Southern lllinois University Carbondale

OpenSIUC

Peer-reviewed Articles Animal Science

10-4-2022

Characterization of preantral follicle clustering and neighborhood
patterns in the equine ovary.

Kendall A Hyde
Francisco L N Aguiar
Paula B Alvarenga
Amanda L Rezende

Benner G Alves

See next page for additional authors

Follow this and additional works at: https://opensiuc.lib.siu.edu/asfn_articles

Recommended Citation

Hyde, Kendall A, Aguiar, Francisco L N, Alvarenga, Paula B, Rezende, Amanda L, Alves, Benner G, Alves,
Kele A, Gastal, Gustavo D A, Gastal, Melba O and Gastal, Eduardo L. "Characterization of preantral follicle
clustering and neighborhood patterns in the equine ovary.." PLoS One 17, No. 10 (Oct 2022): e0275396.
doi:10.1371/journal.pone.0275396.

This Article is brought to you for free and open access by the Animal Science at OpenSIUC. It has been accepted
for inclusion in Peer-reviewed Articles by an authorized administrator of OpenSIUC. For more information, please
contact opensiuc@lib.siu.edu.


https://opensiuc.lib.siu.edu/
https://opensiuc.lib.siu.edu/asfn_articles
https://opensiuc.lib.siu.edu/asfn
https://opensiuc.lib.siu.edu/asfn_articles?utm_source=opensiuc.lib.siu.edu%2Fasfn_articles%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:opensiuc@lib.siu.edu

Authors

Kendall A Hyde, Francisco L N Aguiar, Paula B Alvarenga, Amanda L Rezende, Benner G Alves, Kele A
Alves, Gustavo D A Gastal, Melba O Gastal, and Eduardo L Gastal

This article is available at OpenSIUC: https://opensiuc.lib.siu.edu/asfn_articles/13


https://opensiuc.lib.siu.edu/asfn_articles/13

PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Hyde KA, Aguiar FLN, Alvarenga PB,
Rezende AL, Alves BG, Alves KA, et al. (2022)
Characterization of preantral follicle clustering and
neighborhood patterns in the equine ovary. PLoS
ONE 17(10): e0275396. https://doi.org/10.1371/
journal.pone.0275396

Editor: Meijia Zhang, China Agricultural University,
CHINA

Received: June 10, 2022
Accepted: September 14, 2022
Published: October 4, 2022

Copyright: © 2022 Hyde et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
information files.

Funding: This research was supported by
Southern lllinois University (SIU), Carbondale, IL,

USA. K. A. Alves and G. D. A. Gastal were recipients

of Ph.D. scholarships and B. G. Alves the recipient
of a post-doctoral fellowship from the National
Council for Scientific and Technological
Development (CNPg). P. B. Alvarenga and A. L.
Rezende were recipients of scholarships from

RESEARCH ARTICLE

Characterization of preantral follicle clustering
and neighborhood patterns in the equine
ovary

Kendall A. Hyde®', Francisco L. N. Aguiar'-2, Paula B. Alvarenga®', Amanda L. Rezende',
Benner G. Alves®’, Kele A. Alves', Gustavo D. A. Gastal® '3, Melba O. Gastal', Eduardo
L. Gastal®'*

1 Animal Science, School of Agricultural Sciences, Southern lllinois University, Carbondale, lllinois, United
States of America, 2 Department of Veterinary Medicine, Sousa Campus, Federal Institute of Education,
Science and Technology of Paraiba, Sousa, Paraiba, Brazil, 3 Instituto Nacional de Investigacion
Agropecuaria, Estacion Experimental INIA La Estanzuela, Colonia, Uruguay

* egastal @siu.edu

Abstract

Understanding the transition from quiescent primordial follicles to activated primary follicles
is vital for characterizing ovarian folliculogenesis and improving assisted reproductive tech-
niques. To date, no study has investigated preantral follicle crowding in the ovaries of live-
stock or characterized these crowds according to follicular morphology and ovarian location
(portions and regions) in any species. Therefore, the present study aimed to assess the
crowding (clustering and neighborhood) patterns of preantral follicles in the equine ovary
according to mare age, follicular morphology and developmental stage, and spatial location
in the ovary. Ovaries from mares (n = 8) were collected at an abattoir and processed histo-
logically for evaluation of follicular clustering using the Morisita Index and follicular neighbor-
hoods in ovarian sections. Young mares were found to have a large number of preantral
follicles with neighbors (n = 2,626), while old mares had a small number (n = 305). Moreover,
young mares had a higher number of neighbors per follicle (2.6 + 0.0) than old mares (1.2 £
0.1). Follicle clustering was shown to be present in all areas of the ovary, with young mares
having more clustering overall than old mares and a tendency for higher clustering in the
ventral region when ages were combined. Furthermore, follicles with neighbors were more
likely to be morphologically normal (76.5 + 6.5%) than abnormal (23.5 + 6.5%). Additionally,
morphologically normal activated follicles had increased odds of having neighbors than nor-
mal resting follicles, and these normal activated follicles had more neighbors (2.6 + 0.1) than
normal resting follicles (2.3 + 0.1 neighbors). In the present study, it was demonstrated that
preantral follicles do crowd in the mare ovary and that clustering/neighborhood patterns are
dynamic and differ depending on mare age, follicular morphology, and follicular develop-
mental stage.
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Introduction

The oocyte reserve in the ovaries of mammals is represented by a large but finite pool of quies-
cent, primordial follicles. Over time, these primordial follicles may be activated to grow, with
the goal of producing a fertilizable oocyte [1], or become atretic and die [2]. Via either path
(ovulation or atresia), the oocyte reserve will eventually be depleted until ovarian senescence
occurs. Due to this fact, it is imperative to improve knowledge surrounding follicular activa-
tion with the aim to recover the preantral follicle population before depletion, potentially
extending female reproductive lifespan via assisted reproductive techniques (ARTS). In this
regard, the mare, despite possessing unique ovarian anatomy, has become a powerful animal
model due to its capability to provide insight into ovarian function and physiology for women
and other livestock species (for review, see [3-6]).

One of the key processes in folliculogenesis is the activation of primordial follicles to
develop into primary follicles. During this process, primordial follicles in the quiescent pool,
organized in crowded clusters, leave the pool and start to develop into later stages of preantral
follicles (i.e., primary, secondary). This developmental activation is modulated by suppressive
and maintenance factors (i.e., transforming growth factor, anti-Miillerian hormone, kit ligand,
growth differentiation factor) produced by nearby follicles and surrounding cells (for review,
see [7-9]). In this context, the paracrine communication between preantral follicular cells may
have a putative association with the potential location of these follicles in the ovary.

With respect to location, it is well-documented that the distribution of preantral follicle
population in the ovary is heterogeneous in many species (mare: [10]; woman: [11]; cow: [12];
mouse: [13]; deer: [14]; ewe: [15]; doe: [16]). This heterogeneity may partially be explained by
the working hypothesis of ovarian plasticity, which proposes that preantral follicles migrate
throughout the ovarian cortex during follicular development [17]. In this regard, in the mare,
during follicular developmental activation, it has been suggested that preantral follicles migrate
toward the geometric center of the ovary [18], while migration may cease once a follicle
becomes morphologically abnormal (a potential sign of atresia; [19]). Furthermore, as reported
by Gaytan et al. [20], primordial follicles tend to cluster with nearby follicles in the ovaries of
mice and women; meanwhile, these clustering patterns are less often seen for growing follicles.
This finding is suggestive of the concept that paracrine signals in the ovary play a large role in
follicular activation and the development of primordial follicles [20]. The potential paracrine
activity within follicle clusters and the hypothesis of ovarian plasticity may work together to
explain the wide range of follicular heterogeneity observed in the mare, as well as the follicular
decrease that occurs during mare aging [19, 21, 22].

Based upon the available information concerning the equine ovary as well as that of other
species, the hypothesis of the present study is that equine preantral follicles are organized in
clusters within the ovary and the patterns of these clusters depend upon mare age and ovarian
spatial location. Therefore, the current study aimed to assess the crowding/clustering patterns
of preantral follicles in the mare ovary according to (i) mare age, (ii) developmental stage of
the follicle, (iii) follicular morphology, (iv), and spatial location in the ovary. A novel study
that characterizes the clustering patterns of equine preantral follicles that combines analysis of
follicle morphology and the influence of mare age warrants scientific investigation. Perhaps by
elucidating details surrounding follicular morphology, clustering, and spatial location,
improvements to in vitro processes such as follicular culture or even creation of an artificial
ovary may be made. If the ideal scenario for maintenance of normal primordial follicles long-
term or for controlled activation of these follicles can be achieved, the contributions to ARTs
and extending female reproductive lifespan would be substantial.
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Materials and methods

Ovaries

Ovaries of mixed-breed, light horse mares were collected during the middle of the reproduc-
tive season at an equine slaughterhouse (Frigorifico Foresta Ltda.) in Brazil (30° 20’ 38” S, 54°
20’ 31” W). The ovaries (Fig 1) were then separated into two age groups (young: 4-9 years and
old: >20 years; n = 4 pairs of ovaries for each group) using dental characteristics. Immediately
upon collection, the ovaries were sectioned into three longitudinal portions (2 lateral portions,
1 intermediary portion; Fig 1A; [18]). The sections were fixed in 4% paraformaldehyde for 24
hours, then stored in 70% alcohol until histological processing. Reproductive status of the

Approach for evaluating preantral follicle crowding
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Fig 1. Illustration of procedures performed to assess the neighborhood and clustering patterns of equine preantral follicles. (A) Ovaries
were divided into three portions (lateral, n = 2; intermediary, n = 1) and then histologically processed. Once sections of the ovaries were
mounted onto microscope slides, (B) a square grid sheet (area of each square = 0.0625 cm?) with columns and rows labelled with numbers and
letters, respectively, was placed onto each slide. The geometric center was then determined, and a longitudinal line was drawn through the
center to define the dorsal (all areas above the longitudinal line) and ventral (all areas below the longitudinal line) regions. From this point on,
the slide is referred to as an “ovarian map.” Ovarian maps were used to evaluate (C) neighborhood patterns, where preantral follicles within

40 pum of each other (indicated by solid lines) were considered to be neighbors, while follicles further than 40 pm were not considered to be
neighbors (indicated by dashed lines), and (D) clustering, which was calculated considering the number of follicles in five consecutive T-
shaped plots (not to scale) using the formula for Morisita’s index of clustering.

https://doi.org/10.1371/journal.pone.0275396.9001
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mares (anestrus or cycling) was unknown, and only ovaries without visible preovulatory folli-
cles and/or corpora lutea were selected.

Histological processing

The fixed ovarian portions were dehydrated, embedded in paraffin wax, and completely cut
into 7 pum serial sections [23]. To prevent double counting of follicles, every 5th section was
then mounted on large (127 x 102 mm) microscope slides for visualization of the whole ovary.
Mounted sections with intact ovulation fossa and clear borders without lacerations were then
chosen to ensure good tissue quality for analysis. Afterward, the slides were stained with peri-
odic acid-Schiff (PAS) and counterstained with hematoxylin to be used for microscopic
evaluation.

Production of ovarian maps

To determine the spatial distribution of the follicles within ovarian portions and regions (dor-
sal and ventral; [18]), a square grid sheet (area of each square = 0.0625 cm®) with columns
labeled with letters and rows labeled by numbers was placed over the slides (Fig 1B). The
square grid sheet was aligned to the upper-left corner of each slide with the ovulation fossa fac-
ing the bottom of the square grid sheet. Images of all mounted histological sections were cap-
tured and digitized in a photo-editing program (Adobe Photoshop CS4; San Jose, USA). Next,
a longitudinal line was drawn through the mathematically determined geometric center [19]
using a marking tool in the editing program (Adobe Photoshop CS4), dividing the ovary into
dorsal (above the longitudinal line) and ventral (below the longitudinal line, containing the
ovulation fossa) regions. Once follicles were identified via light microscopy (Nikon Eclipse
E200; Tokyo, Japan), the 2-dimensional location of each follicle was noted using the x- and y-
coordinates (rows and columns) provided by the square grid sheet, with the slide now being
referred to as an ovarian map.

Preantral follicle morphology and classification

The morphometric patterns for preantral follicle classification were performed as previously
described [21, 23]. Follicles were classified as normal (intact, non-pyknotic oocyte nucleus and
surrounded by well-organized granulosa cells) or abnormal (retracted ooplasm, disorganized
granulosa cells, and a pyknotic nucleus). Furthermore, follicles were classified according to
developmental stage as primordial (single layer of flattened granulosa cells), transitional (single
layer of both flattened and cuboidal granulosa cells), primary (single layer of cuboidal granu-
losa cells), or secondary (two or more layers of cuboidal granulosa cells). Thus, both morpho-
logically normal and abnormal follicles were further classified as resting (primordial) or
activated (transitional, primary, and secondary).

Neighborhood pattern identification and assessment

For neighborhood analysis, images were captured from 20 random fields in each histological
section/ovarian map (10 images in the dorsal and 10 images in the ventral regions). The
method for image capturing consisted of locating the longitudinal line dividing the histological
section into dorsal and ventral regions. The first square on the left side of the ovarian map
(above the line: dorsal; below the line: ventral) that had ovarian tissue was used as a starting
point. Next, the ovarian map was searched, going square-by-square, to find the first square
with preantral follicles, which was then captured as the first image (Fig 1C). From this point
onward, the knob of the microscope stage was completely turned three times, and the location
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that resulted from this action was then captured as the next image. This process occurred 10
times in each ovarian region per histological section to obtain 20 images for each slide. These
images (Fig 2) were obtained using Leica Application Suite software (Leica Imaging Software,
Wetzlar, Germany) coupled to a properly calibrated light microscope (Nikon) at 20x magnifi-
cation. Subsequently, follicles within each image were numbered (Fig 2A, 2B and 2G) and
analyzed using Image] software (Image], version 1.45; National Institute of Health, USA) cali-
brated (150 pixels = 100 um) to measure the distances between follicles. Initially, the lowest
and left-most follicle in each image was chosen as the “anchoring” follicle, and the distances
from the anchoring follicle to all other follicles in the image were measured and recorded (Fig
2C, 2D and 2H). Subsequently, the distances between all follicles in the microscopic field were
measured (Fig 2E and 2F). This process was repeated for every follicle in the image until all dis-
tances between follicles were measured and recorded. Follicles were considered neighbors
when they were <40 pum apart from each other [20]. A 40 pm radius between follicles is con-
sidered to be a conservative distance over which diffusible signals can travel in the ovary [20,
24].

Evaluation of preantral follicle clustering

To assess if the clustering pattern of preantral follicles is influenced by age and the ovarian
region and portion in which they are found, the Morisita index of clustering methodology was
applied [20, 25]. This index consists of a dispersion measure, capable of evaluating individual
variations in a population (ecological studies: [25]; brain tissue: [26]; ovarian tissue: [20]; fas-
cial tissue: [27]). Using light microscopy (Nikon), 5 consecutive, T-shaped plots (200 x 200 pm
in a 10x objective) in 10 random fields of each ovarian region (dorsal and ventral) per histolog-
ical section were image-captured (Leica Imaging Software; Fig 2I-2N), and any follicles within
the plots were counted (50 plots per region, 100 plots in total per section; Fig 1D). The images
for this analysis were captured according to the same methodology used in the neighborhood
analysis, in which the first image was captured in the first square from the left, above and
below the mid-longitudinal line. The other images were obtained after three complete turns of
the knob controlling the microscope stage location.

The Morisita index (I5) was obtained using the following equation: I5 = q {[Z(xi?)-Zxi]/
[(Zxi)* -Zxi]}, where q = the number of plots evaluated per region per section (5 plots per
image, 10 images per region to generate 50 plots for evaluation per region per section in this
work); xi = the number of follicles per plot; Zxi = the sum of the number of follicles in each
plot; Z(xi%) = the sum of squares of the number of follicles in each plot; (£xi)* = the sum of the
number of follicles in each plot, squared.

Statistical analyses

All statistical analyses were performed using R statistical software, version 4.1.3 (R Foundation
for Statistical Computing, Vienna, Austria). Percentages were transformed using arc sin square
root, while any non-percentage data determined to be non-normally distributed (Kolmogo-
rov-Smirnov test) were transformed using base 10 logarithm (log;,). One-ANOVA followed
by post hoc Fisher’s Least Significant Difference tests were used for multiple comparisons of
means, while any data found to be non-normal after transformation were analyzed using non-
parametric tests (Kruskal-Wallis and post hoc Dunn’s tests). Confidence Intervals (95%) were
determined for the relative probabilities of activation and odds ratios to compare the associa-
tion between presence of follicle neighbors and follicular stage. Significances for Morisita indi-
ces were determined using the equation Z = (I5- 1)/(2/qm?)®”, where m corresponds to the
mean number of follicles. Clustering was determined to be significant for Z > 1.96 [28],
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Evaluation of follicular neighborhood patterns

Fig 2. Images of experimental procedures performed to assess the preantral follicle neighborhood and clustering
patterns. (A-H) Representative images used for determination of follicular neighborhood patterns are shown. For
neighborhood pattern assessment, random fields were imaged, and (A, B, G) follicles within each image were numbered,
and classified according to morphology and developmental stage. Next, (C, D, H) the distances from the first follicle
(labelled with the number “1”) were measured, and subsequently, (E, F) the distances between all follicles within the field
were measured. Scale bars = 100 um, magnification = 20x. (I-N) Representative images of randomly generated fields
depicting progressive lower to higher clustering patterns are also shown. To assess preantral follicle clustering, the fields
were overlaid with 5 consecutive 200 x 200 um “T” plots, the number of follicles in each plot were counted, and the
clustering index was calculated. Scale bars = 200 um, magnification = 10x.

https://doi.org/10.1371/journal.pone.0275396.9002
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meaning that there was a clustering pattern rather than a random pattern of spatial distribu-
tion. Data were determined to be significant when P < 0.05 and tended to be significant when
0.05 < P<0.1.

Results

Preantral follicle morphology and classification

A total of 206 ovarian histological sections/ovarian maps were evaluated (25.8 + 1.1 sections
per mare), with a total of 3,476 preantral follicles recorded. From these follicles, 2,014 primor-
dial, 1,460 transitional, and two primary follicles were identified. The numbers and percent-
ages of observed preantral follicles according to mare ages, ovarian locations (portions and
regions), and follicular developmental stages are shown (Table 1). A wide range and large
number of preantral follicles were observed in the young mares (e.g., 0-453 and 3,024), while a
narrow range and small number were observed in the old mares (e.g., 0-191 and 452).

The numbers and percentages of observed resting and activated preantral follicles (Fig 3)
according to follicular morphology per age group (Fig 3A and 3C) and when ages were com-
bined (Fig 3B and 3D) are presented. Both young and old mares had higher (P < 0.05) per-
centages of morphologically normal follicles than abnormal follicles when developmental
stages were combined (Fig 3C). Furthermore, when follicles were pooled for both mare age
and developmental stage, the percentage of morphologically normal follicles was higher
(P < 0.001) than that of abnormal follicles (Fig 3D).

Neighborhood pattern identification and assessment

Number of follicles with neighbors. Considering only follicles with neighbors, a total of
2,931 preantral follicles were recorded. From these follicles, 1,656 primordial, 1,275 transi-
tional, and no primary follicles were identified. Of the preantral follicles with neighbors, the
numbers and percentages according to mare ages, ovarian locations (portions and regions),

Table 1. Descriptive percentages and numbers of observed follicles according to mare ages, ovarian locations (portions and regions), and follicular developmental
stages, and mean percentages (+ SEM) and numbers (+ SEM) of observed follicles according to ovarian locations and follicular developmental stages.

Age group Ovarian location (portion and region)
Lateral dorsal Lateral ventral Intermediary dorsal Intermediary ventral Overall
Resting Activated | Resting Activated | Resting Activated | Resting Activated | Resting Activated
Young % 30.9 25.0 30.6 21.3 26.6 35.1 11.9 18.6 53.6 46.4
# 502 351 496 298 431 492 193 261 1622 1402
Range | (0-438) (0-328) (0-420) (0-266) (0-359) (0-453) (0-184) (0-250) (0-1401) (0-1297)
Old % 12.5 13.3 5.6 16.7 48.7 45.0 33.2 25.0 86.7 13.3
# 49 8 22 10 191 27 130 15 392 60
Range | (0-43) (0-8) (0-13) (0-7) (0-191) (0-27) (0-130) (0-15) (0-377) (0-50)
Overall | % 27.4 24.6 25.7 21.1 30.9 35.5 16.0 18.9 57.9 42.1
# 551 359 518 308 622 519 323 276 2014 1462
iVIean % per mare | 5.4+ 3.4 48+3.1 45+3.1 47+25 9.4+6.2 10.0 + 6.4 5.6+4.2 55%35 72+49 53+4.6

Mean # per mare 16894533 4494405 |648+51.1 |385+32.6 |77.8+467 |64.9+557 |404+260 |345+30.8 |251.8+170.5 |182.8+159.5

¥ No differences (P > 0.05) were observed between ovarian locations within the same developmental stages, between developmental stages within the same ovarian
locations, or when ovarian locations were pooled (overall) between developmental stages. A total of 206 histological sections were evaluated (25.8 + 1.1 sections per
mare). Descriptive percentages were calculated within a row for the same age group and developmental stage. All mean data were analyzed using one-way ANOVA after
arc sin square root transformation for percentage data or log,, transformation for non-percentage data.

https://doi.org/10.1371/journal.pone.0275396.t001
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Preantral follicles observed
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Fig 3. (A, B) Mean numbers (+ SEM) and (C, D) mean percentages (+ SEM) of observed resting and activated preantral follicles according to
morphology considering (A, C) mare age and (B, D) when ages were combined. *° Within the same age group or when ages were combined, and
within the same developmental stage, values without a common superscript differed. * Indicates tendency (P = 0.05-0.09) within the same
developmental stage. No differences (P > 0.05) were found regarding the number of observed follicles for any of the end points evaluated.
Additionally, no differences (P > 0.05) in percentages were observed within the young and old age groups between developmental stages or
between age groups within the same morphology and developmental stage. All data were analyzed using one-way ANOVA after log;,
transformation for non-percentage data or arc sin square root transformation for percentage data. Comb., combined. (E-G) Representative
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images of randomly generated fields depicting (E) low numbers of follicles with few neighbors, (F) high numbers of follicles with a moderate
number of neighbors, and (G) high numbers of follicles with a high number of neighbors are shown. Scale bars = 100 um, magnification = 20x.

https://doi.org/10.1371/journal.pone.0275396.9003

and follicular developmental stages are shown (Table 2). A wide range and large number of
preantral follicles with neighbors were observed in the young mares (e.g., 0-410 and 2,626),
while a narrow range and small number were observed in the old mares (e.g., 0-137 and 305).
Out of the total number of follicles with neighbors, 89.6% came from young mares and 10.4%
came from old mares. The numbers and percentages of follicles with neighbors were not
affected (P > 0.05) by region, portion, or mare age (S1 Table).

Percentage of follicles with neighbors. The mean percentages of follicles with neighbors
(Fig 4) considering follicular morphology and developmental stage (Fig 4A and 4B) as well as
ovarian portions and regions (Fig 4C and 4D) according to mare age (Fig 4A and 4C) and
when ages were combined (Fig 4B and 4D) are shown. In young mares and in combined ages
when follicles were pooled regarding developmental stage, a higher (P < 0.05) percentage of
follicles with neighbors were normal than abnormal (Fig 4A and 4B). Specifically, when ages
were combined (Fig 4B), 76.5 + 6.5% of follicles were normal, while 23.5 + 6.5% were abnor-
mal. Interestingly, although there was a tendency (P < 0.07-0.08) for higher percentages of
activated follicles to be normal versus abnormal in young mares and in combined ages, no
differences (P > 0.05) were observed regarding resting follicles. Furthermore, percentages of
follicles with neighbors did not differ (P > 0.05) according to ovarian location (portion and
region; Fig 4C and 4D).

Number of neighbors per follicle. The mean numbers of neighbors for a given preantral
follicle considering morphology and developmental stage (Fig 5) according to mare age and
when ages were combined are shown. The number of neighbors per follicle was greater
(P < 0.001) in young mares than in old mares for all end points evaluated (Fig 5A and 5C).
Specifically, when pooled for morphology and developmental stage (Fig 5C), the number of

Table 2. Descriptive percentages and numbers of follicles with neighbors according to mare ages, ovarian locations (portions and regions), and follicular develop-
mental stages, and mean percentages (+ SEM) and numbers (+ SEM) of follicles with neighbors according to ovarian locations and follicular developmental stages.

Age group Ovarian location (portion and region)
Lateral dorsal Lateral ventral Intermediary dorsal Intermediary ventral Overall
Resting Activated | Resting Activated | Resting Activated | Resting Activated | Resting Activated
Young % 30.9 23.8 30.1 21.3 26.2 35.1 12.8 19.8 52.9 47.1
# 429 295 418 264 363 434 178 245 1388 1238
Range | (0-382) (0-273) (0-365) (0-241) (0-322) (0-410) (0-173) (0-237) (0-1242) (0-1161)
Old % 9.0 16.2 3.0 18.9 51.1 45.9 36.9 18.9 87.9 12.1
# 24 6 8 7 137 17 99 7 268 37
Range | (0-24) (0-6) (0-8) (0-7) (0-137) (0-17) (0-99) (0-7) (0-260) (0-30)
Overall | % 27.4 23.6 25.7 21.3 30.2 35.4 16.7 19.8 56.5 43.5
# 453 301 426 271 500 451 277 252 1656 1275
iVIean % per mare | 5.0 + 3.4 51%3.1 41+32 5.0%3.1 9.7+ 6.6 10.1+6.5 6.2+4.6 52+3.0 7.1+52 54+49

Mean # per mare *156.6+46.8 |37.6+33.7 |533+447 |339+29.7 |625+40.7 |564+50.6 |346+232 |31.5+29.4 |207.0+151.4 |159.4+143.3

¥ No differences (P > 0.05) were observed between ovarian locations within the same developmental stages, between developmental stages within the same ovarian
locations, or when ovarian locations were pooled (overall) between developmental stages. A total of 206 histological sections were evaluated (25.8 + 1.1 sections per
mare). Descriptive percentages were calculated within a row for the same age group and developmental stage. All mean data were analyzed using one-way ANOVA after

arc sin square root transformation for percentage data or log,, transformation for non-percentage data.

https://doi.org/10.1371/journal.pone.0275396.t002
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Fig 4. Mean percentages (+ SEM) of preantral follicles with neighbors considering (A, B) morphology and developmental stage and (C, D)
ovarian portions and regions (A, C) per age group and (B, D) with age groups combined. *® Within combined stages, values without a
common superscript differed. * Indicates tendency (P = 0.07-0.08) between morphologies within the activated developmental stage. " Statistical
analyses could not be run on the old age group due to the low number (n < 2) of old mares that had follicles with neighbors. No differences

(P > 0.05) were observed for any of the end points considering resting follicles or ovarian portions and regions. All data were analyzed using
one-way ANOVA after arc sin square root transformation. Comb., combined.

https://doi.org/10.1371/journal.pone.0275396.9004

follicles per neighbor in young mares (2.6 + 0.0) was greater (P < 0.001) than in old mares
(1.2 £ 0.1). Overall (combined ages; Fig 5B), normal activated preantral follicles (2.6 + 0.1) had
greater (P < 0.001) numbers of neighbors than normal resting follicles (2.3 + 0.1); however,
the number of neighbors per follicle did not differ (P > 0.05) for abnormal follicles (Fig 5B).
When pooled for both mare age and morphology, activated follicles had greater (P < 0.001)
numbers of neighbors per follicle than resting follicles (Fig 5D).

The mean numbers and mean percentages of preantral follicles with 0, 1, 2, >3, or grouped
>1 neighbors according to mare age are shown (Fig 6). In young mares and combined ages, a
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Fig 5. Mean number (+ SEM) of neighbors per preantral follicle according to developmental stage for (A, B) morphology and for (C, D)
combined morphologies (A, C) per age group and (B, D) when ages were combined. ** Within the same developmental stage and
morphology, values without a common superscript differed. ! Within the same morphology when developmental stages were combined, values
without a common superscript differed. ¥ Between developmental stages and when ages were combined, values without a common superscript
differed. No differences (P > 0.05) were observed when ages were combined comparing abnormal resting and activated follicles or between
morphologies when developmental stages were combined. All data were analyzed using the Kruskal-Wallis test followed by Dunn’s test. Comb.,
combined.

https://doi.org/10.1371/journal.pone.0275396.9005

higher (P < 0.05) percentage of follicles with >1 neighbor versus 0 neighbors was observed
(Fig 6D). However, within the old age group, the percentages of follicles with >1 neighbor and
0 neighbors did not differ (P > 0.05). When follicles were analyzed for each developmental
stage (S1 Fig), young mares had higher (P < 0.05) percentages of follicles with >1 neighbor
than 0 neighbors, while no differences (P > 0.05) were observed in combined ages.

Distances between follicle neighbors. The different (P < 0.05) mean distances between
preantral follicle neighbors according to morphology and developmental stage when
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Fig 6. (A, B) Mean numbers (+ SEM) and (C, D) mean percentages (+ SEM) of preantral follicles with (A, C) 0, 1, 2 or >3 and (B, D) 0 or
>1 neighbors according to age group and in combined ages. ** Within the same age group, values without a common superscript differed. No
differences (P > 0.05) were found comparing any of the end points evaluated considering numbers of follicles, percentages of follicles with 0, 1,
2, or >3 neighbors, or within the old age group. All data were analyzed after log,, transformation for non-percentage data or arc sin square root
transformation for percentage data using one-way ANOVA followed by Fisher’s Least Significant Difference test. Comb., combined.

https://doi.org/10.1371/journal.pone.0275396.9006

compared between mare ages, ovarian portions, and ovarian regions are shown (Fig 7).
Regarding the distances between neighboring follicles in young and old mares (Fig 7A),
anchoring abnormal resting follicles were farther (P < 0.01) from abnormal resting neighbors
in young mares. Additionally, when follicles were pooled considering developmental stage,
neighboring abnormal follicles were farther (P < 0.05) from each other in young mares when

compared to old mares.

Moreover, a greater (P < 0.01) distance between neighboring activated normal follicles was
observed in the intermediary portion compared to the lateral portion (Fig 7B). Furthermore,
when follicles were pooled for developmental stage, a greater (P < 0.01) distance was observed
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Fig 7. Illustration of the observed significant differences in mean distance (+ SEM) between pairs of neighboring follicles of particular
morphology and developmental stage considering (A) mare age groups, (B) ovarian portions, and (C) ovarian regions. ** Within the
same follicular morphology and developmental stage between pairs of neighboring follicles, values without a common superscript differed. *¥
Within the same follicular morphology when developmental stages were combined between pairs of neighboring follicles, values without a
common superscript differed. * Indicates tendency (P = 0.06-0.07) within the same follicular morphology and developmental stage between
pairs of neighboring follicles. For the shown data, no differences (P > 0.05) were found within each age group, ovarian portion, or ovarian
region. All data were analyzed using the Kruskal-Wallis test followed by the Dunn’s test. Comb., combined.

https://doi.org/10.1371/journal.pone.0275396.9007

between neighboring normal follicles in the intermediary portion compared to the lateral por-
tion. Additionally, the mean distances between anchoring activated normal follicles and rest-
ing abnormal neighbors in the intermediary portion tended (P = 0.08) to be greater than in the
lateral portion.
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Between the dorsal and ventral regions (Fig 7C), the distances between anchoring activated
abnormal follicles and resting normal neighbors, as well as between anchoring resting normal
follicles and activated abnormal neighbors, were both greater (P < 0.05) in the dorsal region.
Furthermore, the distances between anchoring activated normal follicles with resting abnor-
mal neighbors were greater (P < 0.05) in the ventral region than in the dorsal region. Addi-
tionally, distances between anchoring resting abnormal follicles with resting abnormal
neighbors, as well as between anchoring resting abnormal follicles with activated normal
neighbors, tended to be greater (P = 0.06-0.07) in the ventral region compared to the dorsal
region. No differences (P > 0.05) were observed within each age group (Fig 7A), ovarian por-
tion (Fig 7B), or ovarian region (Fig 7C) for mean distance to neighboring follicles when mor-
phology and developmental stage were considered.

Relative probabilities of activation and odds ratios. Association analyses (relative prob-
abilities of activation and odds ratios) between developmental stage and presence of follicle
neighbors are shown (Table 3). The relative probability of activation (RPA), which compares
the likelihood of an activated follicle to lack or have neighbors, tended (P = 0.09) to be higher
in old mares (1.3 times more likely to lack neighbors) than in young mares (0.9 times more
likely). However, the RPAs considering all individual and paired analyses (i.e., between mor-
phologies, portions, or regions) performed were non-significant (P > 0.05). Overall, consider-
ing the odds of lacking neighbors between resting and activated developmental stages (OR), an
activated follicle had 0.7 times lower (P < 0.0001) odds of lacking neighbors than a resting fol-
licle. Within the young age group, an activated follicle had lower (P < 0.05) odds of lacking
neighbors than a resting follicle; however, no differences (P > 0.05) were observed in the old
age group. Additionally, activated follicles of young mares tended (P < 0.1) to have lower odds
of lacking neighbors than those of old mares. A morphologically normal activated follicle had
lower (P < 0.0001) odds of lacking neighbors than a morphologically normal resting follicle,
while no differences (P > 0.05) were observed for morphologically abnormal follicles. Addi-
tionally, the odds for activated follicles to lack neighbors compared to resting follicles were
lower (P < 0.05) or tended (P = 0.06) to be lower in the intermediary and lateral portions,
respectively. Regarding the dorsal and ventral regions, activated follicles also had lower
(P < 0.05) odds of lacking neighbors than resting follicles in both regions.

Evaluation of preantral follicle clustering

The Morisita indices of clustering (Is) for preantral follicles according to ovarian regions and
portions in each age group are shown (Table 4). Significant clustering patterns (Z > 1.96) were
indicated in all areas of the ovary, regardless of mare age, ovarian portion, or ovarian region
(Is range = 5.1-7.7). Young mares showed more (P < 0.05) follicular clustering than old mares
in the dorsal region, within the lateral portion, but not in the intermediary portion (P > 0.05).
Furthermore, higher (P < 0.05) follicular clustering was observed in the young mares overall.

The ventral region tended (P = 0.06) to have higher clustering than the dorsal region when
ages were combined; however, no differences (P > 0.05) were observed between and within
ovarian portions.

Discussion

The present study documented, for the first time in any livestock species, crowding patterns of
preantral follicles in the ovarian cortex. Furthermore, these crowds were also characterized
according to follicular morphology and location in portions and regions of the ovary for the
first time in any species. The main findings of the present study demonstrated that follicular
clustering is observed in the mare ovary, similar to that of women and mice, and that the
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Table 3. Association analyses between developmental stages and presence of follicle neighbors.

Activated Resting RPA (95% CI) RPA P-value OR (95% CI) OR P-value

Overall 0.8 (0.0-12.3) NS 0.7 (0.6-0.8)
Without neighbors 188 357
With neighbors 1275 1656

Young mares 0.9 (0.1-11.8)" NS 0.8 (0.6-1.0)" *
Without neighbors 165 233
With neighbors 1238 1388

Old mares 1.3 (0.0-67.1) NS 1.3 (0.8-2.4) NS
Without neighbors 23 124
With neighbors 37 268

Normal follicles 0.7 (0.0-11.9) NS 0.6 (0.5-0.8) ek
Without neighbors 110 235
With neighbors 734 956

Abnormal follicles 0.9 (0.1-13.1) NS 0.8 (0.6-1.1) NS
Without neighbors 78 122
With neighbors 541 700

Intermediary portion 0.7 (0.0-10.8) NS 0.6 (0.5-0.8) o
Without neighbors 93 168
With neighbors 705 777

Lateral portion 0.9 (0.0-14.4) NS 0.8 (0.6-1.0) *
Without neighbors 95 189
With neighbors 570 879

Dorsal region 0.8 (0.1-12.5) NS 0.7 (0.6-0.9) *
Without neighbors 127 219
With neighbors 750 955

Ventral region 0.7 (0.0-12.0) NS 0.6 (0.4-0.8) o
Without neighbors 61 138
With neighbors 525 701

RPA, relative probability of activation (number activated follicles / number activated follicles + number resting follicles); OR, odds ratio; CI, confidence interval; NS,
non-significant.

* P <0.05;

** P <0.01;

*** P < 0.001.

*P=0.06.

TRPA (P =0.09) and OR (P = 0.09) between age groups (young vs. old). No differences (P > 0.05) were observed between the RPAs or ORs for any other group (normal
vs. abnormal, intermediary vs. lateral, dorsal vs. ventral).

https://doi.org/10.1371/journal.pone.0275396.t003

degree of clustering depends upon mare age and ovarian location. Additionally, it was shown
that follicles with neighbors (other follicles within a 40 um radius) were overall more likely to
be morphologically normal. Furthermore, young mares were observed to have a higher mean
number of neighbors per follicle than old mares. Finally, it was found that morphologically
normal activated follicles had a higher number of neighbors and increased odds of having
neighbors than normal resting follicles. Altogether, these results provide valuable insight into
the dynamic nature of early preantral follicles in the mare ovary, as well as vital information to
be used for ARTs involving early folliculogenesis.

Considering clustering of preantral follicles using Morisita’s index of clustering, all areas of
the mare ovary indicated clustering, regardless of mare age, ovarian portion, or ovarian region.
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Table 4. Preantral follicle clustering index according to ovarian regions and portions in mares of different ages.

Ovarian region

Dorsal

Dorsal combined
Ventral

Ventral combined
Combined regions

Combined regions and portions

Age group

Young Old Combined ages

Lateral Intermediary Lateral Intermediary Lateral Intermediary

7.1+ 1.6" 55+09 6.2+3.6 72+26 6.8+1.6 6.2+1.1
6.4+1.0 6.7+22 6.5+ 1.0°

7.7+1.5 74+1.0 6.7+2.2 51+1.2 75+1.3 6.6+0.8
7.6+1.0 58+1.2 7.1+0.8

7.5+ 1.1 6.5+0.7 6.4+22 6.2+1.5 72+1.0 64+0.7
7.1£07% 63+13° 6.8+0.6

Preantral follicle clustering was evaluated using Morisita’s index of clustering (Is) with all indices testing positive for clustering (Z > 1.96).

b Within the same ovarian region and portion, values without a common superscript differed (P < 0.05).

AB Within combined ovarian regions and portions, values without a common superscript differed (P < 0.05).

* The dorsal ovarian region tended to differ (P = 0.06) from the ventral ovarian region when ages and ovarian portions were combined. No differences (P > 0.05) were

observed between age groups within the intermediary portion and dorsal region of the ovary, within the ventral region and combined regions, or between portions

when ages were combined. Data were analyzed using the Kruskal-Wallis test.

https://doi.org/10.1371/journal.pone.0275396.t004

Clustering of preantral follicles in the ovary has been documented in both mice [20, 29, 30]
and women [20, 31]. Interestingly, the aforementioned studies reported that follicular cluster-
ing increases with age in both species, perhaps due to expected decreases in follicle density and
regular follicular activity over time [31]. However, in the present study, it was found that clus-
tering decreased with age, a finding that is supported by the fact that in old mares, the spatial
distribution of follicles exhibits a more dispersive pattern [18, 19]. The working hypothesis of
ovarian plasticity, in which preantral follicles are suggested to migrate throughout the ovarian
cortex, postulates that the rigidity of ovarian tissue is a key component of this migration [17].
It has been proposed that primordial follicles may migrate from the more rigid outer regions
of the ovarian cortex to the softer, less rigid regions of the cortex, closer to the ovarian geomet-
ric center, as they initiate and continue development to the primary stage [17-19, 30]. How-
ever, it has been shown in the ovaries of women that levels of substances that contribute to
rigidity and elasticity of the ovarian extracellular matrix (i.e., collagen, elastin, fibrillin) change
as aging progresses [32-34]. Thus, we hypothesize that the age-related decrease in follicular
clustering in the mare is perhaps due to age-related changes in the rigidity of the ovarian tissue.
Furthermore, the different clustering patterns observed in this study may be associated with
the inversion of the ovarian cortical layer observed in the mare. Specifically, a decrease in clus-
tering in older mares was observed in the lateral portion and dorsal region of the ovary. Previ-
ous work by our laboratory showed that the lateral portion and dorsal region, an outer
location of the ovary proposed to be more rigid [17, 30], had a high density of preantral folli-
cles in young mares [19]. It is known that overall collagen levels in the ovary increase and levels
of hyaluronic acid, elastin, and fibrillin decrease with age in mice and women [33, 34], leading
to increased ovarian tissue rigidity; however, it is unknown if this rigidity is homogenous. Per-
haps over time in the mare, age-related increases in ovarian rigidity are heterogenous, with
some areas becoming stiffer and the lateral and dorsal location specifically experiencing signif-
icant decreases in rigidity, leading to decreased follicular clustering in this area.

Additionally, in the present study, preantral follicles tended to cluster more in the ventral
region overall. This finding may be related to the presence of the ovulation fossa in the ventral
region, a place that large antral/preovulatory follicles must continually migrate toward for ovu-
lation to occur in the mare. Perhaps during growth and migration, the preovulatory follicles
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may push clustered preantral follicles in the ventral region closer together. Meanwhile, the
clusters of preantral follicles not deeply located within the ventral region are pushed into the
dorsal region, leading to increased follicular density in the dorsal region [19]. Further studies
that assess clustering and tissue rigidity throughout different times of the estrous cycle, prox-
imity to the ovulation fossa, and in pre-pubertal fillies are appealing to confirm the relation-
ship between tissue rigidity and preantral follicle clustering.

Another novel finding of the current study was that the presence of follicle neighbors and
morphology seem to be linked. Out of all the follicles observed in the study, 82% of primordial
follicles and 87% of transitional follicles had neighbors, with a large majority of these follicles
with neighbors being morphologically normal. Several paracrine factors known to be associ-
ated with follicular activation, including bone morphogenic proteins, PI3K, PDK1, and
mTOR, have also been linked to survivability of primordial follicles [7, 8]. Thus, we hypothe-
size that the presence of neighbors is important not only for proper activation of preantral fol-
licles to grow, but also for maintenance of normal morphology and follicular survivability.
Furthermore, when assessing the distribution of preantral follicles with neighbors across ovar-
ian regions and portions, no differences were observed. These findings suggest that the ten-
dency for increased clustering in the ventral region is due not to paracrine factors but likely to
spatial effects of large antral/preovulatory follicles, as previously hypothesized. Moreover, the
low number of old mares that had preantral follicles with neighbors made analyses of data
from this group alone difficult; therefore, future studies focused on assessing follicle neighbor-
hood patterns in greater numbers of old mares are encouraged.

It was observed that follicles from young mares had more neighbors on average than those
of old mares, regardless of developmental stage or follicular morphology. This result was
expected, as a greater number of follicles in young females is a shared characteristic among
several species (women: [35, 36]; bovine: [37]; equine: [19]; macaques: [38]; deer: [14]; mice:
[39]). Additionally, when age groups were combined, morphologically normal activated folli-
cles had greater numbers of neighbors than normal resting follicles. It has been suggested that
clusters of primordial follicles are activated to develop and migrate together [30], and if any of
these developing follicles become morphologically abnormal, migration stops [19]. Thus, we
hypothesize that follicles that are activated to develop migrate together, closer to the ovarian
geometric center, leading to the increased mean number of neighbors observed in activated
follicles. As these activated follicles converge toward the geometric center, resting follicles are
left with fewer mean neighbors remaining in the more lateral areas of the ovarian cortex. Fur-
thermore, any follicles that become morphologically abnormal will stop migrating, leaving
these follicles more dispersed through the ovarian cortex. Additionally, the higher odds of a
morphologically normal activated follicle to have neighbors supports our finding that normal
activated follicles have more neighbors than normal resting follicles. Interestingly, it has been
suggested that, in mice and women, the number of neighbors decreases as follicles develop
after the early primary stage [20]. Future in vitro studies that assess morphology of activated
follicles in the presence or absence of neighbors, as well as studies that use ovarian biopsy tech-
niques to obtain tissue samples at different distances from the geometric center, are warranted
to continue to test our hypothesis.

To the best of our knowledge, no study to date has assessed preantral follicle clustering as it
relates to ovarian portions/regions and age or evaluated follicular neighborhood patterns
according to age, follicular morphology and developmental stage, and ovarian portions/
regions. Thus, by combining the hypotheses generated using results from the current study,
we propose the following working hypothesis to postulate the mechanisms behind our results.
The mare ovarian cortex may follow a gradient of rigidity, with the outer regions of the cortex
being more rigid than the less rigid ovarian geometric center. This rigidity, along with
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paracrine factors that promote dormancy, keep resting (primordial) follicle clusters in the
outer regions of the ovarian cortex. Some of these resting follicle clusters will be synchronously
activated to develop and begin migrating down the rigidity gradient to the geometric center
while simultaneously prioritizing production of morphology maintenance/atresia resistance
factors over dormancy factors. Nevertheless, several follicles in each migrating cluster will
become morphologically abnormal and be left behind as the normal follicles continue to
develop and migrate to the geometric center. As aging occurs in the mare, rigidity will decrease
markedly in the lateral and dorsal area of the ovary and promote a more dispersed pattern of
preantral follicles in this area in particular, while tissue rigidity around the geometric center
will increase, leading to a more uniform tissue rigidity gradient. Additionally, the cyclic growth
and migration of large antral/preovulatory follicles in the ventral region promotes a slightly
higher pattern of clustering in this region, with clusters deeper being pushed further together
while more outer clusters are pushed into the dorsal region.

In conclusion, the present study reports that follicular clustering does indeed occur in the
mare and that this clustering changes with age and ovarian location. Furthermore, a relation-
ship between normal follicle morphology and the presence of neighbors was discovered, along
with a decreased number of follicle neighbors as a mare ages. Additionally, it was found that
morphologically normal activated follicles were more likely to have neighbors, and that these
follicles had higher numbers of neighbors than normal resting follicles. Altogether, our results
provide further support for ovarian plasticity and age-related changes within the equine ovary,
and our working hypothesis attempts to explain some of the mechanisms behind our results.
These findings have many potential applications not only for ARTs (i.e., targeted ovarian biop-
sies, follicle culture, ovarian tissue supplementation) but also for comparative analysis of mare
ovarian tissue with other species. The findings from the current study could be used to collect
follicle-dense ovarian tissue, such as from the lateral and dorsal area of the young mare ovary,
and perhaps the follicles from this tissue can be cultured to explore if specific conditions (i.e.,
number of follicle neighbors, decreasing media rigidity, etc.) may allow for targeted activation.
If the conditions for maintaining normal, healthy primordial follicles in dormancy or for con-
trolled activation into primary and later follicular stages are met, then the majority population
of preantral follicles could be better utilized for ARTSs and infertility treatments. Future studies
that assess rigidity of equine ovarian tissue and follicular clustering during the estrous cycle
and in pre-pubertal fillies and a high number of old mares are warranted. Furthermore, in-
depth molecular studies assessing differences in paracrine factors produced by resting and
early activated follicle clusters are encouraged to elucidate mechanisms that control preantral
folliculogenesis in the mare.

Supporting information

S1 Fig. Mean percentages (+ SEM) of resting and activated preantral follicles with 0 or >1
neighbors according to age group and in combined ages. *® Within the same age group and
developmental stage, values without a common superscript differed. ™ Statistical analyses could
not be run on the resting follicles within the old age group due to the low number of animals
(n < 2) that had resting follicles. All data were analyzed after arc sin square root transforma-
tion using one-way ANOVA followed by Fisher’s Least Significant Difference test.

(PDF)

S1 Table. Mean percentages (+ SEM) and numbers (+ SEM) of follicles with neighbors
according to mare ages and ovarian locations (portions or regions).
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0275396  October 4, 2022 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275396.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275396.s002
https://doi.org/10.1371/journal.pone.0275396

PLOS ONE

Equine preantral follicle clustering and neighborhood patterns

S1 File.
(XLSX)

Acknowledgments

The authors would also like to thank M.P.B. Linardakis and the Frigorifico Foresta Ltda. abat-
toir for allowing collection of ovaries.

Author Contributions

Conceptualization: Benner G. Alves, Kele A. Alves, Gustavo D. A. Gastal, Eduardo L. Gastal.
Formal analysis: Kendall A. Hyde, Melba O. Gastal, Eduardo L. Gastal.

Funding acquisition: Eduardo L. Gastal.

Investigation: Paula B. Alvarenga, Amanda L. Rezende, Benner G. Alves, Kele A. Alves, Gus-
tavo D. A. Gastal, Eduardo L. Gastal.

Methodology: Benner G. Alves, Kele A. Alves, Eduardo L. Gastal.

Project administration: Benner G. Alves, Kele A. Alves, Melba O. Gastal, Eduardo L. Gastal.
Resources: Eduardo L. Gastal.

Visualization: Kendall A. Hyde, Melba O. Gastal, Eduardo L. Gastal.

Writing - original draft: Kendall A. Hyde, Francisco L. N. Aguiar, Eduardo L. Gastal.

Writing - review & editing: Kendall A. Hyde, Francisco L. N. Aguiar, Gustavo D. A. Gastal,
Eduardo L. Gastal.

References

1. McGee EA, Hsueh AJW. Initial and cyclic recruitment of ovarian follicles. Endocr Rev 2000; 21:200—
214. https://doi.org/10.1210/edrv.21.2.0394 PMID: 10782364

2. Tatone C, Amicarelli F, Carbone MC, Monteleone P, Caserta D, Marci R, et al. Cellular and molecular
aspects of ovarian follicle ageing. Hum Reprod Update 2008; 14:131-142. https://doi.org/10.1093/
humupd/dmm048 PMID: 18239135

3. Carnevale EM. The mare model for follicular maturation and reproductive aging in the woman. Therio-
genology 2008; 69:23-30. https://doi.org/10.1016/j.theriogenology.2007.09.011 PMID: 17976712

4. Aguiar FLN, Gastal GDA, Alves KA, Alves BG, Figueiredo JR, Gastal EL. Supportive techniques to
investigate in vitro culture and cryopreservation efficiencies of equine ovarian tissue: A review. Therio-
genology 2020; 156:296—-309. https://doi.org/10.1016/j.theriogenology.2020.06.043 PMID: 32891985

5. Gastal EL, Aguiar FLN, Gastal GDA, Alves KA, Alves BG, Figueiredo JR. Harvesting, processing, and
evaluation of in vitro-manipulated equine preantral follicles: A review. Theriogenology 2020; 156:283—
295.

6. Benammar A, Derisoud E, Vialard F, Palmer E, Ayoubi JM, Poulain M, et al. The mare: A pertinent
model for human assisted reproductive technologies? Animals (Basel) 2021; 11:2304. https://doi.org/
10.3390/ani11082304 PMID: 34438761

7. Skinner MK. Regulation of primordial follicle assembly and development. Hum Reprod Update 2005;
11:461-471. https://doi.org/10.1093/humupd/dmio20 PMID: 16006439

8. Reddy R, Zhen W, Liu K. Mechanisms maintaining the dormancy and survival of mammalian primordial
follicles. Trends Endocrinol Metab 2010; 21:96—103. https://doi.org/10.1016/j.tem.2009.10.001 PMID:
19913438

9. WangZP, Mu XY, Guo M, Wang YJ, Teng Z, Mao GP, et al. Transforming growth factor-@3 signaling par-
ticipates in the maintenance of the primordial follicle pool in the mouse ovary. J Biol Chem 2014;
289:8299-8311. https://doi.org/10.1074/jbc.M113.532952 PMID: 24515103

PLOS ONE | https://doi.org/10.1371/journal.pone.0275396  October 4, 2022 19/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275396.s003
https://doi.org/10.1210/edrv.21.2.0394
http://www.ncbi.nlm.nih.gov/pubmed/10782364
https://doi.org/10.1093/humupd/dmm048
https://doi.org/10.1093/humupd/dmm048
http://www.ncbi.nlm.nih.gov/pubmed/18239135
https://doi.org/10.1016/j.theriogenology.2007.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17976712
https://doi.org/10.1016/j.theriogenology.2020.06.043
http://www.ncbi.nlm.nih.gov/pubmed/32891985
https://doi.org/10.3390/ani11082304
https://doi.org/10.3390/ani11082304
http://www.ncbi.nlm.nih.gov/pubmed/34438761
https://doi.org/10.1093/humupd/dmi020
http://www.ncbi.nlm.nih.gov/pubmed/16006439
https://doi.org/10.1016/j.tem.2009.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19913438
https://doi.org/10.1074/jbc.M113.532952
http://www.ncbi.nlm.nih.gov/pubmed/24515103
https://doi.org/10.1371/journal.pone.0275396

PLOS ONE

Equine preantral follicle clustering and neighborhood patterns

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.
26.

27.

28.

29.

30.

Alves KA, Alves BG, Gastal GD, de Tarso SG, Gastal MO, Figueiredo JR, et al. The mare model to
study the effects of ovarian dynamics on preantral follicle features. PLoS One 2016; 11:e0149693.
https://doi.org/10.1371/journal.pone.0149693 PMID: 26900687

Kristensen SG, Rasmussen A, Byskov AG, Andersen CY. Isolation of pre-antral follicles from human
ovarian medulla tissue. Hum Reprod 2011; 26:157—-166. https://doi.org/10.1093/humrep/deq318
PMID: 21112953

Silva-Santos KC, Santos GM, Siloto LS, Hertel MF, Andrade ER, Rubin M, et al. Estimate of the popu-
lation of preantral follicles in the ovaries of Bos taurus indicus and Bos taurus taurus cattle. Theriogenol-
ogy 2011; 76:1051-1057. https://doi.org/10.1016/j.theriogenology.2011.05.008 PMID: 21722949

Malki S, Tharp ME, Bortvin AA. A whole-mount approach for accurate quantitative and spatial assess-
ment of fetal oocyte dynamics in mice. Biol Reprod 2015; 93:1-9. https://doi.org/10.1095/biolreprod.
115.132118 PMID: 26423126

Gastal GDA, Hamilton A, Alves BG, de Tarso SGS, Feugang JM, Banz WJ, et al. Ovarian features in
white-tailed deer (Odocoileus virginianus) fawns and does. PLoS One 2017; 12:e0177357. https://doi.
org/10.1371/journal.pone.0177357 PMID: 28542265

Fransolet M, Labied S, Henry L, Masereel MC, Rozet E, Kirschvink N et al. Strategies for using the
sheep ovarian cortex as a model in reproductive medicine. PLoS One 2014; 9:e91073. https://doi.org/
10.1371/journal.pone.0091073 PMID: 24614306

Brandao FAS, Alves BG, Alves KA, Souza SS, Silva YP, Freitas VJF, et al. Laparoscopic ovarian biopsy
pick-up method for goats. Theriogenology 2018; 107:219-225. https://doi.org/10.1016/j.
theriogenology.2017.10.042 PMID: 29179058

Woodruff TK, Shea LD. A new hypothesis regarding ovarian follicle development: Ovarian rigidity as a
regulator of selection and health. J Assist Reprod Genet 2011; 28:3-6. https://doi.org/10.1007/s10815-
010-9478-4 PMID: 20872066

Alves BG, Alves KA, Gastal GDA, Gastal MO, Figueiredo JR, Gastal EL. Spatial distribution of preantral
follicles in the equine ovary. PLoS One 2018; 13:e0198108. https://doi.org/10.1371/journal.pone.
0198108 PMID: 29897931

Hyde KA, Aguiar FLN, Alves BG, Alves KA, Gastal GDA, Gastal MO, et al. Preantral follicle population
and distribution in the horse ovary. Reprod Fertil 2022; 3:90—102. https://doi.org/10.1530/RAF-21-0100
PMID: 35706578

Gaytan F, Morales C, Leon S, Garcia-Galiano D, Roa J, Tena-Sempere M. Crowding and follicular fate:
spatial determinants of follicular reserve and activation of follicular growth in the mammalian ovary.
PLoS One 2015; 10:€0144099. https://doi.org/10.1371/journal.pone.0144099 PMID: 26642206

Haag KT, Magalh&es-Padilha DM, Fonseca GR, Wischral A, Gastal MO, King SS, et al. Quantification,
morphology, and viability of equine preantral follicles obtained via the Biopsy Pick-Up method. Therio-
genology 2013; 79:599-609. https://doi.org/10.1016/j.theriogenology.2012.11.012 PMID: 23260865

Alves KA, Alves BG, Gastal GDA, Haag KT, Gastal MO, Figueiredo JR, et al. Preantral follicle density in
ovarian biopsy fragments and effects of mare age. Reprod Fertil Dev 2017; 29:867-875. https://doi.
org/10.1071/RD15402 PMID: 28442043

Alves KA, Alves BG, Rocha CD, Visonna M, Mohallem RF, Gastal MO, et al. Number and density of
equine preantral follicles in different ovarian histological section thicknesses. Theriogenology 2015;
83:1048-1055. https://doi.org/10.1016/j.theriogenology.2014.12.004 PMID: 25628263

Wang X, Page-McCaw A. A matrix metalloproteinase mediates long-distance attenuation of stem cell
proliferation. J Cell Biol 2014; 206:923-936. https://doi.org/10.1083/jcb.201403084 PMID: 25267296

Morisita M. 18-Index, a measure of dispersion of individuals. Res Popul Ecol (Kyoto). 1962; 4:1-7.

Armstrong RA. Methods of studying the planar distribution of objects in histological sections of brain tis-
sue. J Microsc 2006; 221:153-158. https://doi.org/10.1111/j.1365-2818.2006.01559.x PMID: 16551275

Zhang D, Dong Y, Zhang Y, Su X, Chen T, Zhang Y, et al. Spatial distribution and correlation of adipo-
cytes and mast cells in superficial fascia in rats. Histochem Cell Biol 2019; 152:439-451. https://doi.
org/10.1007/s00418-019-01812-5 PMID: 31549232

Hutcheson K, Lyons NI. A significance test for Morisita’s index of dispersion and the moments when the
population is negative binomial and Poisson. In: McDonald LL, Manly BFJ, Lockwood JA, Logan JA,
editors. Estimation and Analysis of Insect Populations. New York: Springer; 1989. pp. 335-346.

Faire M, Skillern A, Arora R, Nguyen DH, Wang J, Chamberlain C, et al. Follicle dynamics and global
organization in the intact mouse ovary. Dev Biol 2015; 403:69-79. https://doi.org/10.1016/j.ydbio.2015.
04.006 PMID: 25889274

FengY, Cui P, Lu X, Hsueh B, Billig FM, Yanez LZ, et al. CLARITY reveals dynamics of ovarian follicu-
lar architecture and vasculature in three-dimensions. Sci Rep 2017; 7:44810. https://doi.org/10.1038/
srep44810 PMID: 28333125

PLOS ONE | https://doi.org/10.1371/journal.pone.0275396  October 4, 2022 20/21


https://doi.org/10.1371/journal.pone.0149693
http://www.ncbi.nlm.nih.gov/pubmed/26900687
https://doi.org/10.1093/humrep/deq318
http://www.ncbi.nlm.nih.gov/pubmed/21112953
https://doi.org/10.1016/j.theriogenology.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21722949
https://doi.org/10.1095/biolreprod.115.132118
https://doi.org/10.1095/biolreprod.115.132118
http://www.ncbi.nlm.nih.gov/pubmed/26423126
https://doi.org/10.1371/journal.pone.0177357
https://doi.org/10.1371/journal.pone.0177357
http://www.ncbi.nlm.nih.gov/pubmed/28542265
https://doi.org/10.1371/journal.pone.0091073
https://doi.org/10.1371/journal.pone.0091073
http://www.ncbi.nlm.nih.gov/pubmed/24614306
https://doi.org/10.1016/j.theriogenology.2017.10.042
https://doi.org/10.1016/j.theriogenology.2017.10.042
http://www.ncbi.nlm.nih.gov/pubmed/29179058
https://doi.org/10.1007/s10815-010-9478-4
https://doi.org/10.1007/s10815-010-9478-4
http://www.ncbi.nlm.nih.gov/pubmed/20872066
https://doi.org/10.1371/journal.pone.0198108
https://doi.org/10.1371/journal.pone.0198108
http://www.ncbi.nlm.nih.gov/pubmed/29897931
https://doi.org/10.1530/RAF-21-0100
http://www.ncbi.nlm.nih.gov/pubmed/35706578
https://doi.org/10.1371/journal.pone.0144099
http://www.ncbi.nlm.nih.gov/pubmed/26642206
https://doi.org/10.1016/j.theriogenology.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23260865
https://doi.org/10.1071/RD15402
https://doi.org/10.1071/RD15402
http://www.ncbi.nlm.nih.gov/pubmed/28442043
https://doi.org/10.1016/j.theriogenology.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25628263
https://doi.org/10.1083/jcb.201403084
http://www.ncbi.nlm.nih.gov/pubmed/25267296
https://doi.org/10.1111/j.1365-2818.2006.01559.x
http://www.ncbi.nlm.nih.gov/pubmed/16551275
https://doi.org/10.1007/s00418-019-01812-5
https://doi.org/10.1007/s00418-019-01812-5
http://www.ncbi.nlm.nih.gov/pubmed/31549232
https://doi.org/10.1016/j.ydbio.2015.04.006
https://doi.org/10.1016/j.ydbio.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25889274
https://doi.org/10.1038/srep44810
https://doi.org/10.1038/srep44810
http://www.ncbi.nlm.nih.gov/pubmed/28333125
https://doi.org/10.1371/journal.pone.0275396

PLOS ONE

Equine preantral follicle clustering and neighborhood patterns

31.

32.

33.

34.

35.

36.

37.

38.

39.

Schenck A, Vera-Rodriguez M, Greggains G, Davidson B, Fedorcsak P. Spatial and temporal changes
in follicle distribution in the human ovarian cortex. Reprod Biomed Online 2021; 42:375-383. hitps://
doi.org/10.1016/j.rbmo.2020.10.013 PMID: 33309389

Briley SM, Jasti S, McCracken JM, Hornick JE, Fegley B, Pritchard MT, et al. Reproductive age-associ-
ated fibrosis in the stroma of the mammalian ovary. Reproduction 2016; 152:245-260. https://doi.org/
10.1530/REP-16-0129 PMID: 27491879

Ouni E, Bouzin C, Dolmans MM, Marbaix E, Pyr dit Ruys S, Vertommen D, et al. Spatiotemporal
changes in mechanical matrisome components of the human ovary from prepuberty to menopause.
Hum Reprod 2020; 35:1391-1410. https://doi.org/10.1093/humrep/deaa100 PMID: 32539154

Amargant F, Manuel SL, Tu Q, Parkes WS, Rivas F, Zhou LT, et al. Ovarian stiffness increases with
age in the mammalian ovary and depends on collagen and hyaluronan matrices. Aging Cell 2020; 19:
e13259. https://doi.org/10.1111/acel.13259 PMID: 33079460

Gougeon A, Chainy GBN. Morphometric studies of small follicles in ovaries of women at different ages.
J Reprod Fertil 1987; 81:433-442. https://doi.org/10.1530/jrf.0.0810433 PMID: 3430463

Gleicher N, Barad DH. Dehydroepiandrosterone (DHEA) supplementation in diminished ovarian
reserve (DOR). Reprod Biol Endocrinol 2011; 9:67. https://doi.org/10.1186/1477-7827-9-67 PMID:
21586137

Malhi PS, Adams GP, Singh J. Bovine model for the study of reproductive aging in women: Follicular,
luteal, and endocrine characteristics. Biol Reprod 2005; 73:45-53. https://doi.org/10.1095/biolreprod.
104.038745 PMID: 15744017

Nichols SM, Bavister BD, Brenner CA, Didier PJ, Harrison RM, Kubisch HM. Ovarian senescence in the
rhesus monkey (Macaca mulatta). Hum Reprod 2005; 20:79-83. https://doi.org/10.1093/humrep/
deh576 PMID: 15498779

Lliberos C, Liew SH, Zareie P, La Gruta NL, Mansell A, Hutt K. Evaluation of inflammation and follicle
depletion during ovarian ageing in mice. Sci Rep 2021; 11:278. https://doi.org/10.1038/s41598-020-
79488-4 PMID: 33432051

PLOS ONE | https://doi.org/10.1371/journal.pone.0275396  October 4, 2022 21/21


https://doi.org/10.1016/j.rbmo.2020.10.013
https://doi.org/10.1016/j.rbmo.2020.10.013
http://www.ncbi.nlm.nih.gov/pubmed/33309389
https://doi.org/10.1530/REP-16-0129
https://doi.org/10.1530/REP-16-0129
http://www.ncbi.nlm.nih.gov/pubmed/27491879
https://doi.org/10.1093/humrep/deaa100
http://www.ncbi.nlm.nih.gov/pubmed/32539154
https://doi.org/10.1111/acel.13259
http://www.ncbi.nlm.nih.gov/pubmed/33079460
https://doi.org/10.1530/jrf.0.0810433
http://www.ncbi.nlm.nih.gov/pubmed/3430463
https://doi.org/10.1186/1477-7827-9-67
http://www.ncbi.nlm.nih.gov/pubmed/21586137
https://doi.org/10.1095/biolreprod.104.038745
https://doi.org/10.1095/biolreprod.104.038745
http://www.ncbi.nlm.nih.gov/pubmed/15744017
https://doi.org/10.1093/humrep/deh576
https://doi.org/10.1093/humrep/deh576
http://www.ncbi.nlm.nih.gov/pubmed/15498779
https://doi.org/10.1038/s41598-020-79488-4
https://doi.org/10.1038/s41598-020-79488-4
http://www.ncbi.nlm.nih.gov/pubmed/33432051
https://doi.org/10.1371/journal.pone.0275396

	Characterization of preantral follicle clustering and neighborhood patterns in the equine ovary.
	Recommended Citation
	Authors

	Characterization of preantral follicle clustering and neighborhood patterns in the equine ovary

