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ABSTRACT

A total of 2792 preantral follicles (PFs’) isolated from 750 ovaries of sheep were cultured in four different ex-
periments. The efficacy of three commercially available culture media viz., TCM 199B, a-MEM and Waymouth
MB 752/1 on the growth of sheep PFs’ was tested in experiment I. Among the three media TCM 199B supported
better development of PFs’ in culture. The remaining experiments established the best concentrations of vascular
endothelial growth factor (VEGF), Estradiol-174 (E2), GDF-9, Fibroblast growth factor (FGF) and their best
combinations for the in-vitro development of PFs’. Inclusion of VEGF at 10 ng/mL, Estradiol-174 at 5 ng/mL,
GDF-9 at 10 ng/mL or FGF at 10 ng/mL individually in a standard medium (SM) (containing FSH, IGF-I, GH and
T4) supported better nuclear maturation of the oocytes to MII stage. Different combinations of VEGF, Estradiol-
17p, GDF-9 and FGF supplemented in the SM promoted similar overall follicular growth. However, (a) SM +
VEGF(10 ng/mL) + E2(5 ng/mL) supported higher increase in the diameter, (b) SM without any supplements
induced antrum formation in greater proportion of follicles, and (c) SM + VEGF(10 ng/mL) + GDF 9(10 ng/mL)
or SM + E2 (5 ng/mL) + FGF(10 ng/mL) supported high proportion of oocytes to reach MII stage. To conclude,
TCM 199B appeared to be a better medium for development of sheep PFs’. VEGF, Estradiol-17 5, GDF-9 and FGF
have beneficial influence on the development of sheep PFs’ when supplemented in TCM 199B

Abbreviations
Preantral follicles (PFs’)

Vascular endothelial growth factor (VEGF)

Estradiol-173 (E2)

Growth differentiation factor-9 (GDF-9)

Fibroblast growth factor (FGF)

1. Introduction

Oocytes in primordial and preantral follicles (PFs’) in the ovaries
represent a huge resource of female germplasm. Therefore, efforts are
continuing to harvest, mature and fertilize the oocytes in PFs’ of labo-
ratory and domestic animals. While live offspring from cultured PFs’
could be produced only in the murine species (Hasegawa et al., 2006,

Bicarbonate-buffered tissue culture medium 199 (TCM199B) Mochida, Ogasawara & Koyama, 2006), in domestic animals, in vitro

a-minimum essential medium (a-MEM)

In vitro Maturation (IVM) medium
Estrus sheep serum (ESS)

embryo production from the oocytes in cultured PFs’ was reported in the
pig (Wu et al., 2001, Emery & Carrell, 2001), buffalo (Gupta et al.,
2008, Ramesh, Manjunatha, Nandi & Ravindra, 2008), sheep (Aruna-

HEPES-buffered tissue culture medium 199 (TCM 199H) kumari et al., 2010) and goat (Magalhaes et al., 2011). However, the

Cumulus oocyte complexes (COCs)
Standard medium (SM)

frequency of maturation of oocytes in the cultured PFs’ in different
species has been relatively low (Kamalamma et al., 2016; Silva et al.,
2014). Earlier efforts in the laboratory to improve the development of
sheep PFs’ in vitro included the studies on the influence of several
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growth factors, hormones and their combinations (Arunakumari et al.,
2010, 2007; Hemamalini et al., 2003; Kamalamma et al., 2016; Rajar-
ajan et al., 2006; Tamilmani et al., 2005). However, the influence of
different commercially available culture media, vascular endothelial
growth factor (VEGF), Estradiol- 174 (E2) growth differentiation
factor-9 (GDF-9) and fibroblast growth factor (FGF) on in vitro devel-
opment of PFs’ in sheep were not investigated earlier. Accordingly, the
present study analyzed the ability of different (i) commonly used culture
media - a-MEM, Bicarbonate-buffered tissue culture medium 199
(TCM199B) and Waymouth MB 752/1 and (ii) concentrations of VEGF,
Estradiol-17p, GDF-9 and FGF to support in vitro development of PFs’ in
sheep. In addition, the effects of inclusion of these growth factors indi-
vidually and in different combinations in a medium that routinely sup-
ports good development of sheep PFs’ in the laboratory (Arunakumari
et al., 2010, 2007;Chakravarthi et al., 2015, 2016a, 2016b; Kumar et al.,
2019; Lakshminarayana et al., 2014, Praveen Chakravarthi, Brahmaiah
& Rao, 2014; Srividya et al., 2017) were also examined.

2. Materials and methods

This study was undertaken as per the guidelines of the Institutional
Research and Animal Ethics Committees of the College of Veterinary
Science, Tirupati. Unless otherwise mentioned, the culture media, hor-
mones, growth factors and all the other chemicals were procured from
Sigma Chemical Co. (St. Louis, MO, USA) and plastics from Nunclon
(Roskilde, Denmark). However, fetal calf serum (FCS) was supplied by
PAN Biotech, Germany and Waymouth medium by GIBCO life tech-
nologies. All the hormones and growth factors used were cell culture
tested and endotoxin free. Barring the media supplemented with
different growth factors and hormones, all the other solutions were
filtered through a 0.22 um sterilizing filter (Sartorius, Germany) prior to
use. All the procedures employed in the study were previously reported
from the laboratory (Arunakumari et al., 2010, 2007; Chakravarthi
et al., 2015, 2016a, 2016b; Hemamalini et al., 2003; Kamalamma et al.,
2016; Kona et al., 2016; Kumar et al., 2019; Lakshminarayana et al.,
2014; Rajarajan et al., 2006; Srividya et al., 2017;; Tamilmani et al.,
2005;). However, a sufficiently brief explanation of all the methods
employed in this study is presented.

2.1. Culture media

Bicarbonate-buffered tissue culture medium 199 (TCM199B)
(M4530), a-minimum essential medium (e-MEM) (M8042), and Way-
mouth MB 752/1 (11220-035) were all routinely supplemented with
gentamicin sulfate (10 mg/mL) filtered through 0.22 pm filter and
stored at 4 °C till used.

2.2. Preparation of stock solutions of different growth factors and
hormones

Stock solution of VEGF (V4512) was prepared by reconstituting 5 pg
in 50 pL of cell culture grade water (W3500) to get a concentration of
0.1 ug/pL. Ten microliters of the above solution was reconstituted to a
final volume of 1 mL to yield a concentration of 1 ng/pL.

Stock solution of Estradiol-17/ was prepared by dissolving 0.1 mg of
powder (E4389, water soluble, Bio availability was 50 mg/g of powder)
in 5 mL of cell culture grade water to get a concentration of 1 ng/pL.

Stock solution of GDF-9 was prepared by reconstituting 20 pg of
GDF-9 (SRP4872) in 200 pL of cell culture grade water to get a con-
centration of 0.1 pg/mL. Ten microliters of the above solution was
reconstituted to a final volume of 1 mL to yield a stock concentration of
1 ng/pL.

Stock solution of FGF was prepared by reconstituting 10 pg of
lyophilized desiccate of FGF (F3133) in 100 pL of TCM 199H containing
0.1% BSA (A8412) to yield a concentration of 0.1 pg/pL. Ten microliters
of this solution was diluted with 990 pL of TCM 199H to yield a stock
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concentration of 1 ng/1 pL.

Stock solutions of all the above growth factors/hormones were
stored separately in 100 pL aliquots at -20 °C until used

Supplementation of with one or more of the hormones/growth fac-
tors was achieved by appropriately mixing suitable volumes of the cul-
ture medium and stock solutions. For example 1998, 1980 and 1800 pL
of TCM 199B was added with 2, 20 and 200 pL of VEGF stock solution (1
ng/ pL) to achieve a concentration of 1, 10 and 100 ng/mL of VEGF.

2.3. Preparation of the standard medium

Bicarbonate buffered tissue culture medium 199 (TCM 199B) was
supplemented with 50 ug/mL gentamicin sulfate, 1 ug/mL 1-thyroxine
(T4), 2.0 pg/mL follicle stimulating hormone (FSH), 10 ng/mL insulin
like growth factor-I (IGF-I) and 1MIU/mL of growth hormone (GH).
Unlike in our previous studies (Arunakumari et al., 2010, 2007; Chak-
ravarthi et al., 2015, 2016a, 2016b; Hemamalini et al., 2003; Kama-
lamma et al., 2016; Kona et al., 2016; Kumar et al.,, 2019;
Lakshminarayana et al., 2014; Rajarajan et al., 2006; Srividya et al.,
2017; Tamilmani et al., 2005), FSH (F8174) and LH (L5269) used in the
present study were of ovine rather than porcine and equine origin
respectively. This medium referred to as the standard medium in the
present study, routinely supports good development of sheep PFs’ in
vitro (Arunakumari et al., 2010, 2007; Chakravarthi et al., 2015, 2016a,
2016b; Hemamalini et al., 2003; Kamalamma et al., 2016; Kona et al.,
2016; Kumar et al., 2019; Lakshminarayana et al., 2014; Rajarajan et al.,
2006; Srividya et al., 2017; Tamilmani et al., 2005).

2.4. Preparation of in vitro maturation (IVM) medium

TCM 199B was supplemented with 10 ug/mL Follicle Stimulating
Hormone, 10 ug/mL Luteinizing hormone, 1 pg/mL Estradiol-17, 50 ng/
mL gentamicin sulfate and 10% (v/v) estrus sheep serum (ESS). This was
stored at 4 °C for up to 1 week. The medium was equilibrated for 1 h at
39 °C in 5% CO; in air under humidified atmosphere prior to use.

2.5. Collection and processing of ovaries

Ovaries were collected at a slaughter house immediately and trans-
ported to the laboratory within 1 h in plastic sachets containing PBS
placed in a thermos flask containing warm water (37 °C). On reaching
the laboratory, the ovaries were placed in 35 mm plastic culture dishes
(153066, Nalge Nunc, Denmark) and were trimmed off adherent tissues
and ligaments. They are washed twice in handling medium (HEPES-
buffered tissue culture medium 199 (TCM 199H) supplemented with
0.23 mM of sodium pyruvate, 2 mM r-glutamine and 50 ug/mL genta-
micin sulfate). All the subsequent procedures were carried out in a
laminar air flow (Nuaire, Class II type A B3, USA).

2.6. Isolation and selection of preantral follicles

The ovaries were cut into two halves and the medulla was removed.
The ovarian cortices were cut into thin slices using a sterile surgical
blade. These cortical slices were placed in the handling medium and
intact preantral follicles (100-400 pm) in the size range of 250-400 pm
were mechanically isolated by micro dissection under a stereo zoom
microscope (SMZ 2T, Nikon corporation, Japan) using two 26 gage
needles fitted to 1 mL syringe barrels. Care was taken to leave small
amount of stromal tissue to avoid damage to the basement membrane.
Preantral follicles having centrally placed, spherical oocytes with no
signs of atresia and with intact basement membrane were considered
good for culture (Fig 1a).

2.7. Culture and in vitro evaluation of development of preantral follicles

Differently supplemented culture media based on the experimental
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Fig. 1. In vitro development of preantral follicles in sheep (A) Typical preantral
follicle selected for culture (B) Preantral follicle cultured for 2 days. Note the
early development of antrum (C) Preantral follicle cultured for 4 days. Note the
large antrum pushing the COC to one side within the follicle (D) Preantral
follicles cultured for 6 days. (E) COC collected from 6 day cultured Preantral
follicles. (F) Oocyte from COC of 6 day cultured follicle matured in vitro for 24
h to MII stage as observed by Hoechst Staining.

protocol was pre-incubated for 1 h at 39 °C under humidified atmo-
sphere in 5% COj in air. The selected follicles were washed thrice in the
culture medium and subsequently placed individually in 20 pL droplets
of the culture medium in 35 mm plastic tissue culture dishes. To avoid
evaporation of the medium, the micro-droplets were overlaid with
autoclaved lightweight mineral oil (M 8410) pre-equilibrated with the
medium overnight at 39 °C in 5% COs in air. These culture dishes were
incubated at 39 °C in 5% CO; under humidified atmosphere in air for up
to 6 days. Day on which the PFs’ were placed in culture was designated
day zero and subsequent days as 1, 2, 3 and so on. Half of the medium
was replaced by an equal volume of fresh medium every 48 h. This
culture procedure supported good development of sheep PFs’ in earlier
studies (Chakravarthi et al., 2015, 2016a, 2016b; Kamalamma et al.,
2016; Kona et al., 2016; Kumar et al., 2019; Lakshminarayana et al.,
2014; Srividya et al., 2017). Each follicle was morphologically evaluated
every 24 h during culture period using an inverted microscope (Leica,
DMIRB, Germany) for the proportions of follicles exhibiting growth,
increase in the diameter and antrum formation (Fig. 1b, c, d). At the end
of the culture, the follicles were carefully opened using two 26 gage
needles attached to 1 mL syringe barrels, to release the cumulus oocyte
complexes (COCs).
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2.8. In vitro maturation of oocytes from in vitro cultured follicles

The cumulus oocyte complexes (COCs) (Fig. 1e) were washed thrice
in the in vitro maturation medium (2.4). The COCs were placed indi-
vidually in 20 pL droplets of IVM medium in 35 mm tissue culture
dishes. The droplets were overlaid with autoclaved and pre-equilibrated
lightweight mineral oil and incubated at 39 °C in 5% CO, under hu-
midified atmosphere for 24 h. At the end of IVM period the oocytes were
denuded off cumulus cells by repeated pipetting through a fine bore
glass pipette. Subsequently the oocytes were washed in Hoechst 33342
fluorescent stain solution and incubated in a 50 pL droplet of the same
solution for 15 min at 39 °C (Rao et al., 2002). Later the oocytes were
examined for MII stage under fluorescent light (Leica BG 38 filter cube;
excitation 352-455 nm and emission 460-490 nm) on a Leica DMIRB
inverted microscope. (Fig. 1f)

2.9. Experiments
Four different experiments were conducted in this study:

1 Three commercially available media viz., a-MEM, TCM 199B and
Waymouth Medium MB 752/1 were tested for their ability to support
in vitro growth of PFs’ in sheep.

2 The medium that fared better in experiment 1 was supplemented
with VEGF, Estradiol-174, GDF-9 or FGF individually. Each of these
growth factors was supplemented at three different concentrations
based on a preliminary investigation (data not shown) as there are no
prior publications on the use of these growth factors in the culture of
PFs’.

3 Concentrations of growth factors that supported similar development
of preantral follicles in experiment 2 were supplemented in the
standard medium (SM).

4 Standard medium was supplemented with various combinations of
the best individual concentrations of the growth factors arrived at in
experiments 2 and 3 and used for the culture of PFs’ as above in an
attempt to improve the development of the PFs’.

2.10. Statistical analysis

Comparisons of proportion of follicles exhibiting growth, increase in
mean follicle diameter, proportions of follicles exhibiting antrum for-
mation and maturation of the oocytes to MII stage were undertaken by
analysis of variance separately in different experiments using SPSS 15.0.
This was followed by Duncan’s multiple range test (DMRT) to test the
significance of difference among different treatment groups for the
various parameters studied.

3. Results

TCM 199B induced significantly higher proportion of PFs’ to exhibit
growth, increase in diameter and antrum formation. However, none of

Table 1
Influence of TCM 199B, a-MEM and Waymouth MB 752/1 media on in vitro
development of sheep preantral follicles

Media % PFs’ Increase in % PFs’ % Oocytes in
(replicates / exhibiting diameter exhibiting cultured PFs’
no. follicles: 8/  growth (um) antrum matured to
64) formation MII

TCM 199B 73.9 £7.7% 21.7 £2.9% 52.2 £ 8.3% 00.0

a -MEM 471+7.3"  102+20° 365+64" 00.0
Waymouth 57.8 + 13.1+1.8" 235+6.9° 00.0

MB752/1 10.7%

Values are expressed as Mean + SE.
Figures with different superscripts within a column are significantly different (P
< 0.05).
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the media supported oocytes in COCs isolated from cultured PFs’ to
mature to MII stage subsequently (Table 1). As TCM 199B appeared to
support better development of PFs’ than the other media it was used in
subsequent experiments.

The effects of different concentrations of the growth factors/hor-
mones on in vitro development of the PFs’ are shown in Table 2. VEGF at
1 and 10, Estradiol-174 at 5 and 25, GDF-9 at 10 and 50 and FGF at 10
and 50 ng/mL supported similar (>20%) development of the sheep PFs’
in vitro (Table 3).

Standard medium supplemented with either VEGF(10 ng/mL) +
GDF-9(10 ng/mL) (T2, Table 4) or E2(5 ng/mL) + FGF(10 ng/mL) (T5,
Table 4) afforded significantly higher proportion of the oocytes to
mature to MII stage.

4. Discussion

This is the first study that compared three different commercially
available media viz., TCM 199B, a-MEM and Waymouth MB 752/1 for
their ability to support in vitro development of PFs’ in sheep. Further
individual and combined influences of VEGF, Estradiol-174, GDF-9 and
FGF on in vitro development of sheep PFs’ were also investigated for the
first time.

Present observation that TCM 199B allowed better development of
the PFs’ is in agreement with reports in sheep, goat (Andrade et al.,
2014; Arunakumari et al., 2010, 2007; Chakravarthi et al., 2015, 20164,
2016b; Kamalamma et al., 2016; Kona et al., 2016; Kumar et al., 2019;
Lakshminarayana et al., 2014; Magalhaes et al., 2011; Silva et al., 2014;
Srividya et al., 2017) and in bovines (Castro et al., 2014; Rossetto et al.,
2013) although Waymouth medium was not tested in those studies.
Another study in bovines claimed that TCM 199 could be replaced by
a-MEM only if fresh medium was continuously added (Aradjo et al.,
2015). In a recent study (Jimenez et al., 2016), it was reported that
a-MEM supported better development of the ovarian cortical slices in
the bovine. However, relative to TCM 199 and Waymouth media,
a-MEM reportedly supported better growth of PFs’ in the mouse (Kim

Table 2
Effect of different concentrations of VEGF, Estradiol-17/, GDF-9 and FGF on in
vitro development of sheep preantral follicles.

Growth factor/ % PFs’ Increase in % PFs’ % Oocytes in
hormone ng/ml exhibiting diameter exhibiting cultured PFs’
(replicates/no. growth (um) antrum matured to
follicles) formation MII
VEGF
0 (8/48) 56.4 £5.1 11.6 £ 2.1 37.2+31 2.0 +2.1°¢
1(8/72) 56.3 +£ 4.8 13.4 + 2.1 19.6 + 9.4 13.0 + 3,52
10 (8/72) 60.5 + 6.2 16.5 +£ 2.9 28.5 + 6.4 20.0 + 9.6*
100 (8/72) 44.4 +£5.3 9.6 £1.9 242 £9.0 10.0 + 2.4°
Estradiol-17 g
0 (8/48) 56.4 + 5.1 11.6 £ 2.1 37.2+3.1 2.0+21°¢
b
5 (8/56) 586+£44° 82+18% 486+85 17.0 £2.3°
25 (8/56) 53.3+10.0 83+1.9°® 31.0+97 15.0 + 3.8
a
50 (8/56) 325+7.6" 39+1.3% 25.2+9.0 10.0 £ 2.4°
GDF-9
0 (8/48) 56.4 £5.1 11.6 £ 2.1 37.2+31 2.0 +21°
ab
10 (8/64) 63.8 +£10.1 15.4+2.4° 42.3 £ 9.4 20 + 6.7%
50 (8/64) 57.8 + 8.9 139+ 2.3 35.9 +£10.7 144+7.3%
ab
100 (8/64) 40.6 + 5.6 78+17° 225+77 05.0 + 3.9°
FGF
0 (8/48) 56.4 +£5.1% 11.6 £ 2.1 37.2+3.1%2 2.0 +21°
10 (8/64) 63.2+9.3% 16.2 + 2.9 40.1 +£9.3? 23.7 +6.7%
50 (8/64) 63.5+6.9? 139+ 2.4 39.3+6.4° 17.4+3.0°
100 (8/64) 389+75" 105+23  224+54° 150+ 4.2

Values are expressed as Mean + SE.
Figures with different superscripts within a column are significantly different (P
< 0.05).
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Table 3
Influence of supplementation of the standard medium (SM) with VEGF, Estradiol
174, GDF-9 or FGF on in vitro development of sheep preantral follicles.

Growth factor % PFs’ Increase in % PFs’ % Oocytes in

concentration exhibiting diameter exhibiting cultured

(replicates/no. growth (um) antrum PFs’

follicles) formation matured to

MII

VEGF

SM (7/49) 65.3 £5.1 27.3 £ 4.4 27.7 £ 6.4 10.8 £ 4.4°

SM +1 ng/ml (7/ 79.6 £ 6.5 17.8 + 4.7 26.2 + 4.5 13.2+29°
70)

SM +10ng/ml (7/  75.2+ 4.3 24.8 + 4.3 242 + 6.1 28.8 +£5.7°
70)

Estradiol-17 g

SM (5/50) 65.3 £ 5.1 27.3 + 4.4 27.7 £ 6.4 10.8 +4.4°

SM + 5ng/ml (5/  62.0+10.3 20.5+5.5 24.5 + 5.6 38.8+9.6°
50)

SM +25ng/ml(5/ 69.6 + 9.1 26.1 £ 6.0 16.4 + 5.4 14.6 +8.4°
50)

GDF-9

SM (7/49) 65.3 £5.1 27.3+ 4.4 27.7 £ 6.4 10.8 + 4.4°

SM+10ng/ml(7/  63.5+9.1 16.5 + 2.5 18.5 + 5.9 32.4+367
56)

SM + 50 ng/ml (7/ 57.1+124 20.8 £ 4.7 28.4 +£3.7 13.3+5.2°
56)

FGF

SM (6/48) 65.3 £5.1 27.3+ 4.4 27.7 £ 6.4 10.8 + 4.4°

SM + 10 ng/ml (6/ 65.8 +£10.1 22,5+ 6.0 11.7 £ 4.5 376 +7.6%
60)

SM+50ng/ml(6/ 58.6+128 21.24+7.1 19.1 +£7.3 141+ 46"
60)

Values are expressed as Mean + SE.
Figures with different superscripts within a column are significantly different (P
< 0.05).

Table 4
Influence of supplementing the standard medium with various combinations of
growth factors / hormones on in vitro development of sheep preantral follicles.

Growth factors & % PFs’ Increase in % PFs’ % Oocytes
hormone exhibiting diameter exhibiting in cultured
combinations (ng/ growth (um) antrum PFs’
ml) (replicates / no. formation matured to
follicles:9/81) MIL
T1. VEGF:10 +E 2:5 80.2 +£ 8.7 46.6 + 23.4+3.4? 30.1 £4.1
10.0¢ de
T2. VEGF:10 + GDF 69.6 5.5 27.4 + 39.9 + 6.1 36.1 +3.6°
9:10 6.7
T3. VEGF:10 + FGF 62.3 £ 8.7 30.1 + 289+7.5? 24.4 £ 22
10 - gabe od
T4.E 2.5 + GDF 76.1 £ 8.5 34.2 + 26.5 +£5.3% 15.24+3.2%
9:10 5.47¢
T5. E 2:5 + FGF:10 75.4 + 8.3 23.3+7.2 53.5+7.9° 35.5+4.9°¢
ab
T6. GDF 9:10 + 80.9£65 202+ 438+88"  156+27°
FGF:10 4.2%
T7. VEGF:10 + E 84.2 +£5.2 40.1 + 36.3 +5.2% 13.4 £ 0.8
2:5 + GDF 9:10 6.8 ab
T8. VEGF:10 + E 85.8 + 4.4 23.5+5.8 432+98% 18.3 +
2:5 + FGF:10 ab 2.2%¢
T9. VEGF:10 + GDF 63.3 + 4.4 16.7 + 26.0 +5.2% 24.3 +
9:10 + FGF:10 3.4 4.0>4
T10. E 2:5 + GDF 82.7 £6.3 32.6 + 21.8+5.0° 16.6 +
9:10 + FGF:10 5.5 4.8
T11. VEGF:10 + E 85.2+5.9 30.1 £ 39.3 £11.0 3214+ 2.7
2:5 + GDF 9:10 + 7.0%¢ ab de
FGF:10
T12: SM (Control) 73.1 £6.6 379+ 54.3 + 9.4° 23.6 3.0
6.2%b¢ bed

E2 = Estradiol —174.

Values are expressed as Mean + SE.

Figures with different superscripts within a column are significantly different (P
< 0.05).



S.S.R. Kona et al.

etal., 2008, Seong & Lee, 2008). In another study TCM 199B and a-MEM
fared similarly in supporting the growth of murine PFs’ (Heidari et al.,
2012, Malekshah, Azami & Mirhoseini, 2012). It is enticing, from these
studies, to suggest that TCM 199 may be better suited for the culture of
PFs’ in farm animals and a-MEM in lab animals. It is also possible that
the higher growth rate of PFs’ in TCM 199B in the present and earlier
studies in the farm animals was due to the exclusive presence of retinol
tocopherol and calciferol specifically required in the farm animals
(Moellers & Riese, 1988; Schweigert & Zucker, 1988). However, such
specific requirements need be empirically confirmed. It was speculated
that the adenosine sulfate present in TCM 199 protects the PFs’ from
oxidative stress during culture (Rossetto et al., 2013). However, if this
was the case, TCM 199 should have supported better development of PFs
across various species studied. Laboratory specific factors such as the use
of ovarian cortical slices (Andrade et al., 2014; Castro et al., 2014;
Jimenez et al., 2016), culture in groups (Andrade et al., 2014; Castro
et al., 2014; Jimenez et al., 2016), individual PFs’, (Aratijo et al., 2015;
Heidari et al., 2012; Kim et al., 2008; Rossetto et al., 2013), length of
culture (Andrade et al., 2014; Aradgjo et al., 2015; Castro et al., 2014;
Heidari et al., 2012; Jimenez et al., 2016; Kim et al., 2008; Rossetto
et al., 2013), composition and frequency of change/addition of the
culture medium (Andrade et al., 2014; Aradjo et al., 2015; Castro et al.,
2014; Heidari et al., 2012; Jimenez et al., 2016; Kim et al., 2008; Ros-
setto et al., 2013) initial size and quality of the PFs’ (Andrade et al.,
2014; Aratijo et al., 2015; Castro et al., 2014; Heidari et al., 2012;
Jimenez et al., 2016; Kim et al., 2008; Rossetto et al., 2013) might also
be responsible for the observed differences in the ability of different
media to support in vitro development of PFs’ in different species.

The influence of supplementation of TCM 199B with 1 or 10 ng/mL
of VEGF on the growth of PFs’ was similar to that reported in the bovines
(Yang & Fortune, 2007) and goats (Bruno et al., 2009). However, better
nuclear maturation with 100 ng/mL of VEGF reported earlier in goats
(Aratjo et al., 2011) was not observed in the present study. This dif-
ference might be due to the differences in species, basic culture medium
(TCM 199B in the present study versus Waymouth MB 752/1 or a-MEM
in earlier studies) and/or the use of cortical slices in earlier reports.
Interestingly supplementation of the SM with VEGF (10 ng/mL) afforded
better development of preantral follicles in the present study. As the
mean increase in size of PFs’ was better in the standard medium (Aru-
nakumari et al., 2010) and since innate expression of VEGF increases as
the follicle growth progresses (Chowdhury et al., 2010, Scaramuzzi,
Wheeler-Jones & Khalid, 2010; Fisher et al., 2013) lower dose of VEGF
was apparently adequate to support better development of the PFs’ in
this study.

It was presumed that the supplementation of the culture medium
with Estradiol-178 might be needed for the in vitro development of the
PFs’ based on earlier observation in the laboratory that the in vitro
environment suppressed the expression of P450 aromatase gene needed
for steroidogenesis (Lakshminarayana et al., 2014). This presumption
was borne out by better nuclear maturation of the oocytes in the PFs’
cultured in TCM 199B supplemented with either 5 or 25 ng/mL of
Estradiol-17p. Interestingly SM was needed to be supplemented with
only a lower dose of Estradiol-17p (5 ng/mL) to improve the nuclear
maturation of the oocytes since it contained GH and FSH known to
stimulate steroidogenesis in growing ovarian follicles in mammals (Roy
& Greenwald, 1989; Serafim et al., 2015). Indeed, higher dose of
Estradiol-17p in the present study decreased the nuclear maturation
alluding to the possible toxicity.

The fact that the two lower doses of GDF-9 (10 and 50 ng/mL)
appeared to perform equally and that a higher concentration (100 ng/
mL) was no better than the control indicates a biphasic influence of GDF-
9 on in vitro development of sheep PFs’. Thus continuous presence of
GDF-9 at higher concentrations in the culture medium may not be
desirable. The fact that nuclear maturation of the oocytes was favorably
influenced by GDF-9 (10 ng/mL) without a significant influence on other
growth parameters indicates the subtle and remote nature of the
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influence of this growth factor on PFs’. Adverse influence of the higher
dose of GDF-9 on the nuclear maturation of the oocytes in cultured PFs’
could be attributed to increased and stage specific expression of GDF-9
stimulated by FSH and thyroxine (Kobayashi et al., 2009; Kona et al.,
2016) present in the standard medium.

Since FGF was known earlier to favorably influence DNA synthesis,
antrum formation and nuclear maturation of the oocytes in cultured
follicles in the hamster and buffalo (Gupta & Nandi, 2010; Gupta et al.,
2001; Roy & Greenwald, 1991), present results provide an important
confirmation in yet another mammalian species. Just as for GDF-9,
minimum dose of FGF interacted better with other growth factors in
the standard medium. Since there is a significant drop in the nuclear
maturation of oocytes with 50 ng/mL of FGF and as maximum frequency
of nuclear maturation was obtained with minimum dose, there may be
scope for further improvement in the nuclear maturation between 10
and 50 ng/mL that needs to be explored in future studies.

In the earlier study in the laboratory (Arunakumari et al., 2010), the
concentration of several of the growth factors/hormones were tested for
their efficacy to support good development of PFs’ in vitro while
designing the medium referred to as the standard medium in the present
study. However, supplementation of the standard medium with addi-
tional growth factors/hormones did not improve the in vitro develop-
ment of PFs’ in sheep. While several different combinations of the
growth factors and hormones supported similar improvements in
different growth parameters including the nuclear maturation of the
oocytes, no single treatment proved to be better than the rest. This
signposts several caveats in the present study: (i) If the so called standard
medium was already optimized to support the best in vitro development
of preantral follicles in sheep, naturally no further improvement could
be expected. Since some combinations did perform better although
statistically not significant SM is not yet optimized to support the best
development of the PFs’. Further. Studies involving larger number of
follicles and replicates might clarify the situation; (ii) The two concen-
trations of each of the growth factors that supported good development
of the PFs’ when supplemented in TCM 199B were subsequently tested
by inclusion in the standard medium. This was done considering the
possible interactions among them and also because several hormones
and growth factors are known to act through yet other growth factors
and/or hormones. Indeed, this strategy was able to differentiate be-
tween the two concentrations of the individual growth factors. However,
inclusion of different combinations of growth factors in SM did not lead
to improvements in the development of PFs’. Obviously, the doses of
growth factors supplemented alone in TCM 199B or SM, when used in
combination with the others are not suitable for the supplementation of
the standard medium. It may be necessary to test much lower doses than
tested in the present study. (iii) Finally, it was observed in the laboratory
that several growth factor genes were expressed in a stage-specific
manner in in vitro grown ovarian follicles (Chakravarthi et al., 2015,
2016a, 2016b; Kona et al., 2016; Lakshminarayana et al., 2014; Srividya
et al., 2017) in sheep necessitating the supplementation with different
(and possibly different levels of) growth factors/hormones at different
stages of the development rather than making them available
throughout the culture period. Such a strategy would exponentially in-
crease the complexity of the experiments as the culture components,
concentrations and times of exposure increase.

5. Conclusion
It is concluded that
(1) TCM 199B appeared to be a better medium for the culture of
sheep PFs’,

(2) VEGF, Estradiol-17p, GDF-9 and FGF all have beneficial influence
on the development of sheep PFs’ cultured in TCM 199B



S.S.R. Kona et al.
CRediT authorship contribution statement

S.S.R. Kona: Conceptualization. A.V.N. Siva Kumar: Conceptuali-
zation. B. Punyakumari: Conceptualization. R.V. Suresh Kumar:
Conceptualization. V.H. Rao: .

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by a research grant from the Council of
Scientific and Industrial Research (CSIR) (Grant No.37(1483).11.EMR-II
dt. 08.04.2011), Government of India to V.H.Rao. Authors thank R.
Vagdevi for the technical and administrative assistance.

References

Andrade, P. M., Chaves, R. N., Alves, A. M. C. V., Rocha, R. M. P., Lima, L. F.,
Carvalho, A. A,, Rodrigues, A. P. R., Campello, C. C, Gastal, E. L., & Figueiredo, J. R
(2014). Effects of a-MEM and TCM-199 culture media and epidermal growth factor
on survival and growth of goat and sheep preantral follicles cultured in vitro. Animal
Reproduction / Colegio Brasileiro de Reproducao Animal, 11, 567-572.

Aratijo, V. R., Gastal, M. O., Wischral, A., Figueiredo, J. R., & Gastal, E. L. (2015). Long-
term in vitro culture of bovine preantral follicles: Effect of base medium and medium
replacement methods. Animal Reproduction Science, 161, 23-31.

Aratjo, V. R,, Silva, G. M., Duarte, A. B. G., Magalhaes, D. M., Almeida, A. P.,
Gongalves, R. F. B., Bruno, J. B., Silva, T. F. P., Campello, C. C., Rodrigues, A. P. R., &
Figueiredo, J. R. (2011). Vascular endothelial growth factor-A165 (VEGF-A165)
stimulates the in vitro development and oocyte competence of goat preantral
follicles. Cell and Tissue Research, 346, 273-281.

Arunakumari, G., Shanmugasundaram, N., & Rao, V. H. (2010). Development of morulae
from the oocytes of cultured sheep preantral follicles. Theriogenology, 74, 884-894.

Arunakumari, G., Vagdevi, R., Rao, B. S., Naik, B. R., Naidu, K. S., Suresh Kumar, R. V., &
Rao,, V. H. (2007). Effect of hormones and growth factors on in vitro development of
sheep preantral follicles. Small Ruminant Research, 70, 93-100.

Bruno, J. B., Celestino, J. J. H., Lima-Verde, I. B., Lima, L. F., Matos, M. H. T.,

Aratijo, V. R., Saraiva, M. V. A., Martins, F. S., Name, K. P. O., Campello, C. C.,
Béo, S. N, Silva, J. R. V., & Figueiredo, J. R. (2009). Expression of vascular
endothelial growth factor (VEGF) receptor in goat ovaries and improvement of in
vitro caprine preantral follicle survival and growth with VEGF. Reproduction,
Fertility, and Development, 21, 679-687.

Castro, S. V., Carvalho, A. A., Silva, C. M. G., Santos, F. W., Campello, C. C.,
Figueiredo, J. R., & Rodrigues, A. P. R (2014). Fresh and vitrified bovine preantral
follicles have different nutritional requirements during in vitro culture. Cell and
Tissue Banking, 15, 591-601.

Chakravarthi, V. P., Kona, S. S. R., Siva Kumar, A. V. N., Bhasker, M., & Rao, V. H (2015).
Quantitative patterns of expression of anti and pro apoptotic genes in the in vivo
grown and cultured ovarian follicles in sheep. Theriogenology, 83, 590-595.

Chakravarthi, V. P., Kona, S. S. R., Siva Kumar, A. V. N., Bhasker, M., & Rao, V. H.
(2016a). Stage specific expression of cell cycle genes during in vivo or in vitro
development of ovarian follicles in sheep. Small Ruminant Research, 143, 1-7.

Chakravarthi, V. P., Kona, S. S. R., Siva Kumar, A. V. N., Bhasker, M., & Rao, V. H
(2016b). Quantitative patterns of expression of gap junction genes during in vivo or
in vitro development of ovarian follicles in sheep. Small Ruminant Research, 143,
35-42.

Chowdhury, M. W. H., Scaramuzzi, R. J., Wheeler-Jones, C. P. D., & Khalid, M. (2010).
The expression of angiogenic growth factors and their receptors in ovarian follicles
throughout the estrous cycle in the ewe. Theriogenology, 73, 856-872.

Fisher, T. E., Molskness, T. A., Villeda, A., Zelinski, M. B., Stouffer, R. L., & Xu, J. (2013).
Vascular endothelial growth factor and angiopoietin production by primate follicles
during culture is a function of growth rate, gonadotrophin exposure and oxygen
milieu. Human Reproduction, 28, 3263-3270.

Gupta, P. S. P, Nandi, S., Ravindranatha, B. M., & Sarma, P. V. (2001). Isolation of
preantral follicles from buffalo ovaries. Veterinary Record, 148, 543-544.

Gupta, P. S. P, & Nandi, S. (2010). Viability and growth of buffalo preantral follicles and
their corresponding oocytes in vitro: Effect of growth factors and f-mercaptoethanol.
Reproduction in Domestic Animals = Zuchthygiene, 45, 147-154.

Gupta, P. S. P., Ramesh, H. S., Manjunatha, B. M., Nandi, S., & Ravindra, J. P. (2008).
Production of buffalo embryos using oocytes from in vitro grown preantral follicles.
Zygote (Cambridge, England), 16, 57-63.

Hasegawa, A., Mochida, N., Ogasawara, T., & Koyama, K. (2006). Pup birth from mouse
oocytes in preantral follicles derived from vitrified and warmed ovaries followed by
in vitro growth, in vitro maturation and in vitro fertilization. Fertility and Sterility, 86,
1182-1192.

Veterinary and Animal Science 13 (2021) 100189

Heidari, M., Malekshah, A. K., Azami, N., & Mirhoseini, S. M. (2012). In-vitro maturation
of mouse preantral follicles in two culture media: A comparative study. Annals of
Biological Research, 3, 4937-4941.

Hemamalini, N. C., Rao, B. S., Tamilmani, G., Amarnath, D., Vagdevi, R., Naidu, K. S.,
Reddy, K. K., & Rao, V. H. (2003). Influence of transforming growth factor-a, insulin
like growth factor-11, epidermal growth factor or follicle stimulating hormone on in
vitro development of preantral follicles in sheep. Small Ruminant Research, 50,
11-22.

Jimenez, C. R., Aratjo, V. R., Penitente-Filho, J. M., de Azevedo, J. L., Silveira, R. G., &
Torres, C. A. A. (2016). The base medium affects ultrastructure and survival of
bovine preantral follicles cultured in vitro. TheriogenologyTheriogenology, 85,
1019-1029.

Kamalamma, P., Kona, S. S. R., Praveen Chakravarthi, V., Siva Kumar, A. V. N.,
Punyakumari, B., & Rao, V. H. (2016). Effect of leptin on in vitro development of
ovine preantral ovarian follicles. Theriogenology, 85, 224-229.

Kim, D. H., Seong, H. H., & Lee, H. J. (2008). In vitro culture conditions for the mouse
preantral follicles isolated by enzyme treatment. Asian-Australasian Journal of Animal
Sciences, 21, 532-533.

Kobayashi, N., Orisaka, M., Cao, M., Kotsuji, F., Leader, A., Sakuragi, N., & Tsang, B. K.
(2009). Growth differentiation factor-9 mediates follicle-stimulating hormone-
thyroid hormone interaction in the regulation of rat preantral follicular
development. Endocrinology, 150, 5566-5574.

Kona, S. S. R., Chakravarthi, V. P., Siva Kumar, A. V. N., Srividya, D., Padmaja, K., &
Rao, V. H. (2016). Quantitative expression patterns of GDF9 and BMP15 genes in
sheep ovarian follicles grown in vivo or cultured in vitro. Theriogenology, 82,
315-322.

Kumar, P. A,, Siva Kumar, A. V. N., Pathipati, D., Chakravarthi, V. P., Brahmaiah, K. V., &
Rao, V. H (2019). Leptin induced in vitro development of ovarian follicles in sheep is
related to the expression of P450 aromatase and steroidogenesis. Theriogenology,
136, 1-6.

Lakshminarayana, B. N. V., Praveen Chakravarthi, V., Brahmaiah, K. V., & Rao, V. H.
(2014). Quantification of p450 aromatase gene expression in cultured and in vivo
grown ovarian follicles in sheep. Small Ruminant Research, 117, 66-72.

Magalhaes, D. M., Duarte, A. B. G., Aradjo, V. R., Brito, I. R., Soares, T. G., Lima, I. M. T.,
et al. (2011). In vitro production of a caprine embryo from a preantral follicle
cultured in media supplemented with growth hormone. Theriogenology, 75, 182-188.

Moellers, J., & Riese, R (1988). Nutritional Causes of Infertility in dairy cows Iowa State
University. The Veterinarian, 50(2), 89-94.

Rajarajan, K., Rao, B. S., Vagdevi, R., Tamilmani, G., Arunakumari, G., Sreenu, M., et al.
(2006). Effect of various growth factors on the in vitro development of goat preantral
follicles. Small Ruminant Research, 63, 204-212.

Rao, B. S., Naidu, K. S., Amarnath, D., Vagdevi, R., Rao, A. S., Brahmaiah, K. V., &
Rao, V. H. (2002). In vitro maturation of sheep oocytes in different media during
breeding and non-breeding seasons. Small Ruminant Research, 43, 31-36.

Rossetto, R., Saraiva, M. V., dos Santos, R. R., da Silva, C. M., Faustino, L. R.,

Chaves, R. N., Brito, I. R., Rodrigues, G. Q., Lima, I. M., Donato, M. A., Donato, M. A.,
Peixoto, C. A., & de Figueiredo, J. R. (2013). Effect of medium composition on the in
vitro culture of bovine pre-antral follicles: Morphology and viability do not
guarantee functionality. Zygote (Cambridge, England), 21, 125-128.

Roy, S. K., & Greenwald, G. (1989). Hormonal requirements for the growth and
differentiation of hamster preantral follicles in long-term culture. Journal of
Reproduction and Fertility, 87, 103-114.

Roy, S. K., & Greenwald, G. S. (1991). In vitro effects of epidermal growth factor, insulin-
like growth factor-I, fibroblast growth factor, and follicle-stimulating hormone on
hamster follicular deoxyribonucleic acid synthesis and steroidogenesis. Biology of
Reproduction, 44, 889-896.

Schweigert, F. J., & Zucker, H. (1988). Concentrations of vitamin A, beta-carotene and
vitamin E in individual bovine follicles of different quality. Journal of Reproduction
and Fertility, 82(2), 575-579.

Serafim, M. K., Duarte, A. B., Silva, G. M., Souza, C. E., Magalhaes, P. D. M.,

Moura, A. A. A,, Silva, L. D. M., Campello, C. C., & Figueiredo, J. R. (2015). Impact of
growth hormone (GH) and follicle stimulating hormone (FSH) on in vitro canine
preantral follicle development and estradiol production. Growth Hormone & IGF
Research, 25, 85-89.

Silva, G. M., Rossetto, R., Chaves, R. N., Duarte, A. B. G., Aratjo, V. R., Feltrin, C.,
Bernuci, M. P., Anselmo-Franci, J. A., Xu, M., Woodruff, T. K., Campello, C. C., &
Figueiredo, J. R. (2014). In vitro development of secondary follicles from pre-
pubertal and adult goats cultured in two-dimensional or three-dimensional systems.
Zygote (Cambridge, England)Zygote (Cambridge, England), 23, 475-484.

Srividya, D., Chakravarthi, V. P, Kona, S. S. R., Siva Kumar, A. V. N., Brahmaiah, K. V., &
Rao, V. H. (2017). Expression of kit ligand and insulin-like growth factor binding
protein 3 during in vivo or in vitro development of ovarian follicles in sheep.
Reproduction in Domestic Animals = Zuchthygiene, 52, 661-671.

Tamilmani, G., Rao, B. S., Vagdevi, R., Amarnath, D., Naik, B. R., Mutharao, M., &
Rao, V. H. (2005). Nuclear maturation of oocytes in sheep preantral follicles cultured
in vitro. Small Ruminant Research, 60, 295-305.

Wu, J., Emery, B. R., & Carrell, D. T. (2001). In vitro growth, maturation, fertilization,
and embryonic development of oocytes from porcine preantral follicles. Biology of
Reproduction, 64, 375-381.

Yang, M. Y., & Fortune, J. E. (2007). Vascular endothelial growth factor stimulates the
primary to secondary follicle transition in bovine follicles in vitro. Molecular
Reproduction and Development, 74, 1095-1104.


http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0001
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0001
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0001
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0001
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0001
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0002
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0002
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0002
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0003
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0003
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0003
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0003
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0003
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0004
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0004
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0005
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0005
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0005
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0006
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0006
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0006
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0006
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0006
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0006
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0007
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0007
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0007
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0007
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0008
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0008
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0008
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0009
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0009
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0009
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0010
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0010
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0010
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0010
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0011
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0011
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0011
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0012
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0012
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0012
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0012
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0013
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0013
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0014
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0014
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0014
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0015
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0015
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0015
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0016
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0016
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0016
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0016
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0017
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0017
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0017
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0018
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0018
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0018
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0018
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0018
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0019
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0019
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0019
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0019
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0020
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0020
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0020
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0021
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0021
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0021
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0022
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0022
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0022
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0022
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0023
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0023
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0023
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0023
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0024
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0024
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0024
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0024
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0025
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0025
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0025
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0026
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0026
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0026
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0027
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0027
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0028
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0028
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0028
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0029
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0029
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0029
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0030
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0030
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0030
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0030
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0030
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0031
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0031
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0031
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0032
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0032
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0032
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0032
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0033
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0033
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0033
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0034
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0034
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0034
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0034
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0034
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0035
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0035
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0035
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0035
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0035
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0036
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0036
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0036
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0036
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0037
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0037
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0037
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0038
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0038
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0038
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0039
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0039
http://refhub.elsevier.com/S2451-943X(21)00025-9/sbref0039

	Influence of TCM 199B, α-MEM, Waymouth MB 752/1 culture media, VEGF, Estradiol-17β, GDF-9 and FGF on in vitro development o ...
	1 Introduction
	2 Materials and methods
	2.1 Culture media
	2.2 Preparation of stock solutions of different growth factors and hormones
	2.3 Preparation of the standard medium
	2.4 Preparation of in vitro maturation (IVM) medium
	2.5 Collection and processing of ovaries
	2.6 Isolation and selection of preantral follicles
	2.7 Culture and in vitro evaluation of development of preantral follicles
	2.8 In vitro maturation of oocytes from in vitro cultured follicles
	2.9 Experiments
	2.10 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


