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Abstract
Many differentiating spermatogenic cells die by apoptosis
during theprocessof mammalianspermatogenesis.However,
very few apoptotic spermatogenic cells are detected by
histological examination of the testis, probably due to the
rapid elimination of dying cells by phagocytosis. Previous in
vitro studies showed that Sertoli cells selectively phagocy-
tose dying spermatogenic cells by recognizing the membrane
phospholipid phosphatidylserine (PS), which is exposed to
the surface of spermatogenic cells during apoptosis. We
examined here whether PS-mediated phagocytosis of
apoptotic spermatogenic cells occurs in vivo. For this
purpose, the PS-binding protein annexin V was microinjected
into the seminiferous tubules of normal live mice, and their
testes were examined. The injection of annexin V caused no
histological changes in the testis, but significantly increased
the number of apoptotic spermatogenic cells as assessed by
the terminal deoxynucleotidyltransferase-mediated dUTP
nick end labeling assay. The number of Sertoli cells did not
change in the annexin V-injected testes, and annexin V itself
did not induce apoptosis in primary cultured spermatogenic
cells. These results indicate that annexin V inhibited the
phagocytic clearance of apoptotic spermatogenic cells and
suggest that PS-mediated phagocytosis of those cells occurs
in vivo. Furthermore, the injection of annexin V into the
seminiferous tubules brought about a significant reduction in
the number of spermatogenic cells and epididymal sperm in
anticancer drug-treated mice. This suggests that the
elimination of apoptotic spermatogenic cells is required for
the production of sperm.
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Introduction

Mammalian spermatogenesis is a complex process during
which spermatogonial stem cells undergo meiotic cell division
and mature into spermatozoa. Although a large number of
differentiating spermatogenic cells are considered to undergo
apoptosis,1,2 only a small fraction of cells appear to be
apoptotic when normal mouse testes are histochemically
examined by the terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) method.3 This is
probably because most apoptotic spermatogenic cells are
rapidly removed from the seminiferous tubules.

Cells undergoing apoptosis are efficiently eliminated
from the organism by phagocytosis,4 and this phenomenon
is likely to be a part of self-defense mechanisms.5,6

However, the mechanism and role of the phagocytic
clearance of apoptotic cells are not fully understood.
Phagocytes such as macrophages bind to apoptosing cells
by recognizing phagocytosis markers that appear on the
surface of target cells using specific receptors.6,7 The
membrane phospholipid phosphatidylserine (PS) is the best
characterized phagocytosis marker.8 ± 11 Phospholipids are
asymmetrically distributed in the plasma membrane bilayer,
and PS is one of the phospholipids restricted to the inner
leaflet.12 The regulatory mechanism that defines the
phospholipid localization in the plasma membrane appears
to be altered in apoptotic cells,13,14 and most phospholipids
are believed to be redistributed evenly between the two
layers. As a result, PS translocates to the outer membrane
leaflet and becomes expressed on the surface of apoptotic
cells. The externalized PS then serves as a phagocytosis
marker by which apoptotic cells are recognized by
phagocytes.8 ± 11 The occurrence of PS externalization in
apoptotic cells or tissues has been examined by flow
cytometry or histochemistry using the PS-binding protein
annexin V as a probe, and PS externalization is now
considered to be an event that occurs commonly in many
types of apoptotic cells.8 ± 11

Apoptosis and subsequent phagocytosis also occur in
areas where macrophages do not infiltrate, such as in the
brain and the seminiferous tubules of the testis. Our
previous studies using primary cultured rat testicular cells
showed that Sertoli cells, the testicular phagocytes present
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within the seminiferous tubules, efficiently phagocytose
spermatogenic cells undergoing apoptosis.15,16 When rat
spermatogenic cells were fractionated based on their DNA
content and individually analyzed for the externalization of
PS and susceptibility to phagocytosis by Sertoli cells, we
found that spermatogenic cells at any differentiation stage
undergo apoptosis and are efficiently phagocytosed by
Sertoli cells in a PS-mediated manner.17 Furthermore, we
showed that class B scavenger receptor type I (SR-BI) is
responsible for the recognition of PS expressed on the
surface of apoptotic spermatogenic cells by Sertoli cells.17

Since all these studies were done with primary cultured
cells, it has been uncertain whether or not apoptotic
spermatogenic cells are phagocytosed in the testis in a
manner mediated by PS.

To obtain in vivo evidence of PS-mediated phagocytosis
of apoptotic spermatogenic cells, we introduced an inhibitor
of PS-mediated phagocytosis directly into the seminiferous
tubules of live mice, adopting a microinjection technique
that has been successfully used for the transplantation of
male germ cells.18,19 We used annexin V as an inhibitor
since it inhibits PS-mediated phagocytosis reactions in
vitro. The results from the histological and histochemical
analyses of annexin V-injected testes revealed that PS-
mediated phagocytosis of apoptotic spermatogenic cells is
likely to occur in vivo, and suggested that the phagocytic
elimination of dying spermatogenic cells is important for the
production of sperm.

Results

Increase in number of TUNEL-positive
spermatogenic cells in testes injected with
annexin V

We previously established a phagocytosis assay in which rat
spermatogenic cells are phagocytosed by Sertoli cells in a
manner mediated by PS that is expressed on the surface of
apoptotic spermatogenic cells.16 The phagocytosis was
significantly reduced by the addition of PS-binding protein
annexin V at almost the same concentrations as used to
inhibit macrophage phagocytosis of apoptotic cells20 (Figure
1). We therefore decided to use annexin V to inhibit the
phagocytosis of spermatogenic cells in vivo.

Testes of live adult mice were microinjected with annexin
V and subjected to the TUNEL assay after various periods
(Figure 2A). We found that the number of TUNEL-positive
spermatogenic cells, which were rarely detectable in normal
testes, increased after the injection of annexin V. The
TUNEL positivity became apparent 1 day after injection and
was maximized at day 3. We then conducted more detailed
analyses with testes 3 days after injection of annexin V or
control reagents (Figure 2B and C). The testes were first
subjected to the histological examination by staining with
hematoxylin and eosin. Annexin V appeared to exert no
effect on the histology of testes. The number and
morphology of spermatogenic cells were apparently normal,
and there was no indication of inflammation. We found no
appreciable changes in the weight of testes (data not
shown) or gross morphology of the interstitial cell popula-

tions. In addition, the number of Sertoli cells in the testis of
annexin V-injected mice (7.8+0.4 per cross section of the
seminiferous tubules) was close to that in the controls
(7.9+0.6 and 6.9+1.0 with buffer alone and bovine serum
albumin (BSA), respectively) (n=25). We then analyzed the
testis sections for the presence of apoptotic spermatogenic
cells by the TUNEL assay. The administration of annexin V
caused a significant increase in the number of apoptotic
spermatogenic cells, and this effect was not observed when
buffer alone or BSA was injected. We sometimes observed
TUNEL-positive shrunken cells, which were presumably at
late stages of apoptosis. The TUNEL-positive spermato-
genic cells included spermatogonia, spermatocytes, and
spermatids, but no Sertoli cells or interstitial cells appeared
to be apoptotic in the testes injected with annexin V. The
mitotic and meiotic divisions of spermatogenic cells take
place at distinct stages of the cycle of the seminiferous
epithelium. In the mouse, there are 12 stages that repeat at
an 8.6-day interval. Morphological determination of the
spermatogenic stage of each seminiferous tubule section
revealed that TUNEL-positive cells were enriched in stages
IX ± XII and VII ± VIII. These stages almost correspond to
those of the rat spermatogenic cycle during which apoptotic
cells are detectable.1

Lack of effect of annexin V on survival of cultured
spermatogenic cells

To verify the possibility that annexin V directly induces
apoptosis in spermatogenic cells, we treated testicular cells
isolated from normal adult mice with annexin V and examined
the occurrence of apoptosis (Figure 3). We carried out a 6-h
incubation since the testicular cells underwent cell death
when they were maintained in Ca2+-containing phosphate-
buffered saline for a longer period (data not shown). We found
no evidence of apoptosis in spermatogenic cells present in the
cultured testicular cells, while treatment with deoxyribonu-
clease I significantly increased the number of TUNEL-positive

Figure 1 Inhibition of phagocytosis of apoptotic spermatogenic cells by
annexin V in vitro. Phagocytosis assays were conducted with primary cultured
rat spermatogenic cells and Sertoli cells in the presence of various amounts of
recombinant human annexin V. The extent of phagocytosis is shown relative to
that with no added inhibitor, which was taken as 100. The mean and standard
deviation from one of three experiments with similar results are presented. The
mean phagocytic index in the control reaction was 9.1. Significantly different
from the control with no inhibitor by Student's t-test (*P50.005, **P50.001)
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Figure 2 Increase in number of apoptotic spermatogenic cells by treatment with annexin V. (A) TUNEL assay of annexin V-injected testes. Testis sections of adult
mice that had been microinjected with annexin V were subjected to the TUNEL assay after the indicated periods (in day). The TUNEL signals are shown in brown
while nuclei are stained in blue with hematoxylin. Bar: 100 mm. The results are from one experiment of two with similar results. (B) Histological and histochemical
analysis of annexin V-injected testes. Testes that had not been microinjected (none), or injected with buffer alone, BSA, or annexin V were examined histologically
by staining with hematoxylin and eosin (HE), and histochemically by the TUNEL assay. The bottom panel shows a higher-magnification view of the TUNEL result
with annexin V-injected testes. Bar: 100 mm. Each reagent was injected into five testes, and a typical example is shown. (C) Quantification of TUNEL-positive cells.
The mean and standard deviation are presented. *Significantly different by Welch's t-test (P50.05)
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cells. Similarly, the addition of annexin V did not significantly
increase the number of spermatogenic cells that were positive
for the trypan blue staining or contained condensed chromatin
(data not shown). These results indicate that annexin V does
not induce apoptosis, at least in mouse spermatogenic cells.
We therefore speculate that the increase in the number of
TUNEL-positive spermatogenic cells in the testes of annexin
V-microinjected mice is not due to an increase in the rate of
apoptosis, but rather a consequence of the inhibition of
phagocytic clearance of apoptotic spermatogenic cells.

Inhibition of sperm production in annexin V-treated
mice

The presence of annexin V in the seminiferous tubules of
normal mice caused an increase in the number of TUNEL-
positive spermatogenic cells, but spermatogenesis did not
seem to be significantly affected (see Figure 2B). We thus
intended to determine the effect of annexin V on the progress
of spermatogenesis and the production of sperm using a more
sensitive experimental system. The administration of the
anticancer drug busulfan caused severe reduction in the
number of spermatogenic cells within 8 weeks, but sperma-
togenesis recovered from the damage during the next 12
weeks (Figure 4A), as reported previously.21 Annexin V or
control reagents were microinjected into the seminiferous
tubules 8 weeks after treatment with busulfan so that the
reagents could affect spermatogenesis from the beginning of
recovery, and the testes were analyzed for the occurrence of
spermatogenesis at week 20 (Figure 4B). We found that the
histology of the testis sections prepared from annexin V-
injected mice was almost equal to that obtained at week 8.

This indicates that spermatogenesis did not recover from the
damage caused by busulfan when testes received micro-
injection of annexin V. Injection of either buffer alone or BSA
did not influence the recovery of spermatogenesis. Unlike the
results shown in Figure 2, TUNEL-positive spermatogenic
cells were almost undetectable in testes of annexin V-injected
mice (data not shown). This is probably because the injected
annexin V inhibited spermatogenesis at the beginning of
recovery. The inhibitory effect of annexin V was also observed
at the level of the production of sperm; the number of sperm in
the epididymis of the annexin V-injected mice at week 20 was
enormously lower than that in the control mice with no change
in the weight of the testes (Table 1). These results indicate
that the presence of annexin V in the seminiferous tubules
inhibited the recovery of spermatogenesis that had been
impaired by the administration of busulfan. This suggests that
the phagocytic elimination of apoptotic spermatogenic cells by
Sertoli cells is needed for spermatogenic differentiation and
thus for the production of sperm.

Discussion

Microinjection of the PS-binding protein annexin V into the
seminiferous tubules of live mice resulted in an increase in the
number of apoptotic spermatogenic cells as assessed by the
TUNEL assay. This result is most likely the consequence of
inhibition by annexin V of phagocytic clearance of apoptotic
spermatogenic cells, since annexin V did not induce
apoptosis in primary cultured mouse spermatogenic cells
and the number of Sertoli cells, testicular phagocytes, did not
decrease in the testes of annexin V-treated mice. This is, to
our knowledge, the first demonstration of the occurrence of
PS-mediated phagocytosis of apoptotic cells in vivo.
Furthermore, annexin V caused inhibition or at least a delay
of the recovery of spermatogenesis in mice treated with the
anticancer drug busulfan. This indicates that the phagocytic
elimination of apoptotic spermatogenic cells is required for
spermatogenesis, and suggests that dysfunction of this
process could lead to male infertility associated with
oligozoospermia or azoospermia.

As for the physiological role of phagocytosis of apoptotic
cells, one reasonable hypothesis is that the removal of
dying cells before their lysis protects the surrounding
tissues from being exposed to the noxious contents that
would otherwise be released from those cells.4 Fadok,
Henson, and colleagues have proposed a more active role
of this event in the maintenance of tissue homeostasis.
They showed that macrophages that had phagocytosed
apoptotic cells suppressed inflammation by changing the
production of both pro- and anti-inflammatory cytokines in in
vitro22,23 and in vivo24 experiments. Among other possible
roles of phagocytosis of apoptotic cells are activation of the
adaptive immune response and the clearance of pathogenic
microbes from the organism. Dendritic cells cross-present
viral or tumor antigens and activate CD8-positive T-
lymphocytes after they phagocytose apoptotic virus-infected
cells25,26 or cancer cells.27 ± 29 On the other hand,
macrophage phagocytosis of influenza virus-infected cells
in an apoptosis-dependent manner leads to direct elimina-
tion of the virus.30 Another role of the phagocytic clearance

Figure 3 Effect of annexin V on survival of primary cultured spermatogenic
cells. Testicular cells of adult mice were incubated with the indicated reagents
for 6 h and analyzed by the TUNEL assay. Treatment with deoxyribonuclease I
(DNase) was done as a positive control. The TUNEL signals are shown in
brown. Bar: 25 mm
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of apoptotic cells could be the prevention of autoimmune
diseases. Macrophages phagocytose some types of
apoptotic cells in a complement-mediated manner.5 Mice
in which the gene coding for the complement C1q was
disrupted showed decreased efficiency of phagocytosis and
exhibited autoimmune disease-like symptoms.31,32 In addi-
tion, the injection of apoptotic cells33 or the disruption of a
candidate phagocytosis-signaling gene34 led to an increase
in the production of autoantibodies. In contrast to the above
observations, our results have provided evidence of the
possible requirement of the phagocytic elimination of

apoptotic cells for a developmental phenomenon normally
occurring in the organism.

The presence of annexin V in the seminiferous tubules of
the busulfan-treated mice led to the inhibition of spermato-
genesis. This suggests that PS-mediated phagocytosis of
apoptotic spermatogenic cells is required for the efficient
production of sperm. However, it is unclear at the present
time how the phagocytic elimination of dying spermatogenic
cells is involved in the process of spermatogenesis. The
occurrence of inflammation is not the cause, since
infiltration of inflammatory leukocytes in the seminiferous
tubules of annexin V-injected mice was not evident.
Apoptotic spermatogenic cells left unremoved could inter-
rupt the progress of the differentiation of normal cells in two
ways: apoptotic cells may occupy the space needed by
normal cells or take away the support provided by Sertoli
cells. Another fascinating hypothesis is that Sertoli cells
secrete factors needed for differentiation of spermatogenic
cells when they ingest apoptotic cells. In any case, the data
suggest that impaired clearance of dead spermatogenic
cells could cause certain kinds of male infertility.

Male germ cells undergo apoptosis during the develop-
ment of the testis and spermatogenesis. Previous histolo-
gical and histochemical analyses revealed that cells at
various stages of spermatogenic differentiation are lost via
apoptosis before maturing into sperm.1,2 However, since

Figure 4 Effect of annexin V on recovery of spermatogenesis in busulfan-treated mice. (A) Impairment of spermatogenesis by busulfan. Testis sections prepared
from busulfan-treated mice at the indicated periods (in week) were stained with hematoxylin and eosin. Bar: 100 mm. (B) Inhibition of recovery of spermatogenesis
by annexin V. Testes of busulfan-treated mice were microinjected with annexin V or control reagents at week 8, and analyzed as in (A) at week 20. Bar: 100 mm

Table 1 Effect of annexin V on the weight of testis and the number of
epididymal sperm in busulfan-treated mice

Testis weightb Sperm numberb

Reagents injecteda (mg) (log10 (counts/ml))

none 52+16 5.5+0.7
buffer alone 58+13 5.5+0.8
BSA 40+6 4.4+2.0
annexin V 49+16 2.1+1.6c

aThe number of testes/epididymides and mice examined in each
condition: none, 11 testes from 10 mice; buffer, 6 testes from 4 mice;
BSA, 5 testes from 5 mice; annexin V, 8 testes from 6 mice.
bMean+standard deviation. cSigni®cantly different from the values in
other conditions by Student's t-test (P50.0025)
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apoptotic cells are rapidly removed by phagocytosis,
previous studies might have underestimated the frequency
of apoptosis. Our study, however, eliminated this problem
by selectively inhibiting the phagocytic clearance of
apoptotic spermatogenic cells. When the testes of annexin
V-injected mice were analyzed histochemically, spermato-
genic cells positive in the TUNEL assay were found to be at
various differentiation stages from spermatogonia to
spermatids. This agrees well with the notion described
above that apoptosis occurs at various stages, and it can
thus be concluded that apoptosis is induced in male germ
cells at all stages of spermatogenic differentiation. It is still
totally unclear why such a large proportion, up to 75% of
the potential number of mature sperm,1 of spermatogenic
cells need to die during differentiation. Massive apoptosis
of germ cells also occurs in the ovary. Less than 0.1% of
follicles present at the beginning of puberty develop into
follicles capable of being ovulated.35,36 Therefore, one can
speculate that the production of germ cells in both males
and females is regulated by apoptosis, and a very small
fraction of the original germ cells are selected to mature
into the gamete. Investigations of various possible mechan-
isms will be required to gain insight into this issue.

Although the occurrence of PS-mediated phagocytosis of
apoptotic spermatogenic cells in live mice has been shown
in the present study, whether SR-BI, a candidate PS-
receptor of Sertoli cells,17 participates in the reaction is not
certain. Phagocytosis of apoptotic spermatogenic cells by
Sertoli cells is inhibited by the addition of an anti-SR-BI
antibody or high density lipoprotein, a ligand specific for SR-
BI.17 It will therefore be informative to microinject these
reagents into the seminiferous tubules instead of annexin V.

Materials and Methods

Preparation of annexin V

Recombinant human annexin V was prepared as described
previously.20,37 In brief, cDNA coding for human placental annexin
V was expressed in E. coli, and lysates were prepared by sonication.
Annexin V was co-precipitated with liposomes containing PS
(PS : phosphatidylcholine=2 : 1) in the presence of CaCl2 (5 mM) and
released from the liposomes with a buffer containing no CaCl2. The
final preparation gave a single band on a sodium dodecyl sulfate-
polyacrylamide gel stained with Coomassie brilliant blue.

Animals

Thirteen 15-week-old ddY mice and 20 day-old Donryu rats were used
throughout the study. The animals were maintained in an air-
conditioned room at 228C with a 12-h cycle of day and night. All
experimental procedures were conducted with the approval of the
Animal Ethics Committee of the University.

Phagocytosis assay

Phagocytosis of rat spermatogenic cells by Sertoli cells was done as
described previously.16 In brief, primary cultures of testicular cells of
20 day-old Donryu rats were grown, and spermatogenic cells and
Sertoli cells were isolated therefrom. The recovered spermatogenic

cells were further cultured without Sertoli cells for 2 days, labeled with
biotin (NHS-LC-Biotin; Pierce, Rockford, IL, USA), and mixed with the
Sertoli cells in a buffer consisting of 10 mM HEPES-NaOH (pH 7.4),
0.15 M NaCl, 5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2. The mixture
was incubated for 2 h and treated with trypsin to remove unreacted
spermatogenic cells. The remaining cells were fixed, permeabilized
with methanol, and treated with fluorescein isothiocyanate-labeled
avidin. The spermatogenic cells that had been incorporated into Sertoli
cells were visualized by fluorescence microscopy. The number of
Sertoli cells containing engulfed spermatogenic cells was determined
with eight different microscopic fields and expressed relative to the
total number of Sertoli cells taken as 100, that is, the phagocytic index.

Microinjection

Microinjection into the seminiferous tubules of live adult mice was
carried out according to the method of Ogawa et al.19 Phosphate-
buffered saline (50 ± 80 ml) containing 2 mM CaCl2, 0.05% trypan blue,
and 10 mM annexin V or 10 mM BSA (Fraction V; Sigma, St. Louis, MO,
USA) was injected through the efferent duct. Trypan blue was included
to monitor the distribution of the injected materials in the seminiferous
tubules. In most experiments, about a half of the testis was stained
blue shortly after injection, and thus the average concentration of the
injected annexin V in the seminiferous tubules was estimated to be
about 5 mM.

Histology and histochemistry of the testis

Testes were isolated from mice, fixed in Bouin's solution, and
embedded with paraffin. Sections (5 mm) were examined histologically
after staining with hematoxylin and eosin. Cells containing DNA with
3'-OH ends, a hallmark of apoptosis, were detected in the TUNEL
assay as follows. The paraffin sections were prepared on silanized
slide glasses, dewaxed with xylene, and rehydrated with ethanol. After
sections were washed with phosphate-buffered saline, they were
incubated with proteinase K (5 mg/ml) prior to the TUNEL assay using
a commercial kit (ApopTag; Intergen, Purchase, NY, USA). The
sections were then treated with a horseradish peroxidase-conjugated
anti-digoxigenin antibody, and the signals were visualized by
treatment with hydrogen peroxide and diaminobenzidine. Finally, the
slides were counterstained with hematoxylin, dehydrated, and
mounted. At least 104 cells present in the seminiferous tubules were
examined with sections prepared from five different testes, and the
proportion of TUNEL-positive cells was determined and expressed as
a percentage. The spermatogenic stage of each seminiferous tubules
was morphologically determined.38 Spermatogenic cell types and
Sertoli cells were identified based on their cell shape, nuclear
morphology, and location in the seminiferous tubules.

Analysis of epididymal sperm

To deplete spermatogenic cells, mice were injected intraperitoneally
with busulfan (Sigma) (40 mg/kg).21 After 8 weeks, the mice were
microinjected with annexin V, BSA or buffer alone. Epididymides were
isolated, soaked in M2 medium (Sigma) supplemented with 0.5% BSA,
and disrupted with forceps. The number of sperm released from the
epididymides was determined with a hematocytometer.39

Treatment of mouse testicular cells with annexin V

Testicular cells of adult mice were prepared and primary cultured as
for the rat testicular cells, and incubated with phosphate-buffered
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saline containing 2 mM CaCl2 and 10 mM annexin V or control
reagents at 32.58C for 6 h in a humidified atmosphere with 5% CO2 in
air. The cells were then smeared on silanized slide glasses, fixed,
permeabilized, and subjected to the TUNEL assay as described above
except that treatment with proteinase K was omitted. The occurrence
of apoptosis was also determined by staining cells with trypan blue (for
integrity of the plasma membrane) or Hoechst 33342 (for chromatin
condensation).

Acknowledgements
We thank T Ogawa for technical advice and instruction in microinjection,
and Y Kawabuchi for tissue preparation. This study was supported by
Grants-in-Aid for Scienti®c Research from Japan Society for the
Promotion of Science, a grant from the Mitsubishi Foundation, a grant
from the Sumitomo Foundation, and a grant from the Hayashi Memorial
Foundation for Female Natural Scientists.

References

1. Dunkel L, Hirvonen V and ErkkilaÈ K (1997) Clinical aspects of male germ cell

apoptosis during testis development and spermatogenesis. Cell Death Differ. 4:

171 ± 179

2. Sinha Hikim AP and Swerdloff RS (1999) Hormonal and genetic control of germ

cell apoptosis in the testis. Rev. Reprod. 4: 38 ± 47

3. Koji T, Hishikawa Y, Ando H, Nakanishi Y and Kobayashi N (2001) Expression of

Fas and Fas ligand in normal and ischemia-reperfusion testes: involvement of

the Fas system in the induction of germ cell apoptosis in the damaged mouse

testis. Biol. Reprod. 64: 946 ± 954
4. Ellis RE, Yuan J and Horvitz HR (1991) Mechanisms and functions of cell death.

Annu. Rev. Cell Biol. 7: 663 ± 698

5. Ren Y and Savill J (1998) Apoptosis: the importance of being eaten. Cell Death

Differ. 5: 563 ± 568

6. Savill J and Fadok V (2000) Corpse clearance defines the meaning of cell death.

Nature 407: 784 ± 788

7. Savill J (1997) Recognition and phagocytosis of cells undergoing apoptosis. Br.

Med. Bull. 53: 491 ± 508

8. Fadok VA, Bratton DL, Frasch SC, Warner ML and Henson PM (1998) The role of

phosphatidylserine in recognition of apoptotic cells by phagocytes. Cell Death

Differ. 5: 551 ± 562

9. Chimini G (2001) Engulfing by lipids: a matter of taste? Cell Death Differ. 8: 545 ±

548

10. Schlegel RA and Williamson P (2001) Phosphatidylserine, a death knell. Cell

Death Differ. 8: 551 ± 563

11. Fadok VA, Xue D and Henson P (2001) If phosphatidylserine is the death knell, a

new phosphatidylserine-specific receptor is the bellringer. Cell Death Differ. 8:

582 ± 587
12. Devaux PF (1991) Static and dynamic lipid asymmetry in cell membranes.

Biochemistry 30: 1163 ± 1173

13. Verhoven B, Schlegel RA and Williamson P (1995) Mechanisms of

phosphatidylserine exposure, a phagocyte recognition signal, on apoptotic T

lymphocytes. J. Exp. Med. 182: 1597 ± 1601

14. Shiratsuchi A, Osada S, Kanazawa S and Nakanishi Y (1998) Essential role of

phosphatidylserine externalization in apoptosing cell phagocytosis by macro-

phages. Biochem. Biophys. Res. Commun. 246: 549 ± 555

15. Mizuno K, Shiratsuchi A, Masamune Y and Nakanishi Y (1996) The role of Sertoli

cells in the differentiation and exclusion of rat testicular germ cells in primary

culture. Cell Death Differ. 3: 119 ± 123

16. Shiratsuchi A, Umeda M, Ohba Y and Nakanishi Y (1997) Recognition of

phosphatidylserine on the surface of apoptotic spermatogenic cells and

subsequent phagocytosis by Sertoli cells of the rat. J. Biol. Chem. 272: 2354 ±

2358

17. Shiratsuchi A, Kawasaki Y, Ikemoto M, Arai H and Nakanishi Y (1999) Role of

class B scavenger receptor type I in phagocytosis of apoptotic rat spermatogenic

cells by Sertoli cells. J. Biol. Chem. 274: 5901 ± 5908

18. Brinster RL and Zimmermann JW (1994) Spermatogenesis following male germ-

cell transplantation. Proc. Natl. Acad. Sci. USA 91: 11298 ± 11302

19. Ogawa T, AreÂ chaga JM, Avarbock MR and Brinster RL (1997) Transplantaion of

testis germinal cells into mouse seminiferous tubules. Int. J. Dev. Biol. 41: 111 ±

122
20. Krahling S, Callahan MK, Williamson P and Schlegel RA (1999) Exposure of

phosphatidylserine is a general feature in the phagocytosis of apoptotic

lymphocytes by macrophages. Cell Death Differ. 6: 183 ± 189

21. Bucci LR and Meistrich ML (1987) Effects of busulfan on murine spermatogen-

esis: cytotoxicity, sterility, sperm abnormalities, and dominant lethal mutations.

Mutat. Res. 176: 259 ± 268

22. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY and Henson PM

(1998) Macrophages that have ingested apoptotic cells in vitro inhibit

proinflammatory cytokine production through autocrine/paracrine mechanisms

involving TGF-b, PGE2, and PAF. J. Clin. Invest. 101: 890 ± 898

23. McDonald PP, Fadok VA, Bratton D and Henson PM (1999) Transcriptional and

translational regulation of inflammatory mediator production by endogenous

TGF-b in macrophages that have ingested apoptotic cells. J. Immunol. 163:

6164 ± 6172

24. Huynh MN, Fadok VA and Henson PM (2002) Phosphatidylserine-dependent

ingestion of apoptotic cells promotes TGF-b1 secretion and the resolution of

inflammation. J. Clin. Invest. 109: 41 ± 50

25. Albert ML, Sauter B and Bhardwaj N (1998) Dendritic cells acquire antigen from
apoptotic cells and induce class I-restricted CTLs. Nature 392: 86 ± 89

26. Subklewe M, Paludan C, Tsang ML, Mahnke K, Steinman RM and MuÈ nz C (2001)

Dendritic cells cross-present latency gene products from Epstein-Barr virus-

transformed B cells and expand tumor-reactive CD8+ killer T cells. J. Exp. Med.

193: 405 ± 411

27. Henry F, Boisteau O, Bretaudeau L, Lieubeau B, Meflah K and GreÂ goire M (1999)

Antigen-presenting cells that phagocytose apoptotic tumor-derived cells are

potent tumor vaccines. Cancer Res. 59: 3329 ± 3332

28. Russo V, Tanzarella S, Dalerba P, Rigatti D, Rovere P, Villa A, Bordignon C and

Traversari C (2000) Dendritic cells acquire the MAGE-3 human tumor antigen

from apoptotic cells and induce a class I-restricted T cell response. Proc. Natl.

Acad. Sci. USA 97: 2185 ± 2190

29. Nouri-Shirazi M, Banchereau J, Bell D, Burkeholder S, Kraus ET, Davoust J and

Palucka KA (2000) Dendritic cells capture killed tumor cells and present their

antigens to elicit tumor-specific immune responses. J. Immunol. 165: 3797 ±

3803

30. Fujimoto I, Pan J, Takizawa T and Nakanishi Y (2000) Virus clearance through

apoptosis-dependent phagocytosis of influenza A virus-infected cells by
macrophages. J. Virol. 74: 3399 ± 3403

31. Botto M, Dell'Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry F, Loos M,

Pandolfi PP and Walport MJ (1998) Homozygous C1q deficiency causes

glomerulonephritis associated with multiple apoptotic bodies. Nat. Genet. 19:

56 ± 59

32. Taylor PR, Carugati A, Fadok VA, Cook HT, Andrews M, Carroll MC, Savill JS,

Henson PM, Botto M and Walport MJ (2000) A hierarchical role for classical

pathway complement proteins in the clearance of apoptotic cells in vivo. J. Exp.

Med. 192: 359 ± 366

33. Mevorach D, Zhou JL, Song X and Elkon KB (1998) Systemic exposure to

irradiated apoptotic cells induces autoantibody production. J. Exp. Med. 188:

387 ± 392

34. Scott RS, McMahon EJ, Pop SM, Reap EA, Caricchio R, Cohen PL, Earp HS and

Matsushima GK (2001) Phagocytosis and clearance of apoptotic cells is

mediated by MER. Nature 411: 207 ± 211

35. Tilly JL, Tilly KI and Perez GI (1997) The genes of cell death and cellular

susceptibility to apoptosis in the ovary: a hypothesis. Cell Death Differ. 4: 180 ±

187

36. Marti A, Jaggi R, Vallan C, Ritter PM, Baltzer A, Srinivasan A, Dharmarajan AM
and Friis RR (1999) Physiological apoptosis in hormone-dependent tissues:

involvement of caspases. Cell Death Differ. 6: 1190 ± 1200

Cell Death and Differentiation

In vivo inhibition of phagocytosis by annexin V
Y Maeda et al

748



37. Burger A, Berendes R, Voges D, Huber R and Demange P (1993) A rapid and

efficient purification method for recombinant annexin V for biophysical studies.

FEBS Lett. 329: 25 ± 28

38. Russell, LD, Ettlin, RA, Shinha Hikim, AP and Clegg, ED (1990) Staging for

laboratory species. In Histological and histopathological evaluation of the testis,

(Clearwater: Cache River Press) pp. 62 ± 194

39. D'Cruz OJ and Uckun FM (2000) Vanadocene-mediated in vivo male germ cell

apoptosis. Toxicol. Appl. Pharmacol. 166: 186 ± 195

Cell Death and Differentiation

In vivo inhibition of phagocytosis by annexin V
Y Maeda et al

749


	Inhibition of sperm production in mice by annexin V microinjected into seminiferous tubules: possible etiology of phagocytic clearance of apoptotic spermatogenic cells and male infertility
	Introduction
	Results
	Increase in number of TUNEL-positive spermatogenic cells in testes injected with annexin V
	Lack of effect of annexin V on survival of cultured spermatogenic cells
	Inhibition of sperm production in annexin V-treated mice

	Discussion
	Materials and Methods
	Preparation of annexin V
	Animals
	Phagocytosis assay
	Microinjection
	Histology and histochemistry of the testis
	Analysis of epididymal sperm
	Treatment of mouse testicular cells with annexin V

	Acknowledgements
	Note
	References


