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Conditional ablation of macrophages disrupts ovarian
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Abstract

Macrophages are the most abundant immune cell within the ovary. Their dynamic distribution throughout the ovarian cycle and

heterogenic array of functions suggest the involvement in various ovarian processes, but their functional role has yet to be fully

established. The aim was to induce conditional macrophage ablation to elucidate the putative role of macrophages in maintaining the

integrity of ovarian vasculature. Using the CD11b-diphtheria toxin receptor (DTR) mouse, in which expression of human DTR is under

the control of the macrophage-specific promoter sequence CD11b, ovarian macrophages were specifically ablated in adult females by

injections of diphtheria toxin (DT). CD11b-DTR mice were given DT treatment or vehicle and ovaries collected at 2, 8, 16, 24 and 48 h.

Histochemical stains were employed to characterise morphological changes, immunohistochemistry for F4/80 to identify macrophages

and the endothelial cell marker CD31 used to quantify vascular changes. In normal ovaries, macrophages were detected in corpora lutea

and in the theca layer of healthy and atretic follicles. As macrophage ablation progressed, increasing amounts of ovarian haemorrhage

were observed affecting both luteal and thecal tissue associated with significant endothelial cell depletion, increased erythrocyte

accumulation and increased follicular atresia by 16 h. These events were followed by necrosis and profound structural damage. Changes

were limited to the ovary, as DT treatment does not disrupt the vasculature of other tissues likely reflecting the unique cyclical nature of

the ovarian vasculature and heterogeneity between macrophages within different tissues. These results show that macrophages play a

critical role in maintaining ovarian vascular integrity.
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Introduction

Normal ovarian function depends on the cyclical
development of follicles followed by ovulation, luteo-
genesis and luteolysis associated with close regulation of
various processes including angiogenesis and tissue
remodelling (Redmer & Reynolds 1996, Curry & Osteen
2001). These are primarily regulated by endocrine and
paracrine factors; however, complex interactions invol-
ving the immune system are well established (Norman &
Brannstrom 1994). Macrophages, the most abundant
immune cell within the ovary, are derived from blood–
borne monocytes. Within tissues, the differentiation of
macrophages occurs in response to the surrounding
cytokine milieu directing the acquisition of tissue-
specific phenotypes (Wu et al. 2004). Within the ovary,
macrophages have been localised to thecal, luteal and
interstitial tissue compartments and in the atretic follicle
by specific markers including F4/80 and CD68 in both
animal and human studies (Hume et al. 1984, Best et al.
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1996, Petrovska et al. 1996, Takaya et al. 1997, Duncan
et al. 1998, Gaytan et al. 1998, Li et al. 1998). The
distribution of macrophages is most abundant in corpora
lutea and atretic follicles and fluctuates throughout the
ovarian cycle with highest numbers being present at
proestrus and metestrus in the mouse strongly indicating
hormonal regulation (Brannstrom et al. 1993, Petrovska
et al. 1996). Their specific localisation and dynamic
distribution, together with their heterogenic array of
functions including phagocytosis, tissue remodelling and
cytokine and growth factor release, heavily indicates
macrophage involvement in several of the aforemen-
tioned ovarian processes (Wu et al. 2004); however, their
functional role has yet to be established in vivo.

In order to further elucidate the physiological role of
macrophages within the ovary, conditional macrophage
ablation may be employed. Previous attempts by intra-
bursal injections of clodronate liposomes resulted in
partial depletion of thecal macrophages associated with
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Figure 1 Macroscopic appearance of (A) ovary of control mouse and (B)
ovary of mouse 16 h post-DT treatment showing haemorrhagic
appearance. (C) H&E section of control ovary demonstrating normal CL
with intact cellularity and vasculature. Sections of ovaries 16 h (D),
24 h (E) and 48 h (F) after DT. Note focal regions of haemorrhage
(Haem.) at 16 h and extensive haemorrhage at 24 and 48 h. CL, corpus
luteum. BarZ500 mm.
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a significant decrease in ovulation rate and apparent
inhibition of follicle development (Van der Hoek et al.
2000). Furthermore, the osteopetrotic mouse (op/op),
which contains a null mutation for colony-stimulating
factor 1, an important regulator of macrophage pro-
duction, displays significantly depleted numbers of
ovarian macrophages associated with impaired repro-
ductive efficiency, abnormally long oestrous cycles,
reduced ovulation rate and relative inhibition of
folliculogenesis (Cohen et al. 1997). Despite the
achievement of only partial macrophage ablation, both
these studies clearly demonstrate the importance of
macrophages in regulating normal ovarian function,
most notably ovulation and folliculogenesis.

A novel method of macrophage ablation has been
achieved by the development of the CD11b-diphtheria
toxin receptor (DTR) transgenic mouse in which the
expression of human DTR is under the control of
macrophage-specific promoter region, CD11b (Cailhier
et al. 2005). As murine cells are insensitive to DT,
macrophages can be selectively and specifically
ablated by minute doses of diphtheria toxin (DT)
leaving all other cells unaffected. The highly efficient
cytotoxic effect of DT is mediated through catalysis of
the transfer of an ADP-ribose moiety of NADC onto a
histidine residue on elongation factor 2, a polypeptide
chain involved in the translation process of protein
synthesis, resulting in its inactivation (Saito et al. 2001).
This is associated with the inhibition of protein
synthesis and subsequent macrophage death by
apoptosis. This method of macrophage ablation has
previously been described in various disease models
within the kidney, peritoneum and skin in an effort to
increase the understanding of the role of tissue
macrophages within inflammatory and healing pro-
cesses (Cailhier et al. 2005, Duffield et al. 2005, Mirza
et al. 2009). Importantly, Cailhier et al. (2005) have
reported that i.p. injections of DT also resulted in rapid
and near complete ablation of F4/80C cells within the
ovary, indicating that this method may have significant
advantages over the previously employed clodronate
liposome technique. During the course of these studies,
it was macroscopically observed that extensive ovarian
haemorrhage was present in female mice following DT
treatment (J Hughes, unpublished observations). This
was unexpected as vascular disruption was not
observed in any other tissue.

The indication that a function of macrophages may be
in the regulation of ovarian vasculature led us to perform
this study to induce conditional macrophage ablation
within the ovary in order to elucidate the putative role of
ovarian macrophages in maintaining vascular integrity.
Another aim is to determine the secondary effects of
macrophage ablation on ovarian steroidogenic cells and,
finally, attempt to understand why vascular disruption
following macrophage ablation is exclusively limited
to the ovary.
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Results

Effect of DT treatment on ovarian morphology and
macrophage localisation

Macroscopically, ovaries of PBS-treated CD11b-DTR
mice or DT-treated FVB/nj controls appeared normal
(Fig. 1A), although increasing incidence of haemorrhage
was observed with time following DT treatment,
beginning at 16 h (Fig. 1B). Ovarian sections stained
with haematoxylin and eosin (H&E) showed the
presence of healthy corpora lutea and luteal tissue
from previous cycles in all controls (Figs 1C and 2A). DT
treatment of CD11b-DTR mice had no effect on
morphology in ovaries collected 2 h following the DT
treatment when compared with controls (not shown). By
8 h, there appeared to be focal areas of haemorrhage
within the regressing luteal tissue, possibly indicating the
early signs of vascular disruption. At 16 h, the changes
were striking, with haemorrhage affecting a large
proportion of ovarian interstitial and luteal tissue
(Fig. 1D). Within the areas of luteal haemorrhage,
although some cells showed signs of pyknosis, the
majority of cells appeared to be healthy with nuclei
retaining morphologically normal appearance (Fig. 2).
www.reproduction-online.org



A B

C D

Healthy LCs

Vascuolisation

Pyknotic
LCs Pyknotic LCs

Pyknotic
LCs

Healthy
LCs

RBC

RBC

RBC

Blood
vessel

Figure 2 H&E-stained sections showing (A) healthy
luteal tissue from control mouse ovary, (B) luteal
haemorrhage in 16 h post-DT ovary surrounded by
mostly healthy luteal cells, although some pyknotic
cells observed, (C) by 24 h, the haemorrhage is more
extensive being associated with visible reduction in
healthy luteal cells, increased incidence of pyknosis
and ovarian necrosis, (D) by 48 h, the extent of
haemorrhage has resulted in profound ovarian
damage with a dearth of healthy luteal cells. RBC,
red blood cells. Bar Z20 mm.
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At 16 h, haemorrhage within the thecal layer
of developing antral follicles was also observed, and
the presence of erythrocytes within the granulosa cell
layer indicated loss of follicular basement membrane
integrity. By 24 h, widespread haemorrhage was
observed associated with a marked increase in the
density of pyknotic cells and cell vacuolisation
indicative of cell death throughout the luteal and
follicular tissue (Figs 1E and 2C). By 48 h, the
haemorrhage was even more extensive associated
with profound damage to ovarian structure, wide-
spread necrosis and vast loss of healthy parenchymal
tissue (Figs 1F and 2D). Few distinct ovarian structures
could be recognised due to widespread haemorrhagic
destruction.

Macrophages stained for F4/80 were observed at
varying numbers within the corpora lutea of control
ovaries and were often associated with the microvascu-
lature (Fig. 3A). In treated animals, macrophages were
absent within the areas of luteal haemorrhage and
pyknosis by 16 h (Fig. 3B), although a few were detected
in luteal areas which had retained morphologically
normal luteal cells (LCs). This was not unexpected as the
ablation of macrophages is not 100% in other solid
organs (Duffield et al. 2005). Macrophages were also
present in the thecal layer of developing follicles in
control ovaries (Fig. 3C) but were absent by 16 h in
treated mice where follicular integrity was lost and
haemorrhage was evident (Fig. 3D).

Adrenal glands stained with H&E from treated mice
exhibited no apparent differences from controls with no
evidence of haemorrhage, whereas after staining with
F4/80, a reduction in macrophage numbers was
apparent by 16 h (not shown).
www.reproduction-online.org
Quantification of ovarian haemorrhage

To quantify the extent of haemorrhage, the visualisation
of erythrocytes was performed using DAB. In control
ovaries, DAB staining was virtually absent, indicating
minimal erythrocyte extravasation under physiological
conditions (Fig. 4A). Ovaries collected 2 and 8 h
following DT treatment showed similar results to
controls, whereas ovaries collected at 16, 24 and 48 h
exhibited extensive areas of dark brown staining
(Fig. 4B). The measurement of percentage area covered
by DAB showed statistically significant increases
(P!0.001) in staining by 16 h compared with earlier
time points and control ovaries (Fig. 4C). DAB staining
was virtually absent in adrenal glands from both control
and treated mice (not shown).
Localisation of ovarian haemorrhage

In order todetermine the distributionofhaemorrhagewithin
the ovarian compartments, sections from control ovaries
and ovaries collected 16 h post-DT treatment were stained
with Martius, scarlet, blue (MSB), in which erythrocytes are
easily identifiable by their yellow stain (Fig. 5A–F).
Statistically significant increases in erythrocyte staining,
indicative of haemorrhage, were found in both luteal and
follicular regions following DT treatment compared with
control (P!0.001; Fig. 5G). As expected, due to its highly
vascularised nature, luteal tissue represented the region
most severely affected by haemorrhage (Fig. 5B–D).
Quantification of endothelial cell area

CD31 staining revealed the dense microvascular tree
within the CL of control ovaries (Fig. 6A), whereas by
Reproduction (2011) 141 821–831



A B

C

T

G

G

T

D

Blood
vessel

Figure 3 Ovarian sections stained for macrophages by
F4/80 showing (A) corpus luteum from control ovary
showing healthy luteal cells and the presence of
macrophages (brown-staining, black arrows), often
associated with blood vessels and (B) a haemorrhagic
area of a corpus luteum after 16 h treatment with the
absence of F4/80-positive macrophages. (C) Antral
follicle from control ovary showing macrophage
staining in thecal layer (T) (brown-staining, black
arrows). (D) Follicle from a treated animal at 16 h
showing absence of macrophages. G, granulosa cell
layer. BarZ20 mm.
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16 h after DT treatment staining for CD31 was sparse
(Fig. 6B), and by 24 h was replaced by infiltration of
red blood cells. Comparison of abundance of CD31
staining revealed a statistically significant depletion of
endothelial cells (P!0.01) by 16 h in DT-treated ovaries
(Fig. 6C). The timing of endothelial cell depletion
correlates with the initial observation of ovarian
haemorrhage.
Effect of DT on antral follicle health

Using H&E-stained ovarian sections, antral follicles were
examined under light microscopy to determine the
presence of pyknotic cells within the granulosa cell
layer (Fig. 7A–D). The DT treatment adversely affected
antral follicle health increasing the proportion of follicles
with pyknosis (c2) (P!0.05). By 16 h following treat-
ment, there was a complete absence of pyknosis free
BA

Haemorrhage

Figure 4 Quantification of haemorrhage in mouse ovaries by DAB staining
staining of control ovary compared with (B) dark brown staining of erythroc
staining in control ovaries and ovaries collected at intervals post-DT. Data
letters. BarZ350 mm.

Reproduction (2011) 141 821–831
follicles, a reduction that was significant (P!0.05)
(Fig. 7E). In addition, the presence of antral follicles
containing more than 50% pyknotic cells within the
granulosa cell layer was only observed at 16 h following
DT treatment (Fig. 7D). These changes in follicle
health were seen in increasing severity by 24 and 48 h
following DT treatment (data not shown). The timing
of this increase in granulosa cell pyknosis correlates
with the first observation of thecal haemorrhage,
indicating that changes in follicle health are likely to
be secondary effects of hypoxia due to vascular
disruption.
CD11b is expressed exclusively by leukocytes

FACS of digested ovaries from untreated CD11b-DTR
mice identified the presence of a small but distinct
population of CD11bC CD45C cells (upper right
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quadrant), indicating that the expression of CD11b was
limited to cells that are also expressing the pan leukocyte
marker, CD45 (Fig. 8). This small population of cells
represents macrophages. These results excluded the
possibility of ectopic DTR expression by ovarian
parenchymal cells.
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Figure 5 Mouse ovaries stained with MSB, which stains erythrocytes
yellow and fibrin blue. (A) Control healthy luteal tissue. (B) Sixteen hour
post-DT ovary showing luteal haemorrhage with the presence of
pyknotic and healthy LCs. (C) Luteal tissue from 24 h post-DT ovary
showing increased haemorrhage and increased disruption of luteal
tissue. (D) Forty-eight hours post-DT ovary shows greatest destruction
with further increase in haemorrhage, fibrin deposition and virtual
absence of healthy ovarian parenchymal cells. (E) Control healthy
follicle showing oocyte, antrum (A) and thecal (T) and granulosa (G) cell
layers. (F) Follicle from 16 h ovary showing thecal haemorrhage,
abundance of pyknotic granulosa cells and degenerating oocyte. (G)
Graph of quantification of erythrocyte staining in luteal tissue and within
antral follicles in control ovaries and 16 h post-DT. Values are means
GS.E.M. Significant difference denoted by different letters. BarZ100 mm.
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Discussion

Conditional macrophage ablation in CD11b-DTR mice
by the administration of DT resulted in extensive
haemorrhage affecting thecal and luteal tissue associ-
ated with profound ovarian damage and necrosis.
Immunostaining for the endothelial cell marker, CD31,
confirmed significant associated depletion of these
cells. Quantification of the haemorrhage showed luteal
tissue to be the most severely affected ovarian
compartment, unsurprising due to its highly vascu-
larised nature with endothelial cells representing more
than 50% of total cells (Davis et al. 2003). Importantly,
haemorrhage was not reported in the kidney, perito-
neum or skin following the same method of macro-
phage ablation as reported by Cailhier et al. (2005),
Duffield et al. (2005) and Mirza et al. (2009) nor in the
adrenal glands of animals in this study. This study
proposes that macrophages play a central role in
maintaining the integrity of ovarian vasculature.

At 16 h following DT treatment, the areas of both
haemorrhagic and unaffected luteal tissue were present;
however, after 24 and 48 h, extensive haemorrhage was
observed. Staining of macrophages by F4/80 showed that
in control ovaries, variable numbers of luteal macro-
phages were observed, likely related to the age of the
corpora lutea, as reported by others (Hume et al. 1984,
Petrovska et al. 1996, Li et al. 1998). Crucially, at 16 h,
macrophages were absent from haemorrhagic areas
confirming macrophage deletion by treatment and its
association with the phenomenon of haemorrhage. The
haemorrhagic areas were also associated with an
increased abundance of pyknotic cells and cell vacuo-
lisation indicative of widespread cell death and necrosis.
Similarly, by 16 h, antral follicles within treated ovaries
showed signs of pyknotic changes within the granulosa
cell layer with some displaying more than 50% pyknotic
cells. This degree of pyknosis was not observed in control
ovaries suggesting that macrophage depletion causes a
progressive increase in granulosa cell atresia beyond
what is physiologically normal. Previous studies of
ovarian macrophage depletion did not report vascular
disturbances; however, this discrepancy may be the
result of the differential degree of macrophage ablation.
Only partial depletion of the thecal macrophage
population was achieved by clodronate liposomes
(Cohen et al. 1997, Van der Hoek et al. 2000), in contrast
to the substantial depletion following DT treatment.

Relatively little is known about the functional
relationship between the macrophages and the ovarian
vasculature. The ovary is unique in being a site of rapid
cyclical angiogenesis within the thecal layer and corpus
luteum, associated with follicle development and
luteogenesis, in contrast to the static nature of the
vasculature of other tissues (Fraser & Duncan 2009).
Indeed, within the ovary, macrophages are often
associated closely with endothelial cells indicating
Reproduction (2011) 141 821–831
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a close functional relationship, as found in this study and
as reported previously (Hume et al. 1984). Furthermore,
during the mid-luteal phase in the human CL, macro-
phages are abundant around the vasculature (Duncan
et al. 1998, Gaytan et al. 1998). As this represents the
period of peak vascular density, it is highly suggestive of
macrophages playing a functional role in supporting
Reproduction (2011) 141 821–831
luteal vasculature, possibly through the release of
various cytokines and growth factors or by offering
some form of structural scaffold.

The ovary is unique in its ability to undergo cyclic
remodelling of the extracellular matrix (ECM), which not
only provides structural support but also has a profound
effect on regulating normal ovarian processes including
ovulation and luteolysis (McIntsuh & Smith 1997, Smith
et al. 2002). Macrophages are central regulators of
ovarian ECM remodelling through the release of various
proteases namely matrix metalloproteinases (MMPs)
and their inhibitors, tissue inhibitors of metalloprotei-
nases (TIMPs; Wu et al. 2004). The ECM both within the
vessel wall and surrounding the microvasculature
promotes vessel stabilisation by providing both structural
support and through activation of various signalling
pathways within the endothelium (Davis & Senger 2005,
Eble & Niland 2009). Previous studies of DT-induced
macrophage ablation within the mouse kidney reported
disruption to the MMP to TIMP ratio by a relative
downregulation of TIMP1 associated with increased
MMP12 activity resulting in enhanced breakdown of
collagen III (Duffield et al. 2005). This is one possible
mechanism through which macrophage ablation may
disrupt ovarian vascular integrity; unregulated break-
down and remodelling of the ECM both within the vessel
wall and surrounding the microvasculature may result in
endothelial disruption and increased breakdown of
vessel wall structural proteins. This proposes that
macrophages play a physiological role in regulating
remodelling of the ECM to promote endothelial support
and further enhance vessel stabilisation and mainten-
ance of integrity.

In addition, the haemorrhagic changes following
macrophage ablation may be due to the disruption of
the putative functional interaction between macro-
phages and pericytes. Also providing structural support,
perivascular pericytes are thought to communicate with
the underlying endothelium through gap junctions and
by the release of paracrine factors (Bergers & Song 2005).
Induced macrophage ablation may result in the disrup-
tion of the critical pericyte–endothelium interaction
resulting in extensive endothelial dysfunction associated
with loss of vascular homoeostasis. Indeed, extensive
ovarian haemorrhage occurred in a proportion of rats
treated with platelet-derived growth factor (PDGFRb)
receptor blockade due to severe pericyte deficit (Sleer &
Taylor 2007), and more extensive results were observed
in mice after adenoviral administration of ligand-binding
domains of PDGFRb (Kuhnert et al. 2008). The PDGFs
are pleiotropic factors released predominantly by
endothelial cells and macrophages within the ovary
important for the recruitment of pericytes during
angiogenesis (Sleer & Taylor 2007). Although it is
unlikely that haemorrhage following macrophage abla-
tion was due to PDGF deficiency, it indicates that
www.reproduction-online.org
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Figure 7 Micrographs of individual antral follicles
illustrating different stages of follicle health and
changes associated with treatment. (A) Healthy antral
follicle with no pyknotic cells, (B) !10% pyknotic
cells, (C) 10–50% pyknotic cells and (D) O50%
pyknotic cells within the granulosa cell layer as
observed 16 h post–DT. Black arrows indicate
pyknotic cells. (E) Histogram showing percentages of
antral follicles at different degrees of atresia in
control ovaries and ovaries collected 2, 8 and 16 h
post-DT. DT treatment adversely affected antral
follicle health with a complete absence of pyknosis-
free follicles by 16 h following treatment (P!0.05).
Bar Z50 mm.
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disruption of the pericyte–endothelium interaction
would culminate in widespread haemorrhage.

Macrophages have been implicated as important
regulators of angiogenesis through the secretion of both
pro- and anti-angiogenic factors including vascular
endothelial growth factor (VEGF) and basic fibroblast
growth factor (Sunderkotter et al. 1994, Lamagna et al.
2006). Previous studies have reported selective endo-
thelial cell depletion following inhibition of factors
involved in the regulation of angiogenesis including
inhibition of VEGF in the marmoset corpus luteum
during the mid-luteal phase of the cycle (Fraser et al.
2006, Fraser & Duncan 2009). Similarly, administration
of anti-VEGF antibody in the mouse caused rapid
elimination of luteal endothelial cells through detach-
ment from basement membrane (Pauli et al. 2005).
Importantly, in contrast to this study, no haemorrhage
was reported despite endothelial cell loss indicating
limited disruption to vessel wall. This finding helps to
exclude the possibility that the haemorrhage observed in
this study was simply an artefact due to the method of
macrophage depletion. It could be hypothesised that the
close proximity of supra-physiological numbers of
macrophages undergoing apoptosis may simultaneously
www.reproduction-online.org
disrupt the endothelium and cause loss of vessel wall
integrity. However, as reported for VEGF inhibition,
endothelial cell depletion is not sufficient to cause
ovarian haemorrhage (Fraser & Duncan 2009); therefore,
other mechanism must be present for macrophage
ablation to cause extensive loss of vascular integrity.

Importantly, DT-induced macrophage ablation does
not lead to haemorrhagic changes in the kidney,
peritoneum, skin (Cailhier et al. 2005, Duffield et al.
2005, Mirza et al. 2009) or adrenal gland. Similarly,
administration of anti-VEGF antibody in the mouse
did not affect the vasculature of the kidney or liver
(Pauli et al. 2005). Macrophages show considerable
functional and phenotypic heterogeneity between
different anatomical locations (Gordon & Taylor 2005).
Indeed, as previously mentioned, the ovary is distinct in
being a site of cyclical angiogenesis in contrast to the
permanent, mature vasculature present in most other
tissues including liver and kidney. The immature,
dynamic nature of the ovarian vasculature may explain
the need for ovarian macrophages to specifically
regulate various processes to ensure maximal vascular
support. The endometrium also undergoes cyclic
angiogenesis, but macroscopically, there were no
Reproduction (2011) 141 821–831
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Figure 8 Dot plots of FACS of three pairs of digested ovaries from
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(upper right quadrant).
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indications of haemorrhage in the uterus, although it
would be of interest to determine the integrity of the
endometrial vasculature in future studies.

In conclusion, conditional macrophage ablation
within the ovary results in extensive haemorrhage
associated with profound ovarian damage and necrosis.
This is the first study to provide evidence that
macrophages play a central role in maintaining the
integrity of the ovarian vasculature. This may be
achieved through close regulation of ECM remodelling
to ensure optimal vascular support as well as through
interaction with pericytes to regulate the release of
various factors to enhance proliferation and survival of
underlying endothelium. Secondary effects of macro-
phage ablation included widespread cell death and
necrosis within the ovary, most likely a result of hypoxia
following vascular disturbance. The lack of phagocytic
clearance of necrotic tissue may further exacerbate
ovarian damage through the release of various pro-
inflammatory cytokines leading to further structural
damage. The unique cyclical nature of the ovarian
vasculature and considerable functional heterogeneity
between macrophage populations may partly explain
why these vascular disturbances are limited to the ovary
following macrophage ablation.
Reproduction (2011) 141 821–831
Materials and Methods

Transgenic mice

CD11b-DTR mice are transgenic for the human DTR under
the control of the macrophage-specific promoter sequence,
CD11b. Despite expressing CD11b, granulocyte populations
are not affected by DT. Mice are of the FVB/nj background
strain. All experiments were performed in accordance with
institutional and UK Home Office guidelines. As preliminary
observations had indicated that ovarian haemorrhage was
present in all treated mice, the animals were not categorised
according to the stage of oestrous cycle at treatment.
Macrophage ablation in CD11b-DTR mice by
DT administration

Conditional ovarian macrophage ablation was induced in
3-month old female CD11b-DTR mice by i.p. injections of DT
(20 ng/g body weight in PBS), while CD11b-DTR control
animals were treated with PBS alone. Mice were killed at 2, 8,
16, 24 and 48 h post-DT and 24 and 48 h post-PBS (nZ5 per
group) by cervical dislocation. These time points were chosen
to encompass the period surrounding the onset of macrophage
cell death that was predicted to be maximal at 8 h (Cailhier
et al. 2005) and to allow the secondary effects on ovarian
morphology to be examined. Ovaries were harvested by
dissection, together with adrenal glands for use as control
tissue. Right ovaries and adrenal glands were fixed in 10%
neutral buffered formalin, whereas left ovaries and adrenal
glands were fixed in methyl Carnoy’s solution (60% methanol,
30% chloroform and 10% glacial acetic acid). After 24 h, tissue
samples were transferred into 70% ethanol before being
subsequently embedded in paraffin. Following examination of
these tissues, an additional non-transgenic control group was
studied following treatment with DT. FVB/nj mice (3-month
old) (the background strain for the CD11b-DTR mice) (nZ5)
were injected with DT (20 ng/g body weight in PBS) and
ovaries examined after 48 h.
Morphology

To determine the effects on ovarian and adrenal morphology by
light microscopy, tissue sections (5 mm) were placed onto BDH
SuperFrost slides (BDH, Merck Co., Inc.). The sections were
de-waxed in xylene, rehydrated in descending concentrations
of ethanol, washed in distilled water and stained with
haematoxylin (Richard-Allan, Richland, MI, USA) for 5 min,
followed by a wash in water and acetic alcohol before staining
with eosin (Richard-Allan) for 20 s. After dehydrating in
ascending concentrations of ethanol and xylene, the sections
were mounted in Pertex. H&E stain was selected as it best
characterised both the gross and subtle changes following DT
treatment and enabled differentiation between healthy and
regressing luteal tissue and healthy and atretic follicles. Healthy
corpora lutea were identified by large eosinophilic cells
displaying an organised pattern of arrangement with regressing
luteal tissue being distinguishable by cell vacuolisation,
reduced cell size and increased disorganisation of the tissue.
Antral follicles were recognised by the presence of five or more
www.reproduction-online.org
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granulosa cell layers surrounding the oocytes with or without
visible antral cavity (Greenfield et al. 2007). The signs of
follicular atresia included the presence of pyknotic cells within
the granulosa cell layer and detachment of granulosa cells from
oocytes (Osman 1985).
Quantification of haemorrhage

To quantify the extent of haemorrhage following DT, two
different stains were used. First, diaminobenzidine (DAB)
solution was employed for specific erythrocyte staining. DAB,
a peroxidase substrate, stains brown the endogenous peroxidase
activity within the erythrocytes while leaving other cells
unstained (Kuhlmann & Viron 1997). Ovarian and adrenal
sections were de-waxed in xylene and rehydrated in descending
concentrations of ethanol before being washed with tap water.
Vector DAB (Vector Laboratories, Peterborough, UK) (1 drop
DAB chromogen per 1 ml DAB buffer solution) was added to
the slides for 1 h 15 min. The slides were then washed in water,
before being dehydrated by ascending concentrations of
ethanol and xylene and mounted in Pertex. Quantitative
image analysis was performed using an Olympus BH2
microscope, Spot Insight QE camera and Image-Pro Plus version
4.5 for Windows (Media Cybernetics, Silver Spring, MD, USA).
Brown staining areas within the ovary were selected with the
mouse pointer to generate a value for total area of positive stain
within each section. This value was converted into a percentage
by dividing by total area of the ovary and multiplying by 100.
The mean percentage positive staining value was calculated.

To further quantify the degree of haemorrhage within specific
luteal and antral follicle compartments, formalin-fixed ovarian
sections from control and 16 h-treated mice, together with
adrenal glands, were stained with MSB. MSB was used as
erythrocytes could be clearly identified by yellow staining
allowing quantification by image analysis. Unlike DAB, in
which no counterstain was used, MSB shows the ovarian
structure allowing localisation of the haemorrhage. Image
analysis was performed as described earlier to measure the
mean percentage yellow staining area within the total luteal
tissue and antral follicles.
Immunohistochemistry for F4/80 and CD31

Immunohistochemical staining of macrophages was carried
out using the specific marker F4/80 (Hume et al. 1984,
Petrovska et al. 1996, Takaya et al. 1997, Li et al. 1998, Khazen
et al. 2005). Methacarn-fixed ovarian and adrenal sections
were de-waxed in xylene and rehydrated through descending
concentrations of ethanol before being placed in distilled
water. To quench endogenous peroxidase activity, the slides
were placed in 1.8% hydrogen peroxide (275 ml distilled water
and 18 ml of 30% H2O2) for 15 min, washed in PBS and placed
in Sequenza racks. We sequentially added three drops of
avidin, biotin (Avidin/Biotin Blocking Kit, Vector Laboratories,
Cat SP-2001) and protein block (DAKO, Cambridge, UK) to the
slides, each for 15 min, followed by two washes in PBS (PBS
wash omitted following Protein Block). The slides were
incubated with primary antibody, rat anti-mouse F4/80
(Invitrogen Ltd), dilution 1:100, overnight at 4 8C. After two
www.reproduction-online.org
washes in PBS, the slides were allowed to stand for 30 min
before incubation with secondary antibody, mouse-adsorbed
goat anti-rat IgG (Vector Laboratories, Cat number BA4001),
dilution 1:200 for 30 min at room temperature. Both the
antibodies were diluted with DAKO Antibody diluent. Before
staining with DAKO Liquid DAB for 6 min, three drops of
Vector ABC (Peterborough, UK) were added for 30 min. The
slides were washed in PBS and counterstained with Harris
haematoxylin for 20–25 s. After washing in running water, the
slides were placed in Scott’s tap water for 20–25 s before being
returned to running water. For mounting, the slides were placed
in xylene and mounted in Pertex. Negative controls included
sections in which primary antibody was omitted.

To quantify changes in endothelial cell area, immunohis-
tochemistry for CD31 (platelet endothelial cell adhesion
molecule-1) was performed. Formalin-fixed ovarian sections
and adrenal glands from 2, 8 and 16 h post-DT mice and
respective control mice were de-waxed in xylene and
rehydrated as described earlier. Antigen retrieval was per-
formed by incubation in proteinase K (0.625 ml per 50 ml Tris-
buffered saline (TBS) for 15 min at 37 8C before being washed
in TBS. To reduce non-specific binding, the sections were
blocked with normal rabbit serum (NRS, diluted 1:5 in TBS
containing 5% BSA) for 30 min followed by three washes with
TBS. Both avidin and biotin blocks were employed for 15 min
at room temperature each being followed by three washes with
TBS. The primary antibody used was CD31 (rat anti-mouse,
diluted 1:100 in NRS, BD Pharmingen, Cowley, Oxfordshire,
UK, Code No. 553370). Incubation was carried out overnight
at 4 8C, followed by three TBS washes, before incubation with
the secondary antibody (rabbit anti-rat, biotinylated, diluted
1:500 in NRS) for 30 min at room temperature. After three TBS
washes, the slides were incubated at room temperature with
ABC AP (Vector AK-5000) prepared 30 min prior to use. After
three final TBS washes, the slides were transferred to nitro blue
tetrazolium (NBT) buffer containing 5 ml 0.5 M MgCl, 5 ml 1 M
Tris/1 M NaCl and 40 ml distilled water. For visualisation, NBT
solution, containing 10 ml NBT buffer, 45 ml NBT, 35 ml
xyphos and 10 ml levisimole, was then added to the slides for
1 h. The reaction was stopped with tap water, the slides were
allowed to air dry, placed in xylene and mounted in Pertex.
Image analysis was then performed as described previously
(Fraser et al. 2006) to calculate the mean area of positive CD31
stain expressed as the percentage of whole ovary area.
Analysis of antral follicle health

To determine the effect of DT treatment on antral follicle health,
H&E sections were examined under light microscopy to
determine the presence of pyknotic cells within the granulosa
cell layer. A semi-quantitative assessment was conducted using
the following parameters: i) no pyknotic cells, ii) !10%,
iii) between 10 and 50% and iv) O50% pyknotic cells. The
average number of follicles within each parameter was
calculated for 2, 8 and 16 h treatment groups and controls.
Ovaries treated for 24 and 48 h were not included as extensive
structural disruption did not allow comparison with earlier
time points.
Reproduction (2011) 141 821–831
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Flow cytometric analysis

To exclude the possibility of ectopic DTR expression by ovarian
parenchymal cells, the flow cytometric analysis (FACS) of
digested ovaries from untreated CD11b-DTR mice was
performed. To obtain single cell suspensions for FACS, the
ovaries were harvested by dissection and chopped into small
pieces, before digestion in collagenase B and DNase 1
(1.6 mg/ml collagenase B (Roche), 100 mg/ml DNAse 1
(Ambion, Warrington, UK) in RPMI medium at 37 8C for
45 min with gentle agitation. After centrifugation at 300 g for
5 min, a further digestion step was carried out with 100 mg/ml
DNAse 1 in RPMI medium for 15 min at room temperature.
Following centrifugation and re-suspension in 1 ml RPMI, the
digested tissue was gently pressed through a 40 mm cell strainer
using a flattened pestle and the cell strainer washed with RPMI.
The cells were again centrifuged and red blood cells lysed
with lysis buffer (Sigma–Aldrich Co.) for 5–10 min at room
temperature. The remaining cells were washed in PBS. The
single cell suspension of ovarian cells was incubated at 4 8C for
20 min in blocking buffer (10% mouse serum in PBS) followed
by staining for 30 min on ice with the antibodies at the
appropriate dilution (in PBS, 10% mouse serum) as determined
by titration. The antibodies were directly fluorochrome
conjugated including anti-CD45-PerCp Cy5.5 (1:100) (BD
Pharmingen) and PE-conjugated anti-CD11b (1:100;
eBioscience, Hatfield, UK), as well as the appropriate isotype
control antibodies, anti-IgG2b-PerCP Cy5.5; (BD Pharmingen)
and anti-IgG2b-PE (eBioscience). In total, 100 000 ovarian
cells were stained with antibody and underwent flow cytometry
with the analysis of 8–10 000 live cell events for each sample.
The cells were washed in PBS and fixed in 5% formaldehyde
before acquisition and analysis (BD Calibur FACS machine,
Oxford and FlowJo, Ashland, OR, USA, software).
Statistical analysis

Significant differences between means were determined by
ANOVA and Bonferroni’s post hoc test. Statistical analysis of
haemorrhage quantification within luteal and follicular tissue
was performed using unpaired t-test. Differences in the
proportion of follicles with various categories of pyknotic
cells were analysed by c2. The number of follicles of each
category was analysed by Kruskal–Wallis testing followed by
Dunn’s pairwise comparison. Statistical differences where
P!0.05 were considered significant.
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