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Abstract

Immature rat Sertoli cells synthesize and secrete a protein species which has immunological similarity with chicken egg

thiamin carrier protein (TCP) as assessed by immunocytochemical localization, liquid phase radioimmunoassay (RIA),
immunoprecipitation of [35S]-methionine incorporated newly synthesized proteins by polyclonal antibodies (pAbs) to chicken
TCP and tryptic peptide mapping of iodinated immunoprecipitated proteins. FSH and testosterone together bring about 4-fold

induction of Sertoli cell TCP over the control levels which is inhibitable upto 75% by an aromatase inhibitor. Addition of
optimal concentrations of exogenous estradiol-17b to the cultures causes 2-fold enhancement of secretion of TCP which can
signi®cantly be inhibited by tamoxifen, when added along with estradiol-17b . These results show that Sertoli cells produce

estrogen-inducible TCP, presumably to transport the vitamin to the developing germ cells. # 1999 Elsevier Science Ltd. All
rights reserved.

1. Introduction

During spermatogenesis in the mammalian testis, in-
teraction between Sertoli cells and germinal cells in
terms of provision of essential nutrients and growth
factors is critical for germ cell survival and metab-
olism. This is primarily attributable to operation of the
blood±testis barrier due to tight junctions between
adjacent Sertoli cells resulting in sequestration of dif-
ferentiating spermatocytes and spermatids in a serum-
free microenvironment in the adluminal compartment
of the seminiferous tubules [1,2]. Although some nutri-
tional components and ions can be transported
through these junctional complexes, several other
nutrients require speci®c binding proteins to facilitate
their availability at adluminal compartment.
Functional identi®cation of Sertoli cell-secreted pro-
teins has revealed the production of a number of

di�erent transport proteins [3,4] including transferrin

[5], ceruloplasmin [6], sulfated glycoprotein-1 (SGP-1)

[7] etc. Available evidence favours the secretion of

speci®c high a�nity vitamin-binding proteins by

Sertoli cells for retinol [8], folate and biotin [9] presum-

ably to provide nutritional support to germ cells. We

have recently shown that a speci®c carrier protein for

ribo¯avin with physicochemical and immunological

similarities with the chicken egg ribo¯avin carrier pro-

tein (RCP) is synthesized and secreted by immature rat

Sertoli cells in culture which is modulated either by in

situ produced or exogenous estradiol [10]. In the avian

system, RCP is an estrogen-inducible phosphoglyco-

protein obligatory for yolk deposition of the vitamin

to support embryonic development [11]. Our earlier in-

vestigations have also revealed that a speci®c thiamin

carrier protein (TCP) participates in oocyte deposition

of the vitamin in the egg-laying birds and that the pro-

tein is evolutionarily conserved in mammals to support

embryonic development [12,13]. It was therefore

attractive to visualize that Sertoli cells also elaborate
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TCP as a stratagem to provide thiamin to di�erentiat-
ing germ cells. In the present communication, we pro-
vide immunohistochemical evidence for TCP in rat
testicular tissue and show that the rodent Sertoli cells
in culture synthesize and secrete TCP which is hor-
monally modulated.

2. Materials and methods

2.1. Materials

DME/F-12 medium powder, methionine free-DME/
F-12 powdered medium, insulin, transferrin, epidermal
growth factor, growth hormone, testosterone, pro-
gesterone, estradiol-17b , bovine serum albumin (frac-
tion V), chloramine T, triton X-100, sodium
deoxycholate, 1,4,6-androstatrien-3,17-dione, goat anti-
rabbit IgG conjugated to horse radish peroxidase and
diaminobenzidine were obtained from Sigma Chemical
Co (St. Louis, MO). Tamoxifen was procured from
Spuart Pharmaceuticals (Wilmington, DE). DEAE-
Sephacel and S-Sepharose were purchased from
Pharmacia Fine Chemicals (Sweden). Gentamycin was
obtained from Pharmaceutical Company of India.
[35S]-methionine (speci®c activity 500 Ci/mmol) and
carrier-free Na125I were from Amersham International
plc. (UK). Puri®ed ovine FSH was a kind gift from
Professor N.R. Moudgal of this Institute. Tissue cul-
tureware was supplied by Costar (USA) or Nunc
(Denmark). Other chemicals used were of analytical
grade and obtained locally. Chicken TCP was isolated
from egg yolk [13]. Polyclonal and monoclonal anti-
bodies (mAbs) to chicken TCP used in the present
study were raised and characterized as described earlier
[12]. Immature male rats (Wistar) used for isolation of
Sertoli cells were from Institute's Central Animal
Facility.

2.2. Immunocytochemical localization

Testes from 20-day-old rats were dissected out and
®xed for 24 h in Bouin's ¯uid composed of saturated
picric acid:formalin:glacial acetic acid (15:5:1, v/v/v).
The tissues were subsequently washed in 50% ethyl
alcohol and dehydrated through alcohol series, cleared
in toluene and in®ltered with para�n at 58oC. Tissue
sections were taken at 6±8 mm thickness using a micro-
tome (American optical company, NY). The sections
were mounted on polylysine coated glass slides. For
immunocytochemical staining, an indirect immunoper-
oxidase staining procedure was employed [14]. Brie¯y,
the sections were depara�nized in xylene and hydrated
by passing through descending grades of alcohol and
®nally water. After blocking the endogenous peroxi-
dase activity, the tissue sections were incubated with

rabbit polyclonal anti-chicken TCP antiserum (1:1000)
followed by goat anti-rabbit IgG conjugated to horse
radish peroxidase. Suitably diluted (1:1000) non-
immune rabbit serum was used as a negative control.
The bound peroxidase was visualized with the chromo-
gen diaminobenzidine and counterstained with haema-
toxylin. The slides were then washed with water,
dehydrated through alcohol series, clari®ed in xylene
and mounted in DPX mountant.

2.3. Isolation of Sertoli cells and maintenance in culture

Sertoli cells were isolated from 20-day-old rats by
successive collagenase treatment [15]. The isolated cells
were homogeneous to an extent of >90% as observed
by phase contrast microscopy. These cells were main-
tained in DME/F-12 medium with the addition of 1.2
gm/L of NaHCO3 and 20 mg/L of gentamycin at a
density of 4� 105 cells/cm2 area in a humidi®ed atmos-
phere of 5% CO2 at 32oC. The culture medium was
supplemented with insulin (5 mg/ml), transferrin (5 mg/
ml), EGF (1 ng/ml), FSH (25 ng/ml), growth hormone
(100 ng/ml), retinol (50 ng/ml) and testosterone
(10ÿ6M). To study the hormonal modulation, the iso-
lated cells were ®rst maintained in DME/F-12 medium
alone for 24 h to deplete the endogenous hormones.
Following this, control culture dishes contained the
medium with the above mentioned concentrations of
insulin, transferrin and EGF (3F). The test cultures, in
addition to these factors, contained exogenous hor-
mones or other compounds at speci®ed concentrations.
The spent media were collected and replenished with
fresh media every 24 h. The viability of the cells at the
end of the cultures was monitored by trypan blue
(0.2% w/v in 20 mM phosphate bu�er, pH 7.2 con-
taining 0.9% NaCl) dye exclusion test. It was noted
that the viability was not altered following treatments.

2.4. Radioimmunoassay

Chicken TCP was radiolabelled by iodogen method
[16]. A liquid phase RIA was developed with rabbit
anti-chicken TCP antiserum and 125I-labelled chicken
TCP as the tracer. Sertoli cell culture supernatants
were 100-fold concentrated by ultra®ltration using
YM-10 membranes (Amicon, USA). Varying amounts
of the concentrated culture supernatants were incu-
bated with 125I-labelled chicken TCP (approx. 105

cpm) and its antiserum (1:40,000 dilution). The anti-
body bound radioactivity was quantitated by double
antibody-polyethylene glycol precipitation [17]. The
results were expressed in terms of chicken TCP as the
standard.
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2.5. Immunoprecipitation

Pooled Sertoli cell culture supernatant was subjected
to DEAE-Sephacel chromatography using 20 mM
phosphate bu�er, pH 6.0. The bound proteins were
eluted with 0.5 M NaCl, dialyzed and passed through
S-Sepharose column pre-equilibrated with 20 mM acet-
ate bu�er, pH 4.8. The bound proteins were eluted
with 0.5 M NaCl, dialyzed, concentrated and labelled
with Na125I by iodogen method [16]. The labelled pro-
teins (approx. 106 cpm) were immunoprecipitated with
either pAbs or mAbs to chicken TCP as described ear-
lier [10].

2.6. Two dimensional tryptic peptide mapping of 125I-
labelled proteins

As described above, the Sertoli cell secreted proteins
were enriched, radiolabelled, immunoprecipitated with
polyclonal anti-chicken TCP antibodies and the
immune complexes were resolved on a 10% SDS-poly-
acrylamide gel under reducing conditions [18]. In a
parallel lane, 125I-labelled chicken TCP was electro-
phoresed to serve as positive control. After electro-
phoresis, the gel bands containing the radioactive
protein species were excised, subjected to trypsinization
and the digested peptides were separated by high vol-
tage electrophoresis and thin layer chromatography as
described by Elder et al. [19].

2.7. In vitro labelling and immunoprecipitation of Sertoli
cell secreted proteins

Following preculture for 24 h, the cells were incu-
bated for 1 h in the methionine-free medium.
Subsequently, the medium was supplemented with 10
mCi/ml of [35S]-methionine (speci®c activity 500 Ci/
mmol) and the culture continued for another 10 h.
The supernatant was collected and the total [35S]-meth-
ionine incorporated into the secreted proteins was esti-
mated following trichloroacetic acid (10%, w/v)
precipitation [9]. The radiolabelled secreted proteins
(approx. 3±4�106 cpm) were precipitated with polyclo-
nal antibodies to chicken TCP and the immunoprecipi-
tates resolved on SDS-PAGE were analyzed by
¯uorography as described earlier [10].

2.8. Statistical analysis

The interassay coe�cient of variation for the RIA
was found to be <10%. The data obtained from each
set of experiments which have been repeated at least
four times were analyzed by Student's t-test. To avoid
the interassay variation, samples obtained from a
single set of experiments were assayed simultaneously.

3. Results and discussion

3.1. Immunohistochemical localization of TCP in testis

Earlier characterized from chicken egg yolk and
pregnant rat sera, TCP is an estrogen-inducible, acidic,
nonglycoprotein with Mr 70,000 which binds the vita-
min with Ka of 0.3� 109 Mÿ1. The vitamin carrier is
obligatory for embryonic development since immuno-
neutralization of the maternal protein curtails preg-
nancy in rodents [12,13]. Taking advantage of the fact
that the vitamin carrier is conserved in mammals, we
examined the cellular localization of the putative thia-
min carrier immunocytochemically in testis sections
from immature rats using monospeci®c polyclonal
anti-chicken TCP serum. Fig. 1A represents the stain-
ing pattern showing the presence of crossreactive TCP
in Sertoli cells and developing spermatogenic cells in
contrast to the tissue sections treated with pre-immune
serum. (Fig. 1B). As majority of the proteins in the

Fig. 1. Immunocytochemical localization of TCP in the rat testis.

Sections of immature rat testis were incubated with either rabbit

anti-chicken TCP antiserum (A) or normal rabbit serum (B) and

further stained with immuno-peroxidase technique. Magni®cation:

(A) �200, (B) �400.
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testis are synthesized and secreted by Sertoli cells, it is
reasonable to assume that TCP also is produced by
these cells. To examine this premise further, Sertoli
cells were cultured under de®ned in vitro conditions.
We preferred the Sertoli cells from 20-day-old rats
since around day 19, tight junctions between adjacent
Sertoli cells form a blood±testis barrier [20].

3.2. Immunological and biochemical characterization of
TCP from rat Sertoli cells in culture

To investigate whether Sertoli cells secrete thiamin
carrier, these cells were cultured in serum-free DME/
F-12 medium supplemented with growth factors and
hormones. The spent medium was collected, 100-fold
concentrated and heterologous RIA was carried out
using speci®c polyclonal antiserum raised against
chicken TCP in rabbits. Fig. 2 represents the compe-
tition between ®xed amount of radioiodinated TCP
and varying concentrations of either chicken TCP or
Sertoli cell TCP to combine with 1:40,000 diluted
rabbit polyclonal anti-chicken TCP serum. The assay
had a sensitivity in the range of 40 ng±300 pg.
Concentrated DME/F-12 medium and all the hor-
mones and vitamins used in the cell culture did not
show any interference in the assay. The parallelism
between the displacement curves obtained with testi-
cular TCP and chicken TCP indicates the extent of
immunological similarity between the two. In terms
of chicken protein standard, these cells secrete
approx. 1.5 ng of TCP/106 cells/48 h into the culture
medium.

The molecular size of Sertoli cell TCP was deter-
mined by analyzing immunoprecipitated proteins
wherein the radioiodinated secreted proteins were pre-
cipitated with either the mAbs or pAbs raised against
chicken thiamin carrier. The immunoprecipitates were
resolved on a 10% SDS-gel and an autoradiogram
was developed. The results obtained revealed that all
the ®ve mAbs as well as the pAbs to chicken TCP
(Fig. 3A and B) could precipitate the testicular pro-
tein suggesting thereby that the overall immunotopo-
logical characteristics of the vitamin carrier from the
rodent testis and the chicken egg are very similar.
This similarity extends to their molecular size (Mr

70,000) as revealed by the autoradiography. Additional
evidence for similarities stems from a comparison of
tryptic peptide maps of 125I-labelled and immunopreci-
pitated Sertoli cell TCP and chicken thiamin carrier
(Fig. 4). This is in line with the premise that these two
homologous proteins possess similar if not identical
primary structure accounting for the extensive confor-
mational commonality indicated by mAb crossreactiv-
ity.

Biochemical evidence for de novo synthesis of TCP
by Sertoli cells stems from in vitro experiments
wherein newly synthesized proteins were labelled in the
presence of [35S]-methionine followed by immunopreci-
pitation with the speci®c TCP antibodies (Fig. 5). The
observation that the immunoprecipitated radioactive
species from the Sertoli cell spent medium migrates to
the position corresponding to the chicken vitamin car-
rier con®rms that Sertoli cells indeed synthesize TCP
of similar molecular mass.

Fig. 2. Inhibition of binding of 125I-labelled chicken TCP to its antiserum by unlabelled chicken TCP ( . ) or concentrated Sertoli cell culture

supernatant (o). The percentage of speci®cally bound radioactivity is plotted against the concentration of the unlabelled competing antigen.
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3.3. Hormonal modulation of TCP secretion

Earlier investigations from this laboratory have
demonstrated that the induction of chicken TCP is
under estrogenic control [21]. Now the question arises
as to whether the Sertoli cell TCP is similarly modu-
lated by the steroid hormone. In recent years, the ca-
pacity of di�erent cell types in the mammalian testis to

synthesize estradiol-17b has widely been recognized
[22]. Additionally, intratesticular loci of aromatization
and the speci®city of gonadotropins in regulating this
enzyme complex are governed by the age, cell type and
the species of the animal concerned [23]. In the imma-
ture rat testis, under the in¯uence of FSH, the aroma-
tase enzyme complex which catalyzes the conversion of
testosterone to estradiol-17b is markedly stimulated in
Seroli cells through enhanced intracellular accumu-
lation of cyclic AMP [22]. It was therefore attractive
to investigate the in¯uence of FSH, testosterone, ex-
ogenous estradiol-17b , an aromatase inhibitor and the
anti-estrogen tamoxifen on secretion of TCP by Sertoli
cells in culture. In preliminary experiments, optimal
concentrations of FSH and testosterone required for
maximal stimulation of secretion of TCP was deter-
mined. At very low concentrations of FSH (<2.5 ng/
ml), the response of Sertoli cells was very minimal
(Table 1) whereas with increase in FSH concentration,
a progressive enhancement in secretion of TCP was
observed. At r25 ng/ml of FSH, maximal stimulation
(two-fold induction) of elaboration of the vitamin car-
rier over the basal values was observed. However, tes-
tosterone (10ÿ9±10ÿ5 M) was marginally e�ective in
this respect, vis-a-vis FSH, its stimulatory in¯uence
being con®ned to 120±125% of the control values
(Table 2). Contrastingly, a combination of the optimal
concentrations of FSH (25 ng/ml) and testosterone
(10ÿ6M) acted synergistically since it elicited 4-fold
increase in secretion of TCP (Fig. 6). In view of the
fact that the aromatase inhibitor 1,4,6-androstatrien-
3,17-dione could curtail (approx. 75%) enhanced TCP
secretion due to FSH and testosterone combination,
the observed stimulation of TCP secretion is appar-
ently attributable to in situ synthesized estradiol.
Interestingly, the aromatase inhibitor could not a�ect
the basal secretion of TCP when added alone to the
cultures.

To substantiate the above premise regarding involve-
ment of endogenously produced estrogen in stimulated

Fig. 3. Autoradiogram of Sertoli cell secreted proteins precipitated

with antibodies to chicken TCP. The partially puri®ed proteins from

Sertoli cell spent medium were iodinated and precipitated with var-

ious antibodies to chicken TCP. The immune complexes were

resolved by a 10% SDS-PAGE. The gel was dried and an autoradio-

gram developed. Panel (a) shows immuno-precipitation with pAbs to

chicken TCP. Lane 1: proteins precipitated with polyclonal rabbit

anti-chicken TCP serum; lane 2: 125I-labeled chicken TCP (as a refer-

ence); lane 3: proteins precipitated with normal rabbit serum (as a

negative control). Panel (b) shows immunoprecipitation with mAbs

F3H6 (lane 1); A4C4 (lane 2); C8C1 (lane 3); H8H3 (lane 4); G7H10

(lane 5). 125I-labelled chicken TCP was taken as a reference (lane 6).

Table 1

The secretion of thiamin carrier by Sertoli cells cultured in the pre-

sence of various concentrations of FSHa

Concentration of FSH (ng/ml) ng TCP/106 cells/48 h

0 (14) 1.4720.21

0.025 (4) 1.5620.2

0.25 (4) 1.8120.33

2.5 (4) 2.1220.45

25 (8) 3.020.42

100 (4) 3.1420.51

a Each value represents the mean2S.D. with the number of deter-

minations shown in parentheses. Cells were maintained in DME/F-

12 plus 3F and protein levels from spent medium in 48 h was deter-

mined.
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TCP production intracellularly, graded concentrations
of estradiol-17b were added to the cell cultures to
study the in¯uence, if any, of the exogenous steroid
hormone in terms of carrier protein secretion (Table

3). Optimal concentration of estradiol required for

maximal stimulation was around 1 mM. At this con-

centration, the steroid hormone could enhance TCP se-

cretion to 2-fold over the control values (Fig. 7). The

Table 2

E�ect of various concentrations of testosterone on TCP secretion by

Sertoli cellsa

Concentration of testosterone (mM) ng TCP/106 cells/48 h

0 (14) 1.4720.21

0.01 (4) 1.4720.19

0.1 (4) 1.5420.25

1 (8) 1.720.3

10 (4) 1.7120.27

a Each value represents the mean2S.D. with the number of deter-

minations shown in parentheses. Cells were maintained in DME/F-

12 plus 3F and protein levels from spent medium in 48 h was deter-

mined.

Table 3

The secretion of thiamin carrier by Sertoli cells cultured in the pre-

sence of di�erent concentrations of estradiol-17ba

Concentration of estrogen (mM) ng TCP/106 cells/48 h

0 (6) 1.2720.23

0.01 (4) 1.4620.18

0.1 (4) 1.9320.22

1 (8) 2.720.34

10 (4) 2.7520.38

a Each value represents the mean2S.D. with the number of deter-

minations shown in parentheses. Cells were maintained in DME/F-

12 plus 3F and protein levels from spent medium in 48 h was deter-

mined.

Fig. 4. Two-dimensional tryptic peptide map analysis of Sertoli cell secreted- and chicken TCP. Radiolabelled and immunoprecipitated Sertoli

cell TCP (a) and iodinated chicken thiamin carrier (b) were trypsinized. The tryptic peptides were dissolved in 5 ml of electrophoresis bu�er,

spotted in one corner of the cellulose plate and electrophoresed in one dimension (E) followed by chromatography in the second dimension (C).

The plates were air-dried and the autoradiograms developed.

Fig. 5. Fluorogram of [35S]-methionine labelled Sertoli cell proteins

precipitated with polyclonal chicken TCP antiserum. Sertoli cells

were incubated with [35S]-methionine in culture. The conditioned

medium was immunoprecipitated with polyclonal antiserum to

chicken TCP and the immune complex was resolved by a 10% SDS-

PAGE. The gel was dried and a ¯uorogram developed. Shown are

the precipitated Sertoli cell protein (lane 1) and 125I-labeled chicken

TCP, taken as a positive control (lane 2).
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relatively lesser magnitude of stimulation of TCP by

exogenous estradiol vis-a-vis that elicited by in situ

produced steroid hormone remains unexplored at pre-

sent and could be due to factors such as di�erential

concentration at intracellular loci of action and/or cat-

abolism. Additional support for the modulation of tes-

ticular TCP by estrogen stems from experiments

wherein the in¯uence of tamoxifen was investigated.

This anti-estrogen could inhibit the enhanced TCP se-

cretion due to FSH and testosterone by approx. 70%

and the exogenous estrogen induced TCP levels by

60%. However, tamoxifen per se did not seem to a�ect

the basal secretion of TCP by Sertoli cells. Thus, the

above lines of evidence clearly favour the view that
Sertoli cell TCP secretion is regulated by estrogen pro-
duced by intracrine mode which in turn is modulated
by FSH and testosterone. While the exact physiologi-
cal relevance of this vitamin carrier in spermatogenesis
is yet to be explored, it is conceivable that TCP med-
iates adequate accessibility of thiamin in a carrier
mediated fashion to circumvent the physiological bar-
rier o�ered by Sertoli cell tight junctions to ensure
uninterrupted supply of the vitamin to rapidly prolifer-
ating and di�erentiating germ cells and its functions
are analogous to those of the other micronutrient car-
riers referred to earlier.
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