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Abstract Neutrophils are excreted into the vaginal vault
at metestrus during the estrous cycle, and this phenomenon
has long been used to determine the phase of the estrous
cycle. A much smaller number of neutrophils are also
detected in the uterus and the ovary. Recently, we provided
several lines of evidence supporting the notion that neu-
trophils infiltrate into the ovary to regulate the estrous cycle
by opioid peptides. Upon inflammation, on the other hand,
neutrophils infiltrate into the site of infection to suppress
pain by opioid peptides. Thus, opioid peptides are key
molecules by which neutrophils play a novel role in reg-
ulation of the pain and estrous cycle. In both cases, opioid
peptides appear to be secreted by neutrophils stimulated
with chemokines, such as MIP-2 and KC in mouse, corti-
cotropin-releasing hormone and IL-1.
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Introduction

Neutrophils comprise approximately 60 and 10 % of
human and mouse peripheral blood leukocytes, respec-
tively, and they circulate in the blood stream under
physiological conditions. It is generally believed that
neutrophils enter sites of infection or ischemia—reperfusion,
where they execute a bacteria-killing function or cause
tissue damage, respectively. However, even under
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physiological conditions, neutrophils are excreted into the
vaginal vault at metestrus during the estrous cycle. This
phenomenon has long been known since Stockard and
Papanicolaou found in 1917 that in guinea pigs, the mor-
phology of epithelial cells in the vagina changes in
association with the estrous cycle, and subsequently in
1922, Long and Evans published a method for determining
the stage of the estrous cycle by means of vaginal smears
(Goldman et al. 2007). It should be noted here that in rats
and mice, the estrous cycle is driven by a light/dark cycle.
The cycle comprises four stages, namely proestrus, estrus,
metestrus and diestrus, and the cycle is repeated every
4-5 days.

Excretion of neutrophils into the vaginal vault is
reportedly mediated by MIP-2, one of the neutrophil-
selective chemokines in mice, which is expressed on epi-
thelial cells in the vaginal vault (Sonoda et al. 1998). The
role of neutrophils excreted into the vaginal vault, how-
ever, has been a matter of dispute, although it has been
hypothesized that they may phagocytose and kill com-
mensal bacteria. We thus initiated research to elucidate
their role about seven years ago. Because it is well known
that the administration of an anti-Gr-1 monoclonal anti-
body (anti-Gr-1 mAb) to mice causes depletion of
neutrophils due to a high level of expression of Gr-1
antigen on neutrophils, we administered the mAb to
determine its effect on vaginal smears, in which we found
many cocci, as expected. To our surprise, however, the
administration also caused blockading of the estrous cycle
at diestrus as well as that of the cyclic change of steroid
hormones, that is, estradiol and progesterone, although it
has been widely accepted that the estrous cycle is driven by
the hypothalamic-pituitary-ovarian axis (a central mecha-
nism), and nobody has expected that neutrophils participate
in regulation of the estrous cycle (Sasaki et al. 2009; a
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peripheral mechanism). We also noticed that the levels of
steroid hormones gradually returned to normal even though
mice were kept neutropenic (Sasaki et al. 2009). These
findings suggest that neutrophils are involved in regulation
of the estrous cycle and that there must be a backup
mechanism independent of neutrophils. The backup
mechanism is perhaps the same as a central mechanism
described above (see “Summary and Future Direction”),
although it is not known at present. Our subsequent study
provided several lines of evidence supporting the notion
that upon the entry of neutrophils into the ovaries, they
secrete opioid peptides to regulate the estrous cycle (Sasaki
et al. 2011).

Because neutrophils are reported to regulate pain
through opioid peptides such as B-endorphin at inflamma-
tory sites (Machelska and Stein 2006), I would like to
summarize our results and compare these two phenomena
in this review.

The Mechanism Underlying Neutrophil-Dependent
Regulation of the Estrous Cycle

Although I stated in the introduction that the administration
of an anti-Gr-1 mAb caused depletion of neutrophils, there
has been a report that an anti-Gr-1 mAb also caused
depletion of eosinophils in addition to neutrophils. Since
female genital organs such as the vaginal vault and uterus
contain not only neutrophils but also eosinophils, it is
important to determine whether or not the administration of
the anti-Gr-1 mAb also causes depletion of eosinophils.
Under our conditions, however, the administration did not
affect eosinophils in female genital organs, which was
perhaps due to the difference in the conditions, namely
normal mice in our study versus infected mice in other
studies (Sasaki et al. 2009).

In order to elucidate the mechanism underlying neutro-
phil-dependent regulation of the estrous cycle, we presumed
that the localization of neutrophils in female genital organs
would provide a clue. Since we detected many neutrophils
in the vaginal vault at metestrus but only a few in the uterus
and the ovaries (Sasaki et al. 2009), we initially hypothe-
sized that neutrophils entering the vagina and vaginal vault
play a role in regulation in the estrous cycle (Sasaki et al.
2009). We then examined from which blood vessels neu-
trophils enter the female genital organs but we failed to
obtain definitive results (Sasaki et al. unpublished). In the
meantime, we came across publications reporting that opi-
oid peptides regulate steroidogenesis in theca cells and
granulose cells in the ovaries (Kaminski et al. 2003, 2004),
and we finally hypothesized that neutrophils may secrete
opioid peptides in the ovaries, thereby regulating the estrous
cycle (Sasaki et al. 2011).
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Because naloxone is well known as an opioid receptor
antagonist, we predicted that the compound would block
the estrous cycle. The results were exactly as we predicted
(Sasaki et al. 2011). The estrous cycle length in ICR mice
was 4.7 £ 0.8 days (n = 54), whereas those in anti-Gr-1
mAb-injected mice and naloxone-treated ones were pro-
longed to 7.7 £ 2.3 (n = 67) and 7.9 & 2.0 days (n = 7),
respectively. The difference between control mice and anti-
Gr-1 mAb-injected ones and that between control mice and
naloxone-treated ones were statistically significant. Addi-
tionally, the estrogen and progesterone levels in plasma
were affected in naloxone-treated mice in the same way as
in anti-Gr-1 mAb-injected ones (Sasaki et al. 2011). It is
noteworthy that when naloxone was administered only
once at estrus, but not other phases, the estrous cycle was
blocked (Sasaki et al. 2011), confirming the previous
finding with anti-Gr-1 mAb that the estrus phase is the
most critical among the four phases for neutrophil-depen-
dent regulation of the estrous cycle (Sasaki et al. 2009).
These results are consistent with the hypothesis that neu-
trophils may secrete opioid peptides in the ovaries at estrus,
thereby regulating the estrous cycle.

Then, which type of opioid receptor(s) is involved in
neutrophil-mediated regulation of estrous cycle? We thus
employed type-specific receptor agonists to examine whe-
ther or not they shorten (normalize) the estrous cycle length
in anti-Gr-1 mAb-injected mice. The administration of [D-
Ala®, N-MePhe*, Gly-ol’]-enkephalin (DAMGO), a p
opioid receptor agonist, to neutrophil-depleted mice
shortened the cycle length to 6.0 & 0.7 days (n = 5), the
difference between anti-Gr-1 mAb-injected mice and
DAMGO-administered, anti-Gr-1 mAb-injected ones being
statistically significant (Sasaki et al. 2011). Such an effect
was not observed with (5o, 7a, 8B)-(—)-N-methyl-N-(7-(1-
pyrrolidinyl)-1-oxaspiro(4,5)dec-8-yl)benzenacetamide (U
-69593), a k opioid receptor agonist, or [D-Pen*’]-
enkephalin (DPDPE), a 6 opioid receptor agonist (Sasaki
et al. 2011). Endorphins and enkephalins bind to p opioid
receptors selectively, whereas dynorphins bind to k¥ opioid
receptors selectively. Enkephalins, on the other hand, bind
to & opioid receptors selectively. Therefore, these results
suggest the possibility that B-endorphin derived from
neutrophils is involved in regulation of the estrous cycle.

Opioid peptides are reportedly detected in leukocytes.
For instance, proopiomelanocortin (POMC), a precursor of
B-endorphin, was detected in approximately 40 % rat
peripheral blood neutrophils (Mousa et al. 2004). We
detected POMC in approximately 35 % mouse peripheral
blood neutrophils and approximately 26 % mouse blood
neutrophils in the ovaries (Fig. 1A, Aa, Ab), but not in
neutrophils that had infiltrated into the stroma of ovaries
(Fig. 1C) (Sasaki et al. 2011). These results suggest that
neutrophils are recruited to the ovaries by means of
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Fig. 1 Immunohistochemical
detection of neutrophils and
POMC in the ovaries. The
ovaries were obtained at 6 pm
on the day of estrus, followed
by preparation of paraffin
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antibodies (A, Aa, Ab, C) or 1ha

anti-Gr-1 mAb (B). B and

C were serial sections. In panels
Aa and Ab, black and white
arrows indicate positive and
negative signals, respectively.
Scale bars, 25 pm (Sasaki et al.
(2011); copyright© from the
Journal of Immunology)

unknown chemotactic factor(s), and they are then activated
to release opioid peptides. Since the administration of
antibodies against MIP-2 or KC, another chemokine
selective for neutrophils in mice, caused blockading of the
estrous cycle (Sasaki et al. 2011), it is possible that MIP-2
and KC are involved in release of opioid peptides. The
identification of the chemotactic factor(s) awaits further
study.

Intravenous administration of MIP-2 also caused
blockading of the estrous cycle as well as an increase in
CD69 expression on peripheral blood neutrophils (Sasaki
et al. 2011). Here, it should be noted that CD69 expression
is a marker of the activation of leukocytes. We therefore
hypothesized that the activation of neutrophils by MIP-2
caused secretion of opioid peptides in the peripheral blood,
thereby abolishing their ability to regulate the estrous
cycle. Indeed, the POMC signal was hardly detected in
peripheral blood neutrophils of MIP-2-treated mice (Sasaki
et al. 2011), corroborating the hypothesis. Since stress
causes an increase in the plasma IL-8 level (Weik et al.
2008) as well as blockading of the menstrual cycle, there is
a possibility that the effect of stress on the menstrual cycle
can be explained by the above finding. This possibility is
worthy of further study, because future research may lead
to the development of a novel drug overcoming the effect
of stress.

These findings allow us to propose our current model of
neutrophil-dependent regulation of the estrous cycle
(Fig. 2).

Regulation of Pain by Neutrophil-Derived Opioid
Peptides

Upon injury or infection, inflammation ensues. A variety of
molecules, including protons, ATP, neural peptides, pros-
taglandins, bradykinin, cytokines and chemokines, then
cause pain, whereas leukocytes, including neutrophils,
monocytes and lymphocytes, infiltrate into the site of
inflammation and suppress the pain through the binding of
opioid peptides to their receptors on peripheral sensory
neurons. Neutrophils release opioid peptides at an early
phase of inflammation, whereas monocytes and lympho-
cytes do so at a late phase of inflammation.

The regulation of pain by leukocyte-derived opioid
peptides has been studied by the group of Drs. C. Stein and
H. Machelska (2006). They obtained several lines of evi-
dence supporting such a regulatory mechanism, as follows.
(1) Opioid peptide receptors are expressed on peripheral
sensory neurons. (2) The mRNAs and proteins of POMC,
proenkephalin and prodynorphin are detected in leukocytes.
(3) Leukocytes containing opioid peptides accumulate at
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Fig. 2 Our model of neutrophil-dependent regulation of the estrous
cycle

the site of inflammation. (4) Leukocytes release opioid
peptides in vitro in response to appropriate stimuli such as
corticotropin-releasing hormone (CRH), IL-1 and IL-8. (5)
Administration of CRH to the site of inflammation
decreases pain, whereas neutralization of CRH at the site of
inflammation increases pain (Labuz et al. 2009; Machelska
and Stein 2006; Rittner et al. 2006). (6) In CRH- or IL-1p-
induced pain inhibition, leukocytes apparently are the tar-
get, because depletion of granulocytes as well as blockade
of chemokines (MIP-2 and KC) results in a significant
reduction in opioid-containing cells and pain inhibition
(Machelska and Stein 2006). (2) and (4) also support the
neutrophil-dependent regulatory mechanism by which the
estrous cycle is maintained.

Recently, Stein and his colleagues reported that formyl
peptide receptors are involved in opioid peptide release
in vivo in Freund’s complete adjuvant-induced inflamma-
tion (Rittner et al. 2009). According to them, mycobacteria
contain formyl peptides, which are released during bacte-
rial lysis. This is perhaps the source of formyl peptides in
this model of inflammation. There is a possibility, however,
that MIP-2 and KC are also involved in the opioid peptide
release in the model, because these chemokines are pre-
sumably produced in it.

Future studies should demonstrate that leukocytes at the
site of inflammation indeed release opioid peptides and that
these findings can be applied to clinical settings.
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Possible Involvement of IL-1 and CRH in Neutrophil-
Mediated Regulation of the Estrous Cycle

As described above, IL-1 and CRH are involved in neu-
trophil-mediated regulation of pain. These two molecules
are generally associated with inflammation. In the mouse,
however, the ovarian synthesis of IL-1a and IL-1 mRNA
was detected by in situ hybridization (Takacs et al. 1988).
In the rat, immunoreactive IL-1a was detected in the ovary
at proestrus and estrus but not at diestrus (Nappi et al.
1994). Various ovarian cell types, such as the oocyte,
granulosa and theca cells, have been identified as the sites
of synthesis of IL-1 (Gerard et al. 2004). There is evidence
for the involvement of ovarian IL-1 in the ovulation pro-
cess and the regulation of ovarian steroidogenesis (Gerard
et al. 2004). These considerations raise the possibility that
IL-1 in these ovarian cell types may be involved in regu-
lation of the estrous cycle.

Although neutrophils are known to contain IL-1 (Lloyd
and Oppenheim 1992), there has been controversy about
whether non-stimulated neutrophils produce IL-1. One
study reported that only IL-8 mRNA was detected in non-
stimulated human neutrophils, whereas IL-1f3, IL-6 and
TNF-o mRNAs were detected after stimulation of neutro-
phils with lipopolysaccharide or zymosan (Altstaedt et al.
1996). However, the authors did not detect IL-1f protein in
the culture supernatant even after stimulation (Altstaedt
et al. 1996). Therefore, it is not known at present whether
neutrophils infiltrated into the ovary produce IL-1. If the
possibility is proven correct, then there is the possibility
that IL-1 in neutrophils may also participate in regulation
of the estrous cycle. Since IL-1 causes opioid peptide
release (Machelska and Stein 2006), IL-1 may regulate the
estrous cycle via opioid peptides.

CRH also reportedly regulates ovarian steroidogenesis
(Murase et al. 2002), and CRH is present in immune cells,
fibroblasts and vascular endothelium (Schaefer 2003).
CRH is also detected in the ovary (Xu et al. 2007), and it
affects steroidogenesis through IL-1 (Ghizzoni et al. 1997).
Therefore, there is also the possibility that CRH may be
involved in neutrophil-mediated regulation of estrous cycle
via IL-1.

Summary and Future Direction

Neutrophils contain primary, secondary, tertiary and
secretory granules, and the constituents of these granules
are released during infiltration through the endothelial cell
layer surrounding blood vessels into tissue (Soehnlein et al.
2009). Neutrophils first attach to the endothelial cells, and
the secretory granules are then de-granulated into the
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lumen. Neutrophils then transmigrate through the endo-
thelial cell layer, during which tertiary granules are de-
granulated. Neutrophils finally migrate into an infected
site, during which primary and secondary granules are
(partially) de-granulated. Opioid peptides (B-endorphin and
met-enkephalin) are contained in the same primary gran-
ules as myeloperoxidase (Rittner et al. 2008).

Regulation of pain by neutrophil-derived opioid pep-
tides is regarded as an inflammatory response, whereas
regulation of the estrous cycle by neutrophil-derived opioid
peptides as a physiological process. Although IL-1, CRH
and IL-8 appear to be involved in regulation of pain by
neutrophils (Machelska and Stein 2006), IL-1 (Takacs et al.
1988), CRH (Xu et al. 2007) and MIP-2 (Sasaki et al. 2009)
are also detected in the ovary even under physiological
conditions. Consequently, it is possible that these mole-
cules are responsible for opioid peptide release from
neutrophils in both processes, and the difference between
these two processes may be quantitative but not qualitative.
Future studies should clarify the possibility.

Much more remains unresolved as to neutrophil-
dependent regulation of the estrous cycle, when compared
with neutrophil-dependent regulation of pain. For instance,
(1) what is the physiological significance of the neutrophil-
dependent regulatory mechanism for the estrous cycle? (2)
what is the relationship between the neutrophil-dependent
and neutrophil-independent mechanisms? In relation to the
question (2), is the backup mechanism (neutrophil-inde-
pendent mechanism) regulated by the hypothalamic-
pituitary-ovarian axis? Because we recently found a strain
of mice that is deficient in the neutrophil-dependent regu-
latory mechanism for the estrous cycle (Sasaki et al.
unpublished), future studies should provide clues as to
these questions.
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