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Abstract

immunostaining for all three proteins seemed fuller before

The improved survival of young cancer patients results

than after chemotherapy; there were more follicles

often in follicle destruction. The infertility level varies by

containing growth factor-expressing granulosa cells post-

age,

most

chemotherapy; BMP15 staining seemed stronger pre-than-

gonadotoxic. One option for fertility preservation is ovarian

post-chemotherapy. The growth factor distribution post-

cryostorage, often conducted post-chemotherapy. Large

chemotherapy as well as the high numbers of remaining

number of follicles remain in ovaries of pediatric patients

follicles, suggests that it is worthwhile to cryostore ovarian

post-chemotherapy.

tissue from pediatric patients even after chemotherapy

with

growth

alkylating

agents

considered

Anti-Mullerian

differentiation

factor

9

the

hormone
(GDF9)

(AMH),

and

bone

initiation, including alkylating agent exposure.

morphogenetic protein 15 (BMP15) are ovarian markers.
Their ovarian expression in post-chemotherapy girls might

Keywords:

provide an indication of follicle normality, and if it is

hormone (AMH); Growth differentiation factor 9 (GDF9);

worthwhile to cryopreserve such tissue. AMH, GDF9 and

Bone

BMP15 protein expression in human ovarian samples from

Immunohistochemistry; Immunofluorescence for confocal

49 girls pre-and-post-chemotherapy was evaluated by

laser microscopy

regular

immunohistochemistry

(IHC)

Fertility

morphogenetic

preservation;

protein

Anti-Mullerian

15

(BMP15);

and

immunofluorescence (IF) for confocal laser microscopy.

Abbreviations: AMH- Anti-Mullerian hormone; GDF9-

Protein expression for the three growth factors in follicles

Growth

of pediatric patients pre-and-post-chemotherapy (including

morphogenetic protein 15; IHC- Immunohistochemistry;

alkylating agent exposure) was identified by both methods

IF- Immunofluorescence; GC- Granulosa cell

differentiation

factor

9;

BMP15-

Bone

from primordial stages onwards in oocytes and granulosa
cells, and in irregularly shaped follicles. In the pre-

1. Introduction

chemotherapy group, IHC AMH staining seemed strongest

The improved survival of patients with childhood

at age ≤ 8 years, and was more abundant in pubertal-than-

malignancies [1, 2] has led clinicians to address the long-

pre-pubertal patients by IF. Post-chemotherapy patients had

term adverse effect of cytotoxic agents on ovarian reserve

significantly more immunostaining for AMH and BMP15

[2-4]. The level of infertility varies in chemotherapy-

in atretic follicles after exposure to alkylating agents. IHC

exposed patients by age, with ovarian failure being less
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severe in younger patients and treatment duration, dose and

GDF9 and BMP15 are closely related structurally to each

type,

most

other [12, 16, 17]. Both proteins have six cysteine residues,

gonadotoxic [2, 3, 5]. One option for fertility preservation

and not seven as in other TGFβ family members [21], and

in cancer patients is cryopreservation of ovarian tissue; a

both are expressed and produced in oocytes [11, 21, 30].

procedure that cannot be always conducted before anti-

GDF9 protein expression was identified in the cytoplasm

cancer therapy. So far, over 130 live-births have been

and nucleus of oocytes and in GCs of girls and women [11],

reported after transplantation of frozen-thawed ovarian

and the GDF9 protein as well as mRNA transcripts were

tissue to cancer survivors [4, 6], including two frozen at

demonstrated in ovaries from women [11, 31, 32]. GDF9

childhood [7, 8]. Although large number of follicles remain

protein expression in both oocytes and GCs increases

in ovaries of pediatric follicles even after chemotherapy [3,

gradually with follicular development, reaching a peak in

5], transmission electron microscopy studies demonstrated

antral follicles [32]. BMP15, also called GDF9B, is

post-chemotherapy intracellular changes in both adults and

encoded by an X-linked gene [12, 17, 20]. It is a

children, including an abnormally thick basal lamina

paracrine signaling molecule involved in oocyte-and-

surrounding

and

follicular development [12, 21]. In a study that included

reduction in normal granulosa cell (GC) nuclei [3, 9]. Anti-

ovaries from girls and women, BMP15 protein expression

Mullerian hormone (AMH) [10], growth differentiation

was identified already from the primordial follicle stage in

factor 9 (GDF9) [11] and bone morphogenetic protein 15

oocytes, GCs and stroma cells of girls and women, and the

(BMP15) [12], all members of the transforming growth

mRNA transcripts were detected in all ovarian samples

factor beta (TGFβ) superfamily of growth factors play an

from girls [12]. It is unknown if AMH, GDF9, and BMP15

important role in various stages of folliculogenesis [13-22].

are expressed in follicles of Pediatric patients after anti-

AMH, also termed Mullerian-inhibiting substance (MIS) is

cancer therapy.

with

alkylating

the

agents

follicles,

considered

oocyte

the

vacuolization

a dimeric glycoprotein [10], produced by GC [23] and
expressed from primary follicular stages onwards [10].

The Balbiani body is a cytoplasmic structure present in

AMH levels serve as markers of ovarian follicular reserve,

young immature oocytes also from humans [33] made up of

also after chemotherapy [5, 24]. It has been shown to inhibit

a transient collection of mitochondria, Golgi complexes,

primordial follicle recruitment in mice [25], but its role in

endoplasmic reticulum, and electron-dense granulofibrillar

primates, including humans, is probably more complex [26-

material. It assembles in an asymmetrical fashion adjacent

28]. AMH protein expression was identified in human

to the nucleus of immature oocytes. The composition of the

ovaries from fetuses, from girls before puberty to various

Balbiani body appears to be dynamic, and its regulation and

pubertal stages [29], and from regularly cycling women

function remain largely obscure [33, 34]. One more recent

[23]. The highest AMH levels were present in GCs of

study suggested that the Balbiani body might be involved in

secondary and antral follicles.

selection/elimination of dysfunctional mitochondria from
female germline cells [35]. It is unknown if AMH, GDF9,
and BMP15 are expressed in the region of the Balbiani
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body. As AMH, GDF9 and BMP15 are known markers of

2. Materials and Methods

normal ovaries and ovarian reserve [13, 22], the aim of this

2.1 Ovarian material

study was to examine and compare between the protein

The Ethics Committee of Rabin Medical Center approved

expression of these three growth factors in follicles of

the study protocol (RMC-10-100), and informed consent

young girls before and after administration of cytotoxic

was obtained from the parents of the minors. The cohort

therapy; to compare their expression after different anti-

included 49 girls who had undergone laparoscopy for

cancer treatments (alkylating vs. non-alkylating agents);

cryopreservation of ovarian tissue (Tables IA and IB).

patient age and pubertal status. The expression of AMH,

Patients were either before chemotherapy (chemotherapy

GDF9 and BMP15 in ovaries of young girls after

naïve, pre-chemotherapy group, Table IA) or after

chemotherapy might provide an additional indication of the

chemotherapy (post-chemotherapy group, Table IB). There

remainder of normal follicles, and if it is worthwhile to

was no overlap of patients between the groups.

cryopreserve such tissue [3, 5].

Table 1A: Details of the chemotherapy naïve patients and type of staining.
Patients no.

Age

Disease

Normal follicles

IHC staining

IF staining

1

2

AML

+

+

+

2

3

Medulloblastoma

+

+

3

3

Brain tumor

+

+

4

5

Rhabdomyosarcoma

+

+

5

5

ALL

+

+

6

5

Myelodysplastic syndrome

7

7

Beta Thalassemia

+

+

8

8

Rhabdomyosarcoma

+

+

9

8

Abdominal Mesothelioma

+

+

10

9

Medulloblastoma

+

+

11

10

Ewing's sarcoma

+

+

12

11

Ewing's sarcoma

+

+

13

12

Brain tumor

+

+

+

+
+

+

+
14

12

+
Medulloblastoma

+

+
+

15

12

Primitive Neuroectodermal Tumour

+

16

13

Ewing's sarcoma

+

+

17

13

Osteosarcoma

+

+
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18

13

Osteosarcoma

+

+

19

13

HL

+

+

20

14

Ewing's sarcoma

+

+

21

15

Nasopharyngeal Sarcoma

+

22

16

HL

+

+

23

16

HL

+

+

24

16

Osteosarcoma

+

+

25

16

ALL

+

+

26

16

Ewing's sarcoma

+

+

27

17

HL

+

+

28

17

HL

+

+

+

29

17

HL

+

+

+

30

17

Vaginal Ewing sarcoma

+

31

18

Lupus Nephritis

+

31 Patients*

11.5±5**

+

+

+

+
+

*Total patient number; **Average SD in years; Note: IHC= Immunohistochemistry; IF=Immunofluorescence;
AML= Acute myeloid leukemia; ALL=Acute lymphoblastic leukemia; HL=Hodgkin's lymphoma

Table 1B: Details of the post-chemotherapy patients and type of staining.
Patients no.

Age

Disease

Prior treatment

Normal follicles

IHC

32

2

Neuroblastoma

Alkylating agents

+

+

33

3

ALL

Alkylating agents

+

+

34

4

Wilms tumor

Alkylating agents

+

+

35

5

optic

Carboplatin,

+

36

nerve

Vinblastine,

+

+

tumor

Vincristine, Bevacizumab

+

5

AML

Alkylating agents

+

37

8

HL

ABVD +chest irradiation

+

38

9

Brain glioma

Bevacizumab

+

39

11

ALL

Alkylating agents

+

+

40

11

Eye sarcoma

Alkylating agents

+

+

41

13

Germ cell tumor

BEP

+

+

42

14

AML

Doxo+VP16+cytarabine

+

+

43

15

ALL

Alkylating agents

+
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44

16

AML

Alkylating agents

+

+

45

16

AML

Alkylating agents

+

+

46

16

NHL

ABVD

+

+

47

17

HL

Alkylating agents

+

+

48

18

HL

ABVD

+

+

49

18

HL

ABVD

+

+

18 Patients*

11±5.5**

+

Note: *total patient number, **Average standard deviation (SD), AML= Acute myeloid leukemia; ALL=Acute
lymphoblastic leukemia HL=Hodgkin's lymphoma; NHL= Non-Hodgkin lymphoma; BEP=bleomycin, etopside,
cisplatin; oxo=doxorubicin; VP16= etopside; ABVD= doxorubicin, bleomycin, vinblastin, decarbazine

2.2 Histological preparation for light microscopy

negative control solution of combinations of the relevant

Uniform sized ovarian tissue specimens (~5mmX5mm)

primary antibodies absorbed with their respective blocking

were fixed and prepared for paraffin embedding and

peptides (sc-6886P, sc-12244P, sc-18337P, respectively).

sectioning [11,12]. The number of follicles was counted

The following morning, the samples were incubated with

throughout the field (magnification X100) in two levels per

horseradish peroxidase polymer conjugate against goat

specimen (with at least 50 µm between levels to avoid

antibodies (Zymed Laboratories Inc., San Francisco, CA,

counting the same follicle twice), this method was used by

USA) and stained with 3-amino-9-ethylcarbazole (Zymed

us previously and is reliable for evaluation of follicle

Laboratories Inc.) resulting in red-brown staining AMH,

number distribution. Unstained sections were placed on

GDF9 and BMP15 staining expression with blue Mayer’s

OptiPlus positive-charged microscope slides for IHC and IF

hematoxylin (Pioneer Research Chemicals Ltd., Colchester

studies.

Essex, UK) counterstaining. The slides were mounted with
a water-based mounting medium (Fluoromount, Diagnostic

2.3 IHC for AMH, GDF9 and BMP15

BioSystems, Pleasanton, CA, USA). The follicles were

The sections were dehydrated, microwaved with citrate

counted using a computerized image analyser (analySIS,

buffer at pH 6 (CheMate buffer, DAKOCytomation,

Soft Imaging System, Digital Solutions for Imaging and

Glostrup, Denmark) for antigen retrieval and quenched with

Microscopy, System GmbH, Munster, Germany), and

hydrogen peroxide (Gadot, Binyamina, Israel) [11, 22].

classified according to Gougeon [41]. Primordial follicles

They were then incubated overnight with goat polyclonal

(30-50 m in diameter) oocytes are surrounded by a single

antibodies against AMH (MIS, Santa Cruz Biotechnology,

layer of flattened somatic GC; primary follicles (50-80 m

Dallas, Texas, USA, sc-6886, diluted 1/80 and 1/100),

in diameter) after primordial follicle activation to cuboidal

GDF9 (Santa Cruz Biotechnology, sc-12244, diluted 1/60

GCs; secondary follicles (80 m-0.2 mm in diameter) with

and

increased

1/100),

and

BMP15

(GDF9B,

Santa

Cruz

Biotechnology, sc-18337, diluted 1/60 and 1/100) or with a
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the GCs, antral follicles (early antral follicle: 0.2-0.4 mm in

combination of ChromoPure goat IgG, whole molecule

diameter), final follicular stage-follicle: follicle contains a

(Jackson ImmunoResearch Laboratories, West Grove, PA,

fluid-filled cavity within several cuboidal GC layers.

USA), normal mouse IgG (Santa Cruz Biotechnology, sc-

Atretic follicles were characterized by pyknotic cells,

2025) and normal rabbit IgG (Santa Cruz Biotechnology,

eosinophilia of the ooplasm, and clumping of the chromatin

sc-2027) (all at a concentration of 1/200) in equal volume

material.

[37].

The strength of the immunostaining was indicated as weak,

However, this combination of four-color IF staining system

medium or, strong [11, 12]. Staining in the oocyte

(with three primary antibodies) resulted in most cases in

cytoplasm was defined as full (in the whole cytoplasm) or

low color intensity, so we changed the primary antibodies

partial (in a part of the cytoplasm).

and used mostly a three-color system (with two primary
antibodies, also at a concentration of 1/200) in equal
volumes as follows:

2.4 IF for confocal laser microscopy
The sections were dehydrated [36], and placed in a
microwave with tris ethylenediaminetetraacetic acid (Tris-

(I) GDF9 and AMH - goat polyclonal antibodies against

EDTA) buffer at pH 9.0 (diluted from a X10 concentrated

GDF9 (Santa Cruz Biotechnology, sc-12244) and rabbit

Tris-EDTA buffer at pH 9.0, Novus Biologicals, Littleton,

polyclonal

CO, USA) to enhance antigen retrieval. Thereafter, the

Biotechnology, sc-28912). The negative controls included a

slides were incubated with the blocking buffer consisting of

combination of ChromoPure goat IgG, whole molecule

phosphate buffer saline (PBS, Biological Industries, Beit

(Jackson ImmunoResearch Laboratories, West Grove, PA,

Ha'emek, Israel) combined with 4% serum substitute

USA) and normal rabbit IgG (Santa Cruz Biotechnology,

supplement (Irvine Scientific, Santa Ana, CA, USA), 0.05%

sc-2027) (all at a concentration of 1/200) in equal volume

Tween 20 (Sigma, St Louis, MO, USA), and 0.3% triton

[37].

antibodies

against

MIS

(Santa

Cruz

(Sigma), and incubated overnight with a solution of the
diluted primary antibodies. We initially used a four-color IF

(II) BMP15 and AMH - goat polyclonal antibodies against

staining system (with three primary antibodies) that

GDF9B (Santa Cruz Biotechnology, sc-18337) and rabbit

included incubation with the three diluted primary

polyclonal

antibodies (all at a concentration of 1/200) in equal

Biotechnology, sc-28912). The negative controls included

volumes: mouse monoclonal antibodies against MIS (Santa

the same goat and rabbit antibody combinations as in (I).

Cruz

Biotechnology,

sc-377140),

rabbit

antibodies

against

MIS

(Santa

Cruz

polyclonal

antibodies against GDF9 (Santa Cruz Biotechnology, sc-

(III) BMP15 and AMH - mouse monoclonal antibodies

366853) and goat polyclonal antibodies against GDF9B

against GDF9B (Santa Cruz Biotechnology, sc-271824) and

(Santa Cruz Biotechnology, sc-18337) diluted with the

rabbit polyclonal antibodies against MIS (Santa Cruz

blocking buffer. The negative controls included a

Biotechnology, sc-28912). The negative controls included a
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(Santa

Cruz

All these secondary antibody combinations were also

Biotechnology, sc-2025) and normal rabbit IgG (Santa Cruz

utilized for the negative controls. To enhance the staining,

Biotechnology, sc-2027) (all at a concentration of 1/200) in

we further incubated the relevant slides with Cy3-

equal volume [37].

conjugated streptavidin (Jackson Laboratories, 016-160084) diluted (1/100) with PBS (Biological Industries). A

The following morning the sections were further incubated

second set of negative controls was prepared for the

with a solution of the secondary antibodies suitable for the

calibration of the microscope and included sections

relevant primary antibodies diluted with the blocking buffer

incubated only with the relevant diluted secondary antibody

in equal volumes (all at a concentration of 1/200): Cy 5-

solutions without primary antibodies. Finally, the samples

conjugated donkey anti-mouse antibodies (AffiniPure,

were incubated with 4',6-diamidino-2-phenylindole (DAPI)

Jackson Laboratories, West Grove, PA, USA, 715-175-

background staining (Sigma, D9564) diluted (1/1000) with

151), biotin-SP conjugated donkey anti rabbit antibodies

distilled water (Biological Industries). The slides were

(AffiniPure, Jackson Laboratories, 711-065-152) and Alexa

mounted

Fluor

antibodies

(Fluoromount, Diagnostic BioSystems). The slides were

705-545-147),

visualized and photographed with a Leica SP8 confocal

respectively. Initially all the secondary antibodies were

laser microscope. The non-specific very low fluorescence

mixed together for the four-color immunofluorescent

observed in the negative controls was removed from all the

staining system but, as above, further studies included

immunofluorescent stained sections. The expression of

combinations of two antibodies each time, as follows:

AMH, GDF9, and BMP15 in the photographs was

488-conjugated

(AffiniPure,

Jackson

donkey

anti

goat

Laboratories,

with

a

water-based

mounting

medium

compared for color distribution and intensity in ovarian
(I) Alexa Fluor 488-conjugated donkey anti goat antibodies

cellular sites (oocytes, GCs and stroma cells) from samples

(AffiniPure, Jackson Laboratories, 705-545-147) and

before and after chemotherapy, according to chemotherapy

biotin-SP

protocols, and after exposure to alkylating agents or non-

conjugated

donkey anti

rabbit

antibodies

(AffiniPure, Jackson Laboratories, 711-065-152).

alkylating agents and in follicles from pre-menarchal and
post-menarchal girls.

(II)

Alexa

Fluor

488-conjugated

donkey

anti-goat

antibodies (AffiniPure, Jackson Laboratories, 705-545-147)

2.5 Statistical analysis

and biotin-SP conjugated donkey anti rabbit antibodies

Analysis of variance, chi-square test, and Fisher’s exact

(AffiniPure, Jackson Laboratories, 711-065-152).

test, were used as required. A P value of <0.05 was
considered statistically significant. All analyses were

(III) Cy 5-conjugated donkey anti-mouse antibodies

performed with StatView 5 (SAS Institute, Cary, North

(AffiniPure,

Carolina, USA).

Jackson

Laboratories)

and

biotin-SP

conjugated donkey anti rabbit antibodies (AffiniPure,
Jackson Laboratories, 711-065-152).
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3. Results

growth factors. It is noteworthy that normal follicles were

In general macrospically the size of the ovaries depended

identified in all sections whether from pre- or post-

on patient age: the younger the patients were, the smaller

chemotherapy patients (Table 1A). Table II summarizes the

their ovaries. Although we did not measure the ovaries,

observations of IHC protein expression of AMH, GDF9,

their size seemed more age-dependent than chemotherapy-

and BMP15 in ovarian samples from girls before and after

dependent.

chemotherapy. The expression of all three growth factors
was identified from primordial follicles stages onwards in

3.1 Ovarian sources for IHC

oocytes and GCs. We found no differences in the

Ovarian samples retrieved from 40 girls (aged 2-18 years)

expression pattern of the growth factors among the classes

(Tables IA and IB) were used for IHC staining. Twenty-six

also among the pre- or post-chemotherapy groups. There

girls were chemotherapy naïve (Table IA) and 14 girls had

was also no difference in stroma cell staining of any of the

been exposed to various chemotherapy protocols including

growth factors before and after chemotherapy.

alkylating agents (Table IB), either recently or following
disease recurrence, prior to salvage treatment [5], and we

Compared to the pre-chemotherapy group, the post-

tried to present as much as possible information of their

chemotherapy group was characterized by significantly

treatment. Two pre-chemotherapy patients had a non-

more AMH stained atretic follicles (78/349, 22% Vs,

malignant disease before bone marrow transplantation: beta

69/462, 15%, P=0.034); significantly more positively

Thalassemia and Lupus Nephritis. There were 17 pre-

AMH-and BMP15 stained irregularly shaped follicles for

menarchal girls (Table IA and IB) of whom 11 were

AMH and BMP15 after exposure to alkylating agents

chemotherapy-naïve and six after chemotherapy. The

(AMH: 45/143, 31% Vs. 69/462, 15%. BMP15: 37/124,

remaining 23 girls were post-menarchal of whom 15 were

30% 37/124, 30% Vs. 50/466, 11% P<0.0001 for both), and

chemotherapy naïve and eight after chemotherapy. There

more BMP15 stained irregularly shaped follicles in the

were no significant differences in patient age between the

post-chemotherapy group than in the chemotherapy naïve

pre-and post-chemotherapy groups.

group (close to significant value, P>0.071) (Figures 1A and
1B). Figures 1C and 1D demonstrate follicular IHC staining

3.2 IHC results

for

The immunohistochemical studies identified 1,472 follicles

cytoplasmic staining was the strongest in the eight girls

from chemotherapy naïve patients: 910 primordial (62%),

aged <8 years, and then became weaker as patient age

226 primary (15%), 88 secondary (6%), four antral (<1%)

increased. Samples from five patients showed only

and 244 atretic (17%). In addition, 920 follicles from post-

cytoplasmic staining, and three also had GC staining.

chemotherapy patients were examined: 541 primordial

Figure 1E and 1F demonstrate IHC staining for GDF9, and

(59%), 171 primary (19%), 26 secondary (3%), one antral

figures 1G and 1H demonstrate follicular IHC staining for

(<1%), and 181 atretic (20%). Figure 1 shows photographs

BMP15. In general, BMP15 expression seemed stronger

of the immunohistochemical expression of the various

after than before chemotherapy (Table 2). There were no
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differences in IHC staining pattern of the three growth

factors between girls with hematological or solid tumours.

Table 2: Immunohistochemical protein expression for AMH, GDF9 and BMP15 in human ovaries before and after
chemotherapy.
Follicular staining+intensity

AMH

GDF9

BMP15

Before Therapy
Oocyte
None

13%

19%

Partial

47%

31%

Full

40%

76%

50%

None

7%

24%

19%

Weak

40%

35%

56%

Weak-medium

20%

Medium

33%

35%

25%

Cytoplasm

Strong

6%

Nucleus
None

75%

41%

31%

Weak

6%

41%

69%

Medium

13%

12%

Strong

6%

Granulosa cells
None

19%

6%

13%

Weak

44%

29%

81%

Medium

31%

53%

6%

Strong
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12%
Scattered

Scattered

Scattered

25%

29%
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Oocyte
None
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67%

25%

14%

Full
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33%

33%

Medium
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50%
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None

67%

63%

43%
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17%
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29%
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29%
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None

50%
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29%
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43%
Scattered

Scattered
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Figure 1: IHC staining for the various growth factors.

Ovarian section from a 3-year-old girl after therapy (patient no. 33). Note the crescent shaped atretic follicles (black arrow) and
the normal primary follicle (red arrow); the red-brown BMP15 staining in the oocyte and GCs. Original magnification X400.
Scale bar=30µm at the left lower corner. The primary antibody used was an anti GDF9B antibody (Santa Cruz Biotechnology,
sc-18337). The negative control was prepared by absorbing the primary antibody with its blocking peptide (Santa Cruz
Biotechnology sc-8337P) and is shown at the bottom right corner. Note the follicles and the exclusive blue hematoxylin
staining.
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An Hematoxylin and Eosin stained section of the same patient as in 1A. Note the three secondary follicles (arrows).

Ovarian section from an 8-year-old girl after therapy (patient no. 37). Note the abnormal follicle without GC; the red-brown
BMP15 staining in the oocyte’s cytoplasm and nucleus. Original magnification X400. Scale bar=20µm at the left lower corner.
The primary antibody used was an anti GDF9B (Santa Cruz Biotechnology, sc-18337). The negative control was prepared by
absorbing the primary antibody with its blocking peptide (Santa Cruz Biotechnology sc-8337P).

An Hematoxylin and Eosin stained section of the same patient as in 1B. Note the primary, possibly atretic follicle (arrow).
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Ovarian section from an 8-year-old girl before therapy (patient no. 9). Note the strong red-brown AMH staining intensity in the
oocyte cytoplasm (arrow). Original magnification X400. Scale bar=30µm at the left lower corner. The primary antibody was a
goat polyclonal antibody against AMH (MIS, Santa Cruz Biotechnology, sc-6886) The negative control was prepared by
absorbing the primary antibody with its blocking peptide (Santa Cruz Biotechnology, sc-6886P). The negative control is in the
upper right corner. Note the follicles and the exclusive blue hematoxylin staining.

An Hematoxylin and Eosin stained section of the same patient as in 1C. Note the cluster of primordial and primary follicles.
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Ovarian section from a 14-years-old girl after therapy (patient no. 42). Note the abnormal follicle with the partialweak red-brown staining intensity for AMH in the cytoplasm (arrow) and its two oocytes. The primary antibody was
a goat polyclonal antibody against AMH (MIS, Santa Cruz Biotechnology, sc-6886), Original magnification X400.
Scale bar=30µm on the left lower corner. The negative control is at the upper right corner. The negative control was
prepared by absorbing the primary antibody with its blocking peptide (Santa Cruz Biotechnology, sc-6886P). Note
the follicles and the exclusive blue hematoxylin staining.

An Hematoxylin and Eosin stained section of the same patient as in 1D. Note the cluster of primordial follicles.
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Ovarian section from the same patient as in panel 1C. Note the strong full cytoplasmic staining intensity GDF9 (arrow). The
primary antibody was a goat polyclonal antibody against AMH (MIS, Santa Cruz Biotechnology, sc-6886), Scale bar=35µm on
the left lower corner. The negative control was prepared by absorbing the primary antibody with its blocking peptide (Santa
Cruz Biotechnology, sc-6886P). The negative control is at the upper right corner. Note the follicles and the exclusive blue
hematoxylin staining.

An Hematoxylin and Eosin stained section of the same patient as in 1E. Note the Cluster of primordial and primary follicles.
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Ovarian section from the same patient as in panel 1C. Note the weak partial cytoplasmic staining intensity for GDF9 (arrow),
possibly mostly in the location of the Balbiani body. Original magnification X400. Scale bar=35µm at the left lower corner.
The primary antibody used was a goat polyclonal antibody an against GDF9B (Santa Cruz Biotechnology, sc-18337). Scale
bar=35µm on the left lower corner. The negative control was prepared by absorbing the primary antibody with its blocking
peptide (Santa Cruz Biotechnology sc-8337P). The negative control is in the upper right corner. Note the follicles and the
exclusive blue hematoxylin staining.

An Hematoxylin and Eosin stained section of the same patient as in 1F. Note the crescent shaped follicles (arrow) and the
cluster of primordial and primary follicles on the left.
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Ovarian section from a 16-year-old girl before therapy (patient no. 26). Note the weak staining intensity in the oocyte & GC for
BMP15 (arrow). Original magnification X400. Scale bar=30µm at the left lower corner. The primary antibody used was an anti
GDF9B antibody (Santa Cruz Biotechnology, sc-18337). The negative control was prepared by absorbing the primary antibody
with its blocking peptide (Santa Cruz Biotechnology, sc-8337P). The negative control is at the bottom right corner. Note the
follicle and the exclusive blue hematoxylin staining.

An Hematoxylin and Eosin stained section of the same patient as in 1G. Note the primordial follicle (arrow).
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Ovarian section from the same patient as in panel 1A. Note the strong staining intensity for BMP15 in the oocytes and GCs
(black arrow) and that some of the follicles were abnormal-crescent shaped (green arrow). Original magnification X400. Scale
bar=30µm at the left lower corner. The primary antibody used was a goat polyclonal anti GDF9B antibody (Santa Cruz
Biotechnology, sc-18337). The negative control was prepared by absorbing the primary antibody with its blocking peptide
(Santa Cruz Biotechnology sc-8337P). The negative control is at the bottom right corner. Note the follicles and the exclusive
blue hematoxylin staining.

An Hematoxylin and Eosin stained section of the same patient as in 1H. Note the secondary follicle in the center and the
primordial follicle (arrow).
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3.3 Ovarian sources for IF

regardless of patient age (Figure 2G and 2H): 24 follicles in

Ovarian samples were retrieved from 21 girls (Table 1A

the pre-chemotherapy group, and 22 follicles in the post-

and 1B). Twelve of the 21 samples were also used for IHC

chemotherapy group. However, the follicles were almost

staining, and were proven to contain a large number of

exclusively primordial (45/46 follicles, and one primary

follicles, and nine samples were obtained after the IHC part

follicle, P<0.0001 for primordial Vs. primary). There were

of the study was completed. Fourteen girls were

no significant differences between the pre-chemotherapy

chemotherapy naïve (Table 1A) and seven had been

and post-chemotherapy groups in the distribution of

exposed to chemotherapy, including alkylating agents

staining for the three growth factors in the Balbiani body.

(Table 1B). Nine girls were pre-menarchal including five

Balbiani body staining intensity was strong in 30 follicles

before chemotherapy and four after chemotherapy, and 12

(65%), medium in 10 follicles (22%), and weak in six

were post-menarchal, including nine chemotherapy naïve,

follicles (13%). Staining intensity was stronger in the

and three after chemotherapy.

Balbiani body than in the surrounding cytoplasm or GCs
(Figure 2G). In the post-chemotherapy group, Balbiani

3.4 IF staining results

body staining was observed in more follicles from patients

IF identified 130 follicles from the pre-chemotherapy

that were exposed to alkylating agents than from patients

patients examined: 78 primordial (60%), 38 primary (29%),

exposed to non-alkylating agents (16 vs. 6 follicles,

14 secondary (11%) and three (9%) atretic or irregularly

respectively), but this difference was not statistically

shaped. In addition, 110 follicles from post-chemotherapy

significant. Balbiani body staining was also observed in

patients were examined: 81 primordial (74%), 22 primary

nine of the 33 atretic follicles. The samples from the pre-

(20%), seven secondary (6%) and 30 (27%) atretic or

chemotherapy group had significantly more follicles with

irregularly shaped. Staining for all three growth factors was

strong oocyte staining intensity for AMH and GDF9 than

identified in the GCs of all pre-antral follicles examined

samples from the post-chemotherapy group; predominantly

(primordial, primary and secondary). Fluorescent staining

in the oocyte cytoplasm [AMH: (31/130, 24%) vs. (16/110,

was observed in all oocytes and GCs, but intensity was

14.5%); GDF9: (15/73, 20.5%) vs. (7/45, 15.5%), P<0.0001

more prominent in the GC. Table 3 summarizes the IF

for both]. BMP15 cytoplasmic expression intensity was

results. Photographs of follicles stained for the growth

mostly weak or non-existent in both groups. Analysis by

factors, before and after chemotherapy, are shown in Figure

pubertal status revealed a significantly higher number of

2 (A-E). Staining for the three growth factors was also

strong AMH primordial follicle cytoplasmic staining

observed in atretic or irregularly shaped follicles before or

intensity in samples from post-menarchal girls compared to

after chemotherapy (Figures 2D and 2E). The nucleus was

pre-menarchal girls (21/43, 49% vs. 8/35, 23%, P=0.02).

either unstained or, in most cases, with weak staining

There were no other differences in growth factor expression

intensity for all three factors. Asymmetrical fluorescent

that correlated with pubertal status. However, the post-

staining for all three factors was observed in the

chemotherapy group included only three post-menarchal

cytoplasmic location of the Balbiani body in 46 follicles,

girls (nos. 41, 43, 44).
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Table 3: Ovarian Immunofluorescent Expression of AMH, GDF9 and BMP15 in human ovaries before and after
chemotherapy.
Follicular staining+intensity

AMH

GDF9

BMP15

None

12%

18%

32%

Partial

58%

51%

35%

Full

31%

32%

32%

Balbiani body area

24 Pf (31%)*

11 Pf (24.5%)*

5Pf (11.5%)*

None

11.5%

18%

32.5%

Weak

47.5%

45%

49.5%

Medium

17%

16.5%

14%

Strong

24%

20.5%

4%

None

45%

41%

45.5%

Weak

39%

38.5%

41.5%

Medium

10%

15%

9%

Strong

6%

5.5%

4%

None

1.5%

7%

1.5%

Weak

38.5%

53.5%

28.5%

Medium

46%

34%

54.5%

Strong

14%

5.5%

15.5%

Stroma

Scattered

Scattered

Scattered

None

25%

29%

22%

Partial

52%

56%

42%

Full

24%

16%

36%

Balbiani body area

22 Pf (27%)*

13 Pf (38%)*

6 Pf (11.3%); 1 primary (6.5%)*

Before Therapy
Oocyte

Cytoplasm

Nucleus

Granulosa cells

After Therapy
Oocyte

Cytoplasm
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None

23.5%

29.5%

22%

Weak

50%

37.5%

52%

Medium

12%

17.5%

8%

Strong

14.5%

15.5%

1.5%

None

47%

35.5%

41%

Weak

44.5%

60%

49.5%

Medium

7.5%

4.5%

9%

Strong

1%

Nucleus

1.5%

Granulosa cells
None

1%

66.5%

1.5%

Weak

52.5%

33.5%

56%

Weak-medium

25.5%

-

23.5%

Medium

21%

-

19%

Stroma

Scattered

Scattered

Scattered

*Staining intensity in Balbiani body region was stronger than in the surrounding cytoplasm or granulosa cells
Pf, primordial follicles

Figure 2: IF staining for the various growth factors.

Section of two primary follicles from a 3-year-old girl before chemotherapy (patient no. 3). Note the green GDF9 staining and
the red AMH staining in the oocyte and GCs. Scale bar=25µm. The negative control is in the upper right corner. Note the
follicles and the exclusive blue DAPI Staining.
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Section of a secondary follicle from the same patient as in Figure 2A. Note the red GDF9 staining in the GCs and oocyte (also
in the nucleus), the green BMP15 staining mainly in the GCs and the weak cyan AMH staining intensity in the GCs and oocyte
cytoplasm. Scale bar=50µm. The negative control is in the upper right corner. Note the exclusive blue DAPI Staining.

Same section as in panel 2B showing staining for each growth factor alone. Note in the upper left-hand side the green BMP15
staining mainly in the GCs and stroma cells, in the upper right-hand side the red GDF9 staining in the GCs and oocyte (also in
the nucleus), in the right-hand side of the middle panel the weak cyan AMH staining intensity in the GCs and oocyte
cytoplasm. The blue staining in the middle-left panel is background DAPI. The image in the bottom left hand side is the same
merged combination as in panel 2B. Scale bar=50µm
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Section of abnormal primary follicle from the same patient as in panel 1C. A Merged image for AMH and BMP15 IF staining.
Note the red AMH staining mainly in the GCs. Green BMP15 staining is almost invisible in the merged image. Scale
bar=25µm. The negative control is in the upper right corner. Note the follicles and the exclusive blue DAPI Staining.

The same follicle as in panel 2D. Note the green BMP15 staining. Scale bar=25µm
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Section of an atretic follicle from a 9-year-old girl after chemotherapy (patient no. 38). Note the abnormal shrunken follicle
with the green GDF9 staining, the cyan BMP15 staining mainly in the oocyte and the red AMH staining mainly in the GCs.
Scale bar=75µm. The negative control is in the upper right corner. Note the barely visible follicle and the exclusive blue DAPI
staining in the background.

Section of a primordial follicle from a chemotherapy naïve 17-year-old girl (patient no. 29). Note the combined green GDF9
and red AMH staining in the Balbiani (B) body and the red AMH staining in the granulosa cells. Scale bar=75µm. The
negative control is in the bottom left corner. Note the follicle and exclusive blue DAPI Staining in the background.
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The same primordial follicle as in panel 2G. Note the green GDF9 staining in the Balbiani (B) body. Scale bar=75µm.

4. Discussion

had the strongest intensity up to the age of 8 years, and

Our study is the first to show the protein expression of

became weaker thereafter. On IF staining, post-menarchal

AMH, GDF9, and BMP15 in follicles of pediatric patients

girls had a significantly higher number of AMH

after exposure to chemotherapy. All three growth factors

cytoplasmic staining in primordial follicles than pre-

were identified by both IHC and IF from primordial stages

menarchal girls. IHC oocyte cytoplasmic staining for all

onwards in oocytes and GCs. Although the number of

three growth factors seemed fuller before chemotherapy

follicles that positively expressed all three growth factors

than after. In general, differences between the IHC and IF

was higher in the pre-chemotherapy than in the post-

studies were due either to the higher sensitivity of confocal

chemotherapy group, the difference was not statistically

laser microscopy or the higher number of follicles

significant. There were no differences in growth factor

examined by light microscopy (IHC). The stronger

expression between follicle classes (primordial, primary

cytoplasmic staining intensity of AMH on IHC study in the

and secondary). These growth factors were also expressed

younger AMH pre-chemotherapy girls (up to the age of 8

in atretic follicles in both groups. There were significantly

years) than the older girls is in line with the known age-

more IHC-stained atretic follicles in post-chemotherapy

related AMH increase from birth to 8 years [5]. No such

patients, specifically in GCs; staining intensity was weaker

difference was noted for GDF9 and BMP15, which are

for AMH and GDF9 than for BMP15 (although fewer

structurally similar to each other and distinct from AMH,

follicles stained for BMP15). The IF studies made it

which may explain their different staining pattern [38].

possible to identify for the first time the expression of these

However, the number of patients up to the age of 8 years

proteins in the Balbiani body (even in atretic follicles in

old was relatively low. Furthermore, there were fewer

both groups), and in the post-chemotherapy group, even in

chemotherapy naive patients up to the age of 8 years in the

follicles exposed to alkylating agents. Within the pre-

IF studies than in the IHC studies, which might account for

chemotherapy group, IHC cytoplasmic staining for AMH

our failure to identify a similar pattern by IF. Even though
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tissue from the same patients was used in parallel to

unknown, association of the Balbiani body with growth

identify all three growth factors, IHC yielded similarities

factors. It is possible that the presence of growth factors in

only in GC AMH and GDF9 expression but not in BMP15,

this

perhaps because different paraffin block levels were used

dysfunctional mitochondria from female germline cells [35]

and they did not contain the same follicles. The pre-

at some point in follicle activation. Our finding that more

chemotherapy group showed significantly stronger IF

follicles stained in the Balbiani body region after exposure

staining intensity of AMH and GDF9 in the oocyte

to alkylating agents than to non-alkylating agents might

cytoplasm compared to the post-chemotherapy group; this

suggest that this location is more resistant to the

finding might have been due to the follicles being more

gonadotoxic effects of alkylating agents than other

viable before chemotherapy. Accordingly, our previous

follicular structures. Previous studies [23, 29] used IHC to

study showed that post-chemotherapy intracellular changes

examine AMH protein expression in ovaries from human

occur also in patients <20 years [3]. We can possibly

fetuses, girls from pre-puberty to various pubertal stages

explain the presence of morphologically normal follicles in

[29] and normal cycling women [23, 29]. They identified

all sections studied in the present study by the young age of

AMH protein expression in follicles only from primary

the patients. Together, the observations in the present study

stages onwards, specifically in GCs. In the present study,

and the earlier one [3] might suggest that some of the

AMH protein expression was demonstrated in ovaries from

remaining post-chemotherapy pre-antral follicles have a

young girls by both by IHC and IF, already from primordial

lower developmental potential. The IHC finding of a higher

stages and not only in the GCs but also in the oocyte

albeit non- significant number of follicles that positively

cytoplasm and nucleus including the Balbiani body. We

expressed all three growth factors in the pre-chemotherapy

were able to differentiate the Balbiani body from the rest of

group than the post-chemotherapy group is in agreement

the oocyte cytoplasm by confocal laser microscopy but not

with our previous observation of a non-significant post-

by light microscopy. IF staining intensity was stronger in

chemotherapy reduction in follicular number in ovaries of

the cytoplasm of primordial follicles from post-menarchal

pediatric patients [3, 5]. The significantly higher growth

than pre-menarchal girls. Moreover, we identified, for the

factor IHC staining intensity in post-chemotherapy than in

first time, AMH protein expression in atretic follicles.

location

is

related

to

selection/elimination

of

pre-chemotherapy atretic follicles, might indicate the
presence of a still unknown growth factor follicle-rescue

Earlier studies from our laboratory reported GDF9 and

mechanism.

BMP15 IHM protein expression already from primordial
stages

in

ovaries

from

pediatric

patients

before

In the present study, we observed IF staining for all three

chemotherapy. These proteins were identified: in GCs,

proteins (AMH, GDF9, and BMP15) in the region of the

oocyte cytoplasm, and nuclei [1, 12]. These results are in

Balbiani body; in most cases the staining intensity was

agreement with the present study. Others described the

stronger in the Balbiani body than in the surrounding

expression of both GDF9 and BMP15 in GCs and oocytes

cytoplasm or GCs, possibly because of some, as yet

of adult women [32, 39]. using various methods including
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regular IHC, standard IF, and in situ hybridization to
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