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abstract: Mitochondria are responsible for the production of ATP, which drives cellular metabolic and biosynthetic processes. This is
the first study to quantify the mtDNA copy number across all stages of oogenesis in a large monovulatory species, it includes assessment of
the activity of mitochondria in germinal vesicle (GV) and metaphase II (MII) oocytes through JC1 staining. Primordial to early antral follicles
(n ¼ 249) were isolated from the sheep ovarian cortex following digestion at 378C for 1 h and all oocytes were disaggregated from their
somatic cells. Germinal vesicle oocytes (n ¼ 133) were aspirated from 3- to 5-mm diameter antral follicles, and mature MII oocytes
(n ¼ 71) were generated following in vitro maturation (IVM). The mtDNA copy number in each oocyte was quantified using real-time
PCR and showed a progressive, but variable increase in the amount of mtDNA in oocytes from primordial follicles (605+205, n ¼ 8)
to mature MII oocytes (744 633+ 115 799, n ¼ 13; P , 0.05). Mitochondrial activity (P . 0.05) was not altered during meiotic progression
from GV to MII during IVM. The observed increase in the mtDNA copy number across oogenesis reflects the changing ATP demands
needed to orchestrate cytoskeletal and cytoplasmic reorganization during oocyte growth and maturation and the need to fuel the resumption
of meiosis in mature oocytes following the pre-ovulatory gonadotrophin surge.
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Introduction
Improving the developmental competence or quality of human oocytes
is a priority if the efficiency and success of assisted reproduction technol-
ogy is to be improved. Mitochondria are derived exclusively from the
oocyte (Giles et al., 1980; Cummins et al., 1997) and their characteristics
and relationship to oocyte quality are relevant to assisted conception.
There is no mitochondrial DNA (mtDNA) replication until post-
implantation (Spikings et al., 2007) and potentially, there is a minimum
mtDNA threshold in the oocyte required to meet the demands of
meiotic progression (Steuerwald et al., 2000; Zeng et al., 2007).

Early research to quantify the number of mitochondria in murine
oocytes has been conducted using electron microscopic morphom-
etry. The estimated average number of stored mitochondria in individ-
ual, mature oocytes from this species was found to be 92 500+ 7000

(SD) (Piko and Matsumoto, 1976). Studies of pooled, bovine oocytes
revealed an average of 260 000 mtDNA copies per developing gamete
(Michaels et al., 1982). The introduction of alternative PCR-based
methods were developed for human oocytes with original reports
showing an average of 138 000 mtDNA copies in metaphase II (MII)
oocytes (Chen et al., 1995). Studies to quantify the mtDNA copy
number in oocytes have been built on previous evidence suggesting
that oocytes usually contain only one copy of the genome (Piko and
Matsumoto, 1976; Piko and Taylor, 1987). The literature contains a
number of studies looking at the number of mitochondria during oo-
genesis (Piko and Taylor, 1987; Steuerwald et al., 2000; Barritt et al.,
2002; Santos et al., 2006; Zeng et al., 2007). None of the previous
reports however have characterized the accumulation of mitochon-
drial across all stages of oocyte development in the same species.
Efforts to quantify the amount of mtDNA in oocytes using PCR-based
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methodologies have shown that the number of mitochondria in human
MII oocytes can be highly variable with results ranging from 20 000 to
over 800 000 (Steuerwald et al., 2000; Reynier et al., 2001; Barritt
et al., 2002; Santos et al., 2006). The total length of ovine mitochon-
drial DNA is 16.6 kb, and it codes for 13 of the proteins responsible
for oxidative phosphorylation (Hiendleder et al., 1998).

Mitochondrial activity can be measured by ratio-metric analysis
using the fluorescent reporter 5,5,6,6-tetrachoro-1,1,3,3-tetraethyl-
benzimidazoyl-carbocyanine iodide (JC1) (Reers et al., 1995; Jones
et al., 2004; Van Blerkom and Davis, 2006). In this assay, the polarity
of the mitochondrial membrane is a reflection of the organelles activ-
ity, and in the presence of JC1, less polarized mitochondria will fluor-
esce green demonstrating low levels of activity, whereas highly
polarized mitochondria will fluoresce orange due to the formation
of J-aggregates (Picton et al., 2010).

The changes in the distribution and activity of the mitochondria are
recognized as being important for oocyte cytoplasmic maturation and
developmental competence (Jansen and de Boer, 1998; Torner et al.,
2004; Van Blerkom, 2004). Mitochondrial production of ATP within
oocytes is necessary for all obligatory oxidative biosynthetic and meta-
bolic processes including transcription and translation during growth
and preparation for nuclear and cytoplasmic maturation (Naviaux and
McGowan, 2000; Harris and Picton, 2007). The failure of fertilization
and early embryonic development can be attributed to a deficiency in
mitochondrial number or activity (Wai et al., 2010), specific mitochon-
drial defects (Barritt et al., 1999), chromosomal errors (Harris et al.,
2010; Picton et al., 2010) and metabolic abnormalities (Picton et al.,
2010). Moreover, chromosome non-disjunction events leading to
chaotic mosaicism have been associated with low mitochondrial mem-
brane potential and aberrant meiotic spindle formation (Wilding et al.,
2002). Mitochondrial distribution and ATP content of bovine oocytes
before and after in vitro maturation (IVM) correlate with oocyte morph-
ology and developmental competence following IVF (Stojkovic et al.,
2001). Aging has been reported to have a negative impact on mitochon-
driogenesis (Lopez-Lluch et al., 2008) and ATP-related meiotic errors
(Schon et al., 2000). Finally, although highly controversial, ooplasmic
transfer has been promoted as a treatment for women who have intrin-
sic defects of oocyte cytoplasm and/or mitochondria (Cohen et al.,
1997; Barritt et al., 1999; Barritt et al., 2001).

Given the relevance of mtDNA copy number and activity to oocyte
development and quality we have sought to use a sensitive real-time
PCR protocol to quantify the number of mtDNA in discrete stages
of oogenesis and to map the progressive changes in mitochondrial
number in the developing gamete. Secondly, we have assessed the ac-
tivity of mitochondria at the germinal vesicle (GV) and MII stages of
oocyte development. Sheep oocytes were used as a physiologically
relevant model for human oogenesis (Lundy et al., 1999; Trounson
et al., 2001; Campbell et al., 2003).

Materials and Methods

Follicle dissection
All reagents used in this series of experiments were purchased from Sigma
(Dorset, UK), unless otherwise stated. Abattoir-derived sheep ovaries
were collected and washed three times in phosphate-buffered saline
(PBS) supplemented with penicillin G (100 IU/ml), streptomycin sulphate

(100 mg/ml) and amphotericin B (250 ng/ml), and maintained in Hepes-
buffered minimum essential medium at 378C until processing. All stages
of follicle development from primordial follicles to early antral stages
(n ¼ 249) were isolated from the ovarian cortex following digestion in col-
lagenase 1B (740 U/ml) and DNAse (8 kU/ml) at 378C for 1 h as previ-
ously described (Newton et al., 1999; Huntriss et al., 2002). The stages of
follicle development were classified as described previously (Oktay et al.,
1997), and used by Huntriss et al. (2002). All oocytes were disaggregated
from their somatic cells by repeat pipetting during exposure to trypsin
(0.6 mg/ml). Germinal vesicle stage oocytes (n ¼ 133) surrounded by
three to four layers of tightly compact cumulus cells were aspirated
from 3- to 5-mm antral follicles, and MII oocytes (n ¼ 71) were derived
after IVM in the serum-free alpha MEM that contained pre-ovulatory
surge levels of ovine LH (100 ng/ml) and ovine FSH (100 ng/ml),
bovine transferrin (5 mg/ml), sodium pyruvate (0.47 mM), sodium selenite
(5 ng/ml), L-glutamax (3 mM), 0.1% (w/v) BSA, insulin (10 ng/ml) and
long R3 IGF-1 (10 ng/ml) (Cotterill et al., 2012). Cumulus enclosed
oocytes were matured for 24 h at 398C in 6% CO2, 5% O2 and 89%
N2 in a humidified atmosphere (Cotterill et al., 2012). Oocytes used for
molecular analysis were denuded and snap-frozen in liquid nitrogen
in 10 ml of Dulbecco’s PBS and kept at 2808C until use (Table I).

Fluorimetric analysis of mitochondrial
activity
The mitochondrial activity of GV oocytes aspirated from 3- to 5-mm
Graafian follicles (n ¼ 57) and MII (n ¼ 49) denuded oocytes was assessed
using JC1 staining (Harris et al., 2010). The oocytes were exposed to JC1
(1 mg/ml), for 30 min at 378C, and then washed with Hank’s-buffered salt
solution supplemented with 0.47 mM pyruvate and 1 mg/ml of bovine
serum albumin (Picton et al., 2010). JC1 monomers (low mitochondria po-
larization/low membrane potential) were detected with a green filter
(wavelength 520–527 nm), and JC1 aggregates (high mitochondria polar-
ization/high membrane potential) detected with an orange filter (wave-
length 590 nm), using a micro-photometry Zeiss Axiovert 200
fluorescence microscope and photomultiplier detection system (Photon
Technology International, Ford, West Sussex, UK). The ratio of orange
and green fluorescence was calculated using Felix 32 software (Photon
Technology international) (Harris et al., 2010; Picton et al., 2010).

DNA extraction and standard preparation
To evaluate the extraction efficiency, a 1-ml spike containing a construct of
bovine DNA and the pGEM T-easy vector, at a concentration of 0.1 ng/ml
was added to 19 repeat samples. The primer sequences used to amplify the
spiked sample were 5′ ctagtgattgtgcgggagaga 3′ (forward) and 5′

ctttgaaattggctggatgtg 3′ (reverse). A standard curve was used to calculate
the amount of the spike sample that remained after DNA extraction. To
lyse each oocyte sample, 5 ml of KOH (200 mM) was added and heated
at 658C for 10 min. Once complete, 5 ml of HCl (200 mM) was added to
neutralize each sample giving a final total volume of 20 ml. A PCR product
of 165 bp was constructed from the cytochrome c oxidase I (COI) region
in the mitochondrial genome using the forward primer 5′ acgtcgatacacgggct-
tac 3′ and the reverse primer 5′ agcctccgactgtgaaaaga 3′ (accession number:
AF010406.1). A standard reaction mixture was made up as follows: 1.25 ml
PCR buffer, 0.75 ml Mg2+ (50 mM), 0.1 ml Taq Polymerase (5 U/ml) (All
supplied by BIOTAQ Polymerase Kit, Bioline Ltd, London, UK), 1 ml of
each primer (25 mM), 2 ml dNTP (1.25 mM) and 6.1 ml H2O. The PCR con-
ditions included 958C for 5 min for 1 cycle, 35 cycles at 948C for 30 s, 608C
for 30 s and 728C for 30 s, 728C for 5 min and maintained at 48C. Quanti-
fication and quality of the product was confirmed using a nanodrop ND
1000 spectrophotometer (Thermo-Scientific, Wilmington, USA), and
10-fold serial dilutions were made in preparation for the real-time PCR.
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1 ng of the 165 bp product was calculated to contain 5.61 × 109 molecules
of DNA. The standard curve used to quantify each experimental sample
included 6- and 10-fold serial dilutions (0.1–0.000001 ng/ml) of the
165 bp product of mtDNA.

Quantification of mtDNA copy number
using real-time PCR
Real-time PCR analysis was performed using an ABI7900HT PCR analyser,
using SYBR green technology (Applied Biosystems, CA, USA). The total
amount of mtDNA was quantified and compared across all stages of
oogenesis. The primers that were used were the same as those designed
for the 165-bp product to ensure that the annealing efficiency was consistent.
The reaction mixture for the real-time PCR (25 ml total reaction), comprised
12.5 ml of SYBR green master mix (Applied Biosystems, CA, USA), 1.25 ml
specific primer (500pM), 10.25 ml H2O and 1 ml of each sample. All
samples were analysed twice in triplicate and the middle four values were
used for statistical analysis. All real-time analysis included a negative (no tem-
plate) control. Each PCR reaction included a denaturation step of 15 s at 958C
and annealing for 1 min at 608C for 40 cycles. A melting curve was routinely
included to assess the quality of each amplicon for mispriming.

Statistical analysis
The number of mitochondria per oocyte was calculated for each stage of
follicle development. All statistical analyses were performed using Minitab
15.0 software (Minitab Ltd, Coventry, UK). Data were tested for normality
by the Anderson–Darling test, and the data that were not normally dis-
tributed were log transformed prior to analysis. Oocyte data were com-
pared using ANOVA and when the data showed significance, the
contrasts between the means were specified using Fisher’s post hoc test.
Mitochondrial activity data were assessed using the x2 test. The values
presented are means+ SEM corrected per oocyte for the number of rep-
licate analyses shown. In all analyses, the P values of ,0.05 were consid-
ered to be statistically significant.

Results

Quantification of oocyte mitochondrial DNA
copy number
Analysis of mitochondrial DNA extraction efficiency yielded an
average recovery of 99.7% over 19 repeat samples. The sample

prior to extraction was calculated to contain 4.5 pg of spiked DNA
(21 ml total volume) and the recovery of DNA after extraction was
shown to be 4.5 pg+0.00031 pg. A total of 271 ovine oocytes
were used for the experimental series. The average mtDNA copy
number in oocytes increased with each progressive stage of follicle de-
velopment from primordial to MII oocytes as shown in Table I. There
was a significant increase (P , 0.05) in the oocyte mtDNA copy
number from primordial follicles to primary follicles. Similarly, there
were also significant differences (P , 0.05) between primary and pre-
antral follicles, secondary to early antral follicles and pre-antral and
Graafian follicles as follicle and oocyte development progressed
(Table I). Considerable variability in the oocyte mtDNA copy
number was apparent across all stages of folliculogenesis (Table I),
with the greatest range of values being observed in early antral
oocytes. When the oocyte mtDNA copy number from different
staged follicles were compared on the basis of oocyte unit volume,
there was a significant increase in mtDNA in oocytes from early
antral and Graafian follicles compared with all other follicle stages
(Fig. 1; P , 0.05). Comparison of the mtDNA copy number of in
vivo grown GV oocytes with MII oocytes derived following IVM
(Table II) (GV: 708 463+ 95 052, n ¼ 16 versus MII: 744 633+
115 799, n ¼ 13), or mtDNA copy number per unit oocyte volume
(GV: 0.77+0.1, n ¼ 16 versus MII: 0.47+0.02, n ¼ 16) showed
no significant differences in either parameters between these two
stages of nuclear maturity (P . 0.05).

Analysis of oocyte diameter and volume (Table II) highlighted the
progressive and significant increase (P , 0.05) in both parameters at
each follicle stage from primordial to early antral follicles. Furthermore,
the majority of oocyte growth ceased following antral cavity formation
so that neither the diameter nor the volume of oocytes from early
antral follicles, GV oocytes from Graafian follicles or MII oocytes
were significantly increased following antrum formation (P . 0.05).

Oocyte mitochondrial activity
The mitochondria from both in vivo-derived GV (n ¼ 57) and in vitro-
derived MII (n ¼ 47) oocytes were exposed to JC1 to identify high po-
tential, JC1-aggregates forming multimers that fluoresce orange in
active mitochondria and green in inactive mitochondria (Harris et al.,

.............................................................................................................................................................................................

Table I Quantification of mtDNA copy number in denuded GV oocytes derived from defined stages of ovine
folliculogenesis.

Follicle stage
(oocyte maturity)

Oocyte diameter (mm)
(oocyte volume mm3)

Total no. of
oocytes analysed

mtDNA copy no.
(no. of repeats)

Range

Primordial (20–30 mm) (GV) 29.6+1.0a (14 241+1372a) 27 605+205a (n ¼ 8) 74–1627

Early primary (31–40 mm) (GV) 40.5+1.2b (36 214+3440b) 17 779+256a (n ¼ 7) 313–1974

Primary (41–100 mm) (GV) 51.2+1.8c (74 171+8340c) 14 15 626+6637b (n ¼ 8) 170–57 594

Secondary (101–200 mm) (GV) 69.4+2.2d (183,032+17 629d) 22 13 990+4351b,c (n ¼ 8) 3064–33 292

Pre-antral (201–300 mm) (GV) 96.6+1.3e (476 318+20 600e) 24 71 133+14 437c,d (n ¼ 8) 23 151–131 881

Early antral (301–500 mm) (GV) 118.4+1.4f (873 729+30 954f) 69 543 632+240 415d,e (n ¼ 10) 4649–1 983 222

Graafian (3–5 mm) (GV) 120.3+1.9f (921 032+44 130f) 76 708 463+95 052e (n ¼ 16) 143 210–1 358 988

Follicle diameter, volume and oocyte nuclear status associated with each classification are shown from 15 repeat analyses. Within each follicle stage the range of values obtained was
used to demonstrate the variability in mtDNA copy number throughout oogenesis. Values presented are the means+ SEM per oocyte for the number of replicate analyses shown;
statistical comparisons are confined within columns and different superscripts indicate significant differences (P . 0.05).
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2010). The ratio of both emissions is shown in Table III; lower values
indicate increased mitochondrial activity. There was no significant dif-
ference (P . 0.05) between the mitochondrial activity measured
between GV and MII oocytes after 24 h of IVM.

Discussion
The gradual accumulation of mitochondrial copy number and activity
as oocyte development progresses is a prerequisite for the production
of a fertile gamete capable of supporting embryogenesis. This study
has quantified mtDNA across all stages of oogenesis and during the
IVM of GV oocytes in a large monovulatory species with similar
patterns of follicle development to humans (Lundy et al., 1999). The
results revealed an average of 605+205 mtDNA copies in oocytes
obtained from primordial follicles and this number increased significantly
(P , 0.05) to 708 463+ 95 052 in GV oocytes and 744 633+
115 799 in in vitro matured MII oocytes. This represents over a
thousand-fold increase in mtDNA copy number following growth ac-
tivation of primordial oocytes to the completion of oocyte growth by
the onset of antral cavity formation in the follicle (Picton et al., 1998).
While the oocyte growth phase is clearly accompanied by

mitochondrial replication, there is no change in oocyte nuclear
status (Schultz et al., 1978). The observed 6-fold increase in
mtDNA between oocytes from the secondary follicle and pre-antral
stages (Table 1), and the significant increase (P , 0.05) between sec-
ondary follicle oocytes compared with the early antral stage
(13 990+ 4351 (n ¼ 8) versus 543 632+240 415 (n ¼ 10), respect-
ively), supports the increasing energy demands of the oocyte during
antral cavity formation, as previously demonstrated in mice (Harris
et al., 2007; Harris et al., 2009). During this time the oocyte is also
involved in directing cumulus metabolism via GDF9 and BMP15
(Sugiura et al., 2005; Sugiura et al., 2007). There were no significant
differences (P . 0.05) in mtDNA copy number between GV and IVM-
derived MII oocytes. A similar lack of increase in mtDNA copy
number from in vivo-derived GV and MII oocytes has also been
shown in humans (Reynier et al., 2001; Barritt et al., 2002), further
strengthening the suggestion that the majority of mtDNA replication
has occurred by the completion of oocyte growth. Recent research
in pigs showed in one experiment an average of 167 634 (GV) and
275 131 (MII) mtDNA copies and 185 004 (GV) and 239 392 (MII)
copies in a second cohort of oocytes, demonstrating that the IVM
of GV oocytes is not detrimental to mtDNA copy number (Mao

Figure 1 mtDNA copy number per unit volume in oocytes during discrete stages of folliculogenesis. Values are mean+ SEM for the number of
replicate analyses shown; different letters indicate statistical significance (P , 0.05). The inserted images (i–vi) show the morphology of follicles iso-
lated at primordial, early primary, primary, secondary, pre-antral and early antral stages of development, respectively. An example of a denuded GV
oocyte from a Graafian follicle (vii) is also shown. Scale bars represent 300 m.

.............................................................................................................................................................................................

Table II In vitro matured MII oocytes.

Oocyte
maturity

Oocyte diameter (mm)
(oocyte volume mm3)

Total no. of oocytes
analysed

mtDNA copy no.
(no. of repeats)

Range Mt copy number
per unit volume

MII 121.0+1.1
(930 233+25 413)

22 744 633+115 799
(n ¼ 13)

25 059–
1 348 657

0.47

Activity and copy number of mitochondria in oocytes 447



et al., 2012). Research using cow oocytes (GV: 368 118 versus MII:
807 794) has shown a significant increase in mtDNA copy number
after IVM (Iwata et al., 2011). The mitochondrial activity in our
study during the GV to MII transition in vitro was not significantly dif-
ferent (P . 0.05) when assessed using the JC1 assay (Table III). This
transition is known to be associated with the redistribution of mito-
chondria from a homogenous to heterogeneous pattern in the cyto-
plasm (Wilding et al., 2001; Van Blerkom, 2004; Martino et al.,
2012). The redistribution of mitochondria to the subcortical and
peri-nuclear regions in MII oocytes is correlated with an increase in
ATP levels and has been shown to be critical for meiotic spindle
formation and oocyte quality (Yu et al., 2010).

At the earliest stage of primordial follicle development in humans,
estimates of oocyte mitochondrial numbers from electron micro-
graphs (EM) have previously established a range between as little as
10 and 10 000 mtDNA copies per oocyte (Jansen and de Boer,
1998; Jansen, 2000). We have shown that the mtDNA copy
number found in primordial oocytes using our fully quantitative
method is 605+ 205 (Table I). The majority of previous reports
have quantified mtDNA copy number in only GV and MII oocytes.
A semi-quantitative method (Chen et al., 1995) reported an average
mtDNA content of 138 000 copies in human MII oocytes, which is
lower than our findings in sheep. Unlike the present study, the previ-
ous reports did not factor in the efficiency of DNA extraction from
each oocyte. Various studies have also attempted to quantify the
mtDNA copy number using fully quantitative RT PCR methods
(Steuerwald et al., 2000; Reynier et al., 2001; Barritt et al., 2002;
Santos et al., 2006). In human studies, Santos et al. (2006) reported
163 698 mtDNA copies in MII human oocytes, Reynier et al. (2001)
recorded 193 000 (range 20 000–598 000) and Barritt et al. (2002)
reported an average of 795 534 mtDNA copies per mature human
oocyte. In cows, 807 794 mtDNA copies in IVM-derived MII
oocytes have been recorded (Iwata et al., 2011). In our study, in vitro-
derived ovine MII oocytes yielded an mtDNA copy number of
744 633+ 115 799, and is more consistent with the numbers found
in human and cow oocytes reported by the latter two authors. The
high oocyte variation in the mtDNA copy number is likely to
account for this disparity. Also, the differences between the some
published reports and the current data suggest either that sheep
oocytes contain increased mtDNA, that the cohort of oocytes
obtained from pre-pubertal and young adult sheep ovaries provide a
more homogenous starting pool of oocytes, or that chronological
age, or in vitro ageing affects mtDNA copy number. In support of
the latter suggestion, previous human studies not only quantified
mtDNA copy number on oocytes that had failed to undergo fertiliza-
tion in vitro (Steuerwald et al., 2000; Reynier et al., 2001; Barritt et al.,

2002) but also the oocytes were recovered from patients of ages
ranging from 25 to 40. While one study showed no significant differ-
ence in the mtDNA copy number from women,35 to those .35
years of age (Barritt et al., 2002), recent bovine data support the
notion that oocyte mtDNA copy number decreases with increasing
maternal age (Iwata et al., 2011). Moreover, the suggestion that
oocytes only contain one copy of the mitochondrial genome (Piko
and Taylor, 1987) may require further verification. Unfortunately,
the EM methods used to visualize and count actual numbers of mito-
chondria and the molecular methods used to quantify the mtDNA
copy number are incompatible and therefore it is difficult to demon-
strate equivalence in the same cell.

Sheep oocytes were used as a physiologically relevant model of
human oocyte development in the present studies as ovine oogenesis
is a protracted process (Campbell et al., 2003), sheep are predomin-
antly monovular and follicle population dynamics of the ovine ovary
parallels that in humans (Lundy et al., 1999). Also, the mature size
of ovine oocytes is �120 mm in diameter as reported here
(Table I), and is equivalent to that of human oocytes (Trounson
et al., 2001). Furthermore, it was noted that oocyte growth ceased
around the early antral follicle stage, and was not significantly different
(P , 0.05) from GV and MII oocytes. There are however, acknowl-
edged differences in the triglyceride content of ruminant and human
oocytes (Ferguson and Leese, 2006). No significant changes (P .

0.05) were recorded in the mitochondrial activity during the IVM of
GV oocytes and the ratio of active-to-inactive mitochondria remained
constant throughout this period. The mitochondrial activity patterns
reported in the present studies mirror those found in human GV
and MII oocytes (Wilding et al., 2001; Harris et al., 2010). The JC1
staining strategy used here has previously been used to measure the
mitochondrial activity in human and mouse GV and MII oocytes and
early embryos (Van Blerkom et al., 2002; Van Blerkom et al., 2003;
Van Blerkom and Davis, 2006; Harris et al., 2010; Picton et al.,
2010). The present results for ovine oocyte mitochondrial activity cor-
respond to previous murine data that has shown no significant correl-
ation between mitochondrial activity and developmental competence
of in vivo-derived MII oocytes (Van Blerkom et al., 2003). Reports in
cows (Stojkovic et al., 2001) and pigs (Brevini et al., 2005) have
shown that although activity remains unchanged, there are significant
increases in ATP production during IVM.

The variable mtDNA copy number observed between cohorts of
oocytes across all stages of ovine folliculogenesis in the present study
(Table I) corresponds to the variability in mitochondrial DNA copy
number previously recorded in humans (Steuerwald et al., 2000;
Reynier et al., 2001; Barritt et al., 2002). It has been suggested that the
biological variation in mtDNA in human oocytes is indicative of oocyte
quality and attainment of a threshold of mitochondrial activity and/or
ATP production necessary for fertilization and embryogenesis, such
that oocytes containing a mtDNA copy number that falls below this ar-
bitrary threshold are developmentally compromised (Reynier et al., 2001;
Barritt et al., 2002; Santos et al., 2006; Zeng et al., 2007). While the val-
idity of a mitochondrial threshold theory of oocyte quality remains to be
proved, two reports in human oocytes (Santos et al., 2006; Zeng et al.,
2007) suggest that the amount of mtDNA in fertile human oocytes is
greater than in those that failed to undergo fertilization in vitro.

In summary, this work has shown that mtDNA copy number
increases throughout ovine oogenesis, and that dramatic changes in

........................................................................................

Table III Values for the ratio of JC1 are mean+++++SEM of
the number of oocytes used.

Oocyte stage n JC1 ratio SEM

GV 57 12.78 0.93

MII 49 13.99 1.79

A lower JC1 ratio indicates increased mitochondrial activity. No significant
differences were detected.
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mtDNA characterize the landmark events of oogenesis associated
with primordial follicle growth activation, follicular antrum formation
and Graafian follicle development. It is probable that the observed
dramatic increase in the mtDNA copy number is essential to facilitate
the production of sufficient ATP to orchestrate cytoskeletal and cyto-
plasmic reorganization in oocytes in preparation for the resumption of
meiosis and the production of a fertile gamete.
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