
Introduction

The relationship between nutrition and reproduction in

ruminants is complex and responses are often variable and

inconsistent. In sheep, low dietary intake can reduce

ovulation rate (Smith, 1991), and dietary supplements

containing high energy and protein can increase ovulation

rate in ewes with poor body condition that are not

supplemented with exogenous gonadotrophins (Downing 

et al., 1995). Thus, it is likely that short-term energy supply is

directly involved in follicle growth because cattle on

restricted dietary intake have altered follicular growth

characteristics (Murphy et al., 1991; Rhodes et al., 1995). There

is a strong negative relationship between dietary intake and

systemic progesterone in sheep (Rhind et al., 1989; McEvoy 

et al., 1995). Progesterone, through its negative feedback

effects, can affect LH pulse frequency and also plays an

important role in oocyte maturation and early embryonic

development. Progesterone and embryonic interferon τ are
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The objective was to determine the effect of dietary intake on follicle and oocyte

morphology in unstimulated and superovulated ewes. Fifty-four ewes were fed grass

meal at 0.5, 1.0 or 2.0 times maintenance energy requirements (M) for 32 days. Oestrous

cycles were synchronized using progestagen pessaries and either unstimulated or

superovulated with 200 mg pig FSH. The ewes were killed and ovaries were collected

either 36 or 12 h before the anticipated LH surge. Serum progesterone concentrations in

ewes on day 10 after withdrawal of the pessary were lower in ewes fed 2.0M than in

ewes fed 0.5M or 1.0M (P < 0.05). LH pulse frequency tended to be higher in ewes fed

2M than 1M (1.0 6 0.3 versus 0.3 6 0.2 pulses per 8 h) on day 6 after removal of 

the pessary but the effect was not significant. In unstimulated ewes, more follicles 

(> 3 mm) were observed when the animals were killed in ewes fed 2.0M (3.5 6 0.3)

than in ewes fed 0.5M (2.4 6 0.3) or 1.0M (2.4 6 0.5; P < 0.05). Fewer follicles were

observed in superovulated ewes on 0.5M (7.5 6 1.2) than in ewes on 1.0M (12.0 6 0.5)

or 2.0M (12.3 6 1.4; P < 0.05). Follicular fluid progesterone concentrations were higher

in ewes fed 0.5M compared with those fed 1M or 2M (P < 0.05). Insulin-like growth

factor (IGF)-I concentrations were higher in follicular fluid from ewes on 1M compared

with either those on 0.5M or 2M (P < 0.05), whereas IGF-II concentrations were lower in

follicular fluid from ewes on 2M compared with those on 1M or 0.5M (P < 0.05).

Superovulation increased follicular fluid progesterone, oestradiol, IGF-I and IGF-II

concentrations (P < 0.01). Concentrations of the 34, 22 and 20 kDa IGF binding proteins

were lower in follicles from superovulated ewes compared with unstimulated ewes 

(P < 0.05). Oocytes from superovulated ewes showed abnormalities such as premature

activation of cumulus expansion and vacuolation of the nucleolus and increased

frequency of detachment of interchromatin-like granules from the nucleolar remnant.

Collectively, these results indicate that both high and low dietary intakes can alter

systemic and follicular fluid hormone concentrations. Relative to dietary effects, the

effects of superovulation were greater and involved substantial increases in follicular

fluid hormone concentrations and abnormal oocyte morphology. 
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positively correlated in cattle (Mann et al., 1998). Thus, minor

changes in progesterone concentrations during the early

period of embryo development may be critical to embryo

survival. 

Dietary changes cause an immediate and rapid change in

a range of metabolic humoral agents, including glucose and

insulin. Changes in insulin are closely related to changes in

insulin-like growth factor (IGF)-I and IGF-II concentrations.

These ligands are present in a range of tissues including

follicular fluid and are likely to have endocrine, paracrine

and autocrine actions in response to changes in nutrition

(Monget and Martin, 1997). Thus, diet can profoundly alter

endocrine signalling pathways. However, the effect that

these changes ultimately have on fertility is unclear. In vivo,

the relationship between the developing oocyte and the

follicular environment is a sensitive balance of hormonal and

receptor communication. Although structural abnormalities

have been reported in oocytes from superovulated compared

with unstimulated heifers (Assey et al., 1994a), there are few

reports on the effects of nutrition on oocyte quality in cattle

or sheep, or on oocyte morphology in unstimulated or

superovulated sheep. McEvoy et al. (1995) reported that a

higher proportion of ova from ewes on a low diet were

considered viable compared with those produced in ewes on

a high diet. In cattle, restricting the energy intake before the

animals were killed enhanced the subsequent in vitro
development of the oocytes (McEvoy et al., 1997; Nolan et al.,
1998a,b). This finding indicates that some of the effects of

nutrition on reproduction may influence the oocyte.

Short-term restrictions in dietary intake before mating can

increase the subsequent pregnancy rates in cattle (Dunne et
al., 1997). Mantovani et al. (1993) reported that the yield of

transferable embryos after superovulation in beef cattle was

significantly reduced when heifers had access to concentrates

ad libitum compared with restricted concentrates. Yaakub et al.
(1999) demonstrated that the types and amount of

concentrate could affect the subsequent yield of transferable

embryos after superovulation in beef cattle. Severe

restrictions in dietary intake can also have beneficial effects

on embryo quality in superovulated heifers (Nolan et al.,
1998b). In sheep, infusion of ewes with high concentrations of

glucose and subsequent superovulation reduced the yield of

good quality embryos (Yaakub et al., 1997). Thus, the effect of

extremes of dietary intake on embryo development is known

but the stage of development at which this change occurs

remains unknown.

There is a lack of information on the relationship between

dietary intake, follicular fluid endocrine events, follicle

growth and oocyte morphology. Thus, this study was

designed to evaluate the effect of dietary intake on these

parameters. The issue was studied in unstimulated ewes and

in ewes in which superovulation was induced using

exogenous gonadotrophin. The specific objectives were to

evaluate the effect of dietary intake on follicle growth,

systemic progesterone and LH concentrations, and the effect

of dietary intake and superovulation on follicular fluid

concentrations of progesterone, oestradiol, insulin-like

growth factors and insulin-like growth factor binding

proteins as well as on oocyte morphology at the time of the

LH surge in ewes.

Materials and Methods

Animals and treatments

Beginning on 14 August, 54 lowland crossbred ewes were

individually fed a diet consisting exclusively of grass meal

(metabolizable energy 12.4 MJ kg–1 dry matter; crude fibre

193 g kg–1; crude protein 169 g kg–1) at a rate calculated on the

basis on live weight to provide maintenance energy

requirements (NRC 1985). After 10 days, the animals were

allocated randomly to one of three dietary treatments and

offered 0.5, 1.0 or 2.0 times maintenance energy requirements

per day for a further 32 days (n = 18 per dietary treatment).

Food intake was recorded daily. Body weights were recorded

at the beginning and end of the experimental period and

carcass weight was recorded when the animals were killed.

Two experimental models were used to study the effects of

nutrition on follicle development. Thus, each of the three

groups of ewes was sub-divided into two groups of either

unstimulated (n = 10) or superovulated (n = 8) ewes (Fig. 1).

All ewes were pre-synchronized to control the time of

ovulation using an intravaginal pessary containing 30 mg

fluorogestone acetate for 12 days (FGA; Chrono-gest,

Intervet, Boxmeer) and were given 250 iu equine chorionic

gonadotrophin (eCG; Intervet, Boxmeer) when the pessary

was withdrawn. The pessary was inserted 2 days before

allocation to dietary treatment. At 12 days after withdrawal

of the pessary, a pessary containing 45 mg FGA was inserted

for 8 days. The ewes allocated to superovulation treatments

received pig FSH (pFSH; total of 200 mg NIH-FSH-P1

equivalent; Folltropin-V, Vetrepharm, London, Ontario)

administered over 6 injections (40, 40, 40, 40, 20, 20 mg FSH)

at 12 h intervals starting 2 days before pessary withdrawal.

The last injection was given 12 h after withdrawal of the

pessary. Half of both the unstimulated and superovulated

ewes were killed 36 h before the anticipated LH surge (in the

presence of progesterone) to assess the effect of time of

collection on follicle and oocyte morphology. The remaining

animals were killed 24 h later, approximately 12 h before the
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Fig. 1. Experimental procedure. Ewes were offered a diet of 0.5, 1.0

or 2.0 times maintenance energy requirements for 32 days. Oestrous

cycles were synchronized with a progestagen pessary containing 30

mg fluorogestone acetate (FGA), followed 12 days later with a

second pessary containing 45 mg FGA. Blood samples were

collected for progesterone and LH analyses. Half of the ewes were

superovulated with 200 mg pig FSH and were killed 36 h or 12 h

before an anticipated LH surge, when ovaries were recovered and

follicles were collected.
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anticipated LH surge (when progesterone concentrations

would have reduced after luteolysis). Ovaries were

recovered from all ewes after they were killed.

Blood sampling

Blood samples were collected into plain blood collection

tubes (Vacutainer; Becton Dickinson, Plymouth) once a day

for 3 days from initial pessary withdrawal, and then twice a

day for a further 7 days. Samples were assayed for

progesterone concentrations (n = 16 per dietary treatment).

On day 6 after removal of the first pessary and day 2 after

inserting the second pessary, blood samples were also

collected for 8 h at 15 min intervals (n = 9 per dietary

treatment). Blood samples were stored at room temperature

for 1 h and at 48C for 24 h. Samples were then centrifuged at

700 g for 20 min. Serum was collected and stored at –208C
until assayed for hormonal concentrations. Blood samples

were retrospectively selected and analysed for LH

concentrations only when treatment differences in follicle

growth characteristics were identified.

Ovary handling, follicle dissection and oocyte recovery

Reproductive tracts were collected when the animals were

killed and stored in PBS at approximately 378C during

transport to the laboratory. The ovaries were removed and

washed once with PBS and follicles (> 3 mm) were dissected

individually (within 3 h of slaughter). The diameter of the

dissected follicles was measured and the follicles were

individually ruptured and the follicular fluid was released

into a Petri dish. Cumulus–oocyte complexes were isolated.

The follicular fluid was collected, diluted 1:100 in the PBS

and was stored at –208C until assayed for hormonal

concentrations.

Assays

Progesterone. Progesterone concentration was determined

in individual serum and follicular fluid samples using a non-

extraction radioimmunoassay (Ronayne and Hynes, 1990).

For serum assays, interassay coefficients of variation (CV) for

three serum pools with values of 0.2, 0.9 and 2.7 ng ml–1 were

11.8, 9.9 and 9.7%, respectively. Intra-assay CVs for the same

three serum pools were 6.5, 5.8 and 5.5%, respectively. The

sensitivity of the assay, as defined by 95% binding, was 0.05

ng ml–1. For follicular fluid samples, interassay CVs for three

serum pools with values of 0.2, 1.1 and 2.7 ng ml–1 were 13.3,

12.8 and 12.2% and intra-assay CVs for the same three serum

pools were 6.6, 7.2 and 5.0%, respectively.

LH. Serum LH concentrations were determined by

radioimmunoassay using the method described by Matteri et
al. (1987), and modified by Sweeney et al. (1997). NIAMDD-

oLH-24 was used as standard. Interassay CVs for three

serum pools with values of 0.3, 1.6 and 3.7 ng ml–1 were 10.0,

7.5 and 9.0%, respectively. Intra-assay CVs for the same three

serum pools were 8.6, 6.8 and 7.6%, respectively. The

sensitivity of the assay, defined as 95% binding, was 0.1 ng

ml–1 serum. Crossreactivity of this monoclonal antibody with

ovine FSH at 50% binding was 7.4%.

Oestradiol. Concentrations of oestradiol were determined in

individual samples of follicular fluid using a modification of

the radioimmunoassay method described by Evans et al. (1994)

and validated in this laboratory by Prendiville et al. (1995). The

inter-assay CVs for the same two follicular fluid pools with

values of 10.2 and 160.2 ng ml–1 were 13.8 and 13.7%. Intra-

assay CVs were 7.1 and 5.9% for the same samples,

respectively. The sensitivity of the assay was 0.2 pg ml–1.

IGF-I and IGF-II. Concentrations of IGF-I and -II in follicular

fluid were determined by radioimmunoassays as described by

Spicer et al. (1993, 1995) using a formic acid–acetone extraction

(Bowsher et al., 1991) for both assays. All samples were run in a

single assay. Intra-assay CVs for the samples averaged 9.6%

and 6.2% for the IGF-I and IGF-II assay, respectively. The

sensitivity of the IGF-I and IGF-II assay, as defined by 95%

binding, was 15 ng ml–1 and 35 ng ml–1, respectively.

IGF binding protein ligand blots. Concentrations of IGF

binding protein (IGFBP) in a sub-set of follicular fluid

samples (samples that were obtained from follicles with

complementary oocyte data) were analysed by ligand blot

method as described by Spicer et al. (1995) and Simpson et al.
(1997). Briefly, follicular fluid (4 µl) plus denaturing buffer

was heated, denatured and separated on a 12% (w/v)

polyacrylamide gel via electrophoresis. Samples were

stratified by treatment across four gels. After separation,

proteins in gels were transferred electrophoretically to

nitrocellulose, and ligand blotted overnight with 125I-labelled

IGF-II. After washing the nitrocellulose and exposure to X-ray

film at –708C for 7 days, band intensity on autoradiographs

was determined using a Bio-Rad molecular imager and

imaging densitometer and software (Bio-Rad Multi-Analyst,

Version 1.0.2; Bio-Rad Laboratories, Hercules, CA) for

quantification by scanning densitometry. The follicles

selected for ligand blotting were those follicles that had the

most complete complement of information on steroids and

oocytes. A total of 37 follicles was analysed. These samples

were divided over four gels. Quality control consisted of a

pool of bovine follicular fluid run on each gel as well as a

coloured molecular mass marker sample. The intensity of

bands from this pool of bovine follicular fluid was compared

across gels. The inter-gel coefficient of variation for 40–43 kDa

molecular mass protein was 14%.

Oocyte processing

Cumulus–oocyte complexes were washed twice in

HEPES-buffered TCM 199 medium (Sigma, St Louis, MO)

containing 10 µg heparin ml–1 supplemented with 10% fetal

calf serum (FCS) and fixed in Karnowsky’s fixative (2.5%

(v/v) glutaraldehyde and 0.75% (w/v) paraformaldehyde in

0.1 mol cacodylate buffer l–1) for 60 min at 48C. The

cumulus–oocyte complexes were washed twice for 10 min
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with 0.1 mol cacodylate buffer l–1, transferred to 0.1 mol

cacodylate buffer l–1 and stored at 48C.

Individual oocytes were processed for light and

transmission electron microscopy according to the

procedures of Hyttel and Madsen (1987). Briefly, the oocytes

were embedded in agar, washed twice in buffer, post-fixed in

1.0% (w/v) osmium tetraoxide in 0.1 mol cacodylate l–1,

washed twice in buffer and twice in distilled water, and

block stained in 0.5% (w/v) uranyl acetate in distilled water.

After two washes in distilled water, the specimens were

dehydrated, embedded in Epon, and serially sectioned into

semi-thin sections (2 µm) which were stained with 1% (w/v)

toluidine blue and examined using a light microscope.

Sections showing a nucleus, and if possible a nucleolar

remnant, were re-embedded, sectioned into ultrathin sections

(70 nm), contrasted with uranyl acetate and lead citrate and

examined under a transmission electron microscope (JEM-

1200 EX, Jeol, Tokyo). The numbers of oocytes evaluated in the

different treatment groups were as follows (in parentheses);

unstimulated, 36 h before the LH surge: 0.5M (6), 1.0M (11),

2.0M (4); unstimulated, 12 h before the LH surge: 0.5M (7),

1.0M (14), 2.0M (8); superovulated, 36 h before the LH surge:

0.5M (7), 1.0M (5), 2.0M (7); superovulated, 12 h before the LH

surge: 0.5M (10), 1.0M (4), 2.0M (6). These were randomly

selected from the available oocytes; a maximum of four

oocytes was examined from each ewe. 

Statistical analyses

Differences in live weight, carcass weight and progesterone

concentrations were analysed using ANOVA. The LH pulses in

serial samples were analysed with a modified version of the

Pulsar algorithm developed by Merriam and Wachter (1982).

The G parameters were 9.0, 7.8, 7.1, 6.7 and 6.4. The mean LH

concentration, pulse frequency, pulse amplitude (the difference

between pulse peak and preceding nadir) and the duration of

the pulse were calculated for each profile. Differences were

then analysed using ANOVA. The proportion of ewes with LH

pulses was analysed using the chi-squared test. The number of

follicles was log transformed before it was subjected to

ANOVA. As the number of follicles recovered varied per sheep

and the number of follicles yielding adequate follicular fluid

for a full range of analyses varied, follicular fluid data were

analysed using ANOVA weighted for the variable number of

follicle data points included. Specifically, in the analysis of

follicular fluid steroids, IGF-I and IGF-II, results from 142

follicles were condensed to present mean values for 54 ewes. In

the case of the IGFBP species, results from analysis of 37

follicles were condensed to present mean values for 21 ewes.

The morphological characteristics of the oocytes were

evaluated using a semi-quantitative scoring system. 

Results

Weight changes

Mean (6 SE) daily food intakes throughout the experimental

period were 0.47 6 0.01, 0.94 6 0.02 and 1.91 6 0.03 kg DM per

day for ewes fed 0.5M, 1.0M and 2.0M treatments, respectively.

Carcass weight as a percentage of live weight of 10 ewes killed

at the beginning of the experiment was 48%, and this value was

used to estimate the initial carcass weight for all ewes. Live

weight and carcass weight changes were affected by dietary

intake. The mean weight at slaughter of ewes on 1.0M was

higher (P < 0.05) than those on 0.5M and lower (P < 0.05) than

those on 2.0M. The carcass weight of ewes fed 0.5M was

significantly less (P < 0.05) than that of ewes fed either 1.0M or

2.0M (Table 1).

Number of follicles and superovulatory response

The number of follicles (> 3 mm) was affected by dietary

intake in both unstimulated and superovulated groups. In

unstimulated ewes, the number of follicles was significantly

higher (P < 0.05) in ewes on 2.0M compared with ewes on

0.5M and 1.0M, but there was no difference between ewes on

0.5M and 1.0M (Table 2). In superovulated ewes, there were

significantly fewer follicles (P < 0.05) in ewes on 0.5M,

whereas there was no difference between ewes on 1.0M and

2.0M. The time of collection (36 or 12 h before the anticipated

LH surge) did not affect follicle size.
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Table 1. Effect of dietary intake on weight at slaughter,
carcass weight and estimated carcass weight changes in ewes

(mean 6 SE)

Dietary intake

0.5M 1.0M 2.0M

Number of ewes 18 18 18

Initial live weight (kg) 69.9 6 1.9 69.6 6 1.6 71.1 6 1.4

Slaughter weight (kg) 63.1 6 1.9a 70.9 6 1.6b 77.9 6 1.6c

Carcass weight (kg) 31.7 6 1.2a 35.1 6 1.2b 37.9 6 0.9b

Estimated carcass –1.8 6 0.5a +1.7 6 0.5b +3.8 6 0.5c

weight change* (kg)

M: maintenance energy requirement.
*Based on estimate of initial carcass weight as 48% of live weight.
abcMeans with different superscripts within the same row are significantly

different (P < 0.05).

Table 2. Effect of dietary intake on (mean 6 SE) number of
follicles (> 3 mm) from unstimulated (n = 10 per treatment)

and superovulated ewes (n = 8 per treatment)

Dietary intake

0.5M 1.0M 2.0M

Unstimulated 2.4 6 0.3a 2.4 6 0.5a 3.5 6 0.3b

Superovulated 7.5 6 1.2a 12.0 6 0.5b 12.3 6 1.4b

M: maintenance energy requirement.
abMeans with different superscripts within the same row are significantly

different (P < 0.05).
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Serum progesterone concentrations 

The overall mean progesterone concentrations from day 0

to day 10 were lower (P < 0.05) in ewes on 2.0M (0.6 6 0.1 ng

ml–1) compared with ewes on 0.5M (0.9 6 0.1 ng ml–1) and

1.0M (0.9 6 0.1 ng ml–1). The mean progesterone concentra-

tions at day 10 after pessary withdrawal in ewes on 2.0M

were lower (P < 0.05) than in ewes on 1.0M or 0.5M (Fig. 2).

Serum LH concentrations

As LH pulse characteristics were only compared when

treatment differences were identified in the number of

follicles, analysis of LH pulse characteristics was restricted to

samples collected on day 6 after withdrawal of the first

pessary (luteal phase) from ewes on 2.0M and 1.0M

treatments. Samples collected on day 2 after insertion of the

second pessary (luteal phase with exogenous progestagen)

were assayed from ewes on 0.5M and 1.0M treatments only. 

Luteal phase. Of the nine ewes on 1.0M and 2.0M

treatments assayed in the luteal phase (day 6 after pessary

withdrawal), three ewes (33.3%) from 1.0M and six ewes

(66.6%) from 2.0M had demonstrable LH pulses. There was

no difference in the mean LH concentrations between ewes

on 1.0M and 2.0M (0.79 6 0.07 and 0.94 6 0.11 ng ml–1,

respectively). The number of pulses per ewe tended to differ

(0.3 6 0.2 versus 1.0 6 0.3 per 8 h), but the effect was not

significant. There was no difference in the pulse amplitude

(1.08 6 0.69 versus 1.01 6 0.39 ng ml–1) or the duration of the

pulse (13.3 6 7.3 versus 15.0 6 5.4 min) between ewes on

1.0M and 2.0M, respectively.

Luteal phase with exogenous progestagen. Of the nine ewes on

0.5M and 1.0M treatments assayed in the luteal phase in the

presence of exogenous progestagen (day 2 after insertion of

the second pessary), no ewes on 0.5M and three ewes (33.3%)

on 1.0M had LH pulses. There were no differences in the

number of LH pulses per ewe (0.0 versus 0.4 6 0.2 per 8 h),

the mean LH concentration (0.45 6 0.06 versus 0.56 6 0.05

ng ml–1), pulse amplitudes (0.0 versus 0.95 6 0.49 ng ml–1) or

the duration of the LH pulse (0.0 versus 22.5 6 12 min)

between ewes on 0.5M and 1.0M treatments, respectively.

Follicular fluid composition

As there were no interactions noted between the effects of

time of collection, dietary intake and superovulation, results

are presented separately for these main effects. A

representative ligand blot analysis of IGFBPs in follicular

fluid is shown (Fig. 3).

Effect of time of collection. Time of collection of follicular

fluid at 36 or 12 h before the anticipated LH surge did not

have any effect on follicular fluid progesterone, oestradiol or

IGF-II concentrations (Table 3). However, IGF-I concentra-

tions were higher in follicles collected at 12 h before the

anticipated LH surge compared with at 36 h before the

anticipated LH surge (P < 0.01). There was no evidence of an

effect of time of sample collection on follicular fluid

concentrations of any of the IGFBPs studied. 

Effect of diet. Progesterone concentration was higher in

follicular fluid from ewes on 0.5M (P < 0.05) compared with

those on 1M or 2M (Table 4). In contrast, there was no effect

of dietary intake on oestradiol concentrations in follicular

fluid. IGF-I concentrations were higher in follicular fluid

from ewes on 1M (P < 0.05) compared with those on 0.5M or

Nutrition and superovulation and follicle development in ewes 307
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Fig. 2. Mean 6 SE serum progesterone concentrations (ng ml–1) in

ewes fed a diet of 0.5 (h), 1.0 (d) or 2.0 (s) times maintenance

energy requirements for 10 days from the time of withdrawal of a 30

mg fluorogestone acetate pessary.

Table 3. Effect of time of follicular fluid collection before the
LH surge on (mean 6 SE) follicular fluid progesterone,

oestradiol, IGF-I and IGF-II concentrations in ewes

Collection of follicular fluid

36 h before LH surge 12 h before LH surge

Progesterone (ng ml–1) 19.3 6 4.3 20.3 6 3.6

Oestradiol (ng ml–1) 40.9 6 6.1 42.1 6 6.9

IGF-I (ng ml–1) 208.1 6 10.1a 253.0 6 15.6b

IGF-II (ng ml–1) 269.1 6 12.8 283.4 6 15.4

n = 27 ewes per treatment.

IGF: insulin-like growth factor.
abMeans with different superscripts within the same row are significantly

different (P < 0.05).

Table 4. Effect of dietary intake on (mean 6 SE) follicular fluid
progesterone, oestradiol, IGF-I and IGF-II concentrations in

ewes

Dietary intake

0.5M 1.0M 2.0M

Progesterone (ng ml–1) 24.3 6 4.7a 18.9 6 4.7b 17.7 6 4.8b

Oestradiol (ng ml–1) 44.8 6 7.7 42.2 6 6.6 37.7 6 9.9

IGF-I (ng ml–1) 222.5 6 16.3a 241.9 6 15.6b 219.2 6 17.7a

IGF-II (ng ml–1) 287.7 6 15.5b 287.6 6 15.5b 250.3 6 19.4a

n = 13–25 ewes per treatment.

IGF: insulin-like growth factor; M: maintenance energy requirement.
abMeans with different superscripts within the same row are significantly

different (P < 0.05).
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2M. IGF-II concentrations were lower in follicular fluid from

ewes on 2M (P < 0.05) compared with those on 1M or 0.5M.

There was no evidence of an effect of nutrition on follicular

fluid concentrations of any of the IGFBPs studied.

Effect of superovulation. Superovulation increased follicular

fluid progesterone (P < 0.01), oestradiol (P < 0.01), IGF-I 

(P < 0.01) and IGF-II concentrations (P < 0.01) (Table 5). In

the case of the IGFBPs, differences were only identified for

three of the molecular mass ranges studied. There was no

effect of superovulation on follicular fluid concentrations of

the 95, 40–43 or 27 kDa IGFBPs. However, concentrations of

the 34, 22 and 20 kDa IGFBPs were lower in follicles from

superovulated ewes (P < 0.05) compared with unstimulated

ewes, for 34, 22 and 20 kDa IGFBP, respectively (Table 5).

Oocyte morphology

Owing to the lack of information on oocyte morphology in

ewes, the morphology of the unstimulated oocytes from

ewes fed 1.0M that were killed at 36 h before the anticipated

LH surge (luteal phase) was used as a baseline for

comparison. The oocytes were enclosed in a multilayered

compact cumulus–corona investment. The nucleus was

located peripherally and presented the remnant of the

nucleolus, which was active during the oocyte growth phase.

The nucleolar remnant was typically characterized by a

single electron-dense fibrillar body surrounded by a more

loosely packed fibrillar centre. The nucleolar remnant was

surrounded by a rim of interchromatin-like granules (Fig.

4a,b). No significant effects on oocyte morphology were

identified in any of the traits studied apart from those listed

below. 

Effect of time of collection. In both unstimulated and

superovulated ewes, a greater number of oocytes collected at

12 h before the LH surge displayed signs of corona cell

expansion (elongation and loosening of individual corona

cells) compared with those collected at 36 h (12 h, 22/47 (47%)

versus 36 h, 5/37 (14%)). In addition, the frequency of oocytes

showing vacuolation of the fibrillar centre of the nucleolar

remnant or fragmentation of the electron dense fibrillar body,

and those in which the fibrillar body was not detectable,

increased as time of the LH surge approached (12 h, 32/45

(71%) versus 36 h, 15/35 (43%)). 

Effect of diet.  No effects of diet on oocyte morphology were

observed.

Effect of superovulation. A greater number of oocytes from

superovulated ewes displayed lack of, or protrusions from,

the granular rim surrounding the nucleolar remnant (Fig.

4c), or free (presumably detached) interchromatin-like

granule clusters in the nucleoplasm (superovulated, 16/37

(43%) versus unstimulated, 8/41 (20%)). An increased

frequency of oocytes with signs of corona cell expansion was

noted in superovulated ewes at both 12 and 36 h before the

LH surge (superovulated, 18/38 (47%) versus unstimulated,

8/41 (20%)). In addition, in oocytes from superovulated

ewes collected at 36 h before the LH surge there was an

increase in the frequency of oocytes showing vacuolation of

the nucleolar remnant or fragmentation of the electron-

fibrillar sphere of the fibrillar centre (Fig. 4d) and in those in

which the fibrillar body was not detectable (superovulated

10/17 (59%) versus unstimulated 5/18 (28%)). 
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Fig. 3. A representative ligand blot analysis of insulin-like growth

factor binding proteins in follicular fluid of control and super-

ovulated ewes fed 0.5, 1.0 or 2.0 times maintenance (M) energy

requirements. Follicular fluid (FFL) samples (4 µl) from eight ewes

were analysed. Lane 1: FFL (7 mm) from a superovulated ewe 

(no. 114) fed 2.0M; lane 2: FFL (6 mm) from a superovulated ewe (no.

65) fed 2.0M; lane 3: FFL (7 mm) from a superovulated ewe (no. 19)

fed 1.0M; lane 4: FFL (7 mm) from a superovulated ewe (no. 19) fed

1.0M; lane 5: FFL (7 mm) from a superovulated ewe (no. 43) fed 0.5M;

lane 6: FFL (6 mm) from a superovulated ewe (no. 41) fed 0.5M; lane

7: FFL (7 mm) from a control ewe (no. 87) fed 1.0M; lane 8: FFL (8 mm)

from a control ewe (no. 51) fed 1.0M; lane 9: FFL (6 mm) from a

control ewe (no. 100) fed 2.0 M; lane 10: a bovine follicular fluid pool.

Table 5. Effect of superovulation on (mean 6 SE) follicular
fluid progesterone, oestradiol, IGF-I and IGF-II concentrations

and low molecular mass IGF binding proteins in ewes

Unstimulated Superovulated

n = 21–30 ewes per treatment

Progesterone (ng ml–1) 11.4 6 1.5a 33.1 6 5.8b

Oestradiol (ng ml–1) 25.2 6 3.3a 67.2 6 7.9 b

IGF-I (ng ml–1) 214.0 6 10.8a 256.4 6 17.1b

IGF-II (ng ml–1) 252.6 6 12.0a 312.5 6 14.3b

n = 7–14 ewes per treatment

95 kDa IGFBP (adu) 5.1 6 0.9 5.4 6 0.8

40–43 kDa IGFBP (adu) 64.9 6 6.3 86.1 6 7.8

34 kDa IGFBP (adu) 8.9 6 2.5a 2.4 6 0.2b

27 kDa IGFBP (adu) 10.7 6 2.5 7.1 6 1.0

22 kDa IGFBP (adu) 4.0 6 0.1a 2.1 6 0.3b

20 kDa IGFBP (adu) 4.7 6 1.1a 2.5 6 0.3b

adu: arbitrary densitometry units; IGF: insulin-like growth factor; IGFBP:

insulin-like growth factor binding protein.
abMeans with different superscripts within the same row are significantly

different (P < 0.05).
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Discussion 

In this study, unstimulated ewes on a high dietary intake

(2.0M) had a greater number of follicles at slaughter

compared with ewes on a lower dietary intake (0.5M or

1.0M). This is consistent with previous studies showing the

classical flushing effect in sheep, in which ewes given high

planes of nutrition before mating have large litters (Smith,

1991). Similarly, ewes maintained on low planes of nutrition

have a low ovulation rate (Haresign, 1981; McNeilly et al.,
1987). Haresign (1981) suggested that high dietary intake can

act on the final stages of follicular development by reducing

atresia of 2–3 mm follicles. Similar increases in the number of

follicles were noted when cattle (Guttierez et al., 1997) and

sheep (Joyce et al., 1998) were treated with exogenous growth

hormone, indicating an interaction between nutrition and
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(a) (b)

(c) (d)

Fig. 4. (a) Light micrograph of an oocyte collected from an unstimulated ewe fed maintenance energy requirements (1.0M), at 36 h

before the anticipated LH surge. Note the oocyte nucleus presenting a nucleolar remnant (arrowhead). (b) Electron micrograph

showing the nucleolar remnant in the oocyte shown (a). Note the dense fibrillar sphere (D) with the attached fibrillar centre (FC) and

the rim of interchromatin-like granules (IG). (c) Electron micrograph showing a nucleolar remnant displaying a protrusion from the

rim of interchromatin-like granules (IG) surrounding the dense sphere (D) and the attached fibrillar centre (FC). (d) Electron

micrograph showing a nucleolar remnant in which the dense sphere is fragmented into smaller portions (arrowheads) that are still

attached to the fibrillar centre (FC) surrounded by the interchromatin-like granules (IG). Scale bars represent (a) 20 µm, (b) 0.5 µm,

(c,d) 1 µm.
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the growth hormone, insulin and IGF axis. The present study

also demonstrated that decreasing dietary intake from 2.0M

or 1.0M to 0.5M can lead to a decrease in the number of

follicles after pFSH. This finding indicates that the biological

effectiveness of a standard dose of FSH is reduced in animals

on the low dietary intake. 

Serum progesterone concentrations were affected by

dietary intake. Ewes on high intake had lower progesterone

concentrations compared with ewes on lower dietary intakes.

These results support the conclusion of other studies that

circulating progesterone concentrations are inversely related

to feed intake in sheep (Williams and Cumming, 1982; Parr et
al., 1987, 1993a; McEvoy et al., 1995). Parr et al. (1993a,b)

reported that the mean rate of blood flow in the portal vein

was directly related to dietary intake and suggested that

clearance increased. The consequences of the changes in

progesterone were apparent in the LH pulse profiles.

The number of LH pulses during day 6 of a synchronized

oestrous cycle was lower in ewes on 1.0M than in those on

2.0M. The higher pulse frequency in the ewes on the high

dietary intake is consistent with the lower progesterone

concentrations identified in this group. However, Johnson 

et al. (1996) reported the same trend of LH pulses frequency

among low, intermediate and high progesterone concentration

groups, which is in agreement with earlier studies in ewes

(Foster et al., 1975; Hauger et al., 1977) and cows (Roberson et
al., 1989). Severe extended dietary restriction in lambs

suppressed pulsatile LH secretion principally via a

compromise of the LH releasing hormone pulse generator

(Foster et al., 1989). The inhibitory effects of feed restriction on

the frequency of LH pulses have also been demonstrated in

ovariectomized ewes (Thomas et al., 1990). An increase in LH

concentrations was observed (Foster et al., 1989; Suttie et al.,
1991) in ovariectomized lambs after 12 days on high dietary

intake. These effects are more difficult to observe in gonad-

intact animals and, in the case of heifers, little change in LH

pulse frequency was observed after short-term diet restriction

(Mackey et al., 1997; O’Callaghan and Boland, 1999). 

The time of slaughter relative to ovulation can influence

the progesterone and oestradiol concentrations in follicular

fluid (de Loos et al., 1991; Wise et al., 1994). In the present

study, no differences were observed in follicular fluid

composition, except for IGF-I concentrations, which

increased from 36 to 12 hours before the anticipated LH

surge. The reason for this increase in follicular fluid IGF-I is

unknown, but an increase in serum IGF-I is observed during

oestrus in ewes (Spicer et al., 1993). High dietary intake

reduced progesterone concentrations in follicles from both

unstimulated and superovulated ewes, and this was

associated with a decrease in IGF-II in the ewes fed 2M. The

follicles from superovulated ewes showed significantly

higher intrafollicular progesterone and oestradiol concentra-

tions compared with unstimulated follicles, which is in

contrast to a study in cattle (Assey et al., 1994a). The reasons

for this discrepancy are not clear, but may be due to

differences in the time of slaughter relative to ovulation, or to

species differences. 

Other studies indicate that changes in dietary intake

significantly alter serum concentrations of IGF-I and -II in

ewes (Bassett et al., 1990; Rhind and Schanbacher, 1991; Hua

et al., 1993, 1995; Gatford et al., 1997). However, there is a lack

of information regarding effects of dietary intake on

follicular fluid IGF-I and -II. In the present study, ewes on 1M

(maintaining body weight) had greater IGF-I and -II

concentrations in follicular fluid than ewes on 2M (gaining

body weight). In contrast, Rhind and Schanbacher (1991)

reported that follicular fluid IGF-I concentrations did not

differ between ewes fed to maintain a low versus moderate

body condition score. Similarly, Spicer et al. (1991) reported

that follicular fluid concentrations of IGF-I did not differ

among heifers fed over a 10 week period to lose, maintain or

gain body weight. Furthermore, Spicer et al. (1992a) reported

that follicular fluid IGF-I concentrations did not differ

between heifers fasted for 0 or 48 h in spite of the fact that

plasma IGF-I differed between treatment groups.

Intrafollicular IGF-II was not measured in these other

studies. Thus, it appears that intraovarian IGF-I concentra-

tions are more resistant to dietary manipulation than are

systemic IGF-I concentrations.

This is the first study to report that superovulation

treatment increases follicular fluid concentration of both

IGF-I and -II, and decreases the concentration of the 34, 22

and 20 kDa IGFBPs. On the basis of the findings of other

studies, the 34 kDa IGFBP is IGFBP-2 and the 22 and 20 kDa

IGFBPs are likely deglycosylated forms of IGFBP-4 or

IGFBP-5 (Spicer and Echternkamp, 1995). These low

molecular mass IGFBPs decrease during development of the

dominant follicle and increase during atresia in cattle (de la

Sota et al., 1996; Stewart et al., 1996; Mihm et al., 1997) and

sheep (Monget et al., 1993; Besnard et al., 1996; Perks and

Wathes, 1996). An increase in bioavailable IGF-I is thought to

enhance the growth and steroidogenic capacity of ovarian

follicles (Spicer and Echternkamp, 1995). Thus, with

increased IGFs and decreased IGFBPs, superovulation

treatment may increase the amount of bioactive IGFs in

follicular fluid, providing additional steroidogenic and

mitogenic stimuli for further follicular growth and

development.

Previous studies using bovine oocytes (Izadyar et al.,
1997), buffalo cumulus–oocyte complexes (Pawshe et al.,
1998), rat cumulus–oocyte complexes (Feng et al., 1988) and

both cumulus-enclosed and cumulus-free pig oocytes

(Sirotkin et al., 1998) showed direct stimulatory effects of

IGF-I (10–100 ng ml–1) on oocyte maturation in vitro.

However, in prepubertal gilts, marked increases in follicular

fluid IGF-I, induced by exogenous growth hormone, had no

effect on oocyte maturation (Spicer et al., 1992b). The

stimulatory effect of IGF-I on oocyte maturation in vitro may

be direct since bovine (Yoshida et al., 1998) and rat (Zhou et
al., 1991) oocytes contain IGF-I receptor mRNA. Thus, the

increase in follicular fluid IGF-I associated with 1.0M dietary

intake and superovulation treatment in the present study

may play a role in oocyte maturation in ewes.

Final maturation of the oocyte and development of the

antral follicle to ovulation after luteolysis depend on the

frequency of LH pulses (Baird and McNeilly, 1981), and 

has been reviewed by Driancourt and Thuel (1998). In

studies on cattle, Callesen et al. (1986) reported that abnormal

concentrations of progesterone or LH in the pre- and peri-

ovulatory periods caused abnormal oocyte maturation,
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whereas Wehrman et al. (1993) attributed low conception

rates to abnormal oocyte development in the presence of low

progesterone and high oestradiol. 

Investigation of the morphology of oocytes and their

investments in the unstimulated animals showed that the

oocyte is already prepared for final maturation during the

final phases of follicular dominance, approaching the time of

the LH peak, as was also demonstrated in cattle (Assey et al.,
1994b). Thus, elongation of individual corona cells signalled

the initiation of corona–cumulus expansion, and the

dissolution of the nucleolar remnant that precedes the

breakdown of the oocyte nucleus (the germinal vesicle) was

also observed. It is unclear why changes in follicular fluid

steroid concentrations were not observed during this

development in samples collected 36 h or 12 h before the

anticipated LH surge. This finding may be explained by pre-

activation of oocytes during follicular dominance, as occurs

in cattle. Superovulation was associated with detachment of

granules resembling interchromatin granules from the

nucleolar remnant. Interchromatin granules are rich in

proteins involved in pre-mRNA splicing, and this finding

may indicate that superovulation is associated with changes

in the mRNA processing apparatus of the oocytes, which, in

turn, may result in a decrease in oocyte competence. 

In summary, dietary intake is inversely related to the

progesterone concentrations in circulation. Low dietary intake

resulted in a decrease in the number of follicles and in the

superovulatory response in unstimulated and superovulated

ewes, respectively, compared with the response in ewes on a

high dietary intake. However, high dietary intake did not

increase the superovulatory response above that in ewes on

1.0M. The time of follicle collection at 36 or 12 h before the LH

surge had minimal effects on follicular fluid composition. Diet

altered progesterone, IGF-I and IGF-II concentrations in

follicular fluid, but the direction and magnitude of the

response was variable. Superovulation had a marked effect on

most of the parameters measured; concentrations of proges-

terone, oestradiol, IGF-I and IGF-II increased, and the

20–34 kDa IGFBPs increased. These finding indicate that

superovulation may profoundly affect the physiological

environment within the follicle. Investigation of oocyte

morphology indicated that changes in the mRNA processing

apparatus may occur at superovulation. 
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