity. Thus SGP-2 in the cauda and vas
deferens is not only secreted but endocytosed by principal cells,

suggestive of an active turnover in the lumen. In summary, the ep-
ithelial cells of the cauda and vas deferens show marked differences

in expression of lysosomal proteins, SGP-2, and LRP-2 suggestive
of differences in their functional activity while sperm are stored and
protected in these regions.
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T he cauda epididymidis and vas deferens are major

storage sites for sperm in many species, including

humans (Turner, 1995). The epithelial cells lining these

regions must, therefore, play important roles in providing

sperm with a suitable environment for their survival and

protection. Principal cells, the major cell type of the cauda

and vas deferens, have been shown to be active in syn-

thesis of proteins destined to be secreted into the lumen

via a merocrine manner (Kennedy and Heidger, 1979;

Wenstrom and Hamilton, 1984; Robaire and Hermo,
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1988). Apocrine secretion has also been suggested for

principal cells of the vas deferens, whereby cytoplasmic

blebs of the apical surface detach from principal cells to

be liberated into the lumen (Agrawal and Vanha-Pertulla,

1988; Renneberg et al, 1995). In the mouse, a protein

without a signal peptide sequence and glycosylation site

limiting it to the cytosol, called mouse vas deferens pro-

tein (MVDP), has been postulated to be secreted via this

mechanism (Manin et al, 1995). However, little is known

about other specific proteins secreted by principal cells.

The lumen of the cauda epididymidis and vas deferens

is not only modified by the secretion of proteins therein

but also by the endocytosis of substances via coated pits

on the apical surface of principal cells and their subse-

quent appearance in the endocytic apparatus composed of

endosomes, multivesicular bodies (MVBs), and lyso-

somes where they are presumably degraded (Friend and
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Farquhar, 1967; Friend, 1969; Moore and Bedford, 1979;

Hermo and DeMelo, 1987). While lysosomes are abun-

dant in principal cells (Hamilton, 1975) and studies have

documented a cell- and region-specific distribution of ly-

sosomal integral membrane proteins (Suarez-Quian et al,

1992), the nature of the soluble lysosomal proteins has

not been analyzed, nor have receptors on the apical cell

surface of principal cells for receptor-mediated endocy-

tosis been described.

Principal cells of the vas deferens have been shown to

have region-specific differences in their structural features

(Flickinger, 1973; Hamilton, 1975; Kennedy and Heidger,

1979; Robaire and Hermo, 1988). Those of the proximal

vas deferens resemble principal cells of the cauda epidi-

dymidis with an abundance of basal rough endoplasmic

reticulum (rER), a large supranuclear Golgi apparatus,

and an elaborate endocytic apparatus. However, in the

middle vas deferens, these cells contain in addition an

abundance of smooth endoplasmic reticulum (sER),

which appears to be involved in steroid synthesis (Ham-

ilton et al, 1969; Hamilton and Fawcett, 1970; Andonian

and Hermo, 1999a). In the distal vas deferens, large di-

lated intercellular spaces are evident between adjacent

principal cells, as well as aquaporin water channels, sug-

gesting the transport of water from the lumen to the sub-

epithelial lamina propria (Brown et al, 1993; Andonian

and Hermo, 1999a). The epithelium of the vas deferens

also contains basal cells throughout its entire length,

while narrow and clear cells are present in the proximal

vas deferens (Flickinger, 1973; Hamilton, 1975; Kennedy

and Heidger, 1979; Robaire and Hermo, 1988; Andonian

and Hermo, l999a). Recently, it has been demonstrated

that glutathione S-transferases, possibly serving to protect

sperm, are expressed in a cell- and region-specific manner

in the different regions of the vas deferens as well as

cauda epididymidis (Hales et al, 1980; Andonian and Her-

mo, l999b). All of these cell types have their equivalent

in humans, but little is known about their respective func-

tions in the different species (Popovic et al, 1973; Hoffer,

1976).

In the epididymis, region-specific differences for prin-

cipal, clear, and basal cells have been noted for synthesis

of secretory proteins, lysosomal proteins, as well as cell

surface receptors, suggesting that sperm encounter a con-

tinuously changing environment as they traverse the duct

en route to maturation (Hermo et al, 1991, 1992a,b; Ig-

doura et al, 1995; Morales et al, 1996). However, this type

of study has not been performed in the different regions

of the cauda or vas deferens.

The purpose of the present study was to examine the

expression of secretory and lysosomal proteins and cell

surface receptors in the various epithelial cell types of the

cauda epididymidis and vas deferens, areas where sperm

are stored. Use of Bouin’s-fixed, paraffin-embedded tissue

in conjunction with light microscope immunocytochem-

istry revealed major differences in expression of various

lysosomal and secretory proteins and endocytic receptors,

often in a cell- and region-specific manner.

Materials and Methods

Light Microscopy

Tissue Preparation-Four adult male Sprague-Dawley rats

(350-450 g) obtained from Charles River Laboratories (St. Con-
stant, Quebec, Canada) were anesthetized with an intraperitoneal

injection of sodium pentobarbital (Somnitol; MTC Pharmaceu-

ticals, Hamilton, Ontario, Canada). The cauda epididymidis and

vas deferens were fixed by perfusion with Bouin’s fixative for
10 minutes through the abdominal aorta in an anterograde man-

ner. After perfusion, the cauda and vas deferens of both sides of

each animal were removed and immersed in Bouin’s fixative for

another 24 hours. Prior to immersion, the vas deferens was di-

vided arbitrarily into proximal, middle, and distal regions so that

the entire duct of each animal would fit into one paraffin block.

In addition, the cauda epididymidis was cut in thirds along its
long axis in such a way that the proximal, middle, and distal

regions would be included for examination. After fixation, the
tissues were dehydrated and eventually embedded in paraffin.

The vas deferens was embedded to allow sectioning along its

long axis.To better visualize the histology of the epithelial cells

of the cauda and vas deferens, sections of these tissues were

stained with the Periodic Acid Schiff technique (PAS) as out-
lined by Leblond (1950).

Immunoperoxidase Procedure-Paraffin sections 5 p.m thick

were deparaffinized in xylene and hydrated in a series of graded
ethanol solutions. During hydration, residual picnc acid was neu-

tralized in 70% ethanol containing 1% lithium carbonate, and

endogenous peroxidase activity was abolished in 70% ethanol
containing 1% (v/v) H2O. Once hydrated, the tissue sections

-5

FIG. 1. Light micrographs of the middle cauda epididymidis (a), proximal vas deferens (b), proximal (c) and distal (d) halves of the middle vas

deferens, and proximal (e) and distal (f) halves of the distal vas deferens stained with the PAS technique. Principal cells, P, appear in all regions and

show a progressive increase in height from (a) to (f). Their nuclei, n, change from a basal location (a-c) to a gradual midposition in the cell (d-f).

Their microvilli (my) also show a progressive increase in size from (a) to (f), but in (d), numerous blebs (small curved arrows) extend from the apical

surface of principal cells, some of which appear to be free in the lumen (Lu). Principal cells (d-f) show empty-looking, dilated intercellular spaces

(stars) from the mid to basal position of the epithelium. Clear cells, C, showing intense staining with PAS technique, are present in (a), while narrow

cells (large curved arrows) are seen in (b) and (c). Basal cells (arrowheads) are noted in all regions. The lamina propria, Lp, immediately subjacent

to the epithelium, is more intensely stained than the smooth-muscle cell layers, Sm. Note a large vascular channel, va, in (e). IT, intertubular space.
539x for each.
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were incubated in a 300-mM glycine solution to block free al-
dehyde groups.

Immunoperoxidase staining of the cauda epididymidis and vas

deferens was carried out according to the procedure of Oko and
Clermont (1989). Polyclonal antibodies reactive against cathep-
sins A, D, and B; SGP-i and SGP-2; and LRP-2 were used in

these experiments. The anti-human cathepsin D antibody was

obtained from Calbiochem (La Jolla, California) and has been

localized in lysosomes (Igdoura et al, 1995). The rabbit anti-rat
procathepsin B antibody was generously provided by Dr. John
Mort (Shriners Hospital, Montreal, Canada), and its purification
and specificity have been characterized (Rowan et al, 1992).
Anti-SOP-i and SGP-2 antibodies were kindly provided by Dr.

M.D. Griswold (Washington State University, Pullman, Wash-
ington). Anti-SGP-l and anti-SGP-2 antibodies have been well
characterized in Sylvester et al (1989) and Sylvester et al (1984,
1991), respectively. Anti-LRP-2 antibody was kindly provided

by Dr. Scott Argraves (Medical University of South Carolina,

Charleston, SC) (Kounnas et al, 1995; Morales et al, 1996). Anti-

cathepsin A antibody was generously provided by Dr. Y. Suzuki

(The Tokyo Metropolitan Institute of Medical Science, Tokyo,

Japan), and its specificity is discussed in Satake et al (1994).

Before immunostaining, tissue sections were blocked for 15

minutes with 10% goat serum in Tris-HC1-buffered saline (TBS).

This and subsequent treatments were accomplished by placing
100 p.1of a solution onto a coverslip and overturning the tissue
face of the slide onto the drop, thus ensuring that the entire tissue
was treated with minimal fluid (Oko and Clermont, 1989). Coy-
erslips were removed by dipping the slides in TBS containing

1% Tween-20 (TWBS). Sections were then incubated in a 37#{176}C
humidified incubation chamber for 1.5 hours with their respec-

tive polyclonal antibodies (diluted 1/100 in TBS for cathepsins

A and B and LRP-2 and diluted 1/50 in TBS for cathepsin D,

SOP-i, and SGP-2). After four 5-minute washes in TWBS, sec-

tions were once again blocked with 10% goat serum in TBS.

They were then incubated for 30 minutes (at 37#{176}C)with goat

anti-rabbit IgG conjugated to peroxidase (Sigma Chemical Co.;
St. Louis, Missouri) diluted 1:250 in TBS. This was followed

by four 5-minute washes in 1’WBS.
The finalreaction product was achieved by incubating the sec-

tions for 10 minutes in 500 ml of TBS containing 0.03% H20,,
0.1M inndazole, and 0.05% diaminobenzidine tetrahydrochlo-

ride (Sigma), pH 7.4. Slides were then washed in distilled H2O

and counterstained with 0.1% methylene blue for 1 minute. The
tissue was dehydrated by passing slides through a graded ethanol

series, after which the sections were immersed in xylene and
mounted with Permount. Tissue sections incubated without the

primary antibody were used as controls.

Results

Structural Appearance of the Epithelium of the Cauda
Epididymidis and Vas Deferens in PAS-Stained Material
In PAS-stained tissue, the structural features and organi-

zation of the different epithelial cell types were well vi-

sualized in the different regions of the cauda epididymidis

and vas deferens. Principal cells showed a gradual in-

crease in height, from cuboidal in the middle cauda region

(Fig. la) to tall columnar in the distal vas deferens (Fig.

10. Their microvilli also increased in height, and their

nucleus shifted from a basal location to a mid-position in

the cell (compare Fig. la-f). In the middle region of the

vas deferens, the cell surface of principal cells showed

apical blebs or protrusions of cytoplasm, some of which

appeared to be detached from the cell (Fig. id). In the

middle and distal vas deferens, dilated intercellular spaces

were noted between principal cells (Fig. ld-f). Clear

cells, intensely stained with PAS, were abundant in the

cauda region (Fig. la), became sparse in the proximal vas

deferens, and were absent in other regions. Narrow cells,

few in number, were mainly found in the proximal vas

deferens (Fig. ib). Basal cells were present in all regions

(Fig. la-f). The lamina propria, well stained with PAS,

consisted of several concentric cellular and acellular lay-

ers, subjacent to which in the vas deferens were pale

stained smooth muscle cell layers (Fig. la-f). Large vas-

cular channels were noted in the lamina propria of the

distal vas deferens (Fig. le).

Immunocytochemical Localization of Lysosomal Pro-

teins-With anti-cathepsin A antibody, principal cells of

the entire cauda epididymidis and all regions of the vas

deferens showed numerous intensely reactive lysosomes

(Fig. 2a-c). In the case of basal, clear, and narrow cells,

intense reactivity was noted over these cells (Fig. 2a-c).

With anti-cathepsin D antibody, principal cells also con-

tained numerous intensely reactive lysosomes in all re-

gions of the cauda and vas deferens (Fig. 3a-c). However,

while clear cells were unreactive (Fig. 3a,b), narrow cells

were intensely reactive (not shown). Basal cells were Un-

reactive in the cauda epididymidis, weakly reactive in

proximal vas deferens, and intensely reactive in the mid-

dle and distal vas deferens (Fig. 3a-c).

Principal cells of the cauda epididymidis contained nu-

FIGS. 2, 3. FIG. 2. Distal cauda epididymidis (a), and proximal (b) and distal (c) vas deterens immunostained with anti-cathepsin A antibody. In all

regions, principalcells(P) show numerous intensely reactive lysosomes (small arrows), while clear (large arrows), narrow (curved arrow), and basal
(arrowheads) cells are intensely reactive. Note large dilated intercellular spaces in the epithelium of the distal vas deferens (stars). Asterisks, sperm

in lumen; Lp, lamina propria; Sm, smooth muscle cell layers. 526x for each.

FIG. 3. Middle cauda epididymidis (a) and proximal (b) and distal (c) vas deferens immunostained with anti-cathepsin D antibody. Principal cells,

P. show numerous intenselyreactivelysosomes (small arrows) in all regions, while basal cells (arrowheads) are unreactive in (a), weakly reactive in

(b), and intensely reactive in (C). Clear cells (large arrows) are unreactive. Note dilated intercellular spaces in the distal vas deferens (stars). Asterisks,

sperm in lumen; IT, intertubular space; Lp, lamina propria; Sm, smooth-muscle cell layers; va, vascular channel. 533x for each.
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merous intensely reactive lysosomes for anti-cathepsin B

antibody (Fig. 4a). However, in the proximal vas deferens,

these cells showed few intensely reactive lysosomes (not

shown), while in the middle and distal vas deferens, in-

tensely reactive lysosomes were not present (Fig. 4b,c).

Clear, narrow (not shown), and basal cells were unreac-

tive in all regions (Fig. 4a-c).

Numerous intensely reactive lysosomes were noted in

principal cells of all regions of the cauda and vas deferens

with anti-SGP-l antibody, and while clear cells were

weakly reactive, narrow cells were intensely reactive (Fig.

5a-c). Basal cells were weakly reactive in the cauda ep-

ididymidis but intensely reactive in the vas deferens (Fig.

5 a-c).

Immunocytochemical Localization of SGP-2 and LRP-

2-Staining for anti-SGP-2 antibody revealed that all

principal cells were uniformly and intensely reactive in

all regions of the vas deferens (Fig. 6a,b), while a check-

erboard staining pattern was seen in all regions of the

cauda epididymidis (not shown). Clear, narrow, and basal

cells were unreactive (Fig. 6a,b). With anti-LRP-2 anti-

body, an intense reaction was noted over principal cells

of all regions of the cauda epididymidis and vas deferens

in the form of a dense apical band, as well as small spher-

ical apically located bodies identified as endosomes (Fig.

7a,b). Clear, narrow, and basal cells were unreactive (Fig.

7a,b).

Discussion

In the present study with PAS staining, it was readily

observed that several structural changes take place in the

epithelium from the proximal cauda epididymidis to the

distal vas deferens, including size of principal cells and

their microvilli and shift of their nucleus from a basal to

mid position in the cell. Basal cells, present in all areas,

become more closely aligned in the middle and distal vas

deferens, where, in addition, apical blebs of principal cells

are especially prominent. Clear cells are abundant in the

cauda epididymidis but are few in number along with

narrow cells in proximal vas deferens. These observa-

tions, along with similar observations of others (Hamil-

ton, 1975; Hamilton and Cooper, 1978; Kennedy and

Heidger, 1979; Robaire and Hermo, 1988; Andonian and

1-lermo, l999a), will serve as a framework for understand-

ing the subsequent sections of the discussion dealing with

the light microscope immunocytochemistry, where pres-

ervation of the tissue is not optimal.

Distribution of Lysosomal Proteins

Principal cells of the cauda epididymidis and vas deferens

have numerous lysosomes in their supranuclear cyto-

plasm, as revealed by electron microscopic studies

(Friend and Farquhar, 1967; Hamilton, 1975; Hermo and

De Melo, 1987; Robaire and Hermo, 1988). These cells

are also equipped with an endocytic apparatus, whereby

tracers introduced into the lumen of the duct appear tem-

porally and sequentially within coated pits and vesicles,

endosomes, MVBs, and eventually within lysosomes

(Friend and Farquhar, 1967; Friend, 1969; Moore and

Bedford, 1979; Hermo and De Melo, 1987). Clear cells

also perform this function, but to a greater degree than

principal cells (Moore and Bedford, 1979). Clear cells

endocytose immobilin in the distal cauda epididymidis

and, in this and other caudal regions, take up the contents

of cytoplasmic droplets released from sperm in the lumen,

as well as other specific proteins (Hermo et al, 1988,

1992b; Vierula et al, 1995). Narrow and basal cells also

show coated pits, endosomes, MVBs, and lysosomes and

thus appear to be capable of endocytosis (Robaire and

Hermo, 1988; Andonian and Hermo, l999a). In these cell

types as well as others, lysosomal enzymes are derived

from the Golgi apparatus and ferried via small vesicles

from the trans-Golgi network, often bound to mannose-

6-phosphate receptors, to multivesicular bodies and hence

eventually appear within lysosomes (Griffiths and Si-

mons, 1986; Hermo et a!, 1992a; Farquhar and Hauri,

1997). However, despite the presence of lysosomes in ep-

ithelial cells of the epididymis and vas deferens, the lo-

calization of soluble lysosomal proteins has yet to be per-

formed.

In the present study, localization was performed in the

light microscope, however, anti-cathepsin D, B, and SOP-

1 antibodies have been examined at the electron-micro-

scopic level in the epididymis, where they were localized

within lysosomes of the epithelial cells and not endo-

somes (Hermo et al, 1992a; Igdoura et al, 1995). In the

FIGS. 4, 5. FIG. 4. Distal cauda epididymidis (a) and middle (b) and distal (c) vas deferens immunostained with anti-cathepsin B antibody. Principal
cells, p, in (a) show numerous intensely reactive lysosomes (small arrows), while reactive lysosomes are not apparent in (b) and (C). Basal cells

(arrowheads) appear unreactive in (a-c). Clear cells (large arrows) are unreactive in (a). Note apical blebs (curved arrows) on surface of principal
cellsand dilatedintercellularspaces (stars) between principal cells in (b) and (C). Asterisks, sperm in lumen; IT, intertubular space; Lp, lamina propria;
n, nucleus of principal cells; Sm, smooth-muscle cell layers. 533x for each. FIG. 5. Distal cauda epididymidis (a) and proximal (b) and distal (C) vas

deferens immunostairied with anti-SGP-1 antibody. Principal cells, p. exhibit numerous intensely reactive lysosomes (small arrows) in all regions.

Basal cells(arrowheads) are weakly reactive in (a) and intensely reactive in (b) and (c). Clear cells (large arrows) are weakly reactive in (a). Note

dilated intercellular spaces (stars) in (c). Asterisks, sperm in lumen; Lp, lamina propria; Sm, smooth-muscle cell layers; va, vascular channel. 533x

for each.
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