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Short Communications

important to prevent outbreaks of Mycoplasma mastitis on dairy farms.
It has been reported that A bovis could be detected in bulk tank milk
on a farm where only one out of 300 cows was excreting organisms
(Bicknell and others 1983). In the present study, it was confirmed
that 1.8 (farm 12; 3/166) to 6.1 per cent (farm 13; 11/180) of M bovis-
infected cows and 6.9 (farm 14, 18/258) to 8.3 per cent (farm 3, 5/60)
of M californicum-infected cows on dairy farms were sufficient to detect
Mycoplasma mastitis by bulk tank milk screening.
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Abstract The aim of this study was to evaluate the reliability
and effectiveness of direct determination of trace and major
element concentrations in bronchoalveolar lavage fluid
samples from Holstein calves with Mycoplasma broncho-
pneumonia (n=21) and healthy controls (7=20). The
samples were obtained during bronchoscopy using a
standard examination method. A total of 18 elements
(aluminum, bromine, calcium, chlorine, chromium, cOpper,
iron, potassium, magnesium, manganese, molybdenum,
nickel, phosphorous, sulfur, silicon, strontium, titanium, and
zinc) were detected by particle-induced X-ray emission. The
average bromine, iron, potassium, magnesium, and phos-
phorous concentrations were higher in calves with broncho-
pneumonia than in controls (p<0.05). They were found to
have higher amounts of calcium and zine, and a higher zinc—
copper ratio than that in healthy calves (p<0.001). Based on
the receiver operating characteristics curves, we propose a
diagnostic cutoff point for zinc—copper ratio for identification
of Mycoplasma pneumonia of 8.676. Our results indicate that
assessment of the elemental composition of broncholaveolar
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lavage fluid is a promising diagnostic tool for Mycoplasma
bronchopneumonia.

Keywords Bronchoalveolar lavage fluid - Calf - Trace
elements - Mycoplasma brmchopneumonia -PIXE

Abbreviations
BALF  Bronchoalveolar 1avage fluid

MMP  Matrix metalloproteinase

PCR  Polymerase chain reaction

PIMs Pulmonafy intravascular macrophages
PIXE Particle-induced X-ray emission
ROC  Receiver operating characteristic
Introduction

Mycoplasma bovis is an important cause of calf pneumonia
worldwide. Because immune prophylaxis and treatment
with antibiotics are. not very effective, control measures
must include the introduction of strict ’hygiene standards,
confinement of infected herds, and culling of clinically
diseased animals [1]. Infection by M. bovis may develop
into a severe suppurative bronchopneumonia or necrotizing
pneumonia when associated with other organisms or,
conversely, into a mild catarrhal broncho-interstitial pneu-
monia when associated with other microorganisms {2].
Pulmonary lesions in naturally infected calves comprise an
exudative bronchopneumonia and extensive foci of coagu-
lative necrosis surrounded by inflammatory cells [2].
Chronic infections are often associated with a lymphocytic
“cuffing” pneumonia with marked hyperplasia of peribron-
chial lymphoid tissue that causes stenosis of the airway
lumen and compression and collapse of adjacent pulmonary
parenchyma [1].
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Pulmonary intravascular macrophages (PIMs) are present
in ruminants and horses [3]. These species are highly
sensitive to acute lung inflammation compared with non-
PIM-containing species such as rats and humans. As the
source of TNF-alpha, PIMs promote recruitment of inflam-
matory cells including IL-8-containing platelets to stimulate
acute inflammation in lungs [3]. Lung injury in human and
animals are associated with modifications of the extracellular
matrix metabolism that lead to an accumulation of several
elements and the development of organ fibrosis [3]. In
inflamed lungs, matrix metalloproteinase (MMP)-9 is a key
contributor to degradation of lung tissue and it potentiates
activation of neutrophil chemotactic chemokines. MMP-9 is
overexpressed in inflammatory pulmonary disorders of lung
in human with adult respiratory distress syndrome [4].
Elevated levels of both serine proteinases and MMPs have
been reported in bronchoalveolar lavage fluid (BALF) taken
from humans with adult respiratory distress syndrome [4, 5],
dogs with pulmonary cosinophilia [6] and horses with
chronic obstructive pulmonary disease [7]. Lakritz et al. [8]
indicated that gelatinases MMP-2 and MMP-9 were detected
in BALF of healthy calves and that lipopolysaccharide-
stimulated alveolar macrophages express MMP-9. In addi-
tion, an association between pneumonias attributable to
Pasteurella multocida or Mycoplasma bovirhinis in calves
and accumulation of MMP-9 in tracheobronchial lavage fluid
has been reported [9]. MMPs are a family of zinc and
calcium-dependent endopeptidases involved in remodeling
and physiological homeostasis of extracellular matrix [10].
Therefore, it is important to investigate the relevance of
bronchopneumonia and trace and major element status for
food animal health care. However, no comparative studies
are available on the trace and major elements status in BALF
form calves with Mycoplasma bronchopneumonia.

Thus, the aim of this study was to investigate the
concentrations and relationships between trace and major
elements in BALF from calves with Mycoplasma broncho-
pneumonia. The receivers operating characteristic (ROC)
curves were used to describe the performance of BALF in
screening for Mycoplasma bronchopneumonia and to
propose diagnostic cutoffs for calves.

Materials and Methods

All procedures were performed in accordance with the Guide
for the Care and Use of Laboratory Animals of the School of
Veterinary Medicine at Rakuno Gakuen University and the
National Research Council [11].

Forty-one Holstein calves, 31 males and 10 females, aged
85.3+46.1 days old, were enrolled in this study. The health
status of the animals was established on the basis of physical,
biochemical, thoracic ultrasound, and radiological examina-

tions. Twenty-one calves were isolated at the Rakuno Gakuen
University Veterinary Teaching Hospital showing clinical
signs such as coughing, nasal discharge, fever, and pulmonary
wheezing sounds. As controls, 20 healthy calves with none of
these clinical symptoms were kept at the School of Veterinary
Medicine, Rakuno Gakuen University.

The BALF samples were obtained during bronchoscopic
examination using a standard protocol described elsewhere
[12-14]. Briefly, bronchoscopy was performed using a
flexible video bronchoscope (Olympus VQ Type 60924,
Olympus Co., Tokyo, Japan) under sedation with-0.05 mg/
kg of 2% xylazine solution. The tip of the bronchoscope
was wedged into a position in a tracheal bronchus. Two
hundred milliliters isotonic, sterile saline solution warmed
to 37°C was instilled in 50 mL portions with a disposable
plastic syringe and immediately re-aspirated. The first
aliquot was discarded [14]. In this procedure, a recovery
rate of at least 60% is required.

Sub-samples were cultivated and investigated by polymer-
ase chain reaction (PCR) tests targeting the M. bovis, based on
16S rRNA genes [15]. Briefly, simplified PCR was
performed in a total reaction volume of 20 pL containing
10 uL of 2x AmpdirectPlus (Shimadzu Co., Kyoto, Japan),
0.5 U of Nova tag TM Hot Start DNA polymerase
(Novagen, UK), 5 pmol of a mycoplasma universal primer
set (MycoAce; Nihon Dobutsu Tokusyu Shindan Ltd.,
Hokkaido, Japan), and 5 uL of each samples. PCR was
performed in an iCycler PCR System (Bio-Rad Laboratories,
USA). Conditions for the simplified PCR were as follows:
initial denaturation at 95°C for 10 min followed by 35 cycles
of denaturation at 94°C for 30 s, annealing at 60°C for 45 s,
and extension at 72°C for 1 min. The PCR products were
separated by electrophoresis on 1.5% (w/v) agarose gels,
stained with ethidium bromide, and visualized with a UV
trans-illuminator. The M. bovis strain (ATCC 25523) was
used as positive standard.

The BALF was then centrifuged at 180xg for 10 min at 4°C
to remove cell debris and the supematant was stored at —80°C
until assay. The mean concentrations of trace and major
elements in BALF were detected by the particle-induced X-
ray emission (PIXE) method. A detailed description of the
experimental arrangement is shown elsewhere [13, 16].
Briefly, 100 uL BALF supematants were placed on a subtlety
Myler membrane and desiccated. The supernatants were
directly irradiated with proton beams. A small (baby)
cyclotron used for positron nuclear medicine at the Nishina
Memorial Cyclotron Center (Iwate, Japan) provides a 2.9-
MeV proton beam on a target after passing through a graphite
beam collimator. A Si (Li) detector (0.0254 mm Be window)
with 300 and 1,000-um thick Mylar absorbers was used to
select X-rays with energy higher than that of K—K alpha. For
lower-energy X-rays, another Si (Li) detector (0.008 mm Be)
was used without absorber.
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The data are shown as means*standard deviation (SD).
Statistical analyses were performed using a commercial
software package from IBM SPSS Statistics, v.19 (IBM Co,
Somers, NY, USA). The mean values for each dependent
variable were compared to the control values using the
unpaired Student's 7 test after analysis of ANOVA as F test.
The ROC curves were used to characterize the sensitivity
and specificity of a parameter to Mycoplasma bronchopneu-
monia. The optimal cutoff point for a test was calculated by
the Youden index [17]. The Youden index (J) is defined as
the maximum vertical distance between the ROC curve and
the diagonal or chance line and is calculated as J=maximum
[sensitivity+specificity—1]. The cutoff point on the ROC
curves that corresponds to .J is taken to be the optimal cutoff
point [17]. The significance level was set at p<0.05.

Results

Figure 1 shows the detection of M. bovis by simplified PCR
based on 16S rRNA genes. The PCR for Mollicutes
detected M. bovis in only one sample (5%) from a healthy
calves (controls, n=20) and in all samples (n=21, 100%)
from calves with bronchopneumonia. Therefore, the statis-
tical analysis enrolled 19 healthy controls that had not
detected M. bovis and 21 bronchopneumonia calves.

The mean concentrations of trace and major elements in
BALF from calves with Mycoplasma bronchopneumonia
are summarized in Table 1. The PIXE method allowed
detection of 18 elements: Al, Br, Ca, Cl, Cr, Cu, Fe, K, Mg,
Mn, Mo, Ni, P, S, Si, Sr, Ti, and Zn. The average
concentrations of Br, Fe, K, Mg, and P were higher in the
calves with bronchopneumonia than those of the controls
(<0.05). Additionally, the calves with Mycoplasma bron-
chopneumonia were found to have larger amounts of Ca

1,000 bpE

500 bp
Mycoplasma bovis{

control

Mycoplasma
bronchopneumonia

Fig. 1 Detection of Mycoplasma bovis in calves by polymerase chain
reaction based on 16S rRNA genes. M marker, 4 positive standard
(ATCC 25523), lanes /-3 control, and lanes 4-6 bronchopneumonia
calves

@ Springer

Table 1 Comparison of 18 trace and major elements status measured
in broncoalveolar lavage fluid of the calves with or without
Mycoplasma bronchopneumonia

(ng/mL) Control Mycoplasma pnuemonia  p value
n=19) (n=21)

Al 0.365°£0.238 0.942+0.924 Ns®

Br 0.409+£0.203 1.010+0.814 p<0.05

Ca 4.78+1.62 10.05+6.92 p<0.01

Cl 70431764 1,110.4£874.0 NS

Cr 0.028+0.016 0.038+0.021 NS

Cu 0.026+0.036 0.034+0.040 NS

Fe 0.099+0.070 0.201+0.190 p<0.05

K 34.4£125 65.3£32.9 p<0.05

Mg 1.13£0.75 3.114£2.39 p<0.05

Mn 0.012+0.008 0.014+0.016 NS

Mo 0.052+0.036 0.029+0.025 NS

Ni 0.009+0.005 0.007+0.005 NS
3.21£1.89 15.33+10.45 p<0.05

S 8.62+2.26 27.354£21.23 NS

Si 1.19+0.68 1.93+£1.09 NS

Sr 0.017£0.015 0.016+0.016 NS

Ti 0.094+0.085 0.124£0.058 NS

Zn 0.074+0.048 0.366+0.166 p<0.001

Ca/P 2.01+1.63 1.01£0.66 NS

Zn/Cu 5.93+£5.48 26.84+19.57 p<0.001

* micrograms per liter (pg/mL)
®Not significant

and Zn compared to those without respiratory disease (p<
0.01 and p<0.001, respectively). There are no significant
differences in the levels of the remaining 11 elements.

The areas under the ROC curves for Ca and Zn
concentrations were 0.779 (p<0.01) and 0.990 (p<0.001),
respectively (Fig. 2). The proposed diagnostic cutoff points
for Ca and Zn concentrations in BALF for identifying
Mycoplasma bronchopneumonia based on the analysis of
the ROC curves were set at 5.894 and 0.180 pg/mlL,
respectively. Sensitivities and specificities of proposed
diagnostic cutoffs for Ca concentration in BALF were
71.4% and 90.0%, respectively. In the same manner,
sensitivities and specificities of proposed diagnostic cutoffs
for Zn concentration in BALF were 95.2% and 95.0%,
respectively.

Figure 3 shows a ROC curves for Zn/Cu ration in
detecting Mycoplasma bronchopneumonia in calves. In the
body, Ca and P, and Zn and Cu are regulated and restricted
by each other, so variations in the Ca/P and the Zn/Cu ratios
reflect the ‘effects of these two microelements, respectively
[13, 16]. However, in the calves with Mycoplasma
bronchopneumonia, no characteristic difference of the Ca/
P ratio was found in BALF. In contrast, the Zn/Cu ratios of
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the BALF in the calves with Mycoplasma bronchopneumonia
(26.84+19.57) were significantly higher than that of the
healthy control (4.91+3.48, p<0.001). Proposed diagnostic
cutoff points for Zn/Cu ratios in BALF for identifying

Mycoplasma pneumonia based on the analysis of the ROC .

curves were set at 8.676. Sensitivities and specificities of
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Fig. 3 Receiver operating characteristic (ROC) curves for the Zn/Cu
ratio for detection of Mycoplasma bronchopneumonia in calves. Sce
Fig. 2 for key

100 - Specificity (%)

proposed diagnostic cutoffs for Zn/Cu ratio in BALF were
93.8% and 82.4%, respectively.

Discussion

We found how Mycoplasma bronchopneumonia in calves is
associated with the concentrations of some trace and major
elements in BALF. The calves with Mycoplasma broncho-
pneumonia were found to have larger concentrations of Br,
Ca, Fe, K, Mg, P and Zn, and a high Zn/Cu ratio in BALF
compared to those without bronchopneumonia. In addi-
tion, the proposed diagnostic cutoffs for Ca and Zn
concentrations and Zn/Cu ratio in BALF based on ROC
curves analysis in detecting a Mycoplasma bronchopneu-
monia were set at 5.894 and 0.180 pug/mL, and 8.676,
respectively. :

The clinical and pathological signs for bronchopneumo-
nia caused by M. bovis are non-specific, so laboratory
diagnosis is necessary for identification of the disease. To
that effect, PCRs have been used to detect M. bovis directly
in milk and nasal samples [18]. Several researches
demonstrated that sampling by BALF was more useful for
prediction of lower respiratory airway pathogens than nasal
swabs although clearly not as convenient [19, 20].
Therefore, in this study, PCRs based on 16S rRNA genes
amplified M. bovis DNA [15, 21] and were used to confirm
Mycoplasma bronchopneumonia, using BALF samples.

The PIXE method used in the present study is a fast and
reliable multi-element qualitative and quantitative analytical
tool that is easily accomplished [22]. In this technique, a
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detector analyzes characteristic X-rays emitted as a result of
inner-shell ionization of target atoms. The method works
well in small samples and is suitable for determining
elements in a solid surface, especially for analyzing medium
and higher atomic weight elements in a matrix consisting of
light elements. With this technique, a sample of a few
micrograms is sufficient to analyze concentrations in the
parts-per-million range [22]. Because the method does not
involve complicated sample preparation, the risk of contam-
ination during the preparation of a sample for PIXE method
is remarkably lower than that for other methods [13, 16].

Our results show that the average Br, Fe, K, Mg, and P
concentrations in BALF from bronchopneumonia calves were
higher than those in controls. A structurally and functionally
distinct enzyme from neuu‘ophil niyeloperoxidase has the
unique ability to use halides or pseudohalides (X") and H,0,
derived from the respiratory burst to generate cytotoxic
hypohalous acids, especially hypobromous acid (HOBr) [23,
24]. The eosinophil peroxidase (EPO), such as EPO-H,0,—
Br~ system, is also an effective cytotoxin for multiple targets
such as multicellular worms or parasites, bacteria, viruses,
and host cells [23]. Both HOBr and the EPO-H,0,-Br~
system are involved in many of the pathophysiological
features of inflamed respiratory disease [24].

Iron is involved in many enzymatic activities, Significant
changes in Fe concentration have been reported in BALF of
patients with acute respiratory distress syndrome [25]. These
changes have been interpreted ‘as indicating that lungs
require basal levels of extracellular redox-active Fe [26].

Potassium, magnesium, and phosphorus leak out to the
extracellular fluid from tracheal epithelial cell injury
because these elements are mostly contained in the
intracellular fluid. Majeschak et al. [27] suggested that the
Mg”*/ATP-dependent 26S proteasome complex exists out-
side the cell and is released into the lung epithelial lining
fluid after lung injury and contributes to the proteolysis of
the bulk of protein in the alveolar space. BAL phospholipid
content in lung injury rats correlated with the severity of
alveolar-capillary leak [3]. Therefore, increased levels of
Br, K, Fe, Mg, and P in BAL might be highly correlated
with bronchial inflammation caused by M. bovis.

It was also found that BALF from calves with Mycoplasma
bronchopneumonia were found to have larger concentrations
of Ca and Zn and a high Zn/Cu ratio compared to those
without respiratory disease. It is known that a calcium
ionophore induces airway hyper-responsiveness to intravenous
histamine and substance P possibly by reducing the nitric
oxide levels in the airway tissues. This may be due to
damaged airway epithelium and/or NO breakdown by
activated inflammatory cells in the airway [28]. It is
speculated that there is a correlation between Ca levels in
BALF and the damage of the airway epithelium in calves with
Mycoplasma bronchopneumonia. MMPs are a family of Zn

@ Springer

and Ca-dependent endopeptidases involved in remodeling and
physiological homeostasis of the extracellular matrix, shown
to be important in the early stages of inflammation associated
with respiratory disease in cattle [8, 29].

Associations between pneumonias attributable to P
multocida or M. bovirhinis in calves and accumulation of
MMP-9 in tracheobronchial lavage fluid have been reported
[9]. These molecules have high Zn-binding ability, contain-
ing three Zn-binding histidines and a glutamate that acts as
a general base/acid during catalysis [30]. Furthermore,
MMPs have three o-helices and a five-stranded B-sheet, as
well as at least two Ca sites and a second ‘Zn site with
structural functions. Consequently, MMPs depend upon
ionized Zn for activity and on Ca for stability. The changes
of these elements -are not specific with Mycoplasma
bronchopneumonia because they result from reactions to
inflammation of the bronchus and the tracheal branches.
However, Mpycoplasma bronchopneumonia induces severe
airway inflammation accompanied by profound and persis-
tent micro-vascular remodeling in tracheobronchial mucosa.
The present results support these findings.

The pathogenesis of Mycoplasma bronchopneumonia is
usually studied by genetic, proteomic, or molecular biology
approaches. This study suggests that direct determination of
trace and major elements concentrations in BALF could be a
useful approach to the study of the pathogenesis of
Mycoplasma bronchopneumonia. Infected calves were found
to have higher amounts of Ca and Zn and a high Zn/Cu ratio
in BALF compared to those without respiratory disease.

In conclusion, it is suggested that measuring the Br, Ca, Fe,
K, Mg, P, and Zn concentrations and the Zn/Cu ratio status in
BALF might help with diagnosis and even predict the
susceptibility of a calf to Mycoplasma bronchoneumonia.
Future studies need to focus in determining whether there is
a correlation between zinc and calcium levels in BALF and
the severity of bronchopneumonia.
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Abstract Several protein tyrosine kinases (PTKs) are iden-
tified as follicle survival factors that suppress apoptosis in
granulosa cells. Focal adhesion kinase (FAK/PTK?2) inter-
acts with numerous signaling partners and is important for
cell adhesion, survival and other vital processes in which
FAK autophosphorylation at Y397 (pY397 FAK) is critical
for activating signaling pathways. Despite its important
roles in apoptosis, the expression and function of FAK in
the ovaries remain unknown. Here, we describe FAK ex-
pression, including pY397 FAK, in normal healthy mouse
ovaries and its association with follicular development and/
or atresia. Normal healthy mouse ovaries were used for
western blot (n>60) and immunohistochemical (n>180)
analyses. Western blot results in immature and mature mice
revealed that total FAK and pY397 FAK were highly
expressed in the ovary and immunohistochemistry results
in 3-week-old mice showed they were localized to granulosa
cells of ovarian follicles, especially preantral follicles. In 3-
week-old mice treated with 5 TU pregnant mare serum
gonadotropin (for obtaining homogenous populations of
growing or atretic follicles), western blotting revealed that
follicular atresia progression involved decreased
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phosphorylation of Y397 at 72 and 96 h after treatment,
particularly in granulosa cells of atretic follicles, as shown
by immunohistochemistry results at 72 h after treatment.
Moreover, immunostaining patterns of FAK and cleaved
caspase-3 were negatively correlated in serial sections of 3-
week-old mouse ovaries. These results suggest that FAK is
most active in ovarian follicle granulosa cells and that its
phosphorylation at Y397 is histologically meaningful in fol-
licular development in normal healthy ovaries.

Keywords Ovarian follicular development - Granulosa
cells - Apoptosis - Focal adhesion kinase - Phosphorylation

Introduction

In mammalian ovaries, only a few (<1%) follicles are se-
lected for growth and develop sufficiently for ovulation,
whereas most (>99%) follicles undergo a degenerative pro-
cess known as atresia at various stages in their development
(Hirshfield 1991; Tsaftiri and Braw 1984). Follicular atresia
is initiated as a consequence of the apoptotic cell death of
granulosa cells. Subsequently, degeneration of the oocyte
occurs at the last stage of atresia (Alonso-Pozos et al. 2003;
Manabe et al. 1996) in response to a variety of stimuli in the
ovary, including growth factor deprivation (Kaipia and
Hsueh 1997), accumulation of metabolites (Tilly 1996)
and death signals such as Fas ligand (Sakamaki et al.
1997). While atresia has been extensively studied, the exact
mechanisms that direct a follicle towards continued growth
or atresia remain unknown.

Several reports have indicated that receptor PTKs are
important for regulating the intracellular events that follow
stimulation of granulosa cells with various factors. In pre-
ovulatory follicles and isolated granulosa cells from rats, the
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locally produced survival factors, epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF), the recep-
tors for which possess PTK domains within their molecular
structures, suppress apoptosis as effectively as do gonado-
tropins (Chun et al. 1994; Tilly et al. 1992). Insulin-like
growth factor T (IGF-I) has been shown to stimulate the
proliferation and steroidogenesis of granulosa cells during
in vitro culture of cells from different species (Adashi et al.
1985; Erickson et al. 1991; Guthrie et al. 1998).

FAK is a widely expressed 125-kD non-receptor PTK
highly enriched in focal adhesions (Hanks and Polte 1997,
Schaller et al. 1992). As a key mediator of integrin signal-
ing, FAK is involved in the regulation of cell adhesion,
spreading, migration, survival and proliferation (Cary et
al. 2002; Schaller 2001; Schaller et al. 1992). Integrin clus-
tering leads to autophosphorylation of FAK at Y397 (Cary
et al. 2002), which creates a binding site for the Src-
homology 2 (SH2) domain of Src and Fyn (Src family
kinases; SFKs) (Cobb et al. 1994; Schaller et al. 1994) as
well as phosphatidylinositol 3-kinase (PI3K) (Chen et al.
1996). Following their binding to phosphorylated Y397,
SFKs phosphorylate other tyrosine residues in FAK, initiat-
ing additional downstream events: phosphorylation at Y576
and Y577 in the catalytic domain increases FAK activity
(Calalb et al. 1995; Owen et al. 1999), while binding of
PI3K to FAK activates the anti-apoptotic Akt pathway
(Chen et al. 1996; Sonoda et al. 2000). In some cells, the
SH2 domain of Grb2 binds to phosphorylated Y925 and
triggers Ras-dependent activation of the mitogen-activated
protein kinase (MAPK) pathway (Schlaepfer et al. 1994,
Schlaepfer and Hunter 1996). Therefore, autophosphoryla-
tion at Y397 is a key determinant of the physiological
functions of FAK.

FAK has been implicated as an important prosurvival
factor in the regulation of apoptosis induced by various
stimuli; for example, FAK protects cells against apoptosis
caused by oxidative stress, etoposide (Sonoda et al. 2000)
and ultraviolet light (Chan et al. 1999). Therefore, enhanced
FAK signaling may result in uncontrolled proliferation, sur-
vival, or migration of cells, as observed in the development
and progression of cancers including breast, colon and
thyroid carcinomas (Cance et al. 2000; Lark et al. 2003;
Owens et al. 1995; Weiner et al. 1993). Several studies
(Judson et al. 1999; Sood et al. 2004) have also found that
FAK is overexpressed in ovarian cancer cells. In contrast,
FAK is proteolytically cleaved and degraded during the
early stages of apoptosis in various cell types, including
chicken embryo fibroblasts (Crouch et al. 1996) and human
umbilical vein endothelial cells (Levkau et al. 1998). Given
its involvement in processes important for tumorigenesis
and metastasis, FAK might be a promising target in the
ongoing search for anticancer drugs in ovarian cancer
(Halder et al. 2006); however, the function of FAK in
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follicular growth and/or atresia in the normal ovary is
unknown.

The aims of this study were to determine the expression
and localization of FAK in the mouse ovary and to further
histologically analyze its relationship to follicular growth
and/or atresia. We report the first description of the expres-
sion of FAK in the normal healthy mouse ovary and exam-
ine the involvement of FAK phosphorylation at Y397 in
follicular outcome.

Materials and methods
Animals and collection of ovaries

All ICR mice were purchased from Japan SLC and housed
under controlled temperatures (22-27°C) and a constant
photoperiod (13L:11D). Mice were provided with a pelleted
diet (Oriental Yeast, Japan) and water ad libitum. All inves-
tigations were performed in accordance with the Guide for
Care and Use of Laboratory Animals of the Graduate School
of Agricultural Science, Tohoku University. Virgin female
mice 1, 2, 3, 4 and 5 weeks of age were used as immature
mice. Estrous cycles of mature mice over 6 weeks of age
were tracked by performing daily vaginal smears and only
those mice that completed 3 consecutive cycles were used
for experiments. Mice were killed by cervical dislocation
and then the ovaries were removed and immediately frozen
in liquid nitrogen and stored at —80°C for protein extraction
or fixed for immunohistochemistry. To synchronize the state
of ovarian follicles, immature mice were injected subcuta-
neously with 5 TU of pregnant mare serum gonadotropin
(PMSG; ASKA Pharmaceutical, Japan) at 3 weeks of age.
PMSG is known to stimulate growth and development of
ovarian follicles for 2 days, after which follicles undergo
atresia due to the decline in level of tropic support caused by
gonadotropin withdrawal (Dhanasekaran and Moudgal
1989). Therefore, ovaries were collected at 0, 24, 48, 72
and 96 h (defined as PO-P96, respectively) after PMSG
treatment; ovaries exhibited homogenous populations of
growing follicles at P24 and P48 and atretic follicles at
P72 and P96.

SDS-PAGE and western blotting

Total protein from mouse ovaries (4—12 ovaries were pooled
in 1 tube per | sample) was extracted with RTPA buffer (Cell
Signaling Technology, MA, USA) containing 1% (w/v)
phenylmethanesulfonyl fluoride (Sigma-Aldrich) and 1%
(w/v) phosphatase inhibitor cocktail 1 (Sigma). Total protein
from normal 3-week-old mouse lungs (7=3) was used as a
positive control. Electrophoresis was performed with 40 ug
of total protein in each lane on polyacrylamide gels [8% for
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total FAK and FAK phosphorylated at Y397 (pY397 FAK)
or 15% for cleaved caspase-3] and the resolved proteins
were transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, MA, USA). Thereafter, the membranes
were blocked for 1 h at room temperature with Tris-buffered
saline (TBS) containing 0.1% Tween 20 (Wako) (TBS-T)
and 5% skim milk (Wako Pure Chemical, Japan) or 5%
albumin from bovine serum (BSA; Sigma) for the detection
of total FAK and cleaved caspase-3 or pY397 FAK, respec-
tively. After 3 washes with TBS-T, membranes were incu-
bated with rabbit anti-total FAK monoclonal antibody
(diluted 1:1,000; Abcam, UK), rabbit anti-pY397 FAK
monoclonal antibody (1:4,000; Invitrogen), rabbit anti-
cleaved caspase-3 monoclonal antibody (1:1,000; Cell
Signaling Technology), or mouse anti-a-tubulin mono-
clonal antibody (for «-tubulin as a loading control,
1:2,000; Sigma) overnight at 4°C. After 3 washes, the
membranes were reacted with horseradish peroxidase-
conjugated goat anti-rabbit IgG (diluted 1:15,000 for
total FAK, 1:20,000 for pY397 FAK and 1:10,000 for
cleaved caspase-3; Jackson Immuno Research, PA,
. USA) or horseradish peroxidase-conjugated goat anti-
mouse IgG (1:40,000 for x-tubulin; Sigma) for 1 h at
room temperature. Peroxidase activity was visualized
using the ECL Plus western blotting detection system
(GE Healthcare, UK).

Statistical analysis

Western blot analyses were repeated at least three times. The
densitometric ratios of the bands representing total FAK and
pY397 FAK relative to that for «-tubulin, as well as pY397/
total FAK ratio, were analyzed using Student’s 7 test. P<
0.05 was considered statistically significant.

Immunohistochemistry

Ovaries collected from 3-week-old mice with or without
PMSG injection (at P48 and P72) (each treatment, n>
60), from mature mice (each estrous cycle: n=3), or
lungs from 3-week-old mice used as positive controls
(n=3), were fixed for 4 h at room temperature in 10%
formalin (v/v; Wako) containing 1% phosphatase inhib-
itor cocktail 1 in Ca’’- and Mg*'-free Dulbecco’s
phosphate-buffered saline (PBS; Nissui Pharmaceutical;,
Japan), after which they were dehydrated, embedded in
paraffin, serially sectioned (4-7 pm thick) and mounted
on Matsunami adhesive silane (MAS)-coated glass slides
(Matsunami Glass, Japan). Sections were deparaffinized
and rehydrated. For antigen retrieval, sections were ex-
posed for 10 min to boiling 10 mM trisodium citrate
dihydrate (pH 6.0; Wako) containing 0.05% Tween 20
and washed twice in PBS. Sections were incubated for
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20 min with 3% H,0, (Wako) in methanol (Wako) to
eliminate endogenous peroxidase activity prior to wash-
ing twice with PBS. In order to block nonspecific
protein binding, sections were incubated with 5% BSA
in PBS for 30 min and washed twice with PBS. Sec-
tions were then incubated with rabbit anti-total FAK
monoclonal antibody (diluted 1:50), rabbit anti-pY397 FAK
monoclonal antibody (1:200), rabbit anti-cleaved caspase-3
monoclonal antibody (1:100), or rabbit monoclonal isotype
control (1:50; Cell Signaling Technology) overnight at 4°C
(for total FAK, cleaved caspase-3 and isotype control stain-
ing) or for 1 h at room temperature (for pY397 FAK stain-
ing). Following washing twice with PBS, sections were next
reacted with biotinylated anti-rabbit IgG (diluted 1:100 for
total FAK, 1:400 for pY397 FAK, 1:200 for cleaved
caspase-3 and 1:100 for isotype control staining; Vector
Laboratories, CA, USA) for 30 min. Washed twice with
PBS, finally, sections were incubated with peroxidase-
conjugated streptavidin (Nichirei, Japan) for 10 min. After
2 washes with PBS, slides were developed by incubation
with 3,3'-diaminobenzidine tetrahydrochloride (DAB; Vector
Laboratories) until color development was noted; the color
reaction was stopped by washing the slides in distilled water.
The sections were counterstained with hematoxylin (Wako)
and then mounted with Fluoromount-G (SouthernBiotech,
AL, USA).
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Fig. 1 a Expression of total FAK and pY397 FAK in mouse ovaries. b
Expression of total FAK and pY397 FAK in mouse lungs used as
positive controls. The molecular weights of total FAK and pY397
FAK in normal healthy ovaries and lungs from 3-week-old mice were
identical. /w~5w 1- to 5-week-old, P proestrus, £ estrus, M metestrus,
D diestrus, L lung, O Ovary, M.W. molecular weight
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Results
Expression levels of total and pY397 FAK in the mouse ovary

Western blot analysis was performed to investigate whether

total FAK and pY397 FAK were expressed in normal
healthy mouse ovaries. Both total and pY397 FAK were
highly expressed in ovaries from immature mice and ex-
pression levels did not change significantly with age. In
contrast, expression levels of total and pY397 FAK were
lower in the ovaries of mature mice than in those of imma-
ture mice, although the expression levels in mature mice
were similar during estrous cycle (Fig. la).

Fig. 2 Distributions of total
FAK and pY397 FAK in normal
healthy mouse ovaries. Serial
scctions (a—e) and (a"-d’) were
stained for total (a—e) and
pY397 (a~d") FAK and
visualized with DAB (brown).
The distributions of total and
pY397 FAK were similar and
total and pY397 FAK were
expressed strongly in granulosa
cells in follicles at all
developmental stages and
weakly in the corpus luteum.
a—d and e are ovarian sections
from 3-week-old mice or
mature mice during diestrus,
respectively. a Low magnifica-
tion, b primordial to secondary
follicles, ¢ primary to secondary
(early preantral) follicles, d
preantral (early antraly follicles.
Immature mouse lungs were
used to examine positive (f, {')
and negative (g) control reac-
tions to total FAK and pY397
FAK. In the lung, total and
pY397 FAK were expressed in
the bronchial epithelium. PdF
primordial follicles, PrF prima-
ry follicles, ScF secondary fol-
licles, PaF preantral follicles,
CL corpus luteum. Bars

100 pm
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Localization of total and pY397 FAK in ovaries

To investigate the localization of FAK in the mouse ovary,
immunohistochemical studies were performed on ovaries
from 3-week-old and mature mice. As shown in Fig. 2a—d,
total FAK was expressed at high levels in the granulosa cells
of ovarian follicles at every developmental stage, from
primordial to antral follicles. Low levels of total FAK were
observed in oocytes, very low levels were observed in theca
cells and FAK levels were undetectable in basement mem-

branes. In the ovaries collected from mature mice during
diestrus, total FAK was also expressed in the corpus luteum
(CL) at low levels (Fig. 2e). The expression pattern of total
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FAK was similar at each stage of the estrous cycle. More-
over, immunostaining of serial sections for total and pY397
FAK indicated that pY397 FAK, like total FAK, was highly
expressed in the granulosa cells in follicles at every devel-
opmental stage, as well as in the oocytes; granulosa cells
that were positive for total FAK also expressed pY397 FAK
(Fig. 2a’-d").

Expression levels of total and pY397 FAK in hormonally
regulated ovaries

To clarify the relationship between expression levels of
FAK and follicular growth and/or atresia, PMSG injec-
tion was performed to obtain homogenous populations
of growing or atretic follicles and then expression levels
of total and pY397 FAK at P24, 48, 72 and 96
were compared with those at PO by western blotting
analysis using Student’s ¢ test (Fig. 3a); the same sta-
tistical significances were obtained also using one-way
ANOVA, followed by Fisher’s protected least significant
differences (PLSD) test (data not shown). The expres-
sion level of total FAK tended to be lower after PMSG
treatment but was significantly lower only at P72 com-
pared with PO (Fig. 3b). In contrast, the expression level
of pY397 FAK was significantly lower from P24 to P96
compared with PO (Fig. 3b). To examine these expres-
sion levels more clearly, the pY397/total FAK ratio was
also statistically analyzed. It was observed that the pY397/
total FAK ratio was significantly decreased at P72 and
P96 (Fig. 3b), when ovaries exhibited homogenous pop-
ulations of atretic follicles as demonstrated by an increase in
concentration of active fragments of caspase-3; cleaved
caspase-3 (an indicator of progressing follicular atresia)
(Fig. 3a).

Localization of total and pY397 FAK in hormonally
regulated ovaries

Many fully grown antral follicles were present in ovaries
48 h after PMSG injection (Fig. 4a). In large antral follicles,
total and pY397 FAK were expressed in cumulus cells and
granulosa cells, especially those proximate to the antrum
(Fig. 4b—c’). The expression levels of FAK were higher in the
granulosa cells of preantral follicles than in those of antral
follicles (Fig. 4b). In the ovaries that exhibited homogenous
populations of atretic follicles and CLs at P72 (Fig. 5a and a"),
the expression level of pY397 FAK was low in the granulosa
cells of follicles at the early stage of atresia, containing
pyknotic (apoptotic) cells; however, total FAK was highly
expressed in the same cells, as shown in immunostained serial
sections (Figs. 5b and b).
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Fig. 3 a Expression of total FAK and pY397 FAK and detection of
cleaved caspase-3 in ovaries from PMSG-injected mice. b Relative
expression levels of total FAK and pY397 FAK. Values are mean =
SEM (n=3). Significant differences (P<0.05) in comparison to PO are
indicated by asterisks. PO-P96, times (h) after PMSG injection

Relevance to apoptosis

Follicular atresia is initiated by the apoptosis of granulosa
cells. Therefore, we finally examined the relevance of FAK
expression to apoptotic events in granulosa cells by immu-
nostaining serial sections of mouse ovaries for total FAK,
pY397 FAK and cleaved capsase-3. As shown in Fig. 6,
intact granulosa cells expressed both total and pY397 FAK
but were negative for cleaved caspase-3. In contrast,
pyknotic granulosa cells were negative for total and pY397
FAK but showed intense cleaved caspase-3 staining. These
results indicate that FAK expression decreased in apoptotic
granulosa cells, which coincides with the cleavage of FAK by
activated caspase-3 during apoptosis. Unexpected total FAK
expression in apoptotic cell debris may represent the con-
densed cleaved products of FAK by activated caspase-3.

Discussion

The granulosa and theca cells in the ovary release local
factors such as cytokines (Adashi 1992) and various growth
factors (Adashi et al. 1991; Roy and Greenwald 1996),
which regulate the growth of ovarian follicles via autocrine
and/or paracrine mechanisms. Furthermore, phosphorylation
of intracellular signaling molecules by PTKSs is essential for

@ Springer

213



462

Cell Tissue Res (2012) 347:457-465

Fig. 4 Distributions of total
FAK and pY397 FAK in mouse
ovaries at 48 h after PMSG
treatment. a, b Immunostained
total FAK was visualized with
DAB (brown). Total FAK was
strongly expressed in cumulus
cells and periantral granulosa
cells of antral follicles. Serial
sections (¢, ¢), were stained for
total and pY397 FAK and
visualized with DAB (brown).
The distributions of total and
Y397 FAK were similar in
antral follicles. PaF preantral
follicle, AnF antral follicle, CC
cumulus cells, PGC periantral
granulosa cells, MGC
membrana granulosa cells, F4
follicular antrum. a Low
magnification; b high
magnification image of (a).
Bars 100 pm

regulating the dynamics of follicular growth and atresia (Chun
et al. 1994, 1996; Dissen et al. 2001; Tilly et al. 1992).

In the mouse ovary, the total FAK and pY397 FAK
(hereafter together called FAKSs) expression levels were sim-
ilar during immature development and estrous cycles; how-
ever, FAK expression levels in the ovaries of mature mice
were lower than those of immature mice (Fig. 1a). Total
ovary lysates were used for western blot analyses; immuno-
histochemistry results showed that FAKs were expressed at
low levels in CLs (Fig. 2e), which may explain the decrease
of FAKs in whole ovaries of mature mice, because CL
accounts for a large part of the whole ovary in mature mice.

In this study, a strong expression of both total and pY397
FAK was observed in the granulosa cells of ovarian follicles
(Fig. 2), which is consistent with the known roles of FAK in
cell adhesion, spreading, migration, survival and proliferation
in various cell types (Cary and Guan 1999; Schaller 2001;
Schaller et al. 1992). This suggests that total FAK, including
pY397 FAK, is histologically involved in the functioning of
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granulosa cells, such as cellular survival and proliferation.
However, whether follicles that express FAKs continue to
grow or undergo atresia or, in other words, whether FAKs play
a positive or negative role in follicular development is unclear.

To examine the relationship between FAKs and follicular
growth and/or atresia, we used ovaries containing homoge-
nous populations of growing or atretic follicles from PMSG-
injected mice. Before PMSG injection (P0O), FAKs were
highly expressed and active fragments of caspase-3 were
also strongly detected. At P24 and P48, cleaved caspase-3
concentration drastically decreased (Fig. 3a); because of the
anti-apoptotic effects of PMSG, total FAK expression levels
were unexpectedly lower and that of pY397 FAK were
significantly lower. Because the pY397/total FAK ratio did
not significantly decrease at P24 and P48, it was suggested
that the significant decrease in pY397 FAK expression at
these time points was due to the decrease in total FAK
expression. The decrease in total FAK expression coincided
with the lower FAK expression in granulosa cells of antral
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Fig. 5 Distributions of total
FAK and pY397 FAK in mousc
ovaries at 72 h after PMSG
treatment. Serial sections, (a, b)
and (a’, b"), were stained for
total (a, b) and pY397 (a’, b’)
FAK and visualized with DAB
{(brown). Expression of pY397
FAK was low in the granulosa
cells of atretic follicles. A¢F
atretic follicle, CL corpus
luteum, PC pyknotic
(apoptotic) cells. b and b’ are
high magnification images of
(a) and (a'), respectively.
Arrows indicate atretic follicles
including pyknotic (apoptotic)
cells. Bar 100 pm

follicles as compared to that in preantral follicles, which
account for a large portion of the ovary (Fig. 4). Most
importantly, the total FAK and pY397 FAK expression
levels were significantly lower at P72 than at PO
(Fig. 3b). This significant decrease in pY397 FAK ex-
pression cannot be explained only by the decreased total
FAK expression, because the pY397/total FAK ratio was
also significantly low at this time point (Fig. 3b). A
significant decrease in total FAK might be because of
its very low expression in many follicles at late stages
of atresia as well as its low expression in the CLs. At
P72, cleaved caspase-3 was strongly detected (Fig. 3a);
furthermore, pY397 FAK was expressed at a low level

Fig. 6 Relevance of FAK to
apoptosis of granulosa cells.
Serial sections of ovaries from
3-week-old mice were stained
for cleaved caspase-3 (a), total
FAK (b) and pY397 FAK (c)
and visualized with DAB
(brown). Arrows and arrow-
heads indicate pyknotic cells
and apoptotic cell debris,
respectively. Bar 50 pm

in granulosa cells of large follicles at early stage of
atresia (Fig. 5b’). Phosphorylated Y397 is a docking
site for PI3K (Chen et al. 1996), which activates the
anti-apoptotic Akt pathway (Sonoda et al. 2000). More-
over, the apoptotic events triggered by FAK deactivation
are accompanied by rapid FAK dephosphorylation at
Y397, endogenous FAK degradation and caspase-3 acti-
vation (Beviglia et al. 2003). Proliferation and differen-
tiation of granulosa cells are the essence of ovarian
follicular development (Simpson et al. 2002) and the
FAK expression was especially strong in undifferentiat-
ed follicular granulosa cells at preantral stages (Fig. 4b).
Therefore, our results suggest that FAK phosphorylation
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at Y397 has a positive role in follicular growth by
promoting the proliferation and survival of granulosa
cells.

In serially sectioned specimens, we compared the total
FAK and pY397 FAK expression patterns with immunoloc-
alization of cleaved caspase-3 to examine the role of FAKs
in granulosa cell apoptosis (Fig. 6). Active fragments of
caspase-3 were strongly localized in some granulosa cells
of ovaries collected from 3-week-old mice and FAKs
were not expressed in pyknotic cells that are positive for
cleaved caspase-3 staining. FAK is cleaved by activated
caspase-3 (Wen et al. 1997) and this cleavage coincides with
the loss of FAK from focal contacts, cell rounding and
redistribution of FAK to characteristic apoptotic membrane
protrusions (Levkau et al. 1998). FAK has also been dem-
onstrated to suppress apoptosis by binding to receptor-
interacting protein, which is essential for the formation of
the death-inducing signaling complex (Takahashi et al.
2007). As early follicular atresia is characterized by a small
degree of apoptosis in granulosa cells, this result further
confirms that FAKs histologically play positive roles in
granulosa cell survival, which is important for ovarian fol-
licular development.

In antral follicles, granulosa cells differentiated into 3
distinct phenotypes—cumulus, periantral and membrana
granulosa cells—based on their position relative to oocytes,
which is dictated by the concentration of morphogens se-
creted from oocytes, including growth differentiation factor
9 and bone morphogenetic protein (BMP) 15 (Erickson and
Shimasaki 2000). These morphogens promote growth and
prevent apoptosis of cumulus cells (Gilchrist et al. 2004;
Hussein et al. 2005). Moreover, a BMP gradient was sug-
gested to be responsible for the mechanism whereby follic-
ular atresia was initiated from granulosa cells (Hussein et al.
2005). FAKs were also localized to oocytes and cumulus
cells and expression of their gradients was observed in
granulosa cell layers (Fig. 4). Thus, the FAK function in
the cumulus and granulosa cells may be regulated by the
oocyte-secreted morphogens. Considering that oocytes and
granulosa cells are morphologically and physiologically
different (e.g., oocytes do not proliferate and migrate within
the follicle), the role of FAK in oocytes may differ from that
in granulosa cells. Therefore, FAK may have other functions
in the ovary, in addition to follicular development, which are
predicted to resemble those of other PTKs, e.g., IGF-I and
its receptor, which regulate oocyte meiotic maturation
(Yoshimura et al. 1996), cumulus cell expansion (Singh
and Armstrong 1997), as well as granulosa cell proliferation
(Zhou et al. 1991).

In this study, we demonstrated that FAK is strongly
expressed in granulosa cells of growing follicles, particular-
ly at the preantral stage, in normal healthy mouse ovaries
and that especially its phosphorylated form at Y397

@_ Springer

supports follicular development by inducing survival and
proliferation of granulosa cells.
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Adrenomedullin (ADM) is a multifunctional hormone that regulates processes as diverse as blood pres-
sure and cell growth. Although expressed in the ovary, the role of ADM in this organ is not clear. In
the present study, we found the expression of ADM receptor and receptor activity-modifying proteins
in mouse cumulus cells but not in the oocytes. We report that germinal vesicle breakdown (GVBD), which

Keywords: is required for oocyte maturation, is not inhibited by ADM alone. However, ADM in the presence of the
Adrenomedullin nitric oxide donor sodium nitroprusside (SNP) significantly inhibited GVBD. Furthermore, the ADM- and
?L]xt;fxl?x);lgeell SNP-dependent inhibition of GVBD was abrogated by Akt blockade. Additionally, Akt expression and
GVEBD phosphorylation was exhibited by ADM, suggesting that Akt signaling upstream in cumulus cells is

Akt responsible. Additionally, immunohistochemical analysis revealed that ADM was localized in the granu-
losa cells of developed follicles, implying the possibility that ADM physiologically affects oocyte matura-

tion in vivo. Our results provide the evidence that ADM can act as a GVBD regulator.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In mammalian reproductive systems, oocyte meiosis is arrested
within the ovarian follicles at the diplotene stage of the first mei-
otic prophase - this is termed as meiotic arrest. During the meiotic
arrest phase, the intact nuclear membrane forms a characteristic
germinal vesicle (GV) [1]. Once signal transduction is triggered
by gonadotropin in cumulus cells surrounding the oocyte, GV
breakdown (GVBD) is induced and meiosis is reactivated (so-called
“meiotic resumption”) [1]. The oocyte is then competent for fertil-
ization until it reaches metaphase II. Oocytes isolated from imma-
ture antral follicles prior to the GV stage are incapable of
completing meiosis and require further growth to acquire develop-
mental competence [2]. This phenomenon has led to the proposal
that additional processes at the GV stage are required for oocyte
maturation.

Intriguingly, because mammalian oocytes cultured in vitro un-
dergo spontaneous GVBD, it has been suggested that an inhibitor
of meiotic resumption is present in vivo [3]. Several factors have
been associated with GVBD inhibition, suggesting that the process
is not under the control of a single “master regulator.” In the pres-
ent study, we have identified additional factors that can modulate
meiotic resumption.

Adrenomedullin (ADM) is a pluripotent peptide isolated from a
human pheochromocytoma [4] and consists of 50 amino acids in

* Corresponding author. Fax: +81 22 717 8687.
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rats and mice. The ADM receptor, known as a calcitonin recep-
tor-like receptor (CRLR), requires the co-expression of modifiers
known as receptor activity modifying proteins (RAMPs) [5]. Co-
expression of CRLR with RAMP-1 reconstitutes a calcitonin gene-
related peptide receptor, whereas co-expression with RAMP-2 or
RAMP-3 functions as an ADM receptor. ADM is expressed in many
tissues and has various physiological functions, including regula-
tion of blood pressure [4], angiogenesis [6], and cell growth [7].

Although recent studies have shown that ADM is expressed in
the rat and human ovary, its role in this organ remains to be ex-
plained [8,9]. ADM stimulates cyclic guanosine monophosphate
(cGMP) production via nitric oxide (NO) in various cell types
[10,11], and cGMP inhibits meiotic resumption [12,13], thereby
maintaining oocytes at the GV stage [14]. On the basis of these
findings, we speculated that ADM might be a novel regulator of
meiotic resumption. In the present study, we found that ADM
can prevent spontaneous oocyte GVBD and meiotic resumption
in the presence of an NO donor.

2. Materials and methods
2.1. Animals

This study was conducted in accordance with the Guide for the
Care and Use of Laboratory Animals published by Tohoku Univer-
sity. Imprinting control region (ICR) mice were purchased from Ja-
pan SLC, Inc. (Shizuoka, Japan). Immature 20- to 23-day-old ICR
mice were used for all experiments.
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2.2. Oocyte isolation and culture

To stimulate follicle development, each mouse was injected
with 5 U of pregnant mare’s serum gonadotropin (PMSG) (Teikoku
Hormone MGF, Tokyo, Japan). Cumulus—oocyte complexes (COCs)
were collected 48 h after PMSG injection from large antral follicles
punctured with 26-gauge needles in Leibovitz’s L-15 medium
(Invitrogen, Grand Island, USA) containing 0.1% polyviny! alcohol
(Sigma, St. Louis, MO). To prevent spontaneous meiotic resumption
during COC collection, 300 uM dibutyryl cyclic adenosine mono-
phosphate (dbcAMP; Sigma) was added to the medium. After
washing in dbcAMP-free medium, the COCs were cultured in Way-
mouth's MB 752/1 medium (Invitrogen) supplemented with 5% fe-
tal calf serum (Sankyo Kagaku, Kyoto, Japan), 0.23 mM pyruvic acid
(Nacalai Tesque, Kyoto, Japan), 75 mg/L penicillin G (Meiji Seika,
Tokyo, Japan), and 50 mg/L streptomycin sulfate (Meiji Seika).
Approximately 20 COCs were cultured in 100-pL droplets of cul-
ture medium overlaid with paraffin liquid (Nacalai Tesque) in a
humidified atmosphere of 5% CO, in air at 37 °C.

2.3. Chemical treatments

A 100x stock solution of ADM (Phoenix Pharmaceuticals, Bur-
lingame, CA) and sodium nitroprusside (SNP; Sigma) was prepared
in culture medium. SH-6 (Calbiochem, La Jolla, CA), U0126 (Cell
Signaling Technology, Danvers, MA) and PP2 (Calbiochem) were
dissolved in dimethyl sulfoxide (DMSO; Sigma). The working
stocks were further diluted in culture medium to the final desired
concentration in each experiment. '

2.4. Assessment of GVBD occurrence

At the end of culture, cumulus cells from the COCs were re-
moved by glass needle pipetting and scored using microscopy for
the occurrence of GVBD. The percentage of oocytes at the GV stage
was obtained by dividing the number of oocytes at the GV stage by
the total number of cultured oocytes.

2.5. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA extraction from cumulus cells and oocytes was per-
formed using an RNeasy Micro kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. For cumulus cell and
oocyte RNA extraction, approximately 100 COCs were denuded
by repeated pipetting with a glass needle until the all the oocytes
in the medium were aspirated. After the oocytes were separated,
the cumulus cell-containing medium was transferred to 1.5-mL
tubes and gently centrifuged. The cumulus cells were then ob-
tained from the pellet. Total RNA was stored at —80 °C until use.
Total RNA was reverse transcribed with SuperScript Il (Invitrogen)
using poly (dT)'**® primers (Invitrogen). The cDNAs were ampli-
fied using primers and Taq DNA polymerase (Takara Bio, Tokyo, Ja-
pan). The primer sequences of crir (Genbank I1D:018782), ramp1
(Genbank ID:146522), ramp2 (Genbank 1D:019444), ramp3 (Gen-
bank ID:019511), and gapdh (Genbank ID:008084) are listed in Ta-
ble 1. The PCR conditions for each treatment were as follows:
denaturation . at 94 °C for 5min, 35 cycles of denaturation at
94 °C for 45 s, annealing at random temperatures (as listed in Ta-
ble 1) for 45 s, extension at 72 °C for 455, and final extension at
72 °C for 5 min. The amplified PCR products were separated on a
2% agarose gel by electrophore51s and stained with ethidium
bromide.

2.6. Immunoblotting

Protein from cumulus cells was collected from approximately
80-100 COCs cultured with 1, 10, and 100 nM of ADM for 6 h.
Extraction was performed using sodium dodecyl sulfate (SDS)
sample buffer, 0.5 M Tris-HCl (pH 6.8), 10% 2-mercaptoethanol,
and 20% glycerol, and the proteins were separated by 12%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a membrane for 90 min. The membranes were im-
mersed for 60 min in blocking solution 5% w/v skim milk for or
5% w/v bovine serum albumin (BSA) and incubated overnight
at 4 °C in Tris-buffered saline and Tween 20. The antibodies used
for detection were as follows: goat polyclonal anti-Akt (diluted
1:2000; Cell Signaling Technology), goat polyclonal anti-serine
phosphorylated Akt (diluted 1:1000; Cell Signaling Technology)
or mouse anti-o-tubulin monoclonal (diluted 1:2000; Sigma).
After the incubation, the membranes were washed 3 times and
incubated with horseradish peroxidase-conjugated goat anti-
rabbit IgG or goat anti-mouse IgG (diluted 1:20,000; Jackson
ImmunoResearch, PA) for 1 h at room temperature. The chemilu-
minescence was visualized using an ECL Plus system (GE Health-
care Ltd., UK).

2.7. Immunohistochemistry

Immunohistochemical analysis was performed to elucidate the
localization of ADM, Ovaries were collected from 3 weeks mice.
The samples were fixed in 4% formalin solution for 2 days and
embedded in paraffin. The samples were divided into 5-um-thick
slices, deparafﬁmzed and rehydrated. After blocking the nonspe-
cific protein binding by 5% BSA, sections were treated with rabbit
anti-ADM antibody (diluted 1:500; Santa Cruz Biotechnology)
overnight at 4 °C. The sections were next treated with Alexa Fluor
488-labeled goat anti-rabbit immunoglobulin antibody (diluted
1:1000; Santa Cruz) and counterstained with propidium iodide
(100 pg/mL). Images of the sections were acquired using a Zeiss
LSM700 confocal microscope.

2.8. Statistical analysis

Statistical differences between the means of the 2 groups were
analyzed by Student’s t-test. For the analysis of >2 groups, we used
analysis of variance followed by a Bonferroni/Dunn test with STAT-
VIEW (Abacus Concepts Inc., Berkeley, CA). Data are represented as
mean * SD and means were considered different when P < 0.05.

3. Results and discussion
3.1. mRNA expression of ADM receptor in cumulus cells and oocytes

Several factors are reported to have an inhibitory effect on
GVBD. For example, hypoxanthine isolated from porcine follicular
fluid prevents spontaneous oocyte maturation [15]. In addition,
reactive oxygen species such as nitric oxide can affect oocyte mat-
uration [16]. However, the precise mechanism of oocyte matura-
tion has not been completely elucidated, and it is likely that
other regulators have yet to be identified. This study aimed to
determine whether ADM might be one such regulator.

We first investigated the expression of ADM receptor mRNA in
cumulus cells and oocytes. As mentioned in the introduction, crir
must be co-expressed with ramp2 or ramp3 to create a functional
ADM receptor. As shown in Fig, 1, crlr and ramp1, ramp2, and ramp3
mRNAs were detected in cumulus cells but not in oocytes, suggest-
ing that a functional ADM receptor is selectively expressed in

2 1 Qimulus cells. Numerous studies have indicated that cumulus cells
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Table 1
Primers used in RT-PCR.

Gene Primer sequences (5'-3') Product size Annealing

(bp) (°Q

crir Forward: TGG CTT TTC CCA CTCTGA T 157 53
Reverse: TCA CAT CAC TAG ATC ATA CGT

rampl Forward: GAC GCT ATG GTG TGA CT 249 55
Reverse: GAG TGC AGT CAT GAG CAG

ramp2 Forward: CAT GGA CTC TGT CAA GGA CTG 153 55
Reverse: GTG TAT CAG GTG AGC CT

ramp3 Forward: ACC TGT CGG AGT TAC TCG 262 58
Reverse: ATC AGT GTG CTT GCT GCT

gapdh Forward: CCACTCTTCCACCTTCGATG 226 55

Reverse: GAGGGAGATGCTCAGTGTTG

crir

ramp1

ramp2 ¢ ~

ramp3

gapdh

Fig. 1. mRNA expression of the ADM receptor. Reverse transcriptase polymerase
chain reaction (PCR) was performed as described in Section 2 in mouse cumulus
cells (A) and oocytes (B). The mRNAs of crlr, ramp1, ramp2, and ramp3 were detected
only in the cumnulus cells and not in the oocytes. The resultant PCR products were
separated on a 2% agarose gel and stained with ethidium bromide.

are important upstream regulators of GVBD since they are a source
of ¢cGMP, which maintains oocytes in meiotic arrest [13,17]. The
movement of ¢cGMP from cumulus cells to oocytes is facilitated
by gap junctions formed by the tight association of these cells. This
flow is present until gap junctions are closed due to luteinizing
hormone activity [18].

3.2. Effect of ADM on GVBD prevention

We next. examined whether ADM treatment could prevent
GVBD. The addition of ADM to COCs did not influence GVBD at
any concentration; in fact, no significant difference was found at
10-1000 nM (Fig. 2A). However, it is possible that, in our culture
model, we lacked factors that normally co-operate with ADM to
block GVBD in vivo. Pre-ovulatory follicles in rats contain a high-
concentration milieu of nitric oxide (NO) [19]. NO produced by
the nitrogen donor SNP leads to increased cGMP production by
stimulating NO-dependent guanyly! cyclase activity [20]. Further-
more, cGMP production can be stimulated by ADM in various cell
types [21-23]. Since cGMP is a crucial factor that controls GVBD,
NO is thought to be one of the oocyte maturation inhibitors. We
hypothesized that ADM works synergistically with NO to elevate
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Fig. 2. Effect of ADM on germinal vesicle (GV) breakdown prevention. Cumulus-
oocyte complexes (COCs) were cultured in the maturation medium with (10~
1000 nM) or without ADM for 6 h (A). Time-course profiling of the percentage of
oocytes at the GV stage when 1 mM of sodium nitroprusside (SNP) was added to the
culture medium for 9 h (B). COCs were cultured in medium with (10-1000 nM) or
without ADM containing 1 mM of SNP for 6 h (C). Values of the mean + SD were
calculated for 3 independent experiments. Data were analyzed using t-test.
*P<0.05.

stimulators of cGMP production might cooperate with ADM in this
manner.

In oocyte in vitro maturation, Bu et al. reported that SNP treat-
ment induced meiotic arrest in mouse oocytes [24]. Consistent
with this finding, the addition of 1 mM SNP prevented almost all
oocyte GVBD 1.5 and 3 h after the start of culture and then gradu-
ally decreased (Fig. 2B). We then chose the 6-h time point to eval-
uate the synergistic effect of ADM in the presence of SNP because it
was difficult to distinguish the effect of ADM from that of SNP in
the condition in which almost all oocyte GVBD was prevented.
We observed that in the presence of SNP, ADM significantly pre-
vented oocyte GVBD at 100, 500, and 1000 nM since the frequency
of oocytes at the GV stage was 47.23 +7.84%, 55.22+7.18%, and -
52.06+7.47%, respectively, compared to that of control
(27.05 + 5.07%) (Fig. 2C). Taken together, these results suggest that
ADM requires SNP-derived NO to inhibit GVBD. When COCs were -
cultured with ADM and 8-Br-cGMP, a cGMP analog, GVBD preven-
tion was not observed {data not shown). These results imply that
the additional effects of NO but not of cGMP are required for
ADM to function as a meiotic inhibitor.

3.3. Effects of Akt, mitogen-activated protein kinase (MAPK), and focal
adhesion kinase (FAK) inhibitor

The above results suggest that ADM can induce GVBD preven-
tion in the presence of elevated NO and cGMP levels. Adrenomed-
ullin exerts it effects through activation of the Akt, MAPK, and FAK
signaling pathways [25]. Therefore, we examined the effects of the
inhibitors of these kinases on the inhibition of GVBD by ADM.
When 20 uM of Akt inhibitor SH-6 [26,27] was added in the pres-
ence of ADM, the fraction of oocytes at the GV stage was
33.96 + 7.85%, which was significantly lower than that obtained
with treatment by ADM only (56.78 * 10.34%). This result is sup-

cGMP levels. We therefore examined whether other knowd 20 ported by a report that showed that induction of cGMP following



