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Two experiments were carried out in which follicular aromatase activity was compared
between Meishan and Large-White hybrid gilts. In Expt 1, preovulatory follicles (n = 10
largest per animal) were recovered from Meishan and Large-White hybrid gilts (n

=

5 per
breed) on the day before predicted onset of behavioural oestrus, and the granulosa cells and
theca tissue incubated to determine aromatase activity. Follicles recovered from Meishan
pigs were smaller (P < 0.01) and contained fewer granulosa cells (P < 0.05), but follicular
oestradiol content of the breeds was similar (P> 0.1). Aromatase activity was higher in the
theca tissue (P < 0.05) and tended to be higher in the granulosa cells recovered from
Meishan follicles (P = 0.065). In Expt 2, granulosa cell aromatase activity was investigated
during the early follicular phase (estimated day 16 of cycle) in Meishan and Large-White
hybrid gilts (n = 6 and 5, respectively). The number of follicles \m=ge\ 1 mm diameter recovered
per animal was 171 for both breeds (P>0.1), whereas the number of follicles \m=ge\2mm

diameter was 65 and 101 (P < 0.05) from Meishan and Large-White hybrid gilts,
respectively. The mean diameter of all follicles recovered was smaller in the Meishan gilts
(P< 0.001). Overall, neither the number of granulosa cells per follicle, as indicated by DNA
estimation, nor the oestradiol content differed between the breeds at this time (P>0.1).
Mean aromatase activity was assessed in granulosa cells recovered from alternate follicles
\m=ge\3mm diameter and was higher in the Meishan gilts when expressed per \g=m\gDNA
(P \m=le\0.025). As follicle diameter increased, the difference in aromatase activity between the
breeds became more pronounced (P < 0.05). These results indicate that Meishan follicles
have higher aromatase activity in the granulosa and theca cells during both the early and
late follicular phase, compared with Large-White hybrid follicles. Whether this has a role in
ensuring the prolificacy of the Meishan pig requires further investigation.

Introduction

The Chinese Meishan pig is extremely prolific when compared
with European breeds (Bazar et ah, 1988a, b; Haley and Lee,
1990), and can produce up to 30—40% more live piglets per
litter. Although the precise physiological basis for the
enhanced prolificacy is unknown, it has been reported to result
from increased prenatal survival for a given ovulation rate
(Wilmut et ah, 1992). Thus, the Meishan pig gains its advantage
from enhanced embryonic survival, and this is evident even

when ovulation rate is comparatively low (Bazer et ah, 1988b).
Variation in the rate of development of preimplantation
embryos within a litter, resulting from a heterogeneous pre¬
ovulatory follicle population, has been suggested to be a likely
cause of the high embryonic loss in European breeds of pig
(Anderson, 1978; Pope et ah, 1990). Bazer et ah (1988b)
reported an increased uniformity of blastocyst development
in the prolific Meishan pigs and, furthermore, studies by Terqui
et ah (1992) have demonstrated that the high embryo survival

is due to 'faster' embryonic development, which may be a

consequence of improved oocyte maturation.
Results from a previous investigation of follicular character¬

istics in Meishan and Large-White hybrid gilts (Biggs et ah,
1993) found no difference between the breeds in the hetero¬
geneity of follicles recovered during the preovulatory period.
However, it was established that preovulatory follicles of
Meishan pigs, despite being smaller than those of Large-White
hybrid pigs, contain the same total amount of oestradiol. The
oestradiol concentration in the follicular fluid is therefore
increased in Meishan follicles (Biggs et ah, 1993). These results
suggest that a population of Meishan follicles may be at a more

advanced stage of maturity than a comparable population of
follicles from Large-White hybrid pigs, a characteristic that may
be related to the increased prolificacy in these animals.

The aetiology of the enhanced oestradiol concentration in
the Meishan follicular fluid could be due to an increased
number of granulosa cells, earlier activation of aromatase
activity, increased aromatase activity per cell or increased
androgen substrate availability. The aim of the current studies
therefore was to investigate these possibilities using folliclesReceived 2 August 1993.
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recovered during the early and late follicular phase from both
Meishan and Large-White hybrid gilts.

Materials and Methods

Animals

Experiment 1. Five prepubertal Meishan and five prepuber¬
tal Large-White hybrid [Landrace  (Landrace  Large White)]
gilts were penned according to breed. Vasectomized boars of
the appropriate breed were introduced daily to stimulate the
onset of puberty and to allow an accurate detection of the
onset of oestrus. Once they had exhibited at least two regular
oestrous cycles, five gilts of each breed were killed and the
ovaries removed the day before predicted oestrus (day 20 for
a 21-day cycle, when the follicles are highly oestrogenic; Biggs
et ah, 1993). The average duration of the cycle and the time of
the last oestrus were used to decide the date on which the
animals were killed.

Experiment 2. Six prepubertal Meishan and five prepubertal
Large-White hybrid gilts were penned and their time of oestrus
detected as described above. Gilts were killed and ovaries
recovered on predicted day 16 (i.e. during the follicular
recruitment period; Hunter et ah, 1993) of the sixth or seventh
oestrous cycle.

Collection and treatment of follicular tissue

Experiment I. The methods for handling and dissection of
the ten largest follicles, the collection of follicular fluid and the
harvesting of granulosa cells were as reported by Foxcroft et ah
(1987), Grant et ah (1989) and Hunter et ah (1989). In addition,
granulosa cell counts from individual follicles were obtained
using a haemocytometer, and the isolated thecal tissue from
each follicle was weighed and minced.

Incubations for aromatase activity were performed by the
methods of Foxcroft et ah (1987) on the granulosa cell
suspensions. Before the experiment, the aromatase assay had
been validated using tissue recovered from naturally cyclic
Meishan and Large-White hybrid animals. The timecourse of
oestradiol production was found to follow the same pattern in
both breeds, and an incubation of 2 h was selected as this fell
within the time of linear production of oestradiol in both
breeds (Biggs, 1993). Duplicate 100 µ aliquots of the granulosa
cell suspension (4  IO5 cells per tube) were incubated, both in
the presence (100 ng ml- ) and absence of testosterone, in
a total volume of 1 ml basal medium Eagles (BME: Flow
Laboratories, Irvine) containing 0.1% BSA (Fraction V, Sigma
Chemical Co, Poole). The aromatase activity of the thecal tissue
was estimated by a method based on that of Tsang et ah (1979)
and validated by Biggs (1993) using duplicate weighed aliquots
of the minced thecal tissue incubated in 1 ml of BME-BSA.
Again, a comparison between breeds showed a similar pattern
of oestradiol production.

Cell suspensions or tissue minces were incubated at 37°C in
a shaking water bath and the incubations terminated after 2 h
by transferring the tubes to a freezer at

—

20°C for subsequent

oestradiol determination by radioimmunoassay; the theca incu¬
bations were also assayed for testosterone. The theca cell
aromatase activity was expressed as the amount of oestradiol
released during 2 h per follicle and also per mg of tissue. The
granulosa cell aromatase activity was calculated by subtracting
the oestradiol production from cells without substrate from the
oestradiol production from cells with added testosterone, and
expressed as either oestradiol production during 2 h per follicle
or per 4  10s cells. The amount of oestradiol in follicular fluid
was expressed in ng ml" of follicular fluid, and also as the
total content of oestradiol per follicle. The testosterone in the
thecal incubates was expressed per mg of tissue and per follicle.

Experiment 2. All follicles > 1 mm diameter were dissected
and counted. All follicles > 3 mm were ranked on the basis of
their diameter; fluid was aspirated; and granulosa cells were

recovered from alternate follicles (Grant el ah, 1989) and
resuspended in 0.6 ml BME-BSA. Duplicate aliquots of 100 µ 
of the final cell suspension were incubated alone or in the
presence of 100 ng testosterone ml- . Aromatase activity per
follicle was calculated as described above. A further 100 µ 
aliquot of the cell suspension was used for determination of
DNA content according to the method of Labarca and Paigen
(1980). The range of the standard curve was 1.25-20 µg DNA
and interassay and intra-assay coefficients of variation were

8.3% and 10.5%, respectively.

Hormone radioimmunoassays
Concentrations of oestradiol in the follicular fluid and

incubation media were determined by direct radioimmunoassay
as described by Grant et al. (1989). The limit of sensitivity was
4.1 pg per tube and the interassay and intra-assay coefficients
of variation were 15.3 and 8.6%, respectively. Similarly, tes¬
tosterone concentrations in theca incubations were measured as

described by Grant et ah (1989). The interassay and intra-assay
coefficients of variation were 10.7 and 7.2%, respectively, and
the limit of sensitivity of the assay was 12.0 pg per tube.

Statistical analysis
The data were analysed by analysis of variance (genstat

statistical package (Genstat 5 Committee, 1989)), using breed
as treatment and the individual animals as a block structure.
The total degrees of freedom was equal to the number of
animals, and the pooled variance was used to calculate the
standard error of the difference (sed). In Expt 1, as all follicles
were presumed to be preovulatory, the total amount of
follicular oestradiol was used as a covariate for the analysis of
the aromatase incubations. In Expt 2, follicular DNA content
was analysed by multiple regression analysis using a model
that included animal, breed, follicle diameter and the interaction
of breed with follicle diameter. Follicular fluid oestradiol and
aromatase activity per follicle were analysed by multiple
regression analyses using models that included animal, breed,
an indicator of follicle maturity (either follicle diameter or

follicular DNA content) and the interaction of breed with the
particular measure of follicle maturity. The effects of breed and
its interactions in these regression models were tested for
significance using the mean square for the effect of animal
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Fig. 1. Means and sed of follicular diameter, granulosa cell number (G
cell), follicular fluid volume (FFV) and theca mass (Theca) of the ten
largest preovulatory follicles from ( D ) Meishan and ( S ) Large-White
hybrid gilts (n = 5 per breed) recovered on day 20 of the oestrous
cycle (Expt 1). *P<0.05; **P<0.01; fP=0.06.

(rather than the error mean square) as the denominator in the
variance ratio. In both experiments, since there was much
variation both within and between animals, significance levels
of P<0.1 were considered to indicate a trend, and levels of
 < 0.05 were considered to be significant.

Results

Follicle numbers and size

Experiment I. Numbers of corpora lutea from the previous
cycle did not differ between the breeds (14.7 versus 14.2 for
Meishan and Large-White hybrid pigs, respectively; sed = 2.8;
P>0.1). Follicles from Meishan pigs were smaller (P<0.01)
and contained less follicular fluid (P < 0.05) (Fig. 1). The
number of granulosa cells was also lower in the Meishan
follicles (P < 0.05) and there was a tendency for the theca tissue
to weigh less in Meishan than in Large-White hybrid gilts
(P= 0.06) (Fig. 1).

Experiment 2. Numbers of corpora lutea from the previous
cycle did not differ between the breeds (16.8 versus 15.5 for
Meishan and Large-White hybrid pigs, respectively; sed = 2.1;
P>0.1). The mean total number of antral follicles > 1 mm

diameter per animal was similar between the two breeds (171
for both Meishan and Large-White hybrid gilts, respectively;
sed = 35.2; P>0.1), but there were more follicles >2mm in
the Large-White hybrid gilts (101.6 versus 65.0; SED = 14.3;
 < 0.05). The overall mean diameter of follicles > 1 mm was
smaller in Meishan gilts than in Large-White hybrid gilts
(2.23 mm versus 2.65 mm; sed = 0.06;  < 0.001). When all the
follicles > 1 mm diameter were divided into discrete size
classes (Fig. 2), Large-White gilts had more follicles in every
size class except those < 2 mm than did Meishan gilts. This
difference was significant in the > 4— < 5 class (P < 0.05), and
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Fig. 2. Means and sed of numbers of follicles recovered on day 16 of
the oestrous cycle in each of six follicle size classes as determined by
follicular diameter from (D) Meishan (n = 6, 1024 total follicles) and
(S) Large-White hybrid (n = 5, 854 total follicles) gilts (Expt 2).
*P<0.05.

tended to be different in the >3-<4mm class (P=0.07).
Follicular fluid volume of follicles > 3 mm was not different
between the breeds (17.0 µ for Meishan and 18.6 µ for
Large-White hybrid gilts; sed = 5.6; P>0.1). The number of
granulosa cells per follicle was variable but did not differ
significantly according to breed (P= 0.11), as indicated by the
DNA content of granulosa cells harvested from each follicle
(9.4 µg for Meishan and 18.3 µg for Large-White hybrid gilts;
sed = 5.0). DNA content increased (P<0.05) with increasing
follicular diameter in both breeds.

Oestradiol content of follicular fluid
Experiment 1. The amount of oestradiol in follicular fluid

was not significantly different between the breeds whether
expressed on a per follicle basis (67 and 72 ng for Meishan and
Large-White hybrid pigs, respectively; sed = 23.5;  > 0.1) or as
a concentration in the follicular fluid (582 and 414 ng ml-  for
Meishan and Large-White hybrid pigs, respectively; sed = 105;
P>0.1).

Experiment 2. The oestradiol content of the follicular fluid
from follicles >3 mm did not differ according to breed
whether expressed on a per follicle basis (0.72 and 1.08 ng for
Meishan (n = 260 follicles) and Large-White hybrid (« = 371
follicles) gilts, respectively; sed = 1.35; P> 0.1) or as a concen¬

tration in the follicular fluid (29.2 and 26.4 ng ml
~

1 for
Meishan and Large-White hybrid gilts, respectively, sed = 26.4;
P>0.1). Overall, oestradiol content significantly increased
with increasing follicle maturity whether indicated by follicle
diameter (P < 0.001, when expressed per follicle;  < 0.005, and
when expressed as ng ml

~

: follicular fluid) or granulosa cell
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Fig. 3. Means and sed of oestradiol production as a measure of
aromatase activity, from granulosa cells and thecal tissue of the ten
largest preovulatory follicles recovered on day 20 of the oestrous
cycle from (D) Meishan and (S) Large-White hybrid gilts (n = 5 per
breed) expressed for granulosa cells per 4  IO5 cells (G Cell/4  IO5
cells: pg in 2 h) and per follicle (G cell/follicle: ng per follicle in 2 h),
and for theca per mg mass (Theca/mg: pg in 2 h) and per follicle
(Theca/follicle: ng per follicle in 2 h) (Expt 1). *P< 0.05.

DNA content (P < 0.02, when expressed per follicle or ng
ml ~  follicular fluid).

Aromatase activity
Experiment 1. Oestradiol production by the granulosa cells

is shown in Fig. 3, and is expressed as per number of cells and
per follicle. Although the amount of oestradiol secreted tended
to be higher in Meishan gilts when expressed per cell
(P = 0.067), there was no difference between the breeds when
expressed per follicle (P> 0.1). However, aromatase activity in
the theca tissue was significantly higher in the Meishan gilts
when expressed per mg of tissue (P < 0.05), although there was

no significant difference when expressed on a per follicle basis
(P>0.1; Fig. 3).

The amount of testosterone secreted into the medium during
the 2 h incubation did not differ between the breeds (P> 0.1)
whether expressed per mg of theca tissue (0.12 and 0.06 ng
mg ~

1 for Meishan and Large-White hybrid gilts, respectively;
sed = 0.03) or per follicle (5.2 and 4.1 ng per follicle, sed = 2.1).

Experiment 2. Aromatase activity was higher in granulosa
cells of follicles from Meishan (n = 6 animals, 127 total follicles)
than from Large-White hybrid (n = 5 animals, 196 total fol¬
licles) gilts when expressed either as oestradiol produced per
follicle (P = 0.059) or per µg DNA ( < 0.025; Fig. 4). Further¬
more, aromatase activity per follicle increased with increasing
follicular diameter overall (P < 0.001), but, more importantly, a

significant follicle diameter by breed interaction (P < 0.05)
indicated that as follicle diameter increased the difference
in aromatase activity between the breeds became more

pronounced (Fig. 5).
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Fig. 4. Means and sed of oestradiol production, as a measure of
aromatase activity in granulosa cells from alternate follicles recovered
on day 16 of the oestrous cycle having a diameter of > 3 mm from
(D) Meishan (n = 6, 127 total follicles) and (S3) Large-White hybrid
gilts (n = 5, 196 total follicles). Aromatase activity was measured by
granulosa cell oestradiol production and is expressed on a per follicle
and a per µg of DNA basis (Expt 2). *P< 0.05; tP< 0.059.

Discussion

These experiments confirm and extend previous observations
on the preovulatory follicular population in Meishan pigs
(Biggs et ah, 1993) and show that the mean diameter of the
follicle population with diameter > 1 mm present during the
early follicular phase is smaller in Meishan than in Large-White
hybrid gilts. Although a similar number of follicles > 1 mm

diameter was recovered for each breed in Expt 2, more of these
follicles were > 2 mm in diameter in Large-White hybrid than
in Meishan gilts. This finding shows that the overall number of
follicles in the proliferating pool (i.e. > 1 mm) was not different
between the breeds and is consistent with earlier findings that
ovulation rate does not differ between breeds in gilts of similar
reproductive age to those used in the present study (Hunter
et ah, 1993).

The overall mean concentration of oestradiol in the follicular
fluid was not significantly different between the breeds in either
of the experiments reported here, which initially may appear to
contradict earlier findings of a higher follicular fluid oestradiol
concentration in Meishan gilts (Biggs et ah, 1993) during the
preovulatory period. However, the mean concentration was

numerically higher in preovulatory Meishan follicles (Expt 1)
and although this difference was not significant, it is consistent
with earlier findings using larger numbers of animals. Since
follicles were recovered during the early follicular phase in Expt
2, oestradiol concentrations were much lower overall and
extremely variable, but not different between the breeds. At
this stage, however, the pool of follicles would have contained
both growing and regressing follicles with very low oestro¬
genic activity. In contrast, the ten largest preovulatory follicles
investigated in Expt 1 were at peak oestrogenic activity and
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Fig. 5. Regression lines and 95% confidence intervals for the influence
of follicular diameter on granulosa cell oestradiol production as a

measure of aromatase activity for Meishan gilts (broken line,  = 6,
127 total follicles) and Large-White hybrid gilts (solid line,  = 5, 196
total follicles) follicles recovered on day 16 of oestrous cycle.
Aromatase activity was measured by granulosa cell oestradiol produc¬
tion and is expressed on a per follicle basis (Expt 2).  < 0.001, overall
relationship between diameter and aromatase activity;  < 0.05,
diameter by breed interaction.

therefore had very high follicular fluid oestradiol concen¬

trations. If there are breed differences in the follicular fluid
oestradiol content of growing follicles during the early part of
the follicular phase, they may therefore have been masked in
Expt 2 by the investigation of a larger follicular population.

The number of granulosa cells was lower in preovulatory
Meishan follicles, which is consistent with their smaller size. A
previous study by Biggs et ah (1993) did not detect any
differences in granulosa DNA content between the breeds at a

similar stage of follicle development, but in that study all
preovulatory follicles were investigated, whereas in the present
study only the ten largest follicles per animal were studied.
Earlier in the follicular phase (Expt 2), the number of granulosa
cells (as indicated by DNA content) did not differ between the
breeds, regardless of follicle size; however, few follicles in this
experiment were of a comparable size to the preovulatory
follicles of Expt 1. In addition, as mentioned previously, the
populations of follicles examined in Expt 2 were much more

heterogeneous in terms of their physiological status than were

those of Expt 1; thus, it is perhaps not surprising that
significant differences in DNA content were not detected in
these follicles on day 16. This hypothesis is supported by
findings that the number of granulosa cells is extremely
variable, even among follicles of similar size (Foxcroft and
Hunter, 1985).

Mean aromatase activity tended to be higher in granulosa
cells from Meishan follicles when expressed on a per cell basis
in Expt I, and on a per follicle basis in Expt 2. This difference
was significant in Expt 2 when expressed per µg DNA. This
means that in spite of their smaller size, the follicles of Meishan
pigs were at least as active oestrogenically as those of Large-

White hybrid pigs, if not more so. Aromatase activity in the
theca tissue (Expt 1) was also significantly higher in the
Meishan follicles when expressed on a basis of mass. Pig
follicles are unusual compared with those of other species such
as sheep and cows, in that the theca tissue also possesses
aromatase activity and thus is capable of independent oestradiol
production (Evans et ah, 1981; Tonetta et ah, 1988). It has even
been suggested that the theca contributes at least as much as

the granulosa to the circulating oestradiol concentration (Evans
et ah, 1981). Secretion of testosterone by the theca tissue during
incubation does not differ between the breeds. However, it is
difficult to draw firm conclusions from these results regarding
overall testosterone synthesis, as more androgen was converted
to oestradiol in the theca tissue from Meishan follicles. The use

of a specific aromatase inhibitor would enable the measurement
of total androgen production and this area needs further
evaluation, particularly since Grant et ah (1989) concluded that
the availability of the androgen substrate was critical for
maintaining follicular oestradiol synthesis.

The mechanism by which the Meishan gilt gains the
increased follicular aromatase activity is uncertain at present.
Erickson and Hsueh (1978) established FSH as the principal
gonadotrophic stimulant of granulosa cell aromatase activity.
Studies in prolific sheep have implicated increased follicular
sensitivity to FSH as a determinant of the increased ovulation
rate (Bindon and Piper, 1986). Thus, although the peripheral
concentration of FSH is similar between breeds, more follicles
will ovulate in response to the preovulatory LH surge in
prolific breeds of sheep. Circulating FSH concentrations have
been shown to be similar between Meishan and Large-White
hybrid gilts with the same ovulation rate during the periovu¬
latory period (Hunter el ah, 1993). However, the status of the
plasma FSH concentrations in older, highly ovulating Meishan
sows or during the early follicular phase in younger Meishan
sows or gilts is unknown. It is possible that increased sensi¬
tivity to FSH in the Meishan follicles, or increased FSH
receptor content results in the higher aromatase activity
reported in this study and this may have consequences for the
later development of the oocyte and embryo. However, it
should be noted that FSH receptors are present only on

granulosa cells, and so would not play a role in controlling
thecal aromatase activity (Foxcroft and Hunter, 1985).

A consistent feature that has been noted in this and other
studies of prolific Meishan pigs is the smaller diameter of their
preovulatory follicles (Biggs et ah, 1993), a characteristic that
has also been reported for prolific breeds of sheep (Driancourt
et al, 1985; McNatty et al, 1985; Driancourt et al, 1991). In
accordance with the smaller follicle diameters noted in Meishan
pigs and in prolific sheep breeds is the finding that the
preovulatory follicles of these prolific breeds contain fewer
granulosa cells. Notwithstanding, peak granulosa cell aro¬

matase activity has been shown to be achieved in relatively
small follicles (3—4.5 mm) from prolific Booroola x Merino
ewes compared with that measured in follicles from non-prolific
lines of the crossbreed ( > 5 mm; McNatty et al, 1986). The
similarities between the characteristics observed in prolific pigs
and sheep raises the possibility that the same mechanisms may
be used in both species to increase fecundity. However,
comparisons with prolific breeds of sheep must be viewed with
caution as sheep appear to achieve their prolificacy by an
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increased ovulation rate, whereas Meishan pigs appear to
achieve their prolificacy by increased embryo survival and also
a high ovulation rate in some circumstances. Nevertheless,
these comparisons are valid, since it is possible that the
underlying mechanism of enhanced prolificacy in both species
may involve more follicles being able to respond effectively
and more synchronously to the LH surge.

The oestrogenic nature of the Meishan follicles may play a

role in the prolificacy of this breed since these follicles are likely
to be able to respond to the LH surge and luteinize effectively
as well as produce viable ova (Hunter and Weisak, 1990).
Indeed, it has been shown that a higher percentage of oocytes
have matured to the metaphase II stage within the 8 h period
prior to the predicted time of ovulation in Meishan than in
Large-White hybrid gilts, suggesting enhanced maturation and
thus quality of Meishan oocytes (Faillace et ah, 1992). Meishan
follicles, although smaller in size, may therefore have an
intrafollicular environment that is at a more advanced stage of
maturation in terms of the oestrogenic environment and
presumably other regulatory factors.

In conclusion, these studies have confirmed that preovula¬
tory follicles in Meishan gilts have a smaller diameter than do
those of Large-White hybrids, and have extended this obser¬
vation to the early follicular phase. Granulosa cell aromatase
activity was higher in Meishan follicles recovered during the
early follicular phase and showed a similar trend in preovula¬
tory follicles. Theca tissue from preovulatory Meishan follicles
also had higher aromatase activity than did tissue from
Large-White hybrid gilts. It is suggested that this may be a

component of the prolificacy of Meishan pigs.
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