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Abstract

Sertoli cells have been shown to be targets for extracellular purines
such as ATP and adenosine. These purines evoke responses in Sertoli
cells through two subtypes of purinoreceptors, P2Y2 and PA1. The
signals to purinoreceptors are usually terminated by the action of
ectonucleotidases. To demonstrate these enzymatic activities, we
cultured rat Sertoli cells for four days and then used them for different
assays. ATP, ADP and AMP hydrolysis was estimated by measuring
the Pi released using a colorimetric method. Adenosine deaminase
activity (EC 3.5.4.4) was determined by HPLC. The cells were not
disrupted after 40 min of incubation and the enzymatic activities were
considered to be ectocellularly localized. ATP and ADP hydrolysis
was markedly increased by the addition of divalent cations to the
reaction medium. A competition plot demonstrated that only one
enzymatic site is responsible for the hydrolysis of ATP and ADP. This
result indicates that the enzyme that acts on the degradation of tri- and
diphosphate nucleosides on the surface of Sertoli cells is a true ATP
diphosphohydrolase (EC 3.6.1.5) (specific activities of 113 ± 6 and 21
± 2 nmol Pi mg-1 min-1 for ATP and ADP, respectively). The ecto-5�-
nucleotidase (EC 3.1.3.5) and ectoadenosine deaminase activities
(specific activities of 32 ± 2 nmol Pi mg-1 min-1 for AMP and 1.52 ±
0.13 nmol adenosine mg-1 min-1, respectively) were shown to be able
to terminate the effects of purines and may be relevant for the
physiological control of extracellular levels of nucleotides and nucleo-
sides inside the seminiferous tubules.
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Introduction

Extracellular purines interact with spe-
cific receptors (purinoreceptors) on the sur-
face of cells activating several biological
processes (for reviews, see 1-3). Previous
studies have demonstrated that adenosine
nucleotides can modulate Sertoli cell re-
sponses through the purinoreceptors present
on these cells (4-10).

The hormonal regulation of Sertoli cell

functions in the maintenance of spermato-
genesis occurs through inhibitory and stimu-
latory signals. These signals interact for a
bimodal regulation of adenyl cyclase with
increasing or decreasing cAMP levels. Ex-
tracellular ATP interacting with P2Y2 purino-
receptors coupled with Gi protein modulates
the follicle-stimulating hormone (FSH) re-
sponse in Sertoli cell cultures. This modula-
tion is pertussis toxin-sensitive and decreases
the cAMP levels stimulated by FSH (5). In
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the same study, Filippini et al. (5) demon-
strated that ATP can activate inositol phos-
pholipid turnover and Ca2+ signaling.

Regarding adenosine, a product of ATP
degradation by ectonucleotidases, Rivkees
(11) localized and characterized receptors
for this structure in rat testis tissue and dem-
onstrated that Sertoli cells have the PA1 re-
ceptor subtype on the plasma membrane. In
testis tissue, the PA1 receptors inhibit adenylyl
cyclase activity (4,10). Adenosine inhibition
of the hormonal effects of FSH in Sertoli
cells is reversed by pertussis toxin (8). This
fact suggests that the regulation of a cyclic
nucleotide-dependent pathway is one of the
transduction mechanisms by which adeno-
sine regulates the functions of these cells.

The extracellular hydrolysis of ATP to
adenosine by ectonucleotidases has been re-
ported for several cell types (12-20). These
enzymatic activities can regulate the extra-
cellular concentration of adenine nucleo-
tides and nucleosides modulating their local
effects. Degradation of ATP and other nucleo-
tides occurs through a cascade of cell sur-
face-bound enzymes such as ecto-ATPase
(EC 3.6.1.3), ectoapyrase/ATP diphospho-
hydrolase/NTPDase (EC 3.6.1.5), and ecto-
5�-nucleotidase (EC 3.1.3.5), resulting in the
formation of ADP, AMP and adenosine (21).
The presence of apyrase activity has been
well demonstrated in a large number of mam-
malian sources (12,13,15). Apyrase is the
enzyme that hydrolyzes ATP and ADP (and
other tri- and diphosphate nucleosides) to
the monophosphate esters plus inorganic
phosphate (Pi), releasing 2 mol Pi/mol ATP
and 1 mol Pi/mol ADP.

Barbacci et al. (22) identified and char-
acterized a possible ecto-ATPase activity in
rat Sertoli cells. In the present study, we
demonstrate that Sertoli cells in culture are
able to promote the hydrolysis of ATP, ADP
and AMP and we present evidence for the
first time that the enzymes responsible for
nucleotide hydrolysis are a true ectoapyrase
(ATP and ADP hydrolysis) and an ecto-5�-

nucleotidase (AMP hydrolysis). The kinetic
parameters for nucleotide hydrolysis and the
effect of divalent cations, calcium and mag-
nesium, on enzymatic activities were deter-
mined. Moreover, we show that Sertoli cells
can control extracellular adenosine levels
through ectoadenosine deaminase activity
(EC 3.5.4.4).

Material and Methods

Material

Culture medium (DMEM/F-12) and soy-
bean trypsin were purchased from Gibco
(Grand Island, NY, USA). Lactate dehydro-
genase (LDH) kit, soybean trypsin inhibitor
I-S, DNase I, collagenase I, hyaluronidase I-
S, nucleotides, nucleosides and HEPES were
obtained from Sigma (St. Louis, MO, USA),
FBS from Cultilab Ltda. (São Paulo, SP,
Brazil), and 24-well plates from Costar Co.
(Cambridge, MA, USA). Tetrabutyl ammo-
nium chloride was purchased from Fluka
Chemika (Neu Ulm, Switzerland). All other
chemical reagents were of the highest avail-
able grade.

Sertoli cell cultures

Primary cultures of Sertoli cells from 17-
to 19-day-old Wistar rats were prepared as
previously described (23). Briefly, the testis
was sequentially digested with 0.25% tryp-
sin and DNase (10 µg/ml) for 30 min at 37oC
to remove the interstitial tissue. The seminif-
erous tubules obtained were dissociated with
collagenase (1 mg/ml) and hyaluronidase (1
mg/ml) to separate Sertoli cells from myoid
and germ cells for centrifugation at 40 g for
10 min. The cultures were grown to conflu-
ence on 24-multiwell plates (approximately
0.6 x 106 cells/well or 100 µg protein/well) at
34oC in a water-saturated atmosphere with
95% air and 5% CO2 in DMEM/F-12 (1:1)
with 1% FBS for 24 h. On the second day of
culture, the monolayer was washed with
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Hank�s-buffered saline solution and main-
tained for three days more in serum-free
DMEM/F-12 (1:1). On the fourth day of
culture, the Sertoli cell monolayers were
used for the ectonucleotidase assays. The
Sertoli cell cultures were estimated to be
more than 95% pure, as determined by bright
light and phase contrast microscopy and al-
kaline phosphatase cytochemistry (24). Cel-
lular integrity was determined on the basis of
LDH activity. The Sertoli monolayers were
incubated with reaction medium for 40 min
and then samples were taken for the determi-
nation of LDH with a Sigma kit (LD-L 10,
catalog No. 228-10) at 37oC in a Cobas Mira
automatic incubator. LDH activity is reported
as unit of enzyme per mg protein (U/mg).

Ectonucleotidase assays

Sertoli cell monolayers were washed three
times with the reaction medium containing
135 mM NaCl, 5 mM KCl, 10 mM glucose
and 10 mM HEPES, pH 7.4. The reaction
was started by adding the substrate (ATP,
ADP or AMP) to the reaction medium con-
taining 135 mM NaCl, 5 mM KCl, 10 mM
glucose and 10 mM HEPES, pH 7.4, plus
CaCl2 and/or MgCl2 (1, 2 and 5 mM, as
indicated) and EDTA (2 mM, as indicated).
The final volume was 0.2 ml and incubation
was carried out at 34oC. After incubation, a
supernatant sample was taken and mixed
with cold trichloroacetic acid to a final con-
centration of 5%. This mixture was centri-
fuged for 10 min at 16,000 g at 4oC and
aliquots were taken for the assay of released
Pi according to the procedure of Chan et al.
(25). Incubation time and protein concentra-
tion were chosen in order to ensure the lin-
earity of the reaction. Controls to correct for
nonenzymatic hydrolysis of nucleotides were
prepared by measuring the Pi released into
the same reaction medium incubated with-
out cells. The possible contamination with
Pi released from cultures was avoided by
incubating the monolayers in reaction medi-

um without nucleotides. The cultures did not
present a measurable release of Pi at any
time of incubation. All assays were done in
quadruplicate. Km and Vmax were calculated
by linear regression and presented graphi-
cally by the Eadie-Hofstee plot. The ATP
and ADP concentrations for the same hy-
drolysis rate were obtained from the sub-
strate curve and used to construct the
Chevillard competition plot (26).

Adenosine deaminase assay

On the fourth day of culture, the mono-
layers were washed three times with adeno-
sine deaminase assay (ADA) buffer consist-
ing of 100 mM NaCl, 20 mM KCl, 4 mM
MgCl2, 2 mM CaCl2, 10 mM NaHCO3, 5
mM glucose and 15 mM Tris, pH 7.4 (27).
The reaction was started by adding adeno-
sine (0.15 mM) to the same ADA buffer as
described above. The final volume was 0.2
ml and the incubation was carried out at
34oC. After incubation (0, 30 and 60 min),
the supernatant was taken and maintained on
ice. The samples were boiled for 3 min and
centrifuged at 4oC for 15 min at 16,000 g.
Aliquots of 50 µl were applied to a reversed-
phase HPLC system using a C18 Shimadzu
column (Shimadzu, Japan) at 260 nm with a
mobile phase containing 60 mM KH2PO4, 5
mM tetrabutylammonium chloride, pH 6.0,
in 30% methanol according to a previously
described method (28). The adenosine peak
was identified by its retention time and by
comparison with standards. The ectoadeno-
sine deaminase activity was measured by the
decrease in the adenosine peak and by the
appearance of inosine and hypoxanthine
peaks. The enzyme activity was expressed
by the difference between initial (ADi) and
final adenosine (ADf) concentration at the
time of incubation per mg of protein (D[ADi] -
[ADf]/mg protein). The addition of dipy-
ridamole (a classical inhibitor of adenosine
uptake) did not modify the extracellular aden-
osine concentration. Spontaneous deamina-
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tion of adenosine was not detected at any
time.

Cellular protein determination

After the assays, the Sertoli cell mono-
layers were digested with 0.5 N NaOH and
total protein was measured by the method of
Lowry et al. (29).

Statistical analysis

The mean ± SEM data for groups of three
or four experiments were analyzed by
ANOVA and the post hoc Student-New-
man-Keuls test using the statistical program
SPSS 6.0 for Windows.

Results and Discussion

ATP, ADP and AMP hydrolysis

Sertoli cell cultures promoted ATP, ADP
and AMP hydrolysis that was linear for at
least 20 min (Figure 1). One possible prob-
lem in the detection of apyrase activity (ATP
and ADP hydrolysis) in most sources is the
interference of 5�-nucleotidase, which may
cause an overestimation of ATPase and
ADPase activity (30). The procedure used in
the present study to avoid this problem was
the limitation of both ATP and ADP hy-
drolysis to less than 10%. In addition, all
mammalian ecto-5�-nucleotidase activities
described are strongly inhibited by ATP and
ADP in the low micromolar range (31). ATP
diphosphohydrolase (apyrase) is an enzyme
able to promote the removal of two phos-
phate groups of ATP but of only one phos-
phate group of ADP. This enzyme presents
divalent cation dependence and can be stim-
ulated by Ca2+ and Mg2+ (12,15,30,32). The
ecto-5�-nucleotidase can also be stimulated
by Mg2+ (14,31) but this activation was lower
than the apyrase activation (26.3 ± 5% for
the ecto-5�-nucleotidase activation and 1490
± 84% for the apyrase activation in relation
to the control). In the presence of 2 mM
EDTA, ATP and ADP hydrolysis was prac-
tically negligible and AMP hydrolysis was
lower than control (without the addition of
divalent cations) (Figure 2). Thus, the en-
zymes responsible for the hydrolysis of ATP,
ADP and AMP in Sertoli cells could be
cation activated. No significant differences
were observed in enzymatic activation by
different cations at the different concentra-
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ADP and AMP hydrolysis. Ca2+-
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Figure 2. Cation dependence on
ectonucleotidase activities. Ser-
toli cells were incubated with
the reaction medium plus 1 mM
AMP (gray bars), 1 mM ADP
(white bars), and 1 mM ATP
(black bars) plus cations or
EDTA, as indicated. The data are
representative of three different
experiments: mean ± SEM (N =
4) of one typical experiment.
*P<0.05 compared to the con-
trol group; +P<0.05 compared to
the 2 mM EDTA group (Student-
Newman-Keuls test).
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tions tested for ATP, ADP and AMP hy-
drolysis (Figure 2). This result indicates that
maximal activation of the apyrase and ecto-
5�-nucleotidase activities is possible with 2
mM or less of both cations tested. No addi-
tive effects were observed when the two
divalent cations tested were added at the
same time to the reaction medium, suggest-
ing that both Ca2+ and Mg2+ are competing
for the same activation site. It is important to
note that there was a parallel profile of acti-
vation for all substrates (ATP, ADP and
AMP) with each cation added. Based on
these results, we established as optimal con-
ditions for measuring the ectonucleotidase
activities the ratio of 1 mM/2 mM for the
nucleotides/divalent cation. In this way the
ectonucleotidase activities were measured
in the physiological extracellular range of
divalent cations and nucleotides.

A single active site

ATP and ADP hydrolysis could be cata-
lyzed by an ATP diphosphohydrolase (apy-
rase) or by enzyme combinations able to
mimic apyrase activity. To show that ATP
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competition plot (Figure 3) indicates a con-
stant hydrolysis rate at all substrate combi-
nations tested and the interpretation is that
the hydrolysis of both substrates (ATP and
ADP) occurs at the same active site of a
single enzyme.
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ranging from 15 to 1000 µM for each sub-
strate. Mg2+-AMP hydrolysis was determined
at AMP concentrations ranging from 15 to
2000 µM. The results (Figure 4, inset) indi-
cated that all the enzymatic activities in-
creased with increasing nucleotide concen-
trations until saturation with 1 mM sub-
strate. The Eadie-Hofstee plot for the hy-
drolysis of ATP, ADP and AMP is shown in
Figure 4. The Michaelis constant (Km, app)
(Table 1) calculated by linear regression from
the results in Figure 4 was closely similar for
ATP and ADP hydrolysis (131 ± 17.4 and
110 ± 29 µM, respectively). It is important to
note that a similar Km value for both sub-
strates is also a characteristic of other apy-
rases described in the literature (15,30). The
Sertoli cell cultures were able to hydrolyze
other di- and triphosphate nucleosides such
as GTP, GDP, ITP and IDP (data not shown).
The hydrolysis of different di- and triphos-
phate nucleotides is another important char-
acteristic of apyrases from various sources
(12,15,16,30). AMP hydrolysis has a calcu-
lated Km of 410 ± 73 µM (Table 1). All ecto-
5�-nucleotidases described have Km values
in the micromolar range (31). Variations in
kinetic data could be the result of species-
and/or tissue-specific forms of the enzyme,
analysis of impure preparations or of varia-
tions in the assay conditions (31). The IMP
and GMP hydrolysis was only 33 and 25% of
AMP hydrolysis (12 and 8 nmol Pi mg pro-
tein-1 min-1, respectively) under the same
conditions. The AMP substrate preference is
another characteristic of ecto-5�-nucleotidase
of several tissues (31). These results indicate
that the extracellular AMP hydrolysis occur-
ring in Sertoli cells is performed by an ecto-
5�-nucleotidase.

Cellular integrity

The lack of intracellular LDH release
during the assays indicated the cellular in-
tegrity of cultures. The Sertoli cells remained
intact during 40 min of incubation in the

Table 1. Kinetic parameters for ATP, ADP and AMP hydrolysis.

Enzyme activity Km (µM) Vmax (nmol Pi mg protein-1 min-1)

ATPase 131 ± 17.4 59.5 ± 4.6
ADPase 110 ± 29.0 15.4 ± 0.5
AMPase 410 ± 73.4 43.3 ± 7.7

The kinetic constants were determined using linear regression analysis applied to the
data in Figure 4. The values of Km and Vmax are the mean ± SEM of four experiments
for ATPase and of three experiments for ADPase and AMPase activities. The mean
values of the kinetic parameters did not differ significantly (P<0.01).
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Figure 4. Eadie-Hofstee plots of
ATP, ADP and AMP hydrolysis.
Reaction rate was measured by
released Pi as described in Ma-
terial and Methods. Results
were obtained with a nucleotide
concentration ranging from 15 to
2000 µM for each substrate.
Data were plotted using Eadie-
Hofstee plots and with the inset
of nonlinear regression for three
substrates. Best-fit analysis indi-
cated a linear relationship. Plots
are for representative experi-
ments carried out in quadrupli-
cate. The data for the nonlinear
regression plot are reported as
mean ± SEM. V is nmol Pi mg
protein-1 min-1 and [S] is the sub-
strate concentration in mM.

Kinetic parameters of ATPase, ADPase and
AMPase activities

Ca2+-ATP and Ca2+-ADP hydrolysis was
determined at ATP and ADP concentrations



1253

Braz J Med Biol Res 34(10) 2001

Ectonucleotidases in Sertoli cells

reaction medium. Only 5% of LDH activity
of lysed cells (1.33 ± 0.19 U/mg protein) was
measured during 40 min of incubation. In
this way the participation of cytosolic en-
zymes in extracellular nucleotide hydrolysis
was excluded.

Adenosine deaminase activity

It has been previously demonstrated that
testis tissue contains adenosine deaminase
mRNA (33) and we have investigated
whether this enzyme is present on the plasma
membrane surface of Sertoli cells and its
capacity to degrade extracellular adenosine.
Sertoli cells are able to degrade the extracel-
lular adenosine by an ectoadenosine deami-
nase activity (Figure 5). The ectoadenosine
deaminase is a key enzyme in purine me-
tabolism that catalyzes the irreversible trans-
formation of adenosine and 2�-deoxyadeno-
sine to inosine and 2�-deoxyinosine, respec-
tively. Its enzymatic activity is homoge-
neously distributed along the cell surface in
some cells (34). The Sertoli cell ectoadeno-
sine deaminase activity was linear up to 60
min of incubation (Figure 5) and had a spe-
cific activity of 1.52 ± 0.13 nmol adenosine
mg protein-1 min-1. The decrease in adeno-
sine levels in the extracellular medium was
of the same order of magnitude as the in-
crease in inosine and hypoxanthine (data not
shown) and this demonstrates that the aden-
osine decrease is a result of adenosine deami-
nase activity rather than of cellular adeno-
sine uptake. The presence of dipyridamole
(10 µM), a classical inhibitor of adenosine
uptake (35), in the ADA buffer did not alter
the extracellular adenosine concentration but
caused 30% inhibition of ectoadenosine
deaminase activity. A possible explanation
for this result is the participation of ecto-
adenosine deaminase in a protein complex
that can have multiple functions such as
catalytic deamination activity, coupled with
adenosine receptors and with selective chan-
nels by uptake of extracellular adenosine

(34,36). The presence of dipyridamole can
alter the conformation of the protein com-
plex with a modification in the enzymatic
activity.

The physiological role

The physiological role of ectonucleoti-
dases is unknown but it has been speculated
that their function could be the control of
extracellular concentration of purines. The
modulation of the levels of different nucleo-
tides may involve �cross-talking� between
the diverse pathways activated in purinergic
receptor subtypes. The general way to con-
trol the concentration of adenine nucleotides
is the sequential activity of ecto-ATPases,
ecto-ATP diphosphohydrolases (apyrase) and
ecto-5�-nucleotidases (12-17,19,20,30). The
adenosine released from cells or resulting
from extracellular ATP hydrolysis can be
deaminated by the ectoadenosine deaminase
activity, producing inosine (18,34,36).

Adenosine and its antagonists, such as
caffeine, have been long postulated to influ-
ence the male reproductive system. Several
reports have demonstrated the presence of
adenosine receptors in Sertoli cells (10,11)
and their modulation by adenosine and dif-
ferent adenosine analogues (4,8,9). The
purinoreceptor subtype P2Y2 is present in
these cells (5) and its modulation by ATP
has been well demonstrated (5-7). In Sertoli
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cells, extracellular ATP and adenosine can
modulate the hormonal response to FSH,
decreasing cAMP levels (4,5,8-10), and can
regulate anionic (6) and transferrin secretion
(7) and the intracellular levels of Ca2+ by
inositol phospholipid turnover (5). Thus, the
control of extracellular levels of adenosine
nucleotides is of high physiological rel-
evance. However, the mechanism control-
ling purine concentrations in testicular tis-
sue is poorly known. We show in this study
that Sertoli cells were able to hydrolyze ATP
and ADP (Figure 1) and that only one active
site is responsible for the hydrolysis of the
two nucleotides (Figure 3). Barbacci et al.
(22) identified and characterized one pos-
sible ecto-ATPase in rat Sertoli cells. The Km

calculated for the possible ecto-ATPase is
the same we found for ATP and ADP hy-
drolysis (Table 1), indicating that one en-
zyme is responsible for the hydrolysis of the
two nucleotides. The results obtained in the
competition plot confirm this hypothesis.
The cation requirements demonstrated by
Barbacci et al. (22) for ATP hydrolysis are
equal to those for ADP hydrolysis demon-
strated by us (Figure 2). On the other hand,
our results cannot exclude the co-expression
of two enzymes (a fact demonstrated in the
rat brain) (37) because the ATP hydrolysis
demonstrated by Barbacci et al. (22) was
slightly inhibited by ADP. In other tissues it
has been postulated that the control of extra-
cellular nucleotide concentration is due to
the action of enzymatic complexes with the
possible participation of two or more ecto-
enzymes (21). The most obvious physiologi-
cal role for apyrase in Sertoli cells, in anal-
ogy to other tissues, is to participate in an
�enzyme chain� together with a 5�-nucleoti-
dase for the complete hydrolysis of ATP to
adenosine.

AMP hydrolysis occurs through the ac-
tion of an ecto-5�-nucleotidase releasing
adenosine that could create a secondary sig-
nal for PA1 receptors. The Sertoli cell ecto-

5�-nucleotidase has proved to be cation acti-
vated and in the presence of normal extracel-
lular concentrations of Ca2+ and Mg2+ (1-2
mM) its activity is increased compared to the
control activity (without cation addition) and
the 2 mM EDTA group (Figure 2). The Km/
Vmax values (Table 1) and the substrate pref-
erence are in accordance with the other char-
acteristics of ecto-5�-nucleotidase from sev-
eral tissues (31).

In order to terminate the purine extracel-
lular cascade of nucleotides and nucleosides,
the ectoadenosine deaminase produces ino-
sine that can be taken up and/or degraded by
the cells. We have demonstrated that Sertoli
cells have an ectoadenosine deaminase ac-
tivity with the same buffer requirement as
for other cells (Figure 5) (28). In analogy,
this enzyme can participate together with an
ATP diphosphohydrolase and the ecto-5�-
nucleotidase in the control of the extracellu-
lar adenosine levels and eliminate the purine
cascade.

The physiological control of ectonucle-
otidase activities is unknown. Moreover,
Franco et al. (34,36) have demonstrated that
some ectoenzymes can play the role of one
enzyme and that of a receptor which can be
internalized when the substrate is in its ac-
tive site. Another possibility is the co-local-
ization of ectoenzyme and receptor at the
same site on the plasma membrane. Recep-
tor desensitization can occur by endocytosis
of membrane fragments where the ectoen-
zyme and the receptor in question are pres-
ent. Some authors have shown that ecto-
nucleotidases can lose their activities in re-
sponse to a cell signal (38,39) and that
ectonucleotidase activities initially localized
on the membrane surface are internalized
into endoplasmic vesicles (40).

In experiments currently underway, we
are searching for a possible modulation in
ectonucleotidase activities by hormones that
act on Sertoli cells, possibly representing a
fine control of these enzymatic activities.
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