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ARTICLE INFO ABSTRACT

Keywords: The number of antral follicles detectable by ultrasonography in heifers is influenced by age of the

Ovarian reserve dam, because daughters of primiparous cows have fewer antral follicles than daughters of mature

Puberty cows. We, therefore, hypothesized that heifers with primiparous dams would have fewer pri-

Heifer

mordial follicles in their ovaries than heifers born to mature (4+ y) cows. Angus heifers
(n = 464) were submitted for ultrasonographic evaluation of antral follicle number at 325, 355,
and 385 d of age. Ovaries were collected from a random subset of heifers (n = 79) and processed
for histological evaluation to determine number of primordial follicles. A greater percentage of
heifers with primiparous dams had a corpus luteum at first ultrasonographic examination;
however, a greater percentage of heifers with multiparous dams had ovulated by the start of
breeding (P < 0.01). Heifers with primiparous dams had fewer antral follicles detectable by
ultrasonography (P < 0.01). Heifers with primparous dams had fewer surface antral follicles on
their ovaries (P < 0.01), and the number of primordial follicles per histological section was less
for heifers with primiparous dams (P = 0.02). These data indicate that the lesser number of
antral follicles detectable by ultrasonography in heifers with primparous dams is due to less
ovarian follicle reserves. Selecting replacement heifers from mature dams may result in daughters
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with greater fertility and reproductive longevity; however, further research is necessary to de-
termine if interactions between size of the ovarian follicle reserve and age at puberty influence
fertility and reproductive longevity in replacement heifers.

1. Introduction

In cattle, primordial follicles form at day 90 of gestation and gain the capacity to activate and enter the growing pool by day 150
of gestation (Fortune et al., 2013). From this time forward, the number of primordial follicles slowly decreases, and depletion of
primordial follicles is a mechanism that contributes to reproductive senescence in mammalian females. Thus, the primordial follicles
that form during fetal development represent the lifetime reproductive potential of a heifer (e.g., the ovarian reserve; reviewed in
Fortune et al., 2013). Given the importance of the ovarian follicle reserve to reproductive longevity, very little is known about the
mechanisms that control formation and depletion of primordial follicles, because it is challenging to monitor microscopic events that
occur. One proxy that can be used to estimate the size of the ovarian reserve is ultrasonographic determination of antral follicle
number (Cushman et al., 2009). The number of antral follicles detectable by ultrasonography is highly repeatable (Burns et al., 2005;
McNeel et al., 2017; Morotti et al., 2018), and the number of antral follicles is positively correlated with the number of microscopic
primordial follicles in cattle ovaries (Cushman et al., 1999; Ireland et al., 2008).

Walsh et al. (2014) reported that maternal age affected the number of antral follicles detectable by ultrasonography in the ovaries
of the daughters at a year of age. In this previous study, Holstein heifers that were born to heifers had fewer antral follicles detectable
by ultrasonography at a year of age than Holstein heifers that were born to multiparous cows. Similarly, Angus heifers with di-
minished numbers of antral follicles detectable by ultrasonography (14.5 *= 0.8 follicles) had dams that were younger than the dams
of Angus heifers with increased numbers of antral follicles (31.1 *= 0.8 follicles, McNeel et al., 2017). More recently, it was reported
that heifer born to mature beef cows had greater circulating concentrations of anti-Miillerian hormone (AMH), a blood marker of size
of the ovarian reserve, and greater fertility than heifers with primiparous dams (Akbarinejad et al., 2018). While both number of
antral follicles (Cushman et al., 1999) and circulating concentrations of AMH (Ireland et al., 2008) are generally correlated to the size
of the ovarian reserve, there are studies where differences in numbers of primordial follicle do not result in differences in numbers of
antral follicles (Freetly et al., 2014; Amundson et al., 2015). It, therefore, is important to perform the histological evaluation to
clearly identify whether there are differences in the size of the ovarian follicle reserve between heifers with primiparous dams as
compared with those from multiparous dams as a first step in understanding the mechanisms behind these differences. In the present
study, we tested the hypothesis that yearling heifers with primiparous Angus dams would have fewer primordial follicles in their
ovaries than yearling Angus heifers with multiparous dams.

2. Materials and methods
2.1. Heifers

All procedures were approved by the U.S. Meat Animal Research Center (USMARC) Animal Care and Use Committees in ac-
cordance with the FASS guidelines for the care and use of agricultural animals in research. Commercial Angus heifers (n = 116/year;
total 464) were evaluated for antral follicle count at an average of 325, 355, and 385 d of age as described previously (McNeel et al.,
2017). Briefly, heifers that were born between March and May in 2012-2015 were weaned and moved to the USMARC feedlot in the
fall. Heifers were fed the standard USMARC heifer development diet to attain 55% of predicted mature body weight by 14 months of
age. When the cohort of heifers reached an average of 325 + 3 d of age, 355 + 3d of age, and 385 * 3 d of age, they were weighed
and transrectal ultrasonographic examination of the ovaries was performed by a single technician using an Aloka-500 ultrasonic
machine and a 7.5 MHz linear array transducer (Aloka, Wallingford, CT) to determine antral follicle count and corpus luteum (CL)
number (McNeel and Cushman, 2015; McNeel et al., 2017). Following the third ultrasonography, heifers that were not slaughtered in
the USMARC abattoir to collect ovaries for histological evaluation were placed with bulls that had passed a breeding soundness exam,
and allowed to mate by natural service for 30 d.

Two weeks following the second ultrasonographic examination at approximately a year of age, 79 heifers (n = 19-20 heifers/
year) with dams representing three different age groups (Table 1) were slaughtered in the USMARC abattoir and ovaries were

Table 1
Number of heifers representing each age of dam class for ultrasonographic and morphometric analysis of
follicle numbers.

Method to Determine Follicle Number

Age of Dam, y Ultrasonography Morphometry
2 84 14
3 89 15
4+ 291 50
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collected for histological evaluation to determine the number of primordial, primary, and secondary follicles. The ovaries were
removed from the reproductive tracts and all surface antral follicles (=1 mm) were counted. The height and length of the ovaries
were measured, taking care to only measure the ovary proper and avoid the CL, and the ovaries were weighed. The investigator
performing the ovarian morphological measurements was uninformed as to the age of the dam of the heifer from which the ovaries
originated. A representative cross-sectional piece of tissue (~5 mm thickness) was cut from the center, perpendicular to the length of
the ovary contra-lateral to the CL and fixed overnight in 10% Neutral Buffered Formalin for histological evaluation (Cushman et al.,
2001; Amundson et al., 2015). The ovarian tissues were rinsed in phosphate buffered saline for 1 h at room temperature, followed by
20% ethanol, 35% ethanol, 50% ethanol, and 70% ethanol, each for 1 h at room temperature to dehydrate the tissues. The ovarian
tissue was subsequently embedded in paraffin. Five sections (6 pm thickness) were collected and stained with hematoxylin and eosin.
A minimum of ten sections was discarded between each section that was collected to ensure that the same follicles were not counted
twice in consecutive sections. Follicles were only counted when the nucleus of the oocyte appeared in the section, further ensuring
the prevention of double counting for secondary follicles.

2.2. Histological evaluation of pre-antral follicle numbers

Pre-antral follicles were classified as primordial, primary, or secondary as described previously (Cushman et al., 2001, 2002;
Amundson et al., 2015). Briefly, a primordial follicle was defined as an oocyte surrounded by a single layer of squamous pre-
granulosa cells. A primary follicle was considered to be an oocyte surrounded by 1 or more cuboidal granulosa cells. A secondary
follicle was defined as an oocyte surrounded by two or more layers of cuboidal granulosa cells. The number of follicles per section
within each follicle class was totaled to ascertain a count per section for each follicle class. Because heifer was the experimental unit,
the average number of follicles per section for each follicle class was calculated for each heifer. The average area of the sections was
326.7 + 1.9 mm? The investigator performing the histological evaluations was uninformed as to the age of the dam of the heifer
from which the ovarian sections originated.

2.3. Statistical analyses

Age of dam was grouped into three classifications (Table 1): 2-year-old dams (2), 3-year-old dams (3), and dams that were 4-
years-old or greater (4+). The number of animals within each group for ultrasonographic evaluation and for morphological eva-
luation are presented in Table 1. For performance data, numbers of antral follicles detectable by ultrasonography and body weights
were analyzed using the MIXED procedure of SAS. The model included the fixed effects of year, age of heifer (325, 355, or 385 d), age
of dam (2, 3, or 4+ y), and the interaction of age of heifer and age of dam. Dam was a random effect to account for the same dam
potentially having daughters represented in multiple years of the study. Percentage of heifers having a CL was analyzed using the
GLIMMIX procedure of SAS with a model that included the fixed effects of year, age of heifer, age of dam, and the interaction of age of
heifer and age of dam. Dam was included as a random effect. Percentage data were analyzed with a binomial distribution and a logit
link. For morphological and histological data, ovarian measurements, surface antral follicle counts, and numbers of pre-antral fol-
licles per section or per mm? of tissue were analyzed using the MIXED procedure of SAS with a model that included the fixed effect of
age of dam. Data are presented as the mean + the S. E. M.

To examine the relationship between pre-antral follicle numbers and surface antral follicle counts, Pearson correlations were
calculated using the CORR procedure of SAS. As previously described, the average number of primordial, primary, and secondary
follicle per histological section was calculated for each heifer before calculating the correlation to the surface antral follicle number.
This approach was taken so that the heifer and not histological section was the experimental unit.

30
25 b b
20
15

10 A

Antral Follicles (=2 3mm)

2 3 4+
Age of Dam, y

Fig. 1. Influence of age of dam on heifer ultrasonographic antral follicle count. Bars with different superscripts are different (P < 0.05). Age of dam
influenced the number of antral follicles detectable by ultrasonography (P < 0.0001), because heifers born to heifers had fewer antral follicles than
heifers born to 3-year-old cows or heifers born to mature (4+y) dams. Data are presented as the mean *+ the S.E.M.
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3. Results
3.1. Ultrasonographic measurements

Based on within animal variance divided by between animal variance (Morotti et al., 2018), the repeatability of antral follicle
counts within heifers was 80% in the present study. There was no interaction of age of heifer and age of dam on ultrasonographic
antral follicle count (P = 0.56). Age of heifer also did not influence the number of antral follicles detectable by ultrasonography
(P = 0.12); however, age of dam influenced the number of antral follicles detectable by ultrasonography (P < 0.0001). Across all
three ultrasonographic examinations, heifers with primiparous dams had fewer antral follicles detectable by ultrasonography than
heifers with 3- or 4+ year-old dams (Fig. 1).

There was an effect of the interaction of age of heifer and age of dam on percentage of heifers identified with a CL (P = 0.004;
Fig. 2). A greater percentage of heifers with primiparous dams had a CL at the first ultrasonographic examination compared to heifers
with a 3- or 4+ year-old dam; however, a lesser cumulative percentage of heifers heifers with primiparous dams had a CL by the start
of the breeding season compared to heifers with 3- or 4+ year-old dams. The main effect of age of heifer had a significant influence
on the cumulative percentage of heifers identified with a CL (P < 0.0001), because, as would be expected, the cumulative per-
centage of heifers identified with a CL increased as age of heifer increased.

3.2. Ovarian morphometry

The number of antral follicles (=1 mm) on the surface of the ovaries was influenced by age of dam, such that heifers with
primiparous dams had fewer follicles than heifers with 4+ year-old dams (P < 0.01; Fig. 3). Heifers with 3-year-old dams had an
intermediate number of surface antral follicles. Total ovarian weight, defined as the sum of the weights of the two ovaries within a
heifer, was influenced by age of dam with heifers with 4+ year-old dams having heavier ovaries than heifers with primiparous or 3-
year-old dams (P = 0.05; Table 2). Ovarian length, defined as the average length of the two ovaries within a heifer, tended to be
greater in heifers with 4+ year-old dams, compared to heifers with primiparous or 3-year-old dams (P = 0.08). Ovarian height was
greater in heifers with mature (4+ y) dams than heifers with primparous or 3-year-old dams (P = 0.03).

The coefficient of variation for primordial follicle count across the five sections within a heifer was 11.5 + 1.1%. Histological
analysis of the ovaries revealed that the number of primordial follicles per section was greater in heifers with 4 + year-old dams than
heifers with 3-year-old dams (P = 0.02; Fig. 4A). There was a strong tendency (P = 0.06) for the number of primary follicles per
section to be greater in heifers with 4+ year-old dams than heifers with primiparous dams (Fig. 4B). The number of secondary
follicles per section was greater (P = 0.02) in heifers with 4+ year-old dams than heifers with primiparous or 3-year-old dams
(Fig. 4C). Overall, there were positive correlations between the average number of pre-antral follicles per section and the number of
surface antral follicles (P < 0.01; Table 3), supporting the hypothesis that differences in antral follicle numbers due to the age of the
dam reflected differences in the size of the ovarian follicle reserve.

Because ovarian size was influenced by age of dam, the number of preantral follicles per mm? of tissue (determined by calculating
the area of an ellipse from the length and height of the histological section) was analyzed to determine if tissue density of follicles
differed due to age of dam (Table 4). When corrected for the area of the sections, heifers with 4+ year-old dams still had a greater
number of primordial follicles per mm? of ovary (P = 0.04). There was no influence of age of dam on the tissue density of primary
follicles (P = 0.20); however, the tissue density of secondary follicles tended to be greater in heifers with 4+ year-old dams than
heifers with primiparous dams (P = 0.06).

100 ~

Percentage Pubertal
(4]
o

325 355 385
Age of Heifer, d

Fig. 2. Cumulative percentage of Angus heifers defined as pubertal due to being diagnosed with a CL detectable by ultrasonography. Age of heifer
(P < 0.0001) affected the cumulative percentage of heifers that were pubertal, because the cumulative percentage of heifers with a CL increased
with increasing age. There was also a significant interaction of age of heifer and age of dam (P = 0.004), because a greater percentage of heifers
born to heifers were identified with a CL at the first examination, but a lesser cumulative percentage of heifers born to heifers had a CL at the final
examination. Data are presented as the mean * the S.E.M.
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Fig. 3. Number of surface antral follicles (=1 mm) in the combined ovaries counted at recovery after slaughter. Bars with different superscripts are
different (P < 0.05). Heifers born to 2-year-old dams had fewer surface follicles than heifers born to mature (4+y) dams (P < 0.01), while heifers
born to 3-year-old dams were intermediate. Data are presented as the mean + the S.E.M.

Table 2
Effect of age of dam on ovarian morphology (mean * S. E. M.).
Age of Dam, y P-value
Phenotype 2 3 4+
Total ovarian weight, g 115 = 1.0% 10.2 = 1.0% 12.9 + 0.5° 0.05
Ovarian length, mm 278 = 1.1 26.8 = 1.1 29.4 = 0.6 0.08
Ovarian height, mm 15.1 + 0.7% 159 = 0.7% 17.3 + 0.4° 0.03

aWithin a row, means with different superscripts are different.
3.3. Body weights

Heifers with 4+ year-old dams were heavier at birth than heifers with primiparous dams or heifers with 3-year-old dams (P <
0.0001; Table 5). Weight at weaning was also influenced by age of dam (P = 0.003). In this case, heifers with 3-year-old dams
weighed less at weaning than heifers with 4+ year-old dams.

During the evaluation period, age of heifer and age of dam affected body weight (P < 0.0001; Fig. 5); however, there was no
interaction of age of heifer and age of dam (P = 0.42). As would be expected, heifers increased in body weight as they progressed
from 325 to 385 d of age. Heifers with primiparous dams weighed less than heifers with 3 or 4+ year-old dams.

4. Discussion

The results of the present study support the hypothesis that primordial follicle numbers are less in the ovaries of yearling Angus
heifers with primparous dams compared to yearling Angus heifers with 4+ year-old dams. While fewer antral follicles detectable by
ultrasonography in the ovaries of heifers with primparous dams has been previously reported (Walsh et al., 2014), the findings in the
present study are the first to indicate the number of microscopic follicles is also less. The developmental mechanisms that lead to this
lesser number of primordial follicles are unknown but can be assumed to have occurred by 11 months of age, because even at the first
ultrasonographic examination, heifers with primparous dams had fewer antral follicles than heifers with 4 + year-old dams. The most
likely mechanisms are either 1) decreased proliferation of primordial germ cells in utero leading to fewer primordial follicles being
formed, or 2) accelerated depletion of the primordial follicles in the ovaries of the heifers with primparous dams leading to fewer
primordial follicles at a year of age. There is certainly evidence for either of these, because both the maternal environment during
gestation (Evans et al., 2012; Mossa et al., 2013; Akbarinejad et al., 2017) and nutritional status during the first year of life (Freetly
etal., 2014; Amundson et al., 2015) influence the size of the ovarian follicle reserve in heifers. Further studies evaluating fetal ovaries
and ovaries collected between birth and a year of age will be necessary to determine the exact timing of the divergence in primordial
follicle numbers.

The fact that the number of primordial follicles is correlated to surface antral follicle counts and ultrasonographic antral follicle
counts supports the relatively greater repeatability of antral follicle count in the present study and previous studies (Burns et al.,
2005; McNeel et al., 2017; Morotti et al., 2018). There is no evidence of day of the estrous cycle or fluctuations in antral follicle
numbers due to stage of the follicular wave influencing the number of pre-antral follicles in cattle (Rajakoski, 1960; Erickson, 1966).
Because the number of primordial follicles correlated with the number of antral follicles, it seems very likely that the number of antral
follicles detected by ultrasonography is a product of the size of the ovarian reserve. Antral follicle count should, therefore, be
repeatable within a heifer, at least until her ovarian reserve begins to deplete with age. The fact that microscopic follicle populations
recapitulate the ultrasonographic observations of differences in antral follicle count due to age of the dam (Walsh et al., 2014; McNeel
et al., 2017) strongly supports this conclusion.

As would be expected, birth weights were less in heifers with primiparous dams. This is most likely a result of intra-uterine growth
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Fig. 4. Number of A) primordial follicles, B) primary follicles, or C) secondary follicles per histological section. Within a pre —antral follicle class,
bars with different superscripts are different (P < 0.05). The number of primordial follicles per histological section (P = 0.02) and the number of
secondary follicles per histological section were greater in heifers born to mature (4 +y) dams than to heifers born to 2-year-old dams. There was a
tendency (P = 0.06) for heifers born to mature (4 +y) dams to have more primary follicles per histological section than heifers born to 2-year-old
dams. Data are presented as the mean * the S.E.M.

Table 3
Pearson correlations between histological counts and surface antral follicle counts.
Stage Primary Follicles Secondary Follicles Antral Follicles
Primordial Follicles 0.67 0.47 0.45
< 0.0001 < 0.0001 < 0.0001
Primary Follicles 0.61 0.35
< 0.0001 0.002
Secondary Follicles 0.34
0.002

restriction on the fetuses of heifers, but whether it is a result of decreased nutrient transport or a result of intra-uterine crowding due
to a smaller uterus in heifers is unclear. In a large study that did not examine influences of age of dam, Cushman et al. (2009) reported
that 14-month-old heifers with lesser numbers of antral follicles detectable by ultrasonography weighed less at birth. This may be
because a greater percentage of them were heifers with primiparous dams. The heifers with lesser numbers of follicles detectable by
ultrasonography had a lesser pregnancy rate compared to heifers with greater numbers of antral follicles. The data from these two
studies could indicate that the divergence in primordial follicle number is occurring during fetal development due to intra-uterine
growth restriction in heifers with primiparous dams. Taken together, these data indicate that it is more desirable to select re-
placement heifers with dams that are 4+ years of age.

A greater percentage of heifers from primiparous dams were identified with a CL at the first ultrasonographic examination. The
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Table 4
Effect of age of dam on numbers of preantral follicles per mm? of ovarian tissue (mean + S.E.M.).
Age of Dam, y
Phenotype 2 3 4+ P-value
Primordial Follicles/mm? 0.11 + 0.02° 0.13 * 0.03% 0.18 * 0.01° 0.04
Primary Follicles/mm? 0.02 = 0.01 0.03 = 0.01 0.03 = 0.01 0.20
Secondary Follicles/mm?® 0.004 + 0.002 0.006 + 0.002 0.009 + 0.001 0.06
aWithin a row, means with different superscripts are different.
Table 5
Effect of age of dam on birth weight, weaning weight, and age of heifer at first palpation (mean *+ S.E.M.).
Age of Dam, y
Phenotype 2 3 4+ P-value
Birth Weight, kg 29.6 + 0.5° 352 * 0.5° 36.5 = 0.3¢ < 0.0001
Weaning Weight, kg 180.4 = 2.22 1705 + 2.1° 183.3 = 1.22 0.003
Age at First Palpation, d 348.6 + 1.4° 3149 + 1.4° 317.5 + 0.8° < 0.0001

abcWwithin a row, means with different superscripts are different.
390 -

370 -
350 A

330 -
310 A
290 -

Body Weight, kg

270 A

250 T T |
325 355 385

Age of Heifer, d

Fig. 5. Heifer body weights during the evaluation period (325-385 d of age). There was no interaction of age of heifer and age of dam (P > 0.05);
however, both age of heifer and age of dam influenced body weights during the evaluation period (P < 0.0001). Data are presented as the
mean * the S.E.M.

standard management practice for the USMARC herd is to breed heifers a month earlier than cows, and this practice resulted in the
heifers with primiparous dams being older at the first ultrasonographic examination. It, therefore, is likely that a greater percentage
of these heifers had a CL at the first examination because they were older than the heifers with 3- or 4+ year-old dams. Interestingly,
by the final ultrasonographic examination just before the start of the breeding season, a greater cumulative percentage of heifers with
3 or 4+ year-old dams had a CL. This is most likely due to the greater body weights of these heifers. The question becomes whether it
would be a preferred practice to select heifers with primiparous dams that are more likely to have multiple estrous cycles before the
start of the breeding season, because this has been associated with greater fertility (Byerley et al., 1987), or whether it would be more
desirable to select heifers with 4 + year-old dams that are more likely to be pubertal by the start of the breeding season, and to have a
larger ovarian reserve. The interaction between the size of the ovarian follicle reserve and age at puberty remains questionable,
because it has been reported to be beneficial in some cases (El-Sheikh Ali et al., 2017; Santa Cruz et al., 2018), and antagonistic in
other cases (Snelling et al., 2012). Further analysis of data sets that incorporate heifer follicle counts and age at puberty with age of
dam and lifetime productivity are required to accurately determine what effect the interaction of antral follicle count and age of dam
has on lifetime reproductive capacity of replacement heifers.

In conclusion, the present results indicate that there may be reasons to select replacement heifers from mature (4+ y) cows.
Although heifers with primiparous dams were older, a greater percentage of the heifers with 4 + year-old dams were pubertal at the
start of the first breeding season. In addition, these heifers had a greater density of primordial follicles per mm? of ovarian tissue. The
dams of heifers from the mature cows had already expressed the economically important trait of remaining in the herd to produce
enough calves so that there was recovery of the development costs. Assuming a genetic component to reproductive longevity, these
daughters of mature (4+ y) dams may have an advantage, and this advantage may be associated partially with a greater ovarian
follicle reserve. It will be interesting to determine when during gametogenesis or folliculogenesis the divergence in primordial follicle
number occurs, and if these lesser numbers of primordial follicles negatively affect the reproductive longevity of beef heifers with
primiparous dams.
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