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Abstract

Associations between physical characteristics and functionality of corpora lutea (CL) have previously been reported in
monovulatory species, albeit several studies in cattle and humans have refuted the existence of temporal relationships
between CL size, echotexture and serum progesterone (P4) concentrations. The main objective of the present study was to
examine whether or not there were correlations between ultrasonographic image attributes of CL and systemic
concentrations of P, during the discrete stages of the luteal phase in two breeds of sheep differing in ovulation rates (non-
prolific Western White Face [WWF] ewes and prolific Finn [F] sheep). Transrectal ovarian ultrasonography utilized a 7.5-
MHz linear-array transducer connected to a portable scanner (Aloka SSD-500) and the images were analyzed using
commercially available image analytical software (Image ProPlus®) validated for the present application in sheep. The
correlations were assessed using the Pearson’s Product Moment (PPM) analysis and also, to increase the accuracy of
statistical tests, the analysis of covariance (ANCOVA), with the number of CL as a co-factor. In WWF ewes, serum
concentrations of P, correlated significantly with the total luteal area (TLA) during the CL growth phase (days 3-6; day 0 =
ovulation) and functional luteolysis (days 12-15), and with numerical pixel values (NPVs - pixel intensity) during luteolysis;
the results obtained by using two different statistical methods were generally similar. In prolific F ewes, serum P,
concentrations were directly correlated with TLA during CL growth (days 3-6; ANCOVA), functional luteolysis (days 13-14;
PPM), and structural CL regression (days 11-14; PPM and ANCOVA), and with NPVs during functional luteolysis (PPM
and ANCOVA). We concluded that systemic P, concentrations could only be accurately predicted from the changes in
luteal area during CL growth and regression, and from NPVs during luteolysis, in both prolific and non-prolific ewes, but
the changes in size and echotexture of the luteal glands at mid-cycle were not indicative of serum P4 concentrations in sheep.
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observations of the ovaries postmortem, that serum concen-

Introduction

It is widely known that progesterone (P,) is mainly secreted
by the corpus luteum (CL) in non-pregnant females of mam-
malian species.' The pattern of circulating P4 concentrations
during the ewe’s estrus cycle was one of the first to be
described accurately? and has been confirmed several
times since.®>~” It has also been held, based largely on the
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trations of P, closely reflect the physical changes in ovine
luteal glands.® The concentrations of P, are very low
immediately after ovulation (day 0), followed by increasing
amounts to days 5-6, a plateau to days 11-12, and a rapid
decline to basal or undetectable levels preceding the next
estrus.’>~7 This temporal pattern appears to be related to
the growth, static and regression phases of CL lifespan,
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and it also appears to be consistent between various breeds
of sheep.’ It was, however, reported that less prolific breeds
had higher progesterone concentrations than prolific ewes
as they produced fewer but larger CL, with a greater P,
secretory ability.>*

Non-invasive, realtime transrectal ovarian ultrasonogra-
phy has become commonplace in large domestic livestock,
especially cattle.’~'? This technology was later adapted in
sheep and goats in the early 1990s.>~'° It allows for the
monitoring of major anatomical changes in ovarian struc-
tures (e.g. antral follicles and luteal tissue) based on their
ability to reflect or transmit high-frequency ultrasound
beams'®'” and regardless of their position or depth in the
ovary. These morphological changes can be visualized on
a screen of an ultrasound scanner, and can be accurately
and objectively analyzed using computer-assisted image
enhancement and/or analysis algorithms.*'®'® A grayscale
digital image is an image in which the value of each
picture element (pixel) carries only one intensity infor-
mation, varying from black at the weakest (numerical
value of 0) to white at the strongest intensity (numerical
value of 255). Changes in numerical pixel values (NPVs)
of ultrasonographic images depend on the cellular compo-
sition of the tissue.'® It was expected that a combination of
ultrasonographic imaging and hormone assays would
confirm the temporal associations between CL morphology
and P, production.

However, there have been inconsistent reports regarding
the relationship between ultrasonographic image attributes
of CL and circulating P, concentrations in several mamma-
lian species. The relationship between estimates of luteal
tissue area and peripheral blood P, concentrations has
been demonstrated in cyclic and pregnant heifers,
but those studies were restricted to single time-point
observations.'”” During natural and prostaglandin
Fo.-induced luteolysis in sheep, goats and cattle, serum
concentrations of P, are positively correlated to
ultrasonographically-determined luteal area or volume.?’~*
A number of studies in humans and cattle have reported
that there was no correlation between the size of CL
and P, concentrations in peripheral blood plasma.”~%
Bartlewski et al.> showed that correlations between luteal
volumes and systemic concentrations of P, in cyclic ewes
were only seen during relatively short periods of CL
growth and regression. There exists a physiological diver-
gence between functional and morphological luteolysis; a
decline in progesterone synthesis (functional luteolysis)
precedes the onset of structural luteolysis by 1-2
days."*?! Therefore, the analysis of ultrasonographic
images of luteal structures for determining luteal volumes
or area may have limited value in predicting serum Py
concentrations.

It has recently been suggested that quantitative ultrasono-
graphic characteristics of CL such as NPVs (i.e. pixel bright-
ness or intensity) and pixel heterogeneity are related to their
histomorphology and P, biosynthesis.*'**" Pixel values of
bovine CL ex situ were significantly correlated with luteal
and plasma P, concentrations.”’ Duggavathi et al.'®
showed that an increment in the luteal tissue content and
a concomitant decline in echogenicity of developing CL

up to 72 h post-ovulation was reflected in an initial increase
in serum P, concentrations in cyclic ewes. Davies et al.* have
reported that mean pixel values were only moderately cor-
related with serum P, concentrations in cyclic ewes during
the entire period when luteal structures could be detected
with ultrasonography.

Considering this postulated association between echotex-
tural characteristics and P, secretory ability of CL, the main
objective of the present study was to determine if ultrasono-
graphic image attributes of the ovine CL, at specific stages of
their development and secretory function, were correlated
with circulating P4 concentrations. In this study, the luteal
phase was partitioned into three discrete periods on the
basis of changes in CL area or assessment of daily serum
concentrations of P4. In individual ewes, different numbers
of CL can be detected after ovulation, but there has been
no study of the effects that CL numbers have on the corre-
lations among CL echotexture and systemic concentrations
of P4. Therefore, the analysis of covariance (ANCOVA),
with the number of CL as a co-factor, was employed as an
additional test of the relationships between ultrasono-
graphic characteristics of the luteal glands and serum P,
concentrations in ewes.

Materials and methods
Animals and experimental procedures

All experimental procedures were in compliance with the
guidelines of the Canadian Council on Animal Care and
had been approved by the local animal care committees.
The present experiment was conducted in Saskatoon,
Saskatchewan, Canada (latitude: 52°08'N; longitude:
106°39'W). The care and nutrition of experimental animals
studied during the middle portion of the breeding season
(October-December) (8 Western White Face [WWEF] ewes,
5 years of age and an average body weight of 90 + 7 kg;
and 7 pure-bred Finn [F] ewes, 3-4 years of age and an
average body weight of 57 + 4 kg) have been described pre-
viously.>* The mean ovulation rate of the WWF and F sheep
employed in this study was 1.7 + 0.2 and 2.7 + 0.2, respect-
ively (P < 0.05).

Ovarian ultrasonography

Ultrasonography utilized a 7.5-MHz linear-array transducer
connected to a portable B-mode echo camera (Aloka
SSD-500, Tokyo, Japan). The images obtained by Bartlewski
et al.® were analyzed retrospectively. All ovarian images
were displayed at 1.5x magnification, and the gain and
focal points have been left unchanged. Ovarian images
were initially recorded on high-grade videotapes (Fuji
S-VHS, ST-120 N, Fuji Photo Film Co Ltd, Tokyo, China),
using a composite video signal (VCR: Panasonic AG 1970
Proline; Matsushita Electric, Markham, ON, Canada).
Ultrasound scanning was performed daily, from the first
day of estrus to the onset of the next estrus to record the
diameter and position of the CL.
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Hormone assays

Jugular blood samples (10 mL) were collected before each
ultrasonographic examination and were allowed to clot at
room temperature for 18-24h. Subsequently, serum
samples were stored at —20°C until assayed. The profile
of serum concentrations of P, during the luteal phase, for
both breeds of sheep, was determined by validated radio-
immunoassay, as described earlier.®

Image acquisition and analysis

Selected ovarian images in the plane closest to the central
axis of CL were digitized at standardized settings, with a
resolution of 720 x 480 pixels and 256 shades of gray.
Image digitization was performed using the commercially
available image-acquisition software (Adobe Premiere®Pro
1.5; Adobe Systems Inc, San Jose, CA, USA). All images
were saved as bitmap (*.bmp) graphic images. Spot analy-
sis, as described by Davies et al* was performed to deter-
mine the ultrasonographic attributes to the CL using
Image ProPlus® analytical software (Media Cybernetics
Inc, San Diego, CA, USA). In order to measure the total
luteal area (TLA), the area encompassing the CL was out-
lined. A fluid-filled central cavity was also outlined, if
detected within a CL, and its area was subtracted from
the outer CL area. We opted to use spot analysis to represent
the echotextural data as this technique is fast and easy to
use, and therefore it would be a more suitable method to
employ in practical settings.* Four computer-generated
spots were randomly placed on the cross-sectional area of
the CL, avoiding central cavities and reflection artifacts.
The size of the spots was large enough to cover approxi-
mately 70% of the entire CL area. NPVs and pixel hetero-
geneity (standard deviation [SD] of mean NPVs) were
computed for each spot, and then the four spots were aver-
aged. There were no differences in the results between the
three individuals independently performing image ana-
lyses; therefore, data for each CL and animal were combined
before the correlations were analyzed on a per animal basis.
Daily ovarian and endocrine data from animals in which all
luteal structures could not be clearly delineated were with-
drawn from statistical analyses (Figure 1 and 2).

Statistical tests

In evaluating the relationships between CL echotextural
attributes and serum P, concentrations, the luteal phase
was divided into three periods (Figure 1). Period 2 was
defined as a period encompassing all days on which daily
TLA/serum P, concentrations did not differ (P > 0.05)
from the maximum mean values for these parameters. The
time from first ultrasonographic detection of CL and the
beginning of Period 2 was Period 1, or the phase of luteal
growth/development. Lastly, Period 3, or luteal regression,
was the time from the end of Period 2 until complete
regression of CL confirmed with ultrasonography.
One-way repeated measures analysis of variance
(RM-ANOVA; SimgaStat®3.0 for Windows®; 2003; Systat
Software, Inc, Richmond, CA, USA) was used to assess
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Figure 1 Serum progesterone (P,) concentrations (a) and total luteal area (b)

during Period 1 (O J), Period 2 (@ [ ) and Period 3 (@ H ) in eight cyclic
Western White Face ewes (WWF) (thin lines) and seven Finn (F) ewes (thick
connecting lines). Please see text for details of statistical analyses.
Numbers in parentheses are the actual numbers of ewes used for data ana-
lyses on the indicated days (bold font — F ewes and regular font - WWF ewes)

differences in the luteal area and echotextural variables of
the CL. Total luteal area, as well as mean spot pixel
values and heterogeneity, and serum P, concentrations
were analyzed by Pearson’s Product Moment (PPM) in
SimgaStat” program and by ANCOVA in SAS® program
(SAS®9.2 software; SAS Institute Inc, Cary, NC, USA).
ANCOVA considers additional variables (covariates) into
the statistical model; the power of the statistical analysis
can be increased when the covariates are associated with
the treatment effect. Statistical significance was regarded
as P < 0.05.

Results
General

Mean daily P, concentrations in cyclic WWF ewes increased
(P < 0.05) from days 3 to 7 after ovulation, decreased (P < 0.05)
from days 12 to 15, and did not change (P > 0.05) from days
7 to 11 after ovulation (Figure 1la). Progesterone concen-
trations in F ewes increased (P < 0.05) from days 3 to 8
after ovulation, decreased (P < 0.05) from days 11 to 14
after ovulation, and did not change (P > 0.05) from days
7 to 13 (Figure 1la). In WWF ewes, the TLA increased
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Figure 2 Summary of changes in daily values (mean + SEM) for echotextural
attributes of corpora lutea (numerical pixel values (a) and pixel heterogeneity
(b)) recorded in eight cyclic Western White Face (WWF) ewes (¢A) and seven
Finn (F) ewes (®A). Numbers in parentheses are the actual numbers of ewes
used for data analyses on the indicated days (bold white font - F ewes and
regular black font - WWF ewes)

(P<0.05) from days 3 to 9 after ovulation, decreased
(P<0.05) from days 13 to 14, and did not change from
days 7 to 13 after ovulation (Figure 1b). In F ewes, the
TLA increased from days 3 to 5 after ovulation (P < 0.05),
declined from days 11 to 14 (P < 0.05), and did not
change from days 6 to 10 after ovulation (P > 0.05;
Figure 1b).

Correlation analyses

According to the discrete phases of CL development (i.e.
changes in TLA), a PPM analysis in SimgaStat®™ (Table 1)
indicated that there was a positive correlation between
luteal area and daily P, concentrations in Period 1 (CL
growth phase; r=0.60, P<0.01) and Period 3 (luteal
regression phase; r = 0.75; P < 0.001) in WWF ewes. Only
one significant correlation between the TLA and P, concen-
trations in F ewes (r=0.75, P<0.05) was recorded for
Period 3. ANCOVA analysis (Table 2) revealed correlations
between luteal area and serum P, concentrations in
Period 1 (r=0.62, P<0.05) and Period 3 (r=0.80, P <
0.001), and a correlation between mean pixel values and
progesterone concentrations in Period 3 (r = 0.75, P < 0.05)

of the WWEF ewes. The only significant correlation
between pixel values and P, concentrations in cyclic F
ewes was found in Period 3 (r = 0.46, P < 0.05).

According to the discrete phases of P4 secretory activity,
PPM analysis indicated that there was a positive correlation
between luteal area and P, concentrations in Period 1
(r=10.60, P <0.01) and Period 3 (r=0.75, P < 0.001), and
a correlation between mean pixel values and P, concen-
trations in Period 3 (r=0.57, P<0.01) in WWF ewes.
There was a positive correlation between TLA and P, con-
centrations (r=0.75, P <0.05) and between mean NPVs
and P, concentrations (r = 0.71, P < 0.05) during Period 3
in F ewes. ANCOVA analysis revealed a positive correlation
between luteal area and P, concentrations in Period 1
(r=10.62, P<0.05) and Period 3 (r=0.80, P < 0.001), and
a correlation between mean pixel values and P, concen-
trations in Period 3 (r=0.77, P <0.001) in WWF ewes.
TLA correlated with serum P, concentrations in Period 1
(r=0.72, P<0.05) and mean pixel values correlated
with P, concentrations in Period 3 (r=0.87, P <0.05) in
F ewes.

Discussion

The specific objective of the present study was to examine
the utility of transercatal ovarian ultrasonography combined
with computer-assisted image analyses as a tool to evaluate
luteal function in cyclic ewes, by correlating morphological
and echotextural characteristics with a functional trait
(serum P, concentrations) during the discrete stages of the
luteal phase. This method could potentially be used
during on-farm examinations of embryo transfer recipi-
ents”' and early pregnant ewes.

The pattern of changes in the physical characteristics of
luteal glands varied substantially between non-prolific
WWE ewes and prolific F sheep. A progressive increase in
the size and number of luteal cells from metestrus to mid-
diestrus, as evidenced by an increase in the total luteal
tissue area (Figure la), was more gradual and took longer
in WWF ewes as compared with F sheep. However, a
plateau phase during diestrus was longer in WWF than F
ewes by two days. The onset of structural luteolysis in
WWF was abrupt and CL regression occurred over approxi-
mately two days, whereas luteal tissue in cyclic F ewes
underwent a slower degradation spanning approximately
four days. Clearly, prolific F ewes produced more but
smaller CL than less prolific WWEF sheep. Both small and
large luteal cells contribute to an increase in the total
luteal mass during the early and mid-luteal phase of the
ewe’s estrus cycle. Large luteal cells increase in size
between days four and 12 of the cycle (day 0 = detection
of behavioral estrus), but their number remains relatively
constant until the onset of luteolysis.27 In contrast, the size
of small luteal cells does not change but, due to mitotic div-
isions, there is an increase in the number of these cells from
days 4-8 of the estrus cycle.”” The present observations may
imply that there are differences in cellular content, compo-
sition and/or proliferating ability of the CL between prolific
and non-prolific genotypes of sheep.
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Table 1 Results of correlation analyses (Pearson’s Product Moment) between the total luteal area and echotextural attributes of the ovine CL
(input variables), and serum P, concentrations (output variable) in eight cyclic Western White Face and seven Finn ewes at different stages of the

CL lifespan and secretory activity

Based on circulating P, concentrations

Input variables Western White Face ewes (n = 8)

Finn ewes (n =7)

Period 1 Period 2 Period 3 Period 1 Period 2 Period 3

(days 3-6) (days 7-11) (days 12-15) (days 3-6) (days 7-12) (days 13-14)
Luteal area (mm?) r=0.60 r=—0.01 r=20.75 r=0.41 r=0.03 r=0.75

P < 0.01 P =0.33 P < 0.001 P < 0.09 P=0.86 P < 0.05
Mean NPVs r=0.22 r=0.21 r=0.57 r=0.38 r=—0.03 r=0.71

P =0.36 P=0.31 P < 0.01 P=0.11 P=0.85 P < 0.05
Pixel heterogeneity (SD) r=0.02 r=0.005 r=0.14 r=0.31 r=-0.18 r=0.07

P=0.92 P=0.98 P=0.51 P=0.19 P=0.26 P=0.87
Based on changes in luteal area

Period 1 Period 2 Period 3 Period 1 Period 2 Period 3

(days 3-6) (days 7-13) (days 14-15) (days 3-5) (days 6-10) (days 11-14)
Luteal area (mm?) r=0.60 r=0.05 r=20.73 r=0.09 r=0.03 r=0.45

P < 0.01 P=0.78 P < 0.05 P=0.77 P=0.87 P < 0.05
Mean NPVs r=0.22 r=—0.04 r=0.39 r=0.48 r=0.008 r=0.40

P =0.36 P =0.82 P=0.24 P<0.10 P=0.97 P <0.07
Pixel heterogeneity (SD) r=0.02 r=0.009 r=-0.12 r=0.52 r= —0.06 r=-0.17

P=0.92 P =0.96 P=0.73 P < 0.08 P=0.76 P=0.45

CL, corpus luteum; P4, progesterone; NPVs, numerical pixel values

Table 2 Results of the analysis of covariance (ANCOVA) for the total luteal area and echotextural attributes of the ovine CL (input variables), and
serum P, concentrations (output variable) in eight cyclic Western White Face and seven Finn ewes at different stages of the CL lifespan and

secretory activity

Based on circulating P, concentrations

Western White Face ewes (n = 8)

Finn ewes (n =7)

Period 1 Period 2 Period 3 Period 1 Period 2 Period 3

(days 3-6) (days 7-11) (days 12-15) (days 3-6) (days 7-12) (days 13-14)
Luteal area (mm?) r=0.62 r=0.41 r=0.80 r=0.72 r=0.36 r=0.85

P < 0.05 P=0.18 P < 0.001 P < 0.05 P=0.71 P <0.07
Mean NPVs r=0.40 r=-0.33 r=0.77 r=0.70 r=—0.36 r=0.87

P=0.26 P =0.56 P < 0.001 P =0.81 P=0.76 P =0.05
Pixel heterogeneity (SD) r=0.30 r=0.32 r=-0.30 r=0.70 r=-0.36 r=0.78

P=0.79 P=0.94 P=0.30 P=0.97 P=0.53 P=0.21
Based on changes in luteal area

Period 1 Period 2 Period 3 Period 1 Period 2 Period 3

(days 3-6) (days 7-13) (days 14-15) (days 3-5) (days 6-10) (days 11-14)
Luteal area (mm?) r=0.62 r=-0.35 r=0.82 r=0.82 r=0.44 r=0.46

P <0.05 P=0.29 P <0.05 P =0.68 P=0.25 P <0.05
Mean NPVs r=0.40 r=0.35 r=0.75 r=0.85 r=0.40 r=0.42

P=0.26 P=0.23 P <0.05 P=0.20 P=0.82 P <0.07
Pixel heterogeneity (SD) r=0.30 r=0.30 r=0.41 r=0.88 r=—0.40 r=-0.20

P=0.79 P =0.61 P =0.90 P <0.08 P=0.73 P=0.57

CL, corpus luteum; P4, progesterone; NPVs, numerical pixel values

Circulating P, concentrations were increasing until day
seven post-ovulation and maximum P, concentrations
were seen on day 11 in both breeds under study
(Figure 1a). However, maximum values for the TLA were
recorded on days nine and 11 after ovulation in F and
WWE ewes, respectively (Figure 1b). The functional luteoly-
sis appeared to begin one day earlier, but it took one day
longer in cycling WWEF than F ewes. Moreover, the
gradual decline in serum P, began earlier than rapid struc-
tural degradation of luteal glands in WWF ewes, but the
demise of CL in cyclic F ewes started two days before the
significant decline in serum P, concentrations. The reasons

for this apparent lack of synchrony between the shifts in
morphological (luteal tissue area) and functional character-
istics of the CL in both breeds of sheep remain to be
elucidated.

Luteal tissue area and serum P, concentration were corre-
lated in both genotypes only during CL growth and luteoly-
sis. This would suggest that during the middle portion of
the ewe’s estrus cycle, factors other than luteal tissue
content govern the amount of luteal P, in the systemic circula-
tion. In WWF ewes, the primary decline in systemic P4 concen-
trations was not caused by regression of luteal cells, but it
could have occurred as a result of decreased blood flow to
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the CL that affected steroidogenic capacity of luteal glands,
the concept previously suggested by Niswender et al.'
Physical, or structural, regression of the CL is a complex
process of cellular death and tissue remodeling,B’28 and it
likely requires more time to complete than the onset of the
decrease in blood flow, which may result in an earlier onset
of functional luteolysis. However, the different mechanism
appears to be in effect in prolific F ewes, where a more
gradual decline in luteal tissue content preceded a rapid ces-
sation in serum P, concentrations. The role of luteal vascula-
ture in controlling luteal steroidogenesis and peripheral P,
concentrations in prolific and non-prolific breeds of sheep
remains poorly defined.

Our present results revealed the existence of a correlation
between mean NPVs and serum P, concentrations during
functional luteolysis in both breeds of sheep. The existence
of a similar relationship during the structural CL regression
was only evident in WWEF ewes (ANCOVA). Hence, the sug-
gestion that pixel intensity determined in ultrasonographic
images could be an accurate indicator of CL endocrine func-
tion during their entire lifespan®'® was not supported in the
present study. Our results are in agreement with the obser-
vations in cattle that the mean pixel values were not useful
indicators of functional changes in the CL.*' It has been
suggested that NPVs correlate directly with the numbers
of large and small luteal cells in bovine CL,%*! but in a
more recent study, there has been no correlation between
luteal echogenicity and cell density in cows.?

In the present study, there was no correlation between CL
pixel heterogeneity and serum concentrations of P, (Tables 1
and 2). Previous studies investigating the associations
between CL pixel heterogeneity and their functional status
in ruminants have provided inconsistent results.*'*** In
cattle” and goats,** the greatest values for pixel heterogen-
eity were observed at the beginning (metestrus) and the end
(proestrus) of the luteal phase, whereas the least pixel het-
erogeneity values were recorded during diestrus. In both
species, there was a negative correlation between CL hetero-
geneity and plasma P, concentrations. It was suggested that
the decrease in pixel heterogeneity from metestrus to mid-
diestrus in cattle and goats resulted from the cellular differ-
entiation process.21 During metestrus, the volume and
number of luteal cells are small, systemic P, concentrations
are low, and the ultrasonographic images of CL are hetero-
geneous. As the estrus cycle progresses and the luteal cells
increase in volume and number (diestrus), the luteal
glands producing large amounts of P, become more hom-
ogenous. However, Liu et al.*’ did not observe any corre-
lations between ultrasonographic attributes, cell density
and proliferating index in bovine CL ex situ. After the
onset of luteolysis, the luteal cells undergo cell death and
their remnants are removed from the ovaries. During this
stage (proestrus), ultrasonographic images of the bovine
and caprine CL have the greatest values of pixel heterogen-
eity, and circulating P, concentrations are declining. In
cycling sheep, however, pixel heterogeneity of the luteal
glands was a poor indicator of CL secretory ability.* Apart
from a transient increase in pixel heterogeneity observed
in WWEF ewes on day 4 and a rapid decline in pixel SD
values on day 14 in F sheep, there were no apparent

changes in CL pixel heterogeneity from day 3 until the
end of luteolysis (Figure 2b).

Previous studies have shown an increase in serum con-
centrations of P4 in response to feed restriction;*® however,
by feeding congruent diets to each breed in this study, the
confounding variable was controlled for. It can also be
hypothesized that a greater P, synthesizing ability of CL
in WWF versus F ewes is mainly caused by the fact that
the small multiple CL of F ewes contain fewer and/or
smaller luteal cells. O’Shea et al.>" demonstrated that small
luteal cells in sheep were two to three times as numerous
as large luteal cells; however, no studies have been per-
formed to compare the ratio of small to large luteal cells
in prolific and non-prolific strains of sheep.

The metabolic clearance rate of P, affects plasma P, con-
centrations, and therefore the inherent differences in P,
intermediate metabolism may have also been responsible
for skewing the results of the present study. Progesterone
catabolism occurs largely in the liver, and is accomplished
by cytochrome P450 enzymes, specifically the cytochrome
P450 3A and 2C subfamilies.>*"*° It has also been found
that the level of expression of these enzymes differs signifi-
cantly between different breeds of cattle.3*% It is, therefore,
possible that a higher level of expression of cytochrome
P450 enzymes in F compared with WWEF ewes resulted in
a higher metabolic clearance rate of P,.

A countercurrent exchange mechanism has been
implemented to explain the theory of hormone localization
in the utero-ovarian vasculature.***” The model proposes a
localized distribution of specific serum components that
are exchanged between adjacent blood vessels and lym-
phatics. This allows for the presence of more concentrated
biological components in the gonadal region, as compared
with the systemic circulation. The reproductive system
countercurrent transfer is a highly dynamic process; it
can even be affected temporarily by the locally secreted
ovarian products.’” A blood sample from the jugular
vein is representative of systemic P, concentrations,
which could be altered by the efficacy of the counter-
current hormonal exchange. Therefore, it would be note-
worthy to investigate both systemic and localized concen-
trations of P4 in relation to changes in CL morphology
and echotexture in ewes.

In summary, the results of the present study show that
size and echotextural characteristics of the ovine CL are
not consistently correlated with serum P, concentration
through all of the three stages of the luteal lifespan. These
characteristics do not seem to be good predictors of serum
Py concentrations and, therefore, luteal functionality
during diestrus in ewes. Systemic P, concentrations only
correlated with luteal area during CL growth and
regression, and with pixel intensity (NPVs) during luteoly-
sis, in both prolific and non-prolific ewes, but the changes
in size and echotexture of the luteal glands at mid-cycle
were not indicative of serum P, concentrations in ewes.
Further research into possible confounding factors such as
breed-dependent differences in CL cellular composition,
intermediate P, metabolism (i.e. hepatic enzyme
expression), and subovarian countercurrent transfer of
steroid hormones may prove useful; if these variables are
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accounted for, there is a possibility that the reasons for a
lack of correlations between CL physical/echotextural
characteristics and circulating P4 concentrations during dies-
trus in ewes will be elucidated.

Author contributions: All authors contributed equally.

ACKNOWLEDGEMENTS

Thanks are extended to the staff at the Animal Care Unit,
University of Saskatchewan for the care of experimental
animals and Susan Cook (Prairie Diagnostic Services) for
excellent technical assistance. The present study was
funded by NSERC grants to NR and PB.

REFERENCES

1 Niswender GD, Juengel JL, Silva PJ, Rollyson MK, McIntush EW.
Mechanisms controlling the function and life span of the corpus luteum.
Physiol Rev 2000;80:1-29

2 Edgar DG, Ronaldson JW. Blood levels of progesterone in the ewe.

] Endocrinol 1958;16:378 -84

3 Bartlewski PM, Beard AP, Rawlings NC. An ultrasonographic study of
luteal function in breeds of sheep with different ovulation rates.
Theriogenology 1999;52:115-30

4 Davies KL, Bartlewski PM, Pierson RA, Rawlings NC. Computer assisted
image analyses of corpora lutea in relation to peripheral concentrations
of progesterone: a comparison between breeds of sheep with different
ovulation rates. Anim Reprod Sci 2006,96:165-75

5 Goodman RL. Neuroendocrine Control of the Ovarian Cycle of the Sheep.
Knobil and Neill’s Physiology of Reproduction. 3rd edn. St Louis: Academic
Press, 2006:2389-447

6 Thorburn GD, Bassett JM, Smith ID. Progesterone concentrations in the
peripheral plasma of sheep during the oestrous cycle. | Endocrinol
1969;45:459-69

7 Yuthasastrakosol P, Palmer WM, Howland BE. Luteinizing hormone,
oestrogen and progesterone levels in peripheral serum of anoestrous and
cyclic ewes as determined by radioimmunoassay. | Reprod Fertil
1975;43:57-65

8 Arthur GH, Noakes DE, Pearson H. Veterinary Reproduction and Obstetrics
(Theriogenology). 6th edn. England: Balliére Tindal, 1983

9 Howell JL, Fuquay JW, Smith AE. Corpus luteum growth and function in
lactating Holstein cows during spring and summer. | Dairy Sci
1994;77:735-9

10 Kastelic JP, Bergfelt DR, Ginther O]. Relationship between ultrasonic
assessment of the corpus luteum and plasma progesterone concentration
in heifers. Theriogenology 1990;33:1269-78

11 Kastelic JP, Pierson RA, Ginther OJ. Ultrasonic morphology of corpora
lutea and central luteal cavities during the estrous cycle and early
pregnancy in heifers. Theriogenology 1990;34:487-98

12 Pierson RA, Ginther OJ. Reliability of diagnostic ultrasonography for
identification and measurement of follicles and detecting the corpus
luteum in heifers. Theriogenology 1987;28:929-36

13 Ginther OJ, Kot K, Wiltbank MC. Associations between emergence of
follicular waves and fluctuations in FSH concentrations during the
estrous cycle in ewes. Theriogenology 1995;43:689-703

14 Ravindra JP, Rawlings NC, Evans ACO, Adams GP. Ultrasonographic
study of follicular dynamics in ewes during the oestrous cycle. | Reprod
Fertil 1994;101:501-9

15 Schrick FN, Surface RA, Pritchard JY, Dailey RA, Townsend EC, Inskeep
EK. Ovarian structures during the estrous cycle and early pregnancy in
ewes. Biol Reprod 1993;49:1133 -40

515

Ultrasonographic attributes of ovine CL revisited

16 Pierson RA, Adams GP. Computer-assisted image analysis, diagnostic
ultrasonography and ovulation induction: strange bedfellows.
Theriogenology 1995;43:105-12

17 Zagzebski A. Essentials of Ultrasound Physics. St Louis, MO: Mosby-Year
Book Inc, 1996

18 Duggavathi R, Bartlewski P, Pierson R, Rawlings N. Luteogenesis in
cyclic ewes: echotextural, histological, and functional correlates. Biol
Reprod 2003;69:634 -9

19 Singh J, Pierson RA, Adams GP. Ultrasound image attributes of the
bovine corpus luteum: structural and functional correlates. | Reprod Fertil
1997;109:35-44

20 Assey R], Purwantara B, Greve T, Hyttel P, Schmidt MH. Corpus luteum
size and plasma progesterone levels in cattle after cloprostenol-induced
luteolysis. Theriogenology 1993;39:1321-30

21 Siqueira LGB, Torres CAA, Amorim LS, Souza ED, Camargo LSA,
Fernandes CAC, Viana JHM. Interrelationships among morphology,
echotexture, and function of the bovine corpus luteum during the estrous
cycle. Anim Reprod Sci 2009;115:18-28

22 Simdes J, Almeida JC, Baril G, Azevedo J, Fontes P, Mascarenhas R.
Assessment of luteal function by ultrasonographic appearance and
measurement of corpora lutea in goats. Anim Reprod Sci 2007,97:36 -46

23 Bakos O, Lundkvist A, Wide L, Bergh TR. Ultrasonographical and
hormonal description of the normal ovulatory menstrual cycle. Acta
Obstet Gynecol Scand 1994;73:790-6

24 Nakata M, Selstam G, Olofsson ], Backstrom T. Investigation of the
human corpus luteum by ultrasonography: a proposed scheme for
clinical investigation. Ultrasound Obstet Gynecol 1992;2:190-6

25 Sartori R, Rosa GJM, Wiltbank MC. Ovarian structures and circulating
steroids in heifers and lactating cows in summer and lactating and dry
cows in winter. | Dairy Sci 2002;85:2813-22

26 Tom JW, Pierson RA, Adams GP. Quantitative echotexture analysis of
bovine corpora lutea. Theriogenology 1998;49:1345-52

27 Farin CE, Sawyer HR, Niswender GD. Analysis of cell types in the
corpus luteum of the sheep. | Reprod Fertil 1989;37:181-7

28 Pate JL. Cellular components involved in luteolysis. | Anim Sci
1994;72:1884-90

29 Liu X, Hart EJ, Petrik JJ, Nykamp SG, Bartlewski PM. Relationships
between ultrasonographic image attributes, histomorphology and
proliferating cell nuclear antigen expression of bovine antral follicles and
corpora lutea ex situ. Reprod Domest Anim 2008;43:27 -34

30 Kiyma Z, Alexander BM, Van Kirk EA, Murdoch W], Hallford DM,
Moss GE. Effects of feed restriction on reproductive and metabolic
hormones in ewes. | Anim Sci 2004;82:2548 -57

31 O’Shea JD, Cran DG, Hay MF. The small luteal cells of the sheep. | Anat
1979;128:239-51

32 Dacasto M, Eeckhoutte C, Capolongo F, Dupuy J, Carletti M, Calleja C.
Effect of breed and gender on bovine liver cytochrome P450 3A (CYP3A)
expression and inter-species comparison with other domestic ruminants.
Vet Res 2005;36:179-90

33 Giantin M, Carletti C, Capolongo F, Pegolo S, Lopparelli FM, Gusson F.
Effect of breed upon cytochromes P450 and phase II enzyme expression
in cattle liver. Drug Metab Dispos 2008;36:885-93

34 Murray M. Microsomal cytochrome P450-dependent steroid metabolism
in male sheep liver. Quantitative importance of 6B-hydroxylation and
evidence for the involvement of a P450 from the IIIA subfamily in the
pathway. | Steroid Biochem Mol Biol 1991;38:611-9

35 Murray M. Participation of a cytochrome P450 enzyme from the 2C
subfamily in progesterone 21-hydroxylation in sheep liver. | Steroid
Biochem Mol Biol 1992;43:591-3

36 Einer-Jensen N, Hunter RHF. Counter-current transfer in reproductive
biology. Reprod 2005;129:9-18

37 Krzymowski T, Stefanczyk-Krzymowska S. The oestrous cycle and early
pregnancy-a new concept of local endocrine regulation. Vet |
2004;3:285-96

(Received May 25, 2011, Accepted November 22, 2011)



