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from within cows at random stages of the estrous cycle'
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ABSTRACT: Variation in the biochemical status of
individual small (<5 mm diameter) antral follicles
within the ovaries of a cow at any given time likely
influences the capacity for undergoing recruitment, se-
lection, and establishing dominance. The objectives of
this study were to provide insight into the magnitude
of variation in follicular fluid concentrations of steroids
and activities of IGFBP that exists among individual
small antral follicles within and between cows, and to
determine the relationships between follicular fluid
IGFBP and steroid concentrations in these follicles. A
total of 108 small antral follicles were collected from 6
cows at random stages of the estrous cycle, with 10 to
26 follicles/cow. Concentrations of steroids (ng/mL of
follicular fluid) in the overall population of follicles
ranged from 0.1 (lowest detectable limit) to 51 for estra-
diol (Es), 4 to 1,149 for progesterone (P,), and 5 to 504
for androstenedione (A4). Concentrations of E; and Ay
were associated positively (r = 0.2; P < 0.02), but E, (r =
—-0.4) and A4 (r = -0.4) were associated negatively, with
P,. The proportion of variation in steroid concentrations
accounted for by differences among animals (P < 0.05)
was small for Ey (12%), moderate for P, (43%), and
greatest for Ay (74%). Least differences between mini-

mum and maximum concentrations of steroids observed
in follicles from within a cow were 21-, 5.5-, and 3.5-fold
for E,, P4, and Ay, respectively, whereas the greatest
differences between minimum and maximum concen-
trations were 505-, 108-, and 26-fold for Es, P4, and Ay,
respectively. Ranges of IGFBP concentrations (arbi-
trary densitometer units) detected in fluid from a sub-
sample of 43 follicles were 1.18 to 4.50 for IGFBP-3,
0.54 to 4.68 for IGFBP-2, 0.07 to 2.56 for IGFBP-4, and
0.01 to 6.71 for IGFBP-5. Concentrations of Es; were
correlated negatively with each IGFBP (r =-0.4 to —0.8;
P < 0.05) except IGFBP-3. In contrast, concentrations
of A, were correlated positively with IGFBP-3 (r = 0.4;
P < 0.05) but were not correlated with other IGFBP.
Concentrations of P, were correlated positively (r > 0.4;
P < 0.05) with IGFBP-4 and -5. The results indicate
that steroid concentrations and IGFBP activities vary
substantially among small antral follicles collected
from within and among individual animals and that
increasing production of Es, the hallmark of a devel-
oping follicle, was associated with reduced activity of
all IGFBP except IGFBP-3, thereby implicating these
IGFBP in the regulation of follicular recruitment.
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INTRODUCTION

Characterization of changes in size and biochemical
composition of follicles >5 mm in diameter has led to
the theory that follicle growth occurs in recurrent
waves of development (Ginther et al., 2001). Although
research on smaller antral follicles is lacking, varia-
tions in developmental status of individual small an-
tral follicles present on the ovaries of a cow at any
given time may predetermine which follicles progress
through the different stages of a wave of development
(i.e., recruitment, selection, and establishment of dom-
inance) when exposed to appropriate endocrine sig-
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Table 1. Estimated stage of the estrous cycle based on appearance and weight of corpus luteum (CL), circulating
concentration of progesterone (P,), and diameter (mm) and concentrations (ng/mL) of estradiol (E,) and P, in follicular
fluid from all individual follicles >5 mm in diameter from each of 6 cows

Cow ID: 279 276 281 282 278 277

Item 1 to 3 d after ovulation Midluteal Late-luteal

Stage of cycle

CLwt, g 0.2 0.3 7.0 3.4 3.0 3.2

Serum P, ng/mL 0.4 0.9 6.0 3.3 2.5 1.5

Follicle diameter: Ey: Py 10: 0.5: 15 8: 0.1: 490 16: 60: 68 10: 0.1: 555 12: 486: 138 15: 647: 109
8: 0.2: 1,005 6: 19: 36 8: 0.4: 323 >8: ND: ND 7:7.1: 628 12: 9.0: 896
8: 0.1: 700 6: 17: 29 7: ND: ND >8: ND: ND 8:0.9: 189
7:0.1: 775 6: 0.6: 12
6: 0.3: 88 6: 2.2: 454

IND = Not determined, follicle ruptured during collection.

nals. Knowledge of the variation in biochemical char-
acteristics existing among individual small antral folli-
cles on the ovaries from within an animal at any given
time is a prerequisite for determining if the aforemen-
tioned presumption is correct.

Follicular fluid steroid concentrations have been
used to differentiate between healthy (i.e., estrogen-
active) and atretic (i.e., estrogen-inactive) follicles
(Moor et al., 1978; Carson et al., 1981; Ireland and
Roche, 1982). Bioavailability of IGF-I, as regulated by
IGFBP, has also been proposed to regulate progression
of follicular development (Spicer and Echternkamp,
1995, Ginther et al., 2001). Data concerning steroid
(Ireland et al., 1979; Henderson et al., 1982; Wise,
1987) and IGFBP (Echternkamp et al., 1994; Funston
et al., 1996; Roberts and Echternkamp, 2003) content
in small antral follicles have generally been obtained
from fluid pooled from within or among cows. The ex-
tent of variation in steroid and IGFBP activity existing
among individual small antral follicles within and be-
tween cows at various stages of the bovine estrous
cycle remains to be determined. The current study
investigated the magnitude of variation in follicular
fluid concentrations of steroids and activities of IGFBP
among individual small antral follicles collected from
within and between cows and evaluated relationships
between concentrations of steroids and IGFBP activi-
ties in these follicles.

MATERIALS AND METHODS

Animals

Management of cows was in accordance with the
local animal care and use committee. Six multiparous
crossbred cyclic beef cows, ranging from 7 to 12 yr of
age, were used for this study. Cows were reared and
managed together at the US Meat Animal Research
Center (USDA, ARS, Clay Center, NE) until slaugh-
tered at random stages of the estrous cycle at the re-
search center abattoir.

Both ovaries from each cow were collected immedi-
ately after slaughter and transported to the laboratory

on ice. Corpora lutea (CL) were inspected visually and
weighed, and stage of luteal development was esti-
mated for each CL (Ireland et al., 1979). All visible
antral follicles were dissected from the ovaries and
classified as small (5.0 mm or less in diameter; n =
108), medium (between 5.0 and 8.0 mm; n = 8), or
large (8.0 mm or greater; n = 13). Follicular fluid was
aspirated from individual small antral follicles with
a 25-pL. Hamilton syringe. The syringe was washed
several times with fresh water between follicles, which
was determined to prevent cross-contamination be-
tween samples. Follicular fluid was aspirated from in-
dividual medium follicles with disposable 1-mL tuber-
culin syringes. Fluid was aspirated from large follicles
with 3-mL disposable syringes. Fluid was stored at
—20°C until assayed to determine concentrations of
steroids and IGFBP activity. Jugular venous blood was
collected from each cow at slaughter to determine cir-
culating concentration of progesterone.

Analysis of Hormones and IGFBP

Previously validated RIA for androstenedione (Ag;
Roberts and Skinner, 1990), estradiol-173 (Ey; Echter-
nkamp et al., 2004), and progesterone (P4; Echtern-
kamp et al., 2004) were used to measure these steroids
in unextracted aliquots of follicular fluid from individ-
ual follicles, and to measure P4 in serum after extrac-
tion with heptane. All samples were run in a single
assay for each steroid. Intraassay CV were 8.3, 12.5,
and 15.1% for A4, Eo, and P, respectively. Assay sensi-
tivity (value at 90% binding) for A, and P, was 8 pg/
tube and for E5 was 0.31 pg/tube.

A subset of 43 follicular fluid samples from small
antral follicles from 5 of the 6 individual animals was
analyzed for IGFBP activity. The samples selected
were representative of the spectrum of steroid concen-
trations measured in the small antral follicles. The
number of samples analyzed was limited by the capac-
ity of the gel and transfer apparatuses used for this
procedure, thereby allowing for simultaneous analysis
of all samples in 1 run. Follicular fluid IGFBP activity
was determined by ligand blot analysis (Hossenlopp
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Figure 1. Concentrations of estradiol (E;), progesterone (P;), and androstenedione (A,) in follicular fluid from
individual small antral follicles collected from cows slaughtered at random stages of the estrous cycle. Data are shown
for all follicles (n = 94) that had a sufficient volume of fluid to measure all 3 steroids. Mean concentrations of each

steroid differed (P < 0.05) between cows.

et al., 1986) as described previously (Echternkamp et
al., 1994, 2004). In brief, proteins in 1 pL of follicular
fluid were separated under nonreducing conditions by
1-dimensional SDS-PAGE using a 4% stacking gel and
a 12% polyacrylamide separating gel (Laemmli, 1970).
Proteins were electrophoretically transferred from the
gels to nitrocellulose membranes (BA-S 85, Schleicher
and Schuell, Kane, NH). Membranes were incubated
overnight with 125I-labeled, human recombinant-IGF-
I (DRGO010, Bachem, Torrance, CA). The membranes
were then rinsed and placed with x-ray film (XAR5
film, Eastman Kodak, Rochester, NY) for 3 and 7 d at
—70°C to detect binding of IGF-I. Band intensity on
autoradiographs was quantified by a scanning densi-
tometer (LKB BrommaUltra Scan XL Laser Densitom-
eter, Pharmacia LKB, Uppsalla, Sweden). Data from 7-
d exposures are presented because the longer exposure
resulted in detection of a greater number of bands
without loss of detectable differences (i.e., without
overexposure) among dark bands (results from analy-
sis of 3-d exposure were similar to results from 7-d
exposure for those bands detected at both times).

Statistical Analysis

All data were analyzed using SAS (SAS Inst. Inc.,
Cary, NC). Differences in concentrations of steroids
and IGFBP activity among follicles from different ani-
mals were evaluated using the GLM procedure, with
animal as a class variable. Because concentrations of
E; in follicular fluid from many of the small antral
follicles were below the sensitivity of the assay, a sub-
sequent GLM procedure was performed in which folli-
cles were classified into 2 groups, low Ey (0.3 ng of Es
or less/mL of follicular fluid) and high E; (>0.3 ng/
mL). Differences in steroid concentrations and IGFBP
activity were then evaluated using animal, follicle clas-
sification, and the interaction of animal x follicle classi-
fication. Where indicated by Hartley’s test for homoge-
neity of variance, data were log transformed before
analysis because of heterogeneous variances among
the classifications.

When significant (P < 0.05) effects were detected in
the GLM procedures, least squares means for classifi-
cation variables were compared using the least sig-
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Table 2. Concentrations and ratios of estradiol (E;), progesterone (P4), and androstenedione (A,) in follicular fluid of
small (5.0 mm or less in diameter) bovine follicles from individual animals, and the proportion of variation (R?) in
these measurements accounted for by differences among cows

Cow ID

Item 279 276 281 282 278 277 R2

E,, ng/mL 0.482 1.422 0.282b 0.16° 0.382 0.80% 0.12
(0.1 to 12.3) (0.1 to 50.5) (0.1 to 2.1) (0.1 to 3.9) (0.1 to 13.3) (0.1 to 10.1)

P, ng/mL 1302 194 2212 1562 53¢ 87 0.43
(33 to 578) (4 to 77) (102 to 559) (4 to 432) (19 to 1,148) (20 to 926)

Ay, ng/mL 97° 2002 134 22¢ 84P 2022 0.74
(38 to 224) (124 to 433) (6 to 27) (5 to 62) (6 to 160) (116 to 504)

PyE, 1,172 + 413%¢ 159 + 492 1,323 + 316 1,460 + 2034 1,192 + 648 2,266 + 12322> (.41
(11 to 5,780) (0.1 to 774) (81 to 2,946) (39 to 4,065) (2 to 11,486) (3 to 9,257)

PgA, 2.5 + 1.0 0.12 + 0.02* 20.2 + 4.8° 9.6 + 1.6 2.1 + 0.0.8" 2.0 + 1.8" 0.72
(0.3 to 14.4) (0.03 to 0.27) (5.4 to 40.9) (0.7 to 29.6) (0.1 to 15.7) (0.6 to 7.3)

AyE, 434 + 158 1,134 + 289 117 + 38 221 + 39 592 + 110 1,016 + 530 0.08

(6 to 2,240) (2.5 to 3,933) (3.8 to 267) (26 to 625) (6 to 1542) (20 to 3,348)
E, and Py, No. 19 21 10 26 24 8
A4, No. 15 17 9 24 23 6

a-dyalues within a row without a common superscript differ (P < 0.05) when log base 10 transformed data were analyzed. Values are the
antilog of the least squares means of steroid concentrations or the mean + SE of the steroid ratios.
Walues inside parentheses are the range for the nontransformed steroid concentrations or the steroid ratios.

nificant differences procedure. For data that were log
transformed before analysis, the antilog of the least
squares means from the transformed data are pre-
sented. Simple correlations between follicular fluid
steroid hormones and IGFBP were determined using
the PROC CORR procedure of SAS. Linear and qua-
dratic associations between each IGFBP and the 3 ste-
roids within follicles were evaluated using an analysis
of covariance, which included the fixed effect of cow
and the linear and quadratic effect of each IGFBP on
steroid concentration.

RESULTS

Classification of Cows by Stage of Cycle
and by Large Follicle Steroid Concentrations

Visual appearance and weight of the CL, circulating
concentrations of P4, and steroid concentrations in
fluid from all medium and large follicles were used to
establish stage of the estrous cycle when follicles were
collected from each animal (Table 1). Cows 279 and
276 were at the early postovulatory stage, and neither

Table 3. Concentrations (antilog of least squares means) of estradiol (E;), androstenedione
(A4), and progesterone (P4) in small antral follicles grouped by cow and E, category (0.31

ng/mL = 90% binding in the E; RIA)

Cow E, class No. E, Ay P,
279 >0.31 11 1.242° 92.90° 82.79"¢
279 <0.31 8 0.133°¢ 106.91 239.88%
276 >0.31 10 4.819* 184.502 13.37¢
276 <0.31 11 0.122¢ 221.82 27.164
281 >0.31 4 1.18° 8.954 276.06*
281 <0.31 6 0.109¢ 15.52 190.112
282 >0.31 4 0.736° 16.11¢ 182.812b
282 <0.31 24 0.12¢ 25.82 152.052
278 >0.31 11 1.698° 71.94° 36.81¢
278 <0.31 13 0.109¢ 94.19 71.12¢
277 >0.31 4 6.353 230.67* 26.73%
277 <0.31 4 0.1¢ 178.24 286.427
R? 0.81 0.75 0.57
P for cow! 0.003 0.0001 0.0001
P for E, class 0.0001 0.18 0.0004
P for cow x Ey class 0.0011 0.77 0.02

2*Within a column, values without a common superscript letter differ (P < 0.05) when compared across
cow by E, classifications (E; and Py) or across cow classification (Ay).

"When using log-transformed data.
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Figure 2. Representative ligand blot of IGFBP detected in follicular fluid from small antral follicles from 2 cows
slaughtered at random stages of estrous cycle. Follicular fluid concentrations of estradiol (E;), progesterone (P;), and
androstenedione (A,) are shown at the bottom of the blot for each follicle.

cow had large estrogen-active follicles at time of
slaughter. Cows 281 and 282 were at the midluteal
stage of the estrous cycle. Follicular status of these 2
cows was not determined because fluid from 1 or 2
medium to large follicles was lost after accidental rup-
ture during collection. Cows 277 and 278 were at the
late luteal stage, and each cow had a large estrogen-
active follicle.

Steroid Concentrations in Fluid
from Small Antral Follicles

The number of small antral follicles collected from
cows in this experiment varied from 10 to 26 per cow.
A total of 108 follicles were analyzed for Ey (mean =
2.0 ng/mL; SD = 5.7) and P, (mean = 158 ng/mL; SD =
208), but only 94 of the 108 follicles (87%) contained

Table 4. Relative amounts of IGFBP activity (arbitrary densitometry units) and concentra-
tions of estradiol (E;), androstenedione (A,), and progesterone (P;) in small bovine follicles

(n =41)
Fold
difference
between
minimum
Item® Mean + SD Minimum Maximum and maximum
IGFBP-3 2.43 + 0.77 1.18 4.50 3.8
IGFBP-2 1.79 + 0.97 0.54 4.68 8.7
31 kDa IGFBP-5 0.89 + 1.66 0.012 6.71 671
28-29 kDa BP 1.57 + 1.69 0.19 7.03 37
24 kDa IGFBP-4 0.99 + 0.76 0.07 2.56 37
E,, ng/mL 3.4 + 87 0.1 50.5 505
P,, ng/mL 185 + 262 7 1149 170
A4, ng/mL 90 + 68 7 245 36

Lowest detected activity of all IGFBP was 0.07. Lowest detected binding activity for the 31-kDa IGFBP-

5 was 0.5 arbitrary densitometry units.

2This protein was not detected in 28 of the 41 samples evaluated, and a value of 0.01 was assigned to

these samples.
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Table 5. Simple correlations among IGFBP in follicular
fluid from 41 small antral follicles

28-29 31 kDa

Item kDa BP BP-5 IGFBP -2 IGFBP-3
24 kDa 0.75 0.69 0.78 0.57

P 0.001 0.001 0.001 0.001
28-29 kDa 0.62 0.61 0.53

P 0.001 0.001 0.001
31 kDa BP-5 0.28 0. 56
P 0.08 0.001
IGFBP-2 0.50

P 0.001

sufficient follicular fluid for analysis of A, (mean =
102 ng/mL; SD = 92). Of the 108 small antral follicles
analyzed for Eq, 62 contained follicular fluid concentra-
tions of Ey that were <0.3 ng/mL, equivalent to 90%
binding when 1 pL of fluid was evaluated in the RIA.
Fluid remaining from these 62 follicles was insufficient
to reanalyze a larger volume. Forty-three of these 62
follicles had concentrations at or below 0.1 ng/mL, the
least detectable concentration when 1 pL of fluid was
evaluated. Two follicles contained concentrations of
A4 below 5 ng/mL, the least detectable concentration
when 1 pL of fluid was evaluated. Substantial varia-
tion existed between the minimum and maximum con-
centrations of steroids in the overall population of
small antral follicles evaluated, including a >500-fold
difference for E5 (0.1 to 50.5 ng/mL), a 287-fold differ-
ence for P, (4 to 1,149 ng/mL), and a 100-fold difference
for A4 (5 to 504 ng/mL). A positive correlation existed
between concentrations of Eo and Ay (r = 0.23; P =
0.02), but E, (r = -0.39; P < 0.001) and A4 (r = -0.43;
P < 0.001) were negatively correlated with P,.

Steroid concentrations in all individual small antral
follicles from each animal that contained sufficient vol-
ume to measure all 3 steroids are depicted in Figure
1. Mean steroid concentrations in small antral follicles
differed among cows (Table 2). The proportion of varia-
tion in steroid concentrations accounted for by differ-
ences among animals was small for E; (12%), moderate
for P, (43%), and greatest for A4 (74%), as indicated
by the coefficient of determination (R?) shown in Table
2. The least differences between the minimum and
maximum concentrations of steroids within a cow were
21-, 5.5-, and 3.5-fold for E,, P4, and Ay, respectively
(Table 2). The greatest differences between the mini-
mum and maximum steroid values from within a cow
were 505-, 108-, and 26-fold for E,, P, and A4, respec-
tively.

To further explore potential developmental differ-
ences among follicles, follicles were classified into 2
categories based on concentration of E, (i.e., 20.31 ng/
mL and <0.31 ng/mL). Mean concentrations of steroids
for the follicles in the 2 E, categories from each animal
are summarized in Table 3. As expected, including the
E; category and the animal x E; category interaction
in the statistical model resulted in a larger coefficient
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of determination for the analysis of E5 (R? = 0.81) com-
pared with when animal was the only source of varia-
tion accounted for (R? = 0.12; Table 2). Although con-
centrations of E5 would be expected to differ due to Eo
category, the interaction of animal x E, category was
also shown to be an important source of variation (P
< 0.002). Mean concentrations of E, in follicles with
>0.31 ng of Eo/mL differed among cows, but the differ-
ences among cows (i.e., mean separations) were not the
same as that observed when all follicles were evaluated
(Table 2).

Concentrations of P, in small antral follicles also
varied due to animal, E; category, and the animal x
E, category interaction (Table 3). This method of classi-
fying follicles accounted for more of the variation in
concentrations of P, (R? = 0.57) than when follicles
were classified by cow only (R? = 0.43; Table 2). Mean
concentrations of P, in small antral follicles from the
2 midluteal phase cows (#281 and 282) did not differ
with regard to E; category. Mean concentrations of P,
in small antral follicles from the other 4 cows were
less in follicles with >0.31 ng of Eo/mL than in follicles
with <0.31 ng of Eo/mL, when compared within animal.

In contrast to Es and P4, concentrations of A, did
not differ due to E, category (P = 0.18) or the cow x
E, classification (P = 0.87). Thus, concentrations of Ay
in small antral follicles were primarily influenced by
variation among cows. Mean concentrations of A4 in
small antral follicles from cows 276 and 277 (i.e., the
2 cows with high mean E; and low mean P4 concentra-
tions in small antral follicles from the >0.31 ng of Eyo/
mL grouping) were greater (P = 0.05) than mean con-
centrations of A, in follicles from other cows (Table 3).
Mean concentrations of A4 in small antral follicles from
cows 281 and 282, the 2 cows with largest mean ratios
of Py:Es in fluid from small antral follicles, were less
(P = 0.05) than those observed in follicles from cows
279 and 278.

Insulin-Like Growth Factor Binding Proteins
in Follicular Fluid of Small Antral Follicles

A representative ligand blot of IGFBP in follicular
fluid from small antral follicles is shown in Figure 2.
Previous work demonstrated that the 40 and 44 kDa
bands represent 2 different glycosylated forms of
IGFBP-3; the 34 kDa band is IGFBP-2; IGFBP-5 mi-
grates as a doublet at approximately 29 and 31 kDa;
and IGFBP-4 exists as a deglycosylated and glycosyl-
ated protein of approximately 24 and 28 kDa, respec-
tively (Funston et al., 1996). Because of the close prox-
imity of the 28-kDa form of IGFBP-4 and the 29-kDa
form of IGFBP-5, these 2 bands were not always distin-
guishable and were therefore analyzed as 1 band.

A summary of IGFBP activities and steroid concen-
trations observed in the subset of small antral follicles
analyzed for IGFBP activity is shown in Table 4. Data
from 2 follicles, both from cow 282, were omitted from
Table 4 and subsequent analyses. Both follicles con-
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Table 6. Mean + SE concentrations of estradiol (E;), androstenedione (Ay4), and progester-
one (P,), and IGFBP activity' (densitometry units) in small antral follicles from individual
cows, and probability (P) and proportion of variation (R?) accounted for by differences

among coOws

Cow ID 279 276 281 282 278 P< R?
No. of cows 9 9 7 7 9

E,, ng/mL 22 +13% 104 £ 5.5 06 +03 02+01° 22+ 15 003 0.25
P,, ng/mL 195 + 712 22 + 5° 190 + 63* 190 + 90 334 + 161* 0.0001 0.47
A4, ng/mL 92 + 16" 185 + 14° 17 + 3¢ 26 + 6° 98 + 6P 0.0001 0.85
24 kDa BP-4 05 + 0.2 0.6 + 0.2 1.1 + 0.2% 1402 1.7+02 0002 0.36
28-29 kDa BP 0.7 + 0.6 15 + 0.6 1.3 + 0.6 2.2 + 0.6 23+ 06 027 0.13
31kDaBP-5 0.3 £ 0.6 0.7 £ 0.6 0.7 £ 0.6 1.0 + 0.6 17 + 06 048 0.09
IGFBP-2 1.0 + 0.3° 15 + 0.3 1.8 +03> 18+ 03> 28+ 03 0.0002 044
IGFBP-3 1.8 + 0.2 29 +00.20 21+0.2° 23+02P 3002 00003 0.35

#Values within a row without a common superscript differ (P < 0.05).
Follicles used to evaluate IGFBP activity represent a subsample of the total follicles collected from each
cow, thus accounting for the differences in the number of cows and the mean steroid concentrations compared

with those shown in Table 2.

tained nondetectable levels of Ey (i.e., <0.1 ng of Eo/
mL) and were the only 2 follicles that contained nonde-
tectable levels of A, (<5 ng of Ay/mL). One of these
follicles contained no detectable IGFBP activity and
had less P4 (4 ng/mL) than all other follicles. The other
follicle was also devoid of IGFBP activity except
IGFBP-2 (3.25 densitometry units) and contained 66
ng of Py/mL. Positive correlations existed among all
the different binding proteins (P < 0.08; Table 5).
Analysis of IGFBP activity in small antral follicles
grouped by cow demonstrated that mean binding activ-
ities of IGFBP-4 (24 kDa form), IGFBP-2, and IGFBP-3
differed (P = 0.05) among cows (Table 6). Mean binding
activities of the 28-29 kDa and 31 kDa proteins did
not differ among cows. Steroid concentrations in this
subset of follicles are also summarized in Table 6.

Associations Among Insulin-Like Growth Factor
Binding Proteins and Concentrations of Steroids

Correlations between IGFBP and concentrations of
steroids in individual follicles are summarized in Table

7. Concentrations of E; were negatively correlated (P
< 0.01) with each IGFBP except IGFBP-3. Regression
analysis indicated that the relationship of each indi-
vidual IGFBP, including IGFBP-3, with the log concen-
tration of E; was curvilinear (P < 0.05 for quadratic
effect, data not shown). Binding activity of IGFBP-3,
but not other IGFBP, was associated positively (P <
0.05 for linear effect) with concentrations of A4. Bind-
ing activity of the 24-kDa form of IGFBP-4 and the
31-kDa form of IGFBP-5 were correlated positively (P
< 0.01) with concentrations of P,. Positive correlations
(P<0.01) existed among the logbase 10 transformation
of the P4 E, ratio and all binding proteins except
IGFBP-3 (Table 7). Positive correlations (P < 0.02) ex-
isted among the log base 10 transformation of the A:Es
ratio and all the different binding proteins (Table 7).
The log base 10 transformation of the P4:A, ratio was
correlated (P < 0.06) with 31 kDa IGFBP-5 (r = 0.34)
and 24 kDa IGFBP-4 (r = 0.31), but not other IGFBP.

To further evaluate the relationship among individ-
ual binding proteins and concentrations of steroids in
small antral follicles, analyses of covariance were per-

Table 7. Correlations among IGFBP activities, concentrations of estradiol (Log E,), proges-
terone (P,), and androstenedione (A,), and ratios of P4 to E; (Log PE) and A4 to E, (Log

AE) in fluid from 41 small antral follicles

24 kDa 28-29 31 kDa
Item BP-4 kDa BP BP-5 IGFBP -2 IGFBP-3
Log!' Ey -0.76 -0.56 -0.44 -0.59 -0.18
P 0.001 0.001 0.001 0.001 0.25
Ay -0.14 0.04 -0.07 0.01 0.33
P 0.37 0.82 0.69 0.95 0.04
Py 0.51 0.21 0.58 0.03 0.36
P 0.001 0.18 0.001 0.84 0.02
Log PE 0.72 0.48 0.51 0.40 0.11
P 0.001 0.002 0.01 0.001 0.49
Log AE 0.75 0.62 0.40 0.66 0.38
P 0.001 0.001 0.01 0.001 0.02

Log base 10-transformed values.
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Table 8. Summary of covariate analysis of log-transformed concentrations of steroids in
small antral follicles (n = 41), fitting cow as a class variable, with linear and quadratic

effects and individual IGFBP

Dependent IGFBP fit P for P for BP
variable! in model? Ry model P for cow P for BP x BP
Log E, 24 kDa BP-4 0.83 0.001 0.001 0.001 0.07
28-29 kDa 0.7 0.001 0.001 0.001 0.001
31 kDa BP-5 0.49 0.005 0.007 0.003 0.03
IGFBP-2 0.71 0.001 0.001 0.001 0.004
IGFBP-3 0.4 0.005 0.002 0.09 0.25
Log A4 24 kDa BP-4 0.85 0.001 0.001 0.56 0.7
28-29 kDa 0.87 0.001 0.001 0.33 0.13
31 kDa BP-5 0.86 0.001 0.001 0.36 0.7
IGFBP-2 0.88 0.001 0.001 0.06 0.24
IGFBP-3 0.86 0.001 0.001 0.15 0.2
Log P, 24 kDa BP-4 0.61 0.004 0.001 0.55 0.13
28-29 kDa 0.54 0.001 0.001 0.05 0.12
31 kDa BP-5 0.7 0.001 0.001 0.001 0.04
IGFBP-2 0.53 0.001 0.001 0.16 0.08
IGFBP-3 0.63 0.001 0.001 0.03 0.006
Log PE 24 kDa BP-4 0.86 0.001 0.001 0.003 0.81
28-29 kDa 0.76 0.001 0.001 0.001 0.001
31 kDa BP-5 0.73 0.001 0.001 0.001 0.003
IGFBP-2 0.64 0.001 0.001 0.001 0.007
IGFBP-3 0.56 0.001 0.001 0.69 0.77

Log E, = Log base 10 transformation of estradiol concentration; Log A, = Log base 10 transformation of
androstenedione concentration; Log P, = Log base 10 transformation of progesterone concentration; and
Log PE = Log base 10 transformation of ratio of estradiol to progesterone concentration.

224 kDa BP-4 = 24 kDa form of IGFBP-4; 28-29 kDa = binding activity of 28 kDa form of IGFBP-4 and
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29 kDa form of IGFBP-5, or both; and 31 kDa BP-5 = 31 kDa form of IGFBP-5.

formed, fitting cow as a classification variable and each
binding protein as a continuous variable. Based on a
visual appraisal of data, the quadratic effect of each
binding protein was fit into each model. Each individ-
ual binding protein accounted for significant variation
in concentrations of E, and P4 (Table 8). Changes in
IGFBP-2 tended (P < 0.06) to influence concentrations
of A4. However, other IGFBP did not account for varia-
tion in concentrations of A, (Table 8).

DISCUSSION

Results from this study demonstrate that concentra-
tions of steroids and activities of IGFBP in fluid of
small antral follicles vary substantially within and
between cows. A 500-fold difference existed between
the lowest and greatest concentration of E; measured
in small antral follicles. However, many small antral
follicles had E5 concentration below the sensitivity of
the assay (0.1 ng/mL when 1 pL fluid was evaluated),
and insufficient sample remained for evaluation at
greater volumes. Because of these limitations, the
magnitude of variation in E, concentrations among
small antral follicles likely exceeds that determined
in this study. Although the sensitivity of the E, RIA
was at least 10-fold greater than the RIA for P, and
A4, concentrations of P, were detectable in all follicles
and A, was below the level of detection (5 ng/mL) in
only 2 follicles. In addition, concentrations of P, and
A, in fluid from most small antral follicles were greater

than concentrations of E5, when expressed on a nano-
gram per milliliter basis. Therefore, estimations of
variation in concentrations of P, (287-fold difference
between minimum and maximum) and A, (100-fold
difference) may be more accurate than that deter-
mined for E,, albeit magnitude of variation in P, and
A, was less than that observed for E,. It is expected
that these variations reflect large differences in devel-
opmental status among follicles; as such, the destiny
of many of these small antral follicles may be estab-
lished at or before the small antral (<5.0 mm diameter)
stage. A comparison of means for each of the steroids
across Tables 2, 3, and 6 provides evidence as to how
results from pooling could vary due to sampling (i.e.,
Table 2 represents all follicles, Table 3 represents all
follicles split into 2 groups based on E; concentration,
Table 6 represents a subsample of follicles selected to
represent the entire population). These results pro-
vided evidence that small antral follicles should not
be indiscriminately pooled when conducting research
on processes regulating follicular development.

The proportion of variation in steroid concentrations
accounted for by differences among animals was great-
est for A,, intermediate for P4, and lowest for E; (see R?
values in Table 2). Although data for E; concentrations
were not distributed normally due to many follicles
being assigned a value of 0.1 ng of Eo/mL, it appeared
that variation of E, within a cow was equal to or
greater than variation between cows. Because of the
nonlinear nature of the Ey data and because only a
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small proportion of the variation in E5 concentrations
was accounted for by differences among cows, it was
of interest to subclassify follicles by whether they were
above or below the detection limit of the E, assay (90%
binding), as shown in Table 3. As expected, this method
of classification accounted for a much greater propor-
tion of the variation observed in E, concentrations (an
increase from 12% shown in Table 2 to 81% shown in
Table 3), but it also accounted for 13% more of the
variation in P,. In contrast, classifying follicles within
cows by E, had little effect on A4.

As was observed for the steroid concentrations, bind-
ing activities of IGFBP in individual follicles also var-
ied greatly among and within cows. Binding by IGFBP-
3 exhibited the least variation, followed by IGFBP-2,
IGFBP-4, and IGFBP-5. Differences in the amount of
variation observed for each IGFBP were due to large
variations among minimum values detected for each
IGFBP rather than wide differences among maximum
values detected for each IGFBP. Studies on large bo-
vine follicles also demonstrate that binding activities
of IGFBP-3 and -2 fluctuate less across follicles than
IGFBP-4 and -5, with the exception being that large
estrogen active follicles contain little or no IGFBP-2
activity (Echternkamp et al., 1994, 2004; Roberts and
Echternkamp, 2003).

Activities of individual IGFBP were negatively asso-
ciated with concentrations of Es. Previous research
also demonstrated negative association among indi-
vidual IGFBP and E, concentrations in individual folli-
cles >6mm in diameter, with IGFBP being most mark-
edly reduced or undetectable in fluid of preovulatory
(Echternkamp et al., 1994, 2004) or first wave domi-
nant follicles (Austin et al., 2001; Beg et al., 2001).
Of the low molecular weight IGFBP evaluated (those
excluding IGFBP-3), magnitude of the negative associ-
ation with Es concentration was least for 31 kDa
IGFBP-5, which exhibited more of a threshold pattern
of association with detection of 31 kDa IGFBP-5 activ-
ity being almost exclusively limited to follicles with
nondetectable concentrations of Es. Inverse associa-
tions among IGFBP activity and E; were not evident in
fluid from within animal pools of small antral follicles
(Funston et al., 1996), and associations among follicu-
lar fluid E; concentrations with activity or mRNA of
IGFBP in follicular cells were much less prevalent in
pools from small antral follicles than when evaluated
in individual large follicles (Roberts and Echtern-
kamp, 2003), providing further evidence of the limita-
tions to the approach of pooling small antral follicles.
The current study expands the scope of the inverse
associations among concentrations of E, and activities
of the individual IGFBP to include small antral fol-
licles.

In the current study, positive associations were ob-
served between P, and IGFBP-3, -4, and -5. Association
between IGFBP-5 and P, appeared to be more of a
continuous response than the association between
IGFBP-5 and E,, which as discussed above, exhibited
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more of a threshold response because only 2 follicles
with detectable levels of E, contained detectable
IGFPB-5 activity. This observation is consistent with
recent findings in large follicles in which progression
into atresia was accompanied first by increases in
IGFBP-2, followed by increases in IGFBP-4, and last
by increases in IGFBP-5 (Echternkamp et al., 2004).
A positive association was also observed between P,
and IGFBP-5 in pools of small antral follicles (Funston
et al., 1996), and the magnitude of the association was
similar (r = 0.6) as the correlation observed in the
current study. In medium and large follicles, activities
of IGFBP -2, -3, -4, and -5 were all associated positively
with concentrations of P, (Echternkamp et al., 2004).
Variations in IGFBP activities and mRNA within gra-
nulosa and thecal cell components of follicles at differ-
ent stages of antral development have also been shown
to be associated with the levels of E5 and P, in follicular
fluid (Roberts and Echternkamp, 2003).

Although the cause and effects of the associations
among steroid concentrations and IGFBP remain to be
established (i.e., its not clear whether steroids regulate
IGFBP or visa verse), the preponderance of research
supports an inhibitory role of IGFBP on IGF-stimu-
lated actions (proliferation, differentiation, and antia-
poptotic) on follicular cells (Monget et al., 1996; Poret-
sky et al., 1999). However, evidence of E, regulation
of IGFBP production by bovine follicular cells does
exist (Spicer and Chamberlain, 2002; Voge et al., 2004)
and may provide for a feedback regulatory system. In
the current study, the statistical models fitting IGFBP
as independent variables accounted for much more of
the variation in concentrations of E5 and P4 observed
among the individual small antral follicles than statis-
tical models that only accounted for differences among
animals. This was especially true for E; when IGFBP-
2 and -4 were considered and for P, when IGFBP-4
and -5 were considered (compare R? values in Tables
6 and 7). Because steroidogenesis in the bovine follicle
occurs through the delta 5-pathway, increases in de-
velopmental status would be reflected by increases in
E; and subsequent atresia would be characterized by
decreases in Es in the face of increasing P, accumula-
tion. Thus the associations between steroid concentra-
tions and IGFBP activities observed in this study on
small antral follicles and previous studies on medium
to large follicles (reviewed in Monget et al., 2002; Mihm
and Austin, 2002) support the hypothesis that recruit-
ment and selection of follicles occurs through a process
that involves an advantage for continued development
through decreased levels of IGFBP, providing for in-
creased intrafollicular availability of IGF. Whereas
atresia of nonrecruited, subordinate, and dominant fol-
licles occurs in response to increases in intrafollicular
levels of IGFBP, which may act to inhibit IGF-I stimu-
lated proliferation and E,; production (Spicer et al.,
1997; Mason et al., 1998; Spicer and Chamberlain,
1999) or act independent of IGF-I (Wright et al., 2002)
to bring about atresia. Although the hypothesis is sup-
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ported by research on medium to large follicles, the
challenge remains to determine how variations in bio-
chemical characteristics of the population of small an-
tral follicles on the ovaries of an animal at any given
time are associated with follicular waves.

In summary, concentrations of E; and P4, and IGFBP
activities in follicular fluid from small antral follicles
vary greatly within a cow, and variations within ani-
mals may be as great as the variation among animals.
Variations in concentration of E, in fluid from small
antral follicles were associated inversely with activity
the lower molecular weight IGFBP, as has been ob-
served at later stages of follicular development. This
finding expands the potential roles that these IGFBP
may have in regulating follicular development to in-
clude processes involved in controlling recruitment.
Because these biochemical factors are known to play
a role in regulating development of large antral folli-
cles, the practice of indiscriminately pooling cells or
fluid from small antral follicles within or across ani-
mals is not appropriate for research to identify mecha-
nisms regulating development of small antral follicles.
To establish whether variations in steroid concentra-
tions and IGFBP activities in small antral follicles are
determining factors associated with follicular recruit-
ment during waves of development, it may be neces-
sary to examine small antral follicles on an individual
basis, as has been applied in studies on medium and
large follicles, or utilize morphological or biochemical
characteristics to classify follicles into different health
status groups within animals. Although the ratio of
E5:P,is used as an indicator of health status for larger
follicles, the inverse of this ratio was not much better
at accounting for variation in IGFBP in small antral
follicles than concentrations of E; (as determined by
comparison of correlation coefficients in Table 7) and
the large variations in concentrations of P, and E,
results in similar P4:E, ratios for follicles with large
differences in steroid concentrations (i.e., P4/Eq of 177/
1.4 = 126 and 29/0.23 = 126). Thus, ratios of P, and
E; may not be as useful for classifying small antral
follicles as larger follicles. The observation that con-
centration of A4 in fluid from small antral follicles var-
ied substantially between cows requires further study
to determine if this finding extends from differences
due to stage of follicular waves. If so, the ratio of Aj;:Ey
may provide a useful method to classify small antral
follicles in cattle.
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