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bstract

Ovarian steroidogenesis from the neonatal to pubertal period in horses is poorly understood. This study was designed to
mmunolocalize cytochrome P450 aromatase in the ovarian follicles of slaughtered fillies ages approximately (I) 6–9 mo
�10MF); (II) 1 y (1YF); and (III) 1.5 y (1.5YF). The ovaries of adult mares were used as controls. In each age group,
mmunoreactivity for P450arom was observed in the mural granulosa of nonatretic follicles �5 mm in diameter. Staining intensity
as dependent on the size and morphology of the follicle. In nonatretic follicles 5–10 mm in diameter, the reaction was weak and
eterogeneous, while most intense staining was observed in preovulatory follicles. In follicles (diameter �20 mm) in the groups
10MF and 1YF, the reaction was less intense than in adult mare follicles of similar size. In each age group, several follicles with

arly or advanced signs of atresia exhibited a heterogeneous staining pattern, which subsequently disappeared in late atretic
ollicles. No immunoreactivity was detected in the theca interna, preantral follicle, or stroma cells. Our observations reveal that
he mural granulosa of viable follicles in fillies about 6–18 mo old contains aromatase, indicating that the ovary is capable of
strogen synthesis. Immunoreactivity for P450arom was dependent on follicle size and disappeared in atretic follicles.

2010 Elsevier Inc. All rights reserved.
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. Introduction

In females, the development of ovarian follicles,
vulation, and puberty are strictly related and depend
n the hypothalamic-pituitary-ovarian axis. Studies to
ate have suggested that, unlike the situation in rats [1],
heep [2], or cows [3,4], prepubertal horses (at least
–10 months old) show no feedback between the ovary
nd the hypothalamic-pituitary axis [5–7]. Prior to sex-
al maturity in fillies, FSH secretion and follicular
rowth seem to occur as independent processes. Folli-
les grow in a wave-like fashion and then regress, while

* Corresponding author. Tel: �4812662-41-12.
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low LH concentration prevents the development of
he dominant follicle [6,7]. In prepubertal rats, in-
reased estradiol secretion has been shown to stimulate
he first, preovulatory surge of LH [1,8]. In 6 mo old
ows, exogenous estradiol was found to induce the
elease of LH and ovulation [4].

Ovarian steroidogenesis from the neonatal to the
ubertal period in horses has been poorly investigated.
o far, studies have focused on examining blood serum
stradiol and/or progesterone concentrations in fillies
9,10]. These studies have identified high concentra-
ions of both hormones in newborn fillies, followed by

decrease to undetectable concentrations in the first
eeks of life. Progesterone concentrations seem only to
ncrease during the first estrous cycle, while estradiol
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emains unchanged when progesterone peaks or fluc-
uates [10]. On the other hand, most fillies show estrous
ehavior prior to first ovulation [9], which suggests
ncreased estradiol secretion at least during this period.
o determine the mechanism that controls maturation
f the hypothalamic-pituitary-ovarian axis in horses, a
etter understanding of ovarian steroidogenesis in pre-
ubertal and pubertal fillies is required. The objective
f the present study was to evaluate the cellular local-
zation of cytochrome P450 aromatase (P450arom) in
he follicles of fillies about 6- to 18 mo old using an
mmunohistochemical technique.

. Materials and methods

.1. Tissue collection and preparation

The study was performed on 54 ovaries of slaugh-
ered fillies (n � 27) and 8 ovaries of adult mares
AdM; n � 4, control group). The ovaries were classi-
ed to one of the 3 groups according to filly age: (I)
–9 mo (�10MF); (II) approximately 1 year (1YF);
nd (III) approximately 1.5 years (1.5YF). Three to six
ollicles were isolated from each ovary, and assigned
ccording to diameter to one of the 4 groups: 1) �10
m, 2) 11–20 mm, 3) 21–30 mm or 4) �30 mm

preovulatory). Follicles or sections of follicle walls
ere fixed in 4% paraformaldehyde, dehydrated, em-
edded in paraplast, and cut into serial sections (6 �m),
ome of which were stained with hematoxylin and
osin for histomorphological analysis. According to the
odified criteria of Kenney et al [11] and Driancourt et

l [12], follicles were classified as nonatretic (viable) or
tretic: early (AI), advanced (AII) or late (AIII). Viable
ollicles showed a mural granulosa with several layers

ig. 1. Filly and mare nonatretic (A–I) and atretic (J–R) follicl
istomorphology of the follicles visualized by hematoxylin and eosin
ranulosum (A, D and G); panel 2: immunohistochemical staining; p
ntral cavity (a); scale bar � 50 �m: (A–H and J–O); scale bar �

A–C): Preovulatory filly follicle �35 mm in diameter; note the int

D–F): Mare follicle 15–18 mm in diameter; note the lower amount

G–I): Filly follicle of about 15 mm in diameter; the reaction for P4
are follicles of comparable size (E).

J–L): Early atretic filly follicle of about 25 mm in diameter show
aryorrhexis (white arrows) and pyknosis of GC nuclei (black arrow
onatretic follicles.

M–O): Advanced atretic mare follicle of about 18 mm in diameter s
he weak immunostaining for P450arom (N).

P–R): Late atretic filly follicle of diameter 8–10 mm showing no g

mmunopositive staining (arom-). No staining was observed in any of the c
f epithelial cells, columnar arrangement of the basal
ayer of granulosa cells (GCs) adjoining the basement
embrane, and numerous blood vessels visible on the

ollicular wall (Figs. A, D and G). Early atretic (AI)
ollicles had close to normal granulosa cells, foci of kary-
rrexis and apoptotic GC nuclei were could be seen on the
ection (Fig. J). Advanced atretic (AII) follicles exhibited
xtensive pyknosis in mural granulosa, numerous GCs
nd apoptotic bodies floating in the antrum, bi- or mono-
ayer granulosa, and gradual thickening of basement
embrane (Fig. M). Late atretic (AIII) follicles showed a

oss of the separate identity of granulosa and theca cells, a
hickened basement membrane, and few or no blood ves-
els (Fig. P).

.2. Immunohistochemistry

Since homologous antibody for equine aromatase is
ot commercially available, we used a mouse mono-
lonal IgG against human cytochrome P450 aromatase
Serotec, Milan, Italy) at a 1:50 dilution. A heteroge-
eous antibody has been used by other authors to detect
romatase in equine gonads [13,14]. Biotinylated horse
nti-mouse IgG (1:400; Vector Laboratories, Inc; USA)
as used as a secondary antibody.
Before immunohistochemical staining, sections were

outinely deparaffinized and rehydrated. Sections were
eated in a microwave oven in 0.01M citrate buffer and
ncubated in 3% H2O2 (Sigma-Aldrich, Co. Schnelldorf,
ermany) in TBS (Tris-Buffered Saline); as previously
escribed [15]. Sections were incubated first with 3%
ormal horse serum (Vector Laboratories INC; USA) and
hen with primary antibody overnight at 4 °C. Finally, the
ections were incubated with secondary antibody fol-
owed by avidin-biotinylated horseradish peroxidase com-

s correspond to the wall section of the same follicle; panel 1:
g; note the columnar arrangement of the basal layer of the stratum

negative control sections; granulosa cells (g); theca interna cells (th);
(I and P–R).

munopositive staining for P450arom in the cytoplasm of GCs (B).

ning (E) than that seen in the GCs of preovulatory follicles (B).

is heterogeneous, well visible (H) but less intense than in GCs of

e lost columnar orientation of the basal layer of the GCs; foci of
te the reduced staining for P450arom compared to that seen in the

a thin granulosa and thickened basement membrane (asterisk). Note

a or theca cells and a thickened basement membrane (asterisks); no
es; row
stainin

anel 3:
100 �m

ense im

of stai

50arom

ing th
s); no

howing

ranulos

ontrol sections (C, F, I, L, O and R).
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lex (Vector Laboratories, Inc; USA). The color reaction
as visualized using 0.05% diaminobenzidine (MP Bio-
edicals, Inc, USA), 0.07% imidazole (Sigma-Aldrich,
o. Schnelldorf, Germany) and 0.01% H2O2 in TBS.
ontrols were processed as described above, except that

or negative controls, the primary antibody was omitted or
ubstituted with irrelevant IgG.

.3. Statistical analysis

The effects of filly age on number of immunoposi-
ive follicles were analyzed by the chi-squared test.
ates’ correction for continuity was applied when data
ere presented in a two by two table. Differences were

onsidered statistically significant when P � 0.05.

. Results

.1. Cellular localization of cytochrome P450
romatase

Regardless of the age of the females, an immunopo-
itive reaction for P450arom was observed in the mural
ranulosa cells cytoplasm in nonatretic follicles larger
han 5 mm in diameter (Table 1). In all the age groups,
taining intensity was dependent on the size and mor-
hology of the follicle. Thus, nonatretic follicles of

able 1
mmunolocalization of aromatase in the mural granulosa of filly and

roup Follicle category Diameter of fol

� 10 mm*

10MF (N � 8) Viable 6/8
AI 0/2
AII 0/5
AIII 0/31
Total arom�/n (%) 6/46 (13.0)

YF (N � 10) Viable 6/9
AI 1/5
AII 0/9
AIII 0/16
Total arom�/n (%) 7/39 (17.9)

.5YF (N � 9) Viable 5/7†
AI 2/5
AII 0/4
AIII 0/13
Total arom�/n (%) 7/29 (24.1)

dM (N � 4) Viable 3/3
AI 0/1
AII 0/3
AIII 0/8
Total arom�/n (%) 3/15 (20.0)

: number of females (pairs of ovaries); arom�/n: number of follicle
arly (AI), advanced (AII) and late (AIII).
* an immunopositive reaction for P450arom was only found for follicle

† detected in the 1.5YF group. Values in the last column with different su
iameter 5–10 mm (in each group), showed a weak,
eterogeneous reaction while greater amounts of stain-
ng were seen in the larger follicles. The most intense
taining was observed in preovulatory follicles (Fig. 1.
–B, D–E and G–H). In follicles (diameter � 20 mm)

n groups �10MF and 1YF, immunostaining was less
ntense than in adult mare follicles of similar size.

In each age group, several follicles with early or ad-
anced signs of atresia showed heterogeneous staining,
hich completely disappeared in late atretic follicles (Fig.
. J–K, M–N and P–Q). The most atretic and at the same
ime immunonegative follicles were observed among fol-
icles � 10 mm in diameter. No immunoreactivity was
etected in theca interna cells, preantral follicles, or antral
ollicles � 5 mm. An exception was a small follicle
diameter 2–3 mm) in the 1.5YF group, in which the
ural granulosa yielded a color reaction. No color reac-

ion was detected in ovarian stroma cells or in negative
ontrol sections (Fig. 1. C, F, I, L, O and R).

. Discussion

The present study reports the immunolocalization of
450arom in the ovarian follicles of fillies approxi-
ately 6–18 mo old. As in the adult mares, in all the

ollicles.

rom�/n) Total arom�/n

20 mm 21–30 mm � 30 mm

/2 1/1 — 9/11
/4 1/1 — 2/7
/6 — — 0/11
/3 — — 0/34
(20.0) 2/2 (100) — 11/63a (17.5)
/7 1/1 2/2 16/19
/2 2/2 1/1 4/10
/15 0/7 — 2/31
/12 0/2 — 0/30
(25.0) 3/12 (25.0) 3/3 (100) 22/90a,b (24.4)
/5 2/2 2/2 14/16
/3 1/1 — 6/9
/9 2/7 — 3/20
/8 — — 0/21
(36.0) 5/10 (50.0) 2/2 (100) 23/66b,c (34.8)
/6 2/2 1/1 12/12
/2 1/1 — 2/4
/6 1/2 — 2/11
/1 0/1 — 0/10
(53.3) 4/6 (66.7) 1/1 (100) 16/37c (43.2)

nopositive for P450arom/total number of follicles; Atretic follicles:

m in diameter, except for one positive follicle about 2-3 mm in diameter
mare f

licles (a

11–

2
1
0
0

3/15
7
0
2
0

9/36
5
3
1
0

9/25
6
1
1
0

8/15

s immu

s �5 m

perscripts differ significantly: a,b,c � P � 0.05.
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ge groups of fillies, aromatase was detected in the
ural granulosa of viable follicles � 5 mm in diameter,
ith the single exception of a small 2–3 mm diameter

ollicle also showing immunostaining for aromatase. In
dult mare ovaries, Watson and Thompson [13] re-
orted immunoreactivity for P450arom in the GCs of
onatretic follicles, which were larger than 5 mm in
iameter. Similar findings have been reported by
oudet et al [16] and Belin et al [17], who used the
estern blot method to detect this enzyme. In these

atter studies, aromatase contents were only determined
n GCs collected from follicles � 5 mm. Thus, it
emains unclear whether equine follicles smaller than 5
m contain aromatase and are capable of estradiol

ecretion. Other studies have demonstrated that the
ynthesis of P450arom mRNA is strictly related to
ollicular diameter and begins in early antral follicles
hose size varies according to species. Thus, in cows,

he presence of mRNA for P450arom was first detected
n the GCs of follicles 4–6 mm diameter and attributed
o follicle recruitment [18]. In pig follicles of diameter
–4 mm, not all granulosa cells showed immunoposi-
ive staining [15]. In prepubertal goats P450arom
RNA was detected in follicles 0.2–0.8 mm in diam-

ter [19].
In the present study, we show that in the mural

ranulosa of the follicles of fillies and adult mares, the
mount of aromatase present varies according to the
ize and morphology of the follicle. Most intense im-
unostaining was observed in preovulatory follicles. A

imilar relationship between reaction intensity and fol-
icular size in adult mares was reported by Almadhidi et
l [20]. In cycling mares, the amount of aromatase in
he follicles was dependent on the stage of the estrous
ycle and was higher in GCs from dominant than
ubordinate follicles [16,17]. In our study, some
arly and advanced atretic follicles exhibited heter-
geneous staining for P450arom but this staining
ompletely disappeared with ongoing atresia. In
oats, follicular atresia has been associated with the
oss of mRNA for P450arom in GCs [19]. In cattle,
ow amounts of P450arom mRNA have been de-
ected in early and advanced atretic follicles [18].

In a prior study, we noted that the ovaries of fillies
ontained mostly follicles � 10 mm in diameter [21].
n vivo studies have revealed that in prepubertal fillies,
ollicles grow to reach a certain size (few follicles
xceed a diameter of 24 mm), after which they undergo
egression without differentiation into dominant and
ubordinate follicles [6,7]. Accordingly, among

rowing follicles, none are available for ovulation S
nd all of these will sooner or later undergo atresia.
n our study, most filly follicles showed advanced or
eavy atresia accompanied by a lack of immunoreac-
ivity for P450arom. Simultaneously, the immunoposi-
ive reaction in filly follicles was less intense than in
are follicles of similar size, which may suggest the

educed ability of the filly follicles to synthesize estra-
iol. However, it should be stressed that immunohisto-
hemical analysis was only performed on randomly
elected (3–6) follicles from each ovary and thus de-
nitive conclusions on the ability of the whole ovary to
ynthesize estrogens cannot be drawn. Analysis of LH
oncentrations in filly plasma has revealed that a small
ut appreciable increase in LH concentrations begins
4–32 d before first ovulation [9]. At the same time, in
dult mares LH has been identified as the main gonad-
tropin controlling the development of the dominant
ollicle after deviation [22]. These observations suggest
hat the development of the first follicle destined for
vulation takes a relatively long time in the horse. It
an therefore be assumed that the growing follicle pro-
uces increasing amounts of estradiol, which addition-
lly stimulates LH secretion. The increase in LH secre-
ion would in turn promote further development of the
ominant follicle and ovulation. Consequently, it is
ikely that a positive feedback mechanism between the
vary and the hypothalamic-pituitary axis develops in
llies during this period. These observations also sug-
est that the ovary’s ability to synthesize estradiol di-
ectly increases during the period preceding first ovu-
ation. Further research is needed to verify this
ypothesis. In conclusion, our study for the first time
hows the immunolocalization of aromatase in ovarian
ollicles in fillies around 6–18 mo old, indicating the
vary’s ability to synthesize estrogens. As in adult
ares, the presence of aromatase in fillies was re-

tricted to the mural granulosa of growing follicles
arger than 5 mm in diameter. Immunoreactivity for
450arom was dependent on follicular size and disap-
eared in atretic follicles. However, further research is
eeded to explain whether estrogens produced in the
repubertal period are responsible for establishing feed-
ack between the ovary and the hypothalamic-pituitary
xis in the horse.
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