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Abstract

Our understanding of the effects of temperaturegoemulosa cell (GC) physiology is
primarily limited toin vitro studies conducted under atmospheiri20% Q) conditions. In
the current series of factorial experiments we tiiermportant effects of @level (i.e. 5% vs
20% Q) on GC viability and steroidogenesis, and go aefmrt effects of standard (37.5°C)
vs high (40.0°C) temperatures under more physio&lyi representative (i.e. 5%),@evels

in the presence of different levels of melatoninZ0, 200 and 2000 pg/mL); a potent free-
radical scavenger and abundant molecule withinowerian follicle. Cells aspirated from
antral (4 to 6 mm) follicles were cultured in film@ctin-coated wells using serum-free M199
for up to 144 h. At 37.% viable cell number was enhanced and luteinizatoluced under

5 vs 20% Q. Oxygen level interacted (P<0.001) with time irdture to affect aromatase
activity and cell estradiol @f production (pg/mL/10cells). These decreased between 48 and
96 h for both @ levels but increased again by 144 h for cellsuratt under 5% but not 20%
O,. Progesterone gPconcentration (ng/mL/P&ells) was greater (P<0.001) under 20 vs 5%
O, at 96 and 144 h. Cell number increased (P<0.01)) wune in culture under 5% O
irrespective of temperature. However, higher dadeselatonin increased viable cell number
at 40.0°C but reduced viable cell number at 37.5P€0.004). Melatonin also reduced
(P<0.001) ROS generation at both |evels across all concentrations.iBcreased with time
in culture at both temperatures under 5% Kbwever R declined between 96 to 144 h at
40.0 but not 37.5°C. Furthermore, melatonin interé¢P<0.001) with temperature in a dose
dependent manner to increaseaP37.5°C but to reduce Rt 40.0°C. Transcript expression
for HD3B1 paralleled temporal changes ingtoduction, and those féiBA were greater at
5% than 20% @ suggesting that hemoglobin synthesis is respertsixchanges in Jevel.

In conclusion, 5% © enhances GC proliferation and reduces luteininatiBlevated
temperatures under 5%, ®@educe GC proliferation and, Broduction. Melatonin reduces
ROS generation irrespective of lBvel and temperature, but interacts with tempeeaiin a

dose dependent manner to influence GC proliferamhluteinization.

Keywords: Granulosa cells, Oxygen level, Melatonin, Heagsstr hemoglobin



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Revised clean

1. Introduction

Thermal stress can have a detrimental effect oniavéunction and endometrial receptivity
in the cow leading to reduced expression of esinugaired post-fertilisation development of
oocytes and implantation failure [1-3]. It is padiarly problematic in the metabolically
challenged high-yielding dairy cow that strugglesdissipate heat under moderate to high
(typically >25°C) ambient temperatures [4,5]. Reduced blood flowthe ovary in such
animals can contribute to observed delays in emesgef dominant/pre-ovulatory follicles
[6] which in turn can indirectly compromise oocyjeality. However, the effects of heat
stress are also believed to directly and negatiaéfigct both pre- and early-antral stages of

follicle development, and the pool of germinal eésistage oocytes contained therein [7].

In order to gain a better understanding of the raedms underlying the effects of thermal
stress on follicular development several studies handertaken short-terim vitro culture of
granulosa and/or thecal cells simulating normalharh core-body temperatures. They
confirmed reductions in cell viability associatedhapregulation of apoptotic pathways and
reduced steroidogenic capacity [1,8,9]. Howeverjlsitproviding valuable insights into
underlying mechanisms, these and other relatedest{itiO], invariably cultured cells under
atmospheric(R0%) G levels often in the presence of serum. To the bkesur knowledge
there are non vitro culture studies that have assessed the effeti®ohal stress on somatic
cells of the ovary under more physiological Bvels (% ), although one recent study
considered temperature and atmospheric environnmeihe context of ROS generation
during bovine oocyte maturation [11]. This issueémportant because it is believed that both
bovine and porcine GCs cultured under lowd&Pe more prolific, glycolytic and estrogenic
than GCs cultured in 5% GGOn air [12,13]. A low Q culture environment probably better
recapitulates intra-follicular atmospheric condigo as fractional © concentrations in

follicular fluid range between 2 and 9% [14,15].

Variable concentrations (10 to > 400 pg/mL) of iheole amine melatonin have been
reported in follicular fluid of different speciesduding the cow [16-20]. Melatonin is
believed to exert protective effects on ovariasogliring thermal stress due to its capacity to
act as a potent antioxidant [21]. However, as \iitb studies described earlien vitro
culture experiments with melatonin have to dateairably been conducted under
atmospheric @ conditions [17, 22] so that the described modesation and benefits of
melatonin may be specific to these situations asb Irepresentative of intra-follicular
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processes. Culturing under lows, @ay provide a more physiologically relevant system
investigate the effects of this potent antioxidanthelping to attenuate thermal stress on
somatic cells within the ovarian follicle. The cemt series of experiments, therefore, sought
initially to characterise the effects of, @evel (i.e. 5% vs 20% £) on GC viability and
steroidogenesis and then to investigate the effettstandard (37.5°C) vs high (40.0°C)
temperatures under low (i.e. 5%) [@vels in the presence of different concentratiohs
melatonin (0, 20, 200 and 2000 pg/mL).

2. Materials and methods
All reagents were obtained from Sigma—Aldrich usletherwise stated.
2.1. Granulosa cell culture

Antral follicles (4 to 6 mm) were aspirated froma#tbir derived ovaries using a 21 G needle
and GCs prepared for serum-free culture. These W&s therefore likely to represent a
population of largely luminal GCs and cumulus celempared to mural GCs (scraped from
dissected follicles of comparable size) these aalés more estrogenic [12] and mitotically
active [23]. Viable cells (determined by trypandlkxclusion [24] were re-suspended in 1 ml
of pre-warmed M199 culture medium supplemented w(tPenicillin (50 [U/ml),
Streptomycin (5Qug/ml), bovine serum albumin free fatty acid (BSAnf/ml), testosterone
(2100 ng/ml), FSH (1 ng/ml; Cat. No. F2293), insu{tO ng/ml), transferrin 2.5ug/ml),
sodium selenite (4 ng/ml) and L-glutamine (3&pml)) prior to plating in fibronectin coated
wells (Nunclon Delta, Thermo Fisher, Denmark) adseg densities depicted in Table S1.
Fibronectin facilitates the attachment and praddifem of GCs [25], whilst low insulin (10
ng/mL) in serum-free media allows cells to form @gmtes, proliferate and maintain a
primary GC phenotype [26]; hence their responsissnie trophic hormones [27].

2.2. Experimental designs

2.2.1. Experiment 1.A. Effect of atmospheric vs physiological O, level on cell number,

steroidogenesis and aromatase activity

This was a 2 x 3 factorial experiment with twe Bvels (b vs 20%; using two humidified
incubators (Model Innova CO-14, New Brunswick Stfer) Edison, NJ, USA) at 37°F)
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and three culture endpoints (48, 96 and 144 h &eeding)), replicated five times using a 6-
well plate format (Table S1). 80% of media was aeptl every 48 h during culture. Upon
harvesting, spent media and cell pellets were fmagn in liquid N and stored at -80°C until

analysis.

2.2.2. Experiment 1.B. Effect of melatonin on cell number, steroidogenesis and gene

expression under atmospheric vs physiological O, levels

This was a 4 x 2 x 3 factorial experiment with féewels of melatonin (0, 20, 200, and 2000
pg/ ml), two Q levels (b vs 20%; using two humidified incubators at 3Cphand three
culture endpoints (48, 96 and 144 h from seedimg)jcated four times using a 12-well plate
format (Table S1). Melatonin levels for this antbsequent experiments were selected on the
basis of concentrations reported previously in @wafollicular fluids [16-20], and from a
small pilot study where we determined melatonin cemtrations by ELISA
(MyBioSource.com; San Diego, CA, USA; Bovine kitviBS743340) in follicular fluids
from 15 heifers slaughtered at a local abattoigfeé S1). Simple and geometric means for
ovarian follicular-fluid melatonin in that study vee1,600 (95% CI = 173 - 3036) and 320
pg/mL respectively. Media were changed and cellydsted as described for Experiment
1A.

2.2.3. Experiment 1.C. Effect of O, level and melatonin on ROS

This experiment adopted the factorial arrangemestiibed for Experiment 1B but using a
96-well format (Table S1). Media were changed axueed for Experiment 1A. Generation
of ROS was assessed at 48, 96 and 144 h of citteseribed later).

2.2.4. Experiment 2.A. Effect of temperature and melatonin on cell number, steroidogenesis

and gene expression under physiological O, levels

This experiment adopted a factorial arrangementilaino Experiment 1B but treatments
(37.5 vs 40.0 °C; using two humidified incubator&% O with four melatonin doses (0, 20,
200 and 2000 pg/ml)) commenced after 48 h of cel{rable S2). Incubator temperature
was monitored using two thermometers (temperatbggdrs, EL-USB-1, Lascar Electronics,
Salisbury, UK) in addition to that built into thacubator. Media were changed and cells

harvested as described for Experiment 1A.
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2.2.5. Experiment 2.B. Effect of temperature and melatonin on ROS production under

physiological O, levels

This experiment also adopted the factorial arraregendescribed for Experiment 1B but
using a 96-well format (Table S2) and with treattsestescribed for Experiment 2A. Media
were changed as described for Experiment 1A. Georraf ROS was assessed at 96 and
144 h of culture (described later).

2.3. Hormone analyses

Progesterone and;production by GCs after 48, 96 and 144 h of celtarExperiment 1A,
1B and 2A was assessed by ELISA using commerdislgtiovided by Ridgeway Research
Ltd, Gloucestershire, UK ¢Fproduct code RIDGE-P), and DRG GmbH, Marburg, Gamm
(Ez; product code EIA-2693)) as described previoug§,29]. Spent media were initially
diluted (R, 1:100; & 1:20) and analysed in duplicate. Inter- and imsaay CV for Pwere
11.1% and 5.1% respectively, and correspondingegdior & were 8.6% and 6.8%.

2.4. Aromatase activity (Experiment 1A)

Granulosa cells[@l x 1 cells/tube) were homogenized in 200 pl of aromatasker
solution PH 7.4 (20 mM TES, 10 mM EDTA, 150 mM KQirptease inhibitor) on ice using
tissue and cell homogenizer (Fast Prep-24, mode#-&0D0, Strasbourg, France) for 30s.
Homogenates of two wells per plate were pooled. Phatein was then extracted by
centrifugation at 1000g for 5 min at 4°C, quantficBCA method [30] and samples stored at
— 80°C until assayed for aromatase activity asrdeset by Satoh et al. [31] and Tinwell et al.
[32] with slight modifications. Briefly, duplicataliquots of 60 pg cell protein were incubated
for 25 min at 37°C with testosterone (100 nM) andAD¥H (10 mM) (Santa Cruz, sc
202725; Cofactor, Cytochrome P450 reductase) imatase working buffer (final reaction
volume of 200 pl/tube at pH 7.5). Enzyme activitgsnthen terminated by heating the tube at
100°C for 5 min. In addition, background H.e. intracellular ) was estimated for each
sample after heat inactivation prior to enzyme tieac Following centrifugation,
supernatants were stored at -80°C ungibEsay by ELISA. The experiment was replicated 5

times.
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2.5. Transcript expression (Experiments 1B and 2A)

Methodologies reported were those used previonsbur laboratory [28]. Briefly, total RNA
was extracted from cultured GCs using RNeasy Mini(Riagen Ltd., West Sussex, UK)
and treated with DNase (Promega, Southampton Sxieack, Southampton, UK) to remove
genomic DNA contamination. DNase-treated RNA wantiranscribed into complementary
DNA (cDNA) using Omniscript cDNA synthesis kit (@ean Ltd) in a 20 ul volume
according to manufacturer’s instruction. QuanttatReal time PCR (QPCR) was performed
using a Roche LightCycler 480 (Roche Diagnostiad, [Renzberg, Germany) with gene-
specific primers and TagMan probes (Eurofins Gewsnttbersberg, Munich, Germany) that
were labelled with the 6-carboxyfluorescein (FAMidaetramethylrhodamine (TAMRA) at
5" and 3’ ends respectively (Table S3). PCR wasopered in 20 pl volume containing 10 pl
of 2x Probe Master mix, 0.3 uM each primer, 0.2 idman probe and 1 pul cDNA. Before
guantification, standard curves using each primmeb@ set for a particular gene were
generated and only those which gave an efficiericdy®to 2.0 used. To ensure no genomic
DNA contamination, —RT for genes were performeade§jative control (without cDNA) was
also included in each gPCR run. Four biologicaliceges were conducted per experiment
and cDNA from each sample was run in duplicatesrh gene.

Several housekeeping gen&PI(19, RPLPO, B2M and TBP) were tested (Table S3) and it
was found thaiTBP was the most stable housekeeping gene when anabyshidrmFinder
and RefFinder. Hence, all target genes in thisystwdre normalized toIBP. Relative
guantification was calculated using the formul§34].

2.6.Measurement of ROS (Experiments 1C and 2B)

Reactive oxygen species generated from cultured @€s measured by Nitroblue
tetrazolium (NBT; N6876, Sigma-Aldrich) as previbuslescribed [34-36] but with some
modifications. Briefly, media were removed and 3®mf11 mg/ml NBT added to each well
and incubated for 2 min. Reactions were terminateddding 100 pl of 1 M HCI. Solutions
in each well were then removed and wells washeeethimes with PBS. Then 150 pl of
dimethyl sulfoxide (DMSO) was added to each welktdubilise formazan produced inside
the cells. Finally, 10 ul of 1 M NaOH was addecé&xh well and shaken for 20 min. Colour
production was measured at 630 nm using a plaere@hermo Fisher, Loughborough,
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UK). Optical density (OD) was adjusted to viabldl ceimber as assessed by crystal violet

assay.
2.7. Satistical analyses

Results were analysed by ANOVA using GenStat (Gan3ff" ed.). For Experiment 1A
terms fitted to this 2 x 3 factorial model werg (Physiological vs atmospheric) and time in
culture (48, 96 and 144 h). A third interactiventeimelatonin (0, 20, 200 and 2000 pg/ml),
was included for Experiments 1B and 1C). Oxygerellemelatonin and culture duration
were considered as fixed effects and blocked byuamuldate, incubator and plate. For
Experiments 2A and 2B, terms fitted to these 2 x 2 factorial models were temperature
(37.5°Cvs 40.0°C), melatonin (0, 20, 200 and 2000 pg/ml) ama in culture (96 and 144
h). For transcript expression in Experiment 1B 2Adterms fitted to these 2 x 2 x 2 factorial
models were environmental treatment (1B, physialaigvs atmospheric £2A, 37.5°C vs
40.0°C), melatonin (0 and 2000 pg/ml) and cultweaton (96 and 144 h). These models
were blocked by culture date, incubator and plagain, temperature, melatonin and culture
duration were considered as fixed effects. Estiggig/ml) and R (ng/ml) production were
expressed per 1@ells. Natural log transformations of these dataewesed to correct for
heteroscedasticity of the residuals. The data laogvis as natural logs of the means with a
SED.

3. Results

3.1. Experiment 1A. Atmospheric vs physiological O, levels on cell number and

steroidogenesis

Granulosa cell number in 6-well plates declinedMeei initial plating and 48 h of culture
(1.5 to 1.0 x 1B cells/well; SED = 0.049; P<0.001) but subsequerglyovered (P<0.001)
with time so that, by the end of culture, cell dgne/as similar to that initially seeded. Mean
cell number averaged across all time points waatgreinder low than high Qevel (1.19 vs
1.03 x 16 cells/well; SED = 0.027; P = 0.004).

There was a culture time by,Qevels interaction (P = 0.014) which indicatedtttize
increase in Pproduction between 48 h and 96/144 h was greatéeruhigh than low ©
level (Fig 1A). Granulosa-cell Foroduction declined between 48 and 96 h of cul{tig

8
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1B). However, there was a culture time by I&vel interaction (P<0.001) which indicated
that, in contrast to 20% Owhere E production didn’t change, ;Eproduction increased
between 96 and 144 h for cells cultured under 520C0nsequently, at both 96 and 144 h,
the B: P, ratio was greater (P<0.001) for cells culturedamsl than under 20%,0The
temporal pattern of £ production depicted in Fig 1B was confirmed by edetining
aromatase activity (Fig. 2). Testosterone convardm E, in the presence of NADPH
indicated a decline (P = 0.014) in aromatase dgtati 96 and 144 h for cells cultured under
20% G but not for cells cultured under 5% O

3.2. Experiment 1 B. Effect of melatonin on GCs cultured under 5% or 20% O,

Confirming observations from Experiment 1A, celhmhers using a 12-well format declined
between 48 and 96 h of culture but increased dgaiti4 h (647,250 vs 595,391 vs 658,906
cells/ml; SED = 15,000; P<0.001). At 20 pg/mL, ntehan increased (P<0.001) cell number
relative to non-treated cells for both @vels, but higher doses melatonin did not attdr
number relative to non-treated cells (621,479, 838, 603,604 and 590,308 cells/well for O,
20, 200 and 2000 pg/mL respectively; SED = 16,258).

Again confirming results from Experiment 1A, Production increased (P<0.001) between
48 h and 96/144 h, and was lower (P = 0.024) uBderthan 20% @ (data not shown).
Similarly, E production matched that of Experiment 1A, declin{®<0.001) by 96 h and
remaining low by 144 h under 20%,(but increasing again (P<0.001) by 144 h under 5%
02 (data not shown). In contrast to cell numberlatoain had no effect onsRand, at 20
ng/ml only, marginally reduced (P = 0.023) fifoduction relative to untreated cells (log=£
7.09 vs 7.24 pg/ml/focells; SED = 0.063). Transcript expression foestld genes involved
in steroidogenesis, apoptosis angh@@tabolism varied with time in culture and, f$8D3B1,
OD1 andHBA there were @level by culture time interactions (Table 1). Hweg there
was no effect of melatonin on transcript expressi@onsistent with measured concentrations
of P4 in spent culture medi®ddSD3B1 mMRNA expression increased (P = 0.003) with time for
cells cultured under 20%. However, this was not ¢thse under 5% OHBA mRNA
expression was greater (P = 0.015) under 5% thé&h @§ but decreased (P = 0.006) with
time under these conditions. In contrast, transetfigr the antioxidant enzym&9OD1 and?2
were broadly similar for both Otreatments, andASMT expression was unaffected by

treatment.



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

Revised clean

3.3 Experiment 1C. Effect of O, level and melatonin on ROS

Using a 96-well format ROS generation determined\ityoblue tetrazolium assay did not
differ between 5% and 20% ,Culture treatments. However, ROS generation isa@a
between 48 and 96 h and then declined to 144 16 (&2.32 vs 0.28 OD units/A€ells for
48, 96 and 144 h respectively; SED = 0.011; P<(Q.0Dte inclusion of melatonin to culture
media under both Olevels reduced (P<0.001) ROS generation irresgedf dose (0.31,
0.27, 0.25 and 0.26 OD unitsPiells for 0, 20, 200 and 2000 pg/ml respectivelDS=
0.012).

3.4. Experiment 2A. Effect of temperature on cell proliferation and steroidogenesis at 5% O-

in the presence or absence of melatonin

Working with a 12-well plate format, viable cellmber by 48 h of culture in basal media
and under standard temperature (i.e. 37.5°C) dsedefiom 6.00 to 4.54 x 16ells. At this
time plates were randomly allocated to standardigin temperature (40.0°C) incubators and
melatonin treatments introduced. Cell number sulseiy increased (P<0.001) with time in
culture to 7.05 x 1Tcells by 144 h, and this was independent of tentperaHowever, there
was an interaction (P = 0.004) between temperatademelatonin treatment which indicated
that the inclusion of melatonin increased viablk4wember at 40.0°C but reduced viable-cell
number at 37.5°C, particularly at the higher ddgeg. 3). Cell number was greater at 37.5°C

than 40.0°C when melatonin was not included innieslia.

Consistent with Experiments 1A and B, production increased between 48 and 96 h for
cells cultured at both 37.5°C and 40.0°C. In cattta 37.5°C, however, ;Aproduction
declined (P<0.001) between 96 and 144 h culturé0a@°C (Fig. 4A). The pattern of;E
production during the 144 h culture period (Fig.)4Bas similar to that observed in
Experiments 1A and B at 5%,@r both 37.5°C and 40.0°C. There was an intevactP =
0.007) between melatonin dose and temperature joprd®luction (Fig. 5). Whereas the
higher concentrations of melatonin (i22200 ng/ml) increased;Production at 37.5°C they
reduced B production at 40.0°C. The two lower doses of noglet (i.e. 20 and 200 pg/ml)
reduced Eby GCs whereas the highest dose (2000 pg/ml) haeffiect (data no shown).
Consequently, the £, ratio increased (P<0.001) between 96 (1.47:1)1akh (2.51:1) of

culture, and the overall effect of melatonin wanikir to that observed for,Ethat is the two

10
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lower doses of melatonin decreased this ratio 340. whereas the highest dose had no

effect.

In contrast to the effects of,@evel (Table 1), temperature generally had littfee& on
transcript expression in cultured GCs (Table 2)pdnantly, however, there was a
temperature x time of culture interaction (P = @)0for BAX mRNA expression. Consistent
with the results of Experiment 1B (Table 1), ther@s a decline ilBAX mRNA expression
with time at 37.5°C, but this did not occur at 2CQ(Table 2). Transcript expression for
ASMT was greater (P = 0.019) at 40.0°C than at 37.3tere was no significant effect of

melatonin on transcript expression.
3.5. Experiment 2B. Effect of temperature and melatonin on ROS production at 5% O,

Production of ROS by bovine GCs was not affectedtdayperature. The presence of
melatonin at all three concentrations reduced @3X). ROS production by cultured GCs
(0.31, 0.26, 0.25 and 0.27 OD units’tells for 0, 20, 200 and 2000 pg/ml respectivalgD
=0.01) at both temperatures.

4. Discussion

The most significant novel findings to emerge frtms study were, firstly, the relatively
small overall effect that elevated temperatureq4@. 37.8C) had on GC physiology when
these cells were cultured under low (5%) & opposed to atmospheric (20%,) &nd,
secondly, the interaction between melatonin dosktamperature on viable cell number and
P, production at low @ levels. Extended culture of GCs at 4C0ed to a decline in P
production, a response which was exacerbated waticlusion of high-dose (200 pg/mL)
melatonin (Fig. 5). In contrast, at 375 P, production remained high at 144 h and the
inclusion of high-dose melatonin appeared to cbata to this increase. The corresponding
changes in viable cell number with increasing dagemelatonin for low and high
temperatures (Fig. 3) suggest that high doses détamen interacted with temperature to

differentially influence the extent of GC luteiniien at low Q levels.

In contrast to temperature, @vel had a more marked effect on GC physiologylikeé GCs
cultured under atmospheric (20%), @vels, GCs cultured under low,@etained their
primary GC phenotype to a greater extent, beingenpooliferative and estrogenic (Fig. 1).

11
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These observations are consistent with those of {d2 GCs from small-medium sized
follicles cultured in 5% @ and indicate that studies investigating environtaleeffects on
cultured primary GCs are best carried out under @wevels which better represent the
ovarian follicle [14,15].

4.1. Responsesto O, level

Cell proliferation, and hence mean cell numbemfi8 h of culture in the current study was
greater at 5% than 20%,(an observation consistent with that of Shiratsikal. [13]. The
increase in aromatase activity ang foduction between 96 and 144 h for GCs cultured
under 5% Q@ in our study (Fig. 1B and 2) is also in generaleagient with observations of
Roberts and Echternkamp [12]. Collectively, thessults suggest that under 5% foom
around 96 h of culture a population of prolifergtiand steroidogenic cells exits which, in
contrast to cells cultured under 20%, @etter represent luminal GCs observed in medium-
sized growing antral follicles. The decline in arttase activity and Fproduction under 20%
O, may be due to our use of fibronectin-coated pladates pre-coated with attachment
factors such as serum have been found to redp@eoduction by GCs cultured under 20%
O, [27]. In our study, the assumption is that theady decline in aromatase activity (pg
E.>/mg protein) up to 144 h under 20% Was due to a parallel decline in enzyme. However,
we were not able to confirm the mechanism of tlgslide. It was not possible to establish
differential transcript expression f&P19A1 which, for GCs in our system, was close to the
detection limit of the method and so the data atepnesented. Transcript levels t98D3B1
(which catalyzes the conversion of pregnenolonBs;javere greater at 20% than at 5% O
and increased with time in culture at 20% €onsistent with increased production afld®y
these cells (Fig. 1A).

Of the transcripts measured (Table S3) the onlgroth be affected by QOevel wasHBA
(Hemoglobin alpha) (Table 1); transcript expresdmmHemoglobin betaHBB) was barely
detectable and unresponsive to culture conditipnact transcript expression f&iBA at 48

h culture was similar to that for freshly aspira@®@s (data not presented), but under low O
declined with time during culture. Transcripts fdBA and HBB have previously been
reported in mouse and human granulosa and cumeliss|87], and transcripts f¢1BA were
recently reported in bovine GCs in a micro-arraydgtthat assessed the effects of plating
density on gene expression [38]. Working with aseid GCs from small to medium (<

6mm) antral follicles, this latter study adoptedutture system similar to ours (i.e. serum free
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media with 10 ng/mL insulin), but under 20%.@f the 906 transcripts upregulated by
increased plating density, those FBA were the most affected, which the authors sugdeste
was due to increased hypoxic conditions. This warddainly be consistent with current
theories for the role of hemoglobin within the aaarfollicle [39] and with observations
from the present study wheHBA mRNA expression was 1.6 fold greater on averadgeé/at
than 20% Q. Brown et al. [37] found hemoglobin transcript eegsion to be regulated by
gonadotrophins (hCG) in the mouse and proposed delmibhat linked increasingiBA
MRNA levels to events leading to follicular matimatand luteinization. In keeping with this
model our findings thaiBA mRNA levels decrease with time under 5% de consistent

with a population of proliferating and estrogeniC£
4.2. Responses to temperature

Studies assessing the effects of elevated temperatucultured bovine, porcine and murine
GCs have invariably been conducted in 5%, @®air for variable periods of time often in
the presence of high levels of gonadotrophins amgttmwth factors and serum [9,10,40,41];
that is under conditions that favour or promoteeilization. For bovine and murine GCs
cultured in this way elevated temperatures weraddo increase BAX/BCL-2 and Caspase-
3 mediated apoptosis and to reduce steroidogef®dis]. Results from the current study
where GCs were cultured under 5% i@ serum free media were less dramatic. Elevated
temperature did reduce viable cell number in treeabe of melatonin but had little effect on
apoptotic gene expression (Table 2). Progesteromduption declined with time in culture
for GCs cultured at 40°C but not 37.8C (Fig. 4A). The inhibitory effect of elevated
temperature on fMroduction occurred in the absence of differenndasanscript expression
for HSD3B1 (Table 2). Instead this may have been due to rebumepression of
steroidogenic acute regulatory proteBTAR) and cytochrome P45@YP11A1) as observed
by Li et al. [9] in bovine GCs, but not determiniedthe current study. The absence of an
effect of elevated temperature op fitoduction (Fig. 4B) contrasts with the observatiof

Li et al. [9] who also reported a declineGYP19A1. Insufficient details of the culture system
employed by these authors negates a more direcparason. However, it is clear that
aromatase activity in our study was not impedealeyated temperature. It may be that the
provision of a readily available substrate for aatization (i.e.100 ng/mL testosterone) under
5% O, in our study helped alleviate the effects of eleddemperature onBroduction.

4.3. Responses to melatonin

13
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Elevated (atmospheric) levels ob (2] and temperature [7] each can disturb thadate
balance between the generation of ROS and antioixidafence mechanisms leading to
increased oxidative stress during either embrycetirculture. However, neither,Qevel nor
temperature affected ROS generation in the cusemés of experiments, but the inclusion of
melatonin at all three levels significantly redud@@S production by GCs. The antioxidant
and anti-apoptotic properties of melatonin are wetbgnized [21], and variable levels of this
indole amine are found in ovarian follicular flJit6-18]. It is believed that follicle levels are
derived from both systemic and local sources withenovary [43, 44], and the current study
confirmed the presence of transcripts ABMT (Acetlyserotonin O-methyltransferase) and
AANAT (Aralkylamine N-acetyltransferase) involved in niel@n synthesis in bovine GCs.
However, transcripts foAANAT were extremely low and barely detectable, andetHos
ASMT were unaffected by Qevel and only marginally increased at’@0 These responses
may have been influenced by the level of tryptopla®d pg/mL) in our basal medium
(M199, Sigma-Aldrich). Kim et al. [45] observed thadding an additional 50 pug/mL of
tryptophan to M199 (Gibco) during human GC cultiead to an 8- to 60-fold increase in
expression of these two transcripts.

The most striking and novel observation in our gtuds the differential effect of the two
higher doses of melatonin (i.e. 200 and 2000 pg/arLyiable cell number and, Broduction

at 37.5 and 40°@ (Fig. 3 and Fig. 5). The levels were within tlaage used previously in
culture studies with bovine cumulus and GCs (ig¢nh to pg/mL levels [22, 45-47]) and,
for the most part, comparable to levels reportekduman, porcine and bovine follicular fluid
(i.e. 10 to 300 pg/mL [16-20]). The higher dosesnalatonin employed in the current study
could therefore be considered to be towards themepd of physiological. The stimulatory
effect of increasing doses of melatonin @raP37.5C is consistent with previous reports for
human and bovine GCs cultured at@7ut in the presence of serum and under atmospheri
O, levels [22, 48]. The concomitant reduction in G@mers in the current study further
suggests that the higher doses of melatonin ind@&sesl to luteinise under these conditions.
This is in stark contrast to GCs cultured at 40.Qvhere the effects of higher doses of
melatonin were to increase cell proliferation aaduced P production. Although melatonin
has previously been found to increase sheep GC arsnab high (43C) temperatures (in the
presence of 10% FCS and under atmospherig]), a suppressive effect on production

has not previously be reported.
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4.4. Conclusions and per spective

The results demonstrate that culturing GCs under @ more accurately reflects the
follicular environment resulting in the expressimina more physiological phenotype than is
seen under atmospheric, @oncentrations. This more physiological approaetealed a
lesser impact of elevated temperature on GC fundi@n has previously been reported.
However, it should be noted that granulosa celleeveglltured in the absence of theca cells
and in the presence of high levels of androgenysa@annot rule out a potential theca-cell
mediated impact of temperature on granulosa celttian. Nevertheless, the results do
strongly support the need to considerddncentration more carefully when investigating th
impact of heat stress on ovarian function. As grdited, the potent antioxidant melatonin
consistently reduced ROS. However, the effects@atonin on GC function were dependant
on O concentration, once again emphasising the impoetaaf considering culture

conditions when designing these experiments.
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Figure captions

Fig. 1. Effect of atmospheric (20%) or physiological (5@) level on granulosa-cell,RA)
and E (B) production after 48, 96 and 144 h of cultureExperiment 1.A. A 2 x 3 factorial
arrangement replicated 5 times. Data were tognsformed prior to analysis. Superscripts

highlight differences (P<0.05) between groups.
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Fig. 2. Effect of atmospheric (20%) or physiological (5@ level on aromatase activity in
granulosa cells after 48, 96 and 144 h of cultureEkperiment 1A. A 2 x 3 factorial
arrangement replicated 5 times. Data were tognsformed prior to analysis. Superscripts

highlight differences (P<0.05) between groups.

Fig. 3. Effect of melatonin (pg/ml) and incubation tempera from 48 h culture on
granulosa-cell number averaged across 96 and bi4&lture at 5% @in Experiment 2.A.
A 4 (melatonin) x 2 (temperature) x 2 (time poirf)torial arrangement replicated 4 times.
Data were log transformed prior to analysis. Superscripts hgjtilidifferences (P<0.05)

between groups.

Fig. 4. Effects of incubation temperature on granulosadfe(A) and k& (B) production in
vitro after 96 and 144 h of culture at 5% @ Experiment 2.A. A 4 (melatonin) x 2
(temperature) x 2 (time points) factorial arrangetreplicated 4 times. Cells were incubated
for 48 h at 37.5°C and thereafter exposed to 37&°€0.0°C. Data were lgdransformed
prior to analysis. Superscripts highlight differeadP<0.05) between groups. Hatched bars
represent Pand k& production after 48 h culture at 37.5°C in 5%pBior to commencement

of treatments.

Fig. 5. Effect of incubation temperature and melatonined¢sg/ml) on granulosa-cell,P
production in vitro in Experiment 2.A. A 4 (melaiohx 2 (temperature) x 2 (time points)
factorial arrangement replicated 4 times. Cellseniacubated for 48 h at 37.5°C in 5% O
and then exposed to 37.5°C or 40.0°C in the presen@bsence of melatonin. Data were

loge transformed prior to analysis. Superscripts higttl differences (P<0.05) between

group.
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590 Table 1. Normalized transcript expression in GCs cultwader physiological (5%) and atmospheric (20%) exytpvels.

591

Oxygen (&) 5% 20% Significance (P)
Culture time (h) 48 96 144 48 96 144 SED O h  Oyxh
Steroidogenesis

HSD3B1 11.02 11.47 1147 1125  12.08°  13.1F 0.31 0.028 <0.001  0.003
Apoptosis
BAX 11.99° 1167  11.37 12.12° 11.27 11.43F 0.37 - 0.015 -
P53 11.39 11.38 11.40 11.37 11.41 11.45 0.034 - - -
HSPALA 13.13 11.94° 11.92° 125 1169  12.08"° 0.53 - 0.018 -
O, metabolism
SOD1 11.31 11.93 11.49 11.89 11.30 11.41 0.34 - - 0.045
SOD2 1455 14122  13.80° 14.59 13.49 13.23 0.29 - <0.001 -
HBA 15.43 11.62°  10.51° 8.65° 7.82° 7.51° 1.11 0.015 <0.001  0.006
Melatonin synthesis
ASMT 9.11 9.41 9.27 9.4 9.24 9.33 0.35 - - -
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594  Table 2 Normalized transcript expression in GCs culturedar normal (37.5°C) and high (40.0°C) temperatures

595

Temperature (°C) 37.5 40.0°C Significance (P)
Culture time (h) 96 144 96 144 SED °C ~h °Cxh
Steroidogenesis
HSD3B1 13.32 13.42 14.03 13.42 0.31 - - -
Apoptosis
BAX 12.56° 12.19 12.49° 12.66 0.12 0.068 - 0.009
P53 12.58 12.39 12.54 12.86 0.36 - - -
HSPALA 13.9 13.72 14.38 14.2 0.40 - - -
O, metabolism
OD1 12.69 12.6 13.09 12.41 0.31 - - -
OD2 14.02 13.96 14.21 14.24 0.18 - - -
HBA 14.08 13.54 15.25 14.6 1.04 - - -

Melatonin synthesis
ASMT 10.38 10.03 10.94 10.98 0.49 0.019 - -

596
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Highlights

* Granulosacells cultured under 5% than 20% O, better retain primary phenotype
e Culturing granulosa cells under 5% than 20% O, lessens impact of heat stress

* Méatonin interacts with temperature to affect cell number and progesterone at 5% O,



