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Abstract
Purpose This study aims to determine if intra-ovarian injection of bone marrow–derived mesenchymal stem cells (MSCs)
improves or restores ovarian function in aged females.
Methods Prospective randomized study of eight aged mares and six young mares receiving intra-ovarian injection of MSCs or
vehicle. Main outcome measures were antral follicle count and serum anti-Müllerian hormone (AMH) (aged and young mares),
and for aged mares, oocyte meiotic and developmental competence; gross and histological ovarian assessment; evaluation of
presence of chimerism in recovered granulosa cells and in ovarian tissue samples; and gene expression in ovarian tissue as
assessed by RNA sequencing.
Results Injection of MSCs was not associated with significant changes in follicle number, oocyte recovery rate on follicle
aspiration, oocyte maturation rate, or blastocyst rate after ICSI in aged mares, or in changes in follicle number in young mares.
There were no significant changes in peripheral AMH concentrations, indicating a lack of effect on growing follicles.MSC donor
DNAwas not recovered in granulosa cells or in ovarian tissue, indicating lack of persistence of injected MSC. RNA sequencing
revealed significant differences in gene expression between MSC- and vehicle-injected ovaries.
Conclusions Intra-ovarian injection of bonemarrow–derivedMSCs altered gene expression but did not improve ovarian function
in aged mares.
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Introduction

Bone marrow–derived mesenchymal stem cells (MSCs) have
emerged as a key element in regenerative medicine therapies

in many organ systems, due to their ability to aid in repair of
damaged tissue and their potential to treat degenerative dis-
ease [1–6]. The potential of MSCs to affect ovarian function
has been suggested by reports showing an unexpected return
of ovarian activity and fertility in chemotherapy-treated wom-
en who underwent autologous or allogeneic bone marrow
transplantation as a component of their therapy [7–9]. In rats
and mice administered chemotherapy to compromise the ova-
ry, systemic or intra-ovarian injection of MSCs has repeatedly
been shown to enhance ovarian function and restore fertility
[10–13]. The means by which MSC injection improves ovar-
ian function in damaged ovaries is not yet clear. While pres-
ence of transferred MSCs as oocyte-like structures within ap-
parent immature follicles has been suggested [12], in other
studies transplanted cells were not found within follicle-like
structures, but did appear to persist in ovarian stromal tissue
[10, 11]. Thus, it is likely that in these damaged ovaries,MSCs
are affecting function via paracrine factors which help to alle-
viate the effects of the chemotherapeutic agents.
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The success of MSC injection in restoring fertility after
chemotherapy-induced damage has led to interest in applying
MSC injection as a treatment for ovarian failure due to aging in
women. If successful, this procedure would have a potential
impact on millions of women undergoing assisted reproduction
due to age-related infertility. In a case reported by Ali Farid et al.
[14], intra-ovarian injection of peripheral blood mononuclear
cells, which may have some stem-cell-like properties, in a 49-
year-old woman was associated with an increase in anti-
Müllerian hormone (AMH), pregnancy, and a live birth. In a
recent report, Herraiz et al. [15] evaluated antral follicle count
and AMH in poor-responder women after injection of autolo-
gous blood-derived MSCs into the ovarian artery. The authors
reported that at 15 days after injection, the mean total antral
follicle count of the population was significantly higher than that
recorded for one baseline evaluation, whereas concentrations of
AMH varied but were not significantly elevated. Little informa-
tion is available on the effect of MSCs on the aging ovary in
animal models. In one report in aging rats, intravenous injection
of MSCs was associated with an increased number of follicles at
all stages and an increase in serum AMH [16].

The horse mare offers a useful model to explore the effect of
MSCs on the aging ovary, as ovarian dynamics and age-
associated changes in fertility in the mare parallel those in wom-
en. In both mares and women, oocytes are maintained in meiotic
arrest for decades, the cycle length is similar (22 days vs. 28 days,
respectively, both with a 14-day luteal phase), only one follicle
ovulates per cycle, and decreased oocyte quality has been iden-
tified in both species as the main factor in age-related infertility
[17, 18]. In addition, considerable interest exists in the equine
industry to establish pregnancies from older, valuable mares.
Ultrasound-guided transvaginal ovarian puncture is used com-
monly to aspirate follicles for oocyte recovery in mares [19,
20], and this technique can be easily modified to deliver material
to the ovary in the live mare without need for surgery.

To the best of our knowledge, intra-ovarian injections of
MSCs have not been performed previously in a large-animal
model. The objectives of our study were to determine if intra-
ovarian injection of MSCs affects ovarian function or ovarian
gene expression in mares experiencing ovarian failure associated
with aging.

Materials and methods

Animals

Eight aged mares, 20–29 years old, that had not previously
undergone follicle aspiration for oocyte recovery, and six
young mares, 7–12 years old, members of the existing re-
search herd and used previously for oocyte recovery, were
housed in pens with herdmates and had ad libitum access to
hay and fresh water throughout the study. Two yearling mares

were used as MSC donors (donors A and B). All procedures
were approved by the Texas A&M University Institutional
Animal Care and Use Committee (AUP 2012-0237) and were
performed using guidelines set forth by the United States
Government Principles for the Utilization and Care of
Vertebrate Animals Used in Testing, Research and Training.

Experimental design—aged mares

The aged mares were stratified by age and divided randomly
into three treatment groups. The groups were assigned to intra-
ovarian injection with (1) MSCs from donor A (n = 3), (2)
MSCs from donor B (n = 3), or (3) vehicle (V, vehicle injection,
n = 3). The vehicle injected was the medium used for freezing
of MSCs (95% serum, autologous to the mare to receive the
injection, and 5% dimethyl sulfoxide). Onemare in theV group
was euthanized due to neoplasia of the urinary bladder before
intra-ovarian injection was performed, leaving an n = 2 in the V
group. The reproductive tracts of the aged mares were evaluat-
ed by ultrasonography per rectum three times weekly, with
limited exceptions, starting 6 weeks before ovarian injection
and continuing for 14 to 19 weeks after injection. The total
number of follicles > 5 mm diameter in each ovary at each
examination was determined from review of videotapes of the
examinations. Once every 14 days, if five ormore follicles were
present, transvaginal ultrasound-guided follicle aspiration
(TVA) was performed to recover oocytes. Recovered oocytes
were subjected to in vitro maturation (IVM), intracytoplasmic
sperm injection (ICSI), and in vitro culture for evaluation of
meiotic and developmental competence.

Intra-ovarian injections were performed starting 6 weeks
after the beginning of ovarian monitoring. Each mare had
one ovary randomly assigned to be injected. The person
performing the injections was blind as to treatment. In follicle
aspirations performed after MSC injection, the aspirated fluid
from each ovary was filtered separately, and the granulosa
cells from both ovaries were flash-frozen for DNA microsat-
ellite identification to detect chimerism.

The ovaries of all eight aged mares were scheduled to be
removed surgically 14 to 19 weeks after intra-ovarian injec-
tion. Two weeks before ovariectomy, three MSC-injected
mares were randomly selected to receive a second injection
with MSCs, into the same ovary, from the alternate donor to
that used in the first injection. After ovariectomy, the ovaries
were examined for gross and histologic pathology, and five
tissue samples from eachMSC-injected ovary were separately
analyzed for genomic and mitochondrial chimerism. Five ad-
ditional tissue samples from each ovary were pooled for RNA
extraction and sequencing.

Blood was collected from each aged mare weekly for eval-
uation of AMH concentration starting 4 weeks before the ini-
tial intra-ovarian injection and continuing until 2 weeks after
ovariectomy.
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Experimental design—young mares

To determine the effect ofMSC injection on follicle number in
mares with greater ovarian reserve, and to evaluate potential
longer-term effects of MSC injection on follicle number, the
six young mares were stratified by age and divided into (1)
MSCs from donor A (n = 2), (2) MSCs from donor B (n = 2),
or (3) vehicle (V, n = 2). The young mares received intra-
ovarian injection, into one ovary, on one occasion. These
mares had follicle counts obtained three times weekly, with
limited exceptions, starting 7 to 8 weeks before ovarian injec-
tion, and continuing until 6 months after ovarian injection.
Blood for serum AMH determination was collected from
young mares weekly starting 5 weeks before ovarian injection
and then twice weekly for 3 weeks after ovarian injection.

General methods

Bone marrow harvest and MSC characterization

Bone marrow was harvested from sternebral aspirates of the
two 1-year-old donors as previously described [21]. The re-
covered nucleated cells were cultured in standardMSC culture
medium consisting of Dulbecco’s modified Eagle’s medium
(DMEM 1 g/l glucose; Mediatech, Manassas, VA) supple-
mented with 10% fetal bovine serum (FBS; HyClone Inc.,
Logan, UT), 2.5% HEPES buffer (Corning, St. Louis, MO),
1 ng/ml basic fibroblast growth factor (bFGF; Sigma-
Aldrich), and 1% antibiotic–antimycotic (10,000 U penicillin,
10,000 μg/ml streptomycin, 25 μg/ml amphotericin B;
GIBCO; Invitrogen, Carlsbad, CA) at 37 °C in a humidified
atmosphere of 5%CO2 in air. Themediumwas refreshed three
times per week, and cells were passaged at 70% confluence.
For each aspirate, cells from passage 4 were trypsinized,
washed in Dulbecco’s phosphate-buffered saline (DPBS;
BioWhittaker; Lonza, Walkersville, MD), and resuspended
in 95% serum, autologous to the mare to receive the injection,
and 5% dimethyl sulfoxide, at a concentration of 10 ×
106 cells/ml. The suspension was held for 24 h at − 80 °C,
then transferred to liquid nitrogen.

The MSCs were characterized based on the criteria pro-
posed by the International Society for Cellular Therapy [22]
by their ability to adhere to plastic; immunophenotype for
specific surface antigens, i.e., positive for CD44, CD29, and
CD90, negative for CD45 [23], with variable expression of
MHC II [24]; and trilineage differentiation potential.
Antibodies used for immunophenotyping were mouse anti-
horse antibodies to MHC class II (product no. MCS1085PE;
Bio-Rad, Raleigh, NC), CD44 (product no. MCA1082F; Bio-
Rad), CD29 (product no. 6603177; Beckman Coulter, Brea,
CA), CD90 (product no. DG2011; VMRD Inc., Pullman,
Washington), and CD45 (product no. HR-DG2009;
VMRD). The antibodies against MHC II, CD44, and CD29

were fluorescently labeled with fluorescein isothiocyanate
(FITC). The antibodies against CD90 and CD45 were not
labeled with FITC and a secondary goat anti-mouse IgG anti-
body, labeled with phycoerythrin (PE), was used for visuali-
zation. Acquisition of the cell surface marker data was per-
formed using a Becton Dickenson FACS Caliber flow
cytometer using Cell Quest Version 3.3 (BD San Jose, CA).
FITC, PE and 7-AADwere detected using a 488 nm laser with
a 515/30 bandpass filter, 585/42 bandpass filter, and 650 Long
Pass filter, respectively. At least 10,000 live events were col-
lected. Data analysis was performed using FlowJo 9.8 Mac
version (TreeStar Corp., Ashland, OR).

Chondrogenic differentiation was induced as previously de-
scribed [25], using chondrogenesis-induction medium (DMEM
with 4.5 g/l glucose, supplemented with 1% FBS, 2.5% HEPES
buffer, 1% antibiotic-antimycotic (GIBCO), 10 ng/ml
transforming growth factor beta (TGF-β3; Life Technologies),
0.6 μg/ml dexamethasone (Sigma-Aldrich), 50 μg/ml L-ascorbic
acid, 40 μg/ml proline (Sigma-Aldrich), and 1% ITS premix
(VWR)) and pellet formation. On day 21 of culture, pellets were
fixed and paraffin-embedded and histological sections stained
with Toluidine Blue to determine the presence of round
chondrocytes embedded in extracellularmatrix, which stains pur-
ple while fibrous tissue stains blue (Fig. 1a).

Adipogenic differentiation was performed as previously de-
scribed [25]. Briefly, once the MSCs reached 70% confluence,
the medium was exchanged for adipogenic induction medium
consisting of DMEM/F12 supplemented with 3% FBS, 1% an-
tibiotic–antimycotic, 5% rabbit serum (Life Technologies),
33 μM biotin (Sigma-Aldrich), 17 μM/l pantothenate (Sigma-
Aldrich), 1 μM/l insulin (Sigma-Aldrich), 1 μM/l dexametha-
sone, 225 μl isobutylmethylxanthine (Sigma-Aldrich), and
89μl rosiglitazone, and cultured for 72 h. After 72 h, themedium
was exchanged for adipogenic maintenance media (adipogenic
induction medium without isobutylmethylxanthine and
rosiglitazone) for an additional 72 h. Induced cells were stained
with Oil Red O (Sigma-Aldrich) to detect lipid droplets within
the cells, which stain red (Fig. 1b).

Osteogenic differentiation was performed as previously de-
scribed [25]. Briefly, onceMSCs reached 70% confluence, the
medium was exchanged for osteogenic induction medium
consisting of DMEM/F12 supplemented with 10% FBS, 1%
antibiotic–antimycotic, 10 μM/l β-glycerophosphate (Sigma-
Aldrich), 20 nM/l dexamethasone, and 50 μg/ml L-ascorbic
acid. The plates were maintained in culture for 21 days. After
21 days, the plates were stained with 2%Alizarin Red (Sigma-
Aldrich) to identify the presence of calcified extracellular ma-
trix and bone nodules, which stain red (Fig. 1c).

Intra-ovarian injections

For int ra-ovar ian inject ion, 0 .005–0.01 mg/kg
detomidine, 10 mg butorphanol tartrate, and 120 mg
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n-butylscopolammonium bromide were administered to
the mare i.v. MSCs previously cryopreserved in serum

autologous to the mare being injected (10 × 106 cells in
1 ml) were thawed in a 37 °C water bath for 3 min
and divided in four aliquots. Intra-ovarian injection was
performed with the mare standing, using a transvaginal,
ultrasound-guided technique as originally described for
TVA by Brück et al. [26] and modified by Jacobson
et al. [20]. Briefly, the perineum was washed three times
with a povidone-iodine scrub and dried. A 5-mHz curvi-
linear transducer housed in a vaginal probe handle was
introduced through the vulva and vestibule and placed
with the transducer in the anterior fornix of the vagina.
The ovary to be injected was grasped with the gloved
hand per rectum and pulled toward the intravaginal trans-
ducer. An 18-G × 60-cm single-lumen transvaginal needle
was passed through the vaginal wall into the ovarian stro-
ma and one aliquot of cell suspension was gently
expressed through tubing connected to the needle, follow-
ed by phosphate-buffered saline to flush the tubing, as the
needle was slowly withdrawn from the ovary. This proce-
dure was performed in four different, random locations per
ovary, avoiding large follicles or visible luteal structures
and passing the needle deeply (through more than half of
the ovary thickness) into the ovarian stroma before infus-
ing the cell suspension. After both ovaries were injected,
the mares received 500 mg flunixin meglumine and
6.6 mg/kg gentamicin i.v., and 22,000 U/kg penicillin G
procaine i.m. Temperature, pulse, and respiration rates
were evaluated daily for 7 days after injection. The via-
bility of cells remaining in the vial, as determined by
propidium iodide and fluorescein diacetate staining, was
> 80% for all samples.

Aspiration of follicles for oocyte recovery

Ultrasound-guided TVA of all immature follicles ≥ 8 mm in di-
ameter was performed as described above for intra-ovarian injec-
tion, but with the modification that when the ovary was visual-
ized on the ultrasound screen, a 12-G × 60-cm double-lumen
oocyte aspiration needle (Cook Veterinary Products, New
Buffalo, MI) was advanced through the cranial vaginal wall
and into the ovary. Each visible follicle was aspirated and flushed
six times with M199 with Hank’s salts and 25 mM HEPES
(GIBCO) containing 0.4% FBS (GIBCO), 8 IU/ml heparin
(Sigma-Aldrich), and 25 μg/ml gentamicin (GIBCO). After
TVA was completed, each mare was administered 500 mg
flunixin meglumine i.v. Recovered follicular aspirates were fil-
tered through an embryo filter (EmCon filter; Immuno Systems,
Inc., Spring Valley, WI) and cumulus–oocyte complexes were
located using a dissection microscope. In aged mares after MSC
injection, the aspirate from each ovary was filtered separately,
and the granulosa cells from the aspirates were flash-frozen for
genotyping of nuclear microsatellite markers and mitochondrial
DNA sequencing as described below.

Fig. 1 Trilineage differentiation of MSCs. a Chondrogenic pellet stained
with Toluidine Blue showing cartilaginous extracellular matrix (purple)
and fibrous tissue (blue), scale bar = 100 μm. b Adipogenic
differentiation showing fat cells (red) stained with Oil Red O, scale
bar = 200 μm. c Osteogenic differentiation showing calcified
extracellular matrix and bone nodules (red) stained with 2% Alizarin
Red, scale bar = 500 μm
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In vitro maturation and intracytoplasmic sperm injection
of recovered oocytes

Recovered oocytes werematured in vitro as previously described
[27]. Briefly, oocytes were held overnight [28] then transferred to
maturation medium (M199 with Earle’s salts, 5 mU/ml FSH
(Sioux Biochemicals, Sioux Center, IA), 10% FBS, and
25 μg/ml gentamicin) and cultured for 24–30 h at 38.2 °C in a
humidified atmosphere of 5% CO2 in air. After the maturation
period, oocytes were denuded of cumulus and oocytes with an
intact membrane and a polar body underwent ICSI.

Intracytoplasmic sperm injection was performed as previ-
ously described [27] using a piezo drill. Presumptive zygotes
were cultured in a commercial human embryo culture medium
(GB; Global medium, LifeGlobal, Guilford, CT) supplement-
ed with 10% FBS at 6% CO2, 5%O2, and 89% N2 at 38.2 °C.
Medium was changed to GB with 20 mM added glucose at
day 5 [27]. Embryos were evaluated on days 7 to 10 of culture
for blastocyst development.

Ovariectomy and ovarian tissue processing

Ovariectomy via colpotomy was performed in the standing
mare, under sedation with or without epidural analgesia, as
previously described [29]. The recovered ovaries were exam-
ined for gross pathology both initially and after sagittal bisec-
tion. Tissue samples (four per ovary) were fixed for histolog-
ical evaluation; sections were stained with periodic acid-Schiff
(PAS) and hematoxylin (H&E) [30] and evaluated by a board-
certified veterinary pathologist at the Texas A&M Veterinary
Medical Diagnostic Laboratory. Additional 2-mm3 tissue frag-
ments from random areas of the ovary, avoiding visible folli-
cles or luteal structures, were obtained for DNA analysis (five
per ovary, separate) and RNA extraction (five per ovary,
pooled). Tissue fragments and granulosa cells from TVA as-
pirates were genotyped separately for microsatellite markers at
the Veterinary Genetics Laboratory at the University of
California using loci for one sex-associated gene (AME),
one X-linked marker (LEX3), and 16 microsatellite identifi-
cation markers [31]. Mitochondrial haplotype was evaluated
by sequencing a 744-bp fragment of mtDNA spanning bases
15,382 through 16,125 of the hypervariable region of the D-
loop between tRNAPro and the large conserved sequence
block [32]. Findings were compared to genotyping results
on analysis of hair root samples from the MSC donors, to
detect genomic or mitochondrial chimerism indicating the
presence of the transferred allogeneic cells.

RNA isolation and sequencing

Samples for RNA isolation were obtained by combining the
five tissue sections from each ovary, providing one combined
sample for each ovary. The ovarian tissues were pulverized

with a biopulverizer (Cole-Parmer, Vernon Hills, IL) and
RNA was extracted using a guanidinium thiocyanate–phe-
nol–chloroform protocol (TRIzol Reagent ; Li fe
Technologies; Invitrogen) following the manufacturer’s in-
structions. Samples were processed with a final silica-gel
spin-column cleanup. Quantitative and qualitative parameters
of the RNA preparations were assessed using a Qubit 2.0
fluorometer (ThermoFisher; Invitrogen, Carlsbad, CA) and
an Agilent RNA ScreenTape 2200 assay (Agilent
Technologies, Santa Clara, CA). The qualitative parameter
evaluated was RNA integrity as measured by the RNA integ-
rity number (RIN) and the 28S/18S ribosomal RNA (rRNA)
ratio. Samples with RNA integrity number ≥ 7 and a 28S/18S
ratio ≥ 2 were considered of adequate quality for sequencing.

Isolated RNA samples were sequenced by the Texas A&M
AgriLife Genomics and Bioinformatics core for generation of
RNA-Sequencing (RNA-Seq) libraries and for RNA-Seq re-
actions. RNA-Seq libraries were generated using the TruSeq
RNA preparation kit (Illumina) with a polyA selection step;
polyA mRNA was fragmented and reverse-transcribed to
cDNA for sequencing. The samples were sequenced (50-ba-
se-pair, single-end sequencing) on eight sequencing lanes of a
HiSeq 2500 (Illumina). The raw data from the RNA-Seq re-
actions was processed by the Texas A&M Institute for
Genome Sciences and Society (TIGSS). Briefly, a total of
1.36 billion reads were checked to trim any adapter sequences
and low-quality bases using Trimmomatic [33], resulting in
approximately 1.31 billion filtered reads (96%) out of which a
total of 1.18 billion filtered reads (approximately 87%)
mapped to the equCab2 genome assembly. Read mapping
was performed using HISAT version 2.0.5 [34]. HTSeq [35]
was used to generate raw read counts per gene using
intersection-nonempty parameters to account for ambiguous
read mappings. Differential gene expression tests were then
performed using DESeq2 [36], following recommended
guidelines. The differential expression between conditions
was determined by the use of negative binomial generalized
linear models.

Biological pathway analysis was performed using the
Ingenuity Pathway Analysis toolkit (QIAGEN, Venlo,
Netherlands; www.ingenuity.com Application Build
261,899, Content Version 18030641).

Serum AMH analysis

Collected serum was submitted to the Clinical Endocrinology
Laboratory at the University of California for evaluation of
AMH concentration.

Statistical analysis

A potential difference in follicle numbers in the injected ovary
relative to the mare’s non-injected ovary was evaluated using
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Fig. 2 Total antral follicle counts and serumAMH concentrations in aged
mares undergoing intra-ovarian injection with MSCs (n = 6) or vehicle
(V, n = 2). Follicle numbers were those recorded during videotaping of
ultrasound examinations, performed three times weekly with limited
exceptions. a Antral follicle counts in individual aged mares for the
injected (inj) vs. non-injected (opp) ovaries, relative to date of intra-
ovarian injection. Dashed lines represent values for V mares. There
were no significant differences in follicle count between ovaries. b
Total antral follicle counts for individual aged mares relative to date of
intra-ovarian injection. Dashed lines represent values for V mares. There

was no significant difference in antral follicle count among the Pre-
treatment (8 weeks before injection), Treatment (4 weeks after
injection), and Post-treatment (8 weeks after the Treatment period)
periods. A line is drawn at the level of five follicles, the minimum
required for conducting follicle aspiration. c AMH concentrations in
aged mares relative to the date of injection; the same color line
represents the same mare as in (b). Samples were taken once weekly.
Dashed lines represent values for V mares. Arrowheads: dates when
ovariectomies were performed. There were no significant differences in
AMH concentration relative to Treatment period
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Bayesian modeling inWinBUGS 1.4.3. Ovary-specific follicle
counts were modeled separately as Poisson distributions; the
Poisson parameters were modeled as a function of the expected
follicle count, with a within-mare, ovary-specific random ef-
fect and a treatment effect. The 8-week period before injection
(the initial injection, for those mares injected again before
ovariectomy) was considered the BPre-treatment^ period, the
4-week period following injection was considered the
BTreatment^ period, and the 8-week period following the
Treatment period was considered the BPost-treatment^ period.
The number of follicles on the injected ovary was then com-
pared within mare group (MSC or V) among treatment pe-
riods. Bayesian models were also implemented to evaluate
AMH concentrations in relation to treatment. The P value used
for the Bayesian models was the posterior predictive P value
[37]. A critical value of P < 0.05 was selected.

The oocyte recovery rate (oocytes recovered per follicle
aspirated on TVA), proportion of oocytes reaching metaphase
II in culture, and the proportion of oocytes developing to blas-
tocyst after ICSI were compared among treatment periods
within mare group using χ2 analysis, with Fisher’s exact test
used when a value < 5 was expected for any parameter.
Comparisons with a P < 0.05 were considered significant.

Results

Mare health and ovarian status

All 12 mares receiving intra-ovarian injections completed
the study. Intra-ovarian injections of allogeneic MSCs
(n = 10) or vehicle (n = 4) in aged or young mares were

Table 1 Parameters for mares
undergoing intra-ovarian
injection of mesenchymal stem
cells or vehicle during the Pre-
treatment, Treatment, and Post-
treatment periods

Parameter Mare group Pre-treatment Treatment Post-treatment

Follicle number per mare MSC 2.8 (1, 4) 1.7 (1, 3) 2.3 (1, 4)

V 1.9 (1, 2) 1.8 (1, 3) 2.0

MSC-Y 4.1 (2, 7) 4.8 (2, 7) 4.1 (2, 6)

V-Y 2.8 (1, 4.25) 1.8 (1, 3) 2.4 (1, 4)

Oocyte recovery MSC 56.1% (64/114) 43.5% (10/23) 59.5% (25/42)

V 62.9% (17/27) 45.5% (5/11) 43.7% (7/16)

Maturation to MII MSC 57.80% (37/64) 50% (5/10) 60% (15/25)

V 58.80% (10/17) 60% (3/5) 85.7% (6/7)

Blastocyst development MSC 29.7% (11/37) 40%(2/5) 13.3% (2/15)

V 0% (0/10) 0% (0/3) 0% (0/6)

Follicle numbers are for the injected ovary only and are expressed as mean (lower 2.5% and upper 97.5% limits).
There were no significant differences in follicle number or in oocyte recovery, maturation, or blastocyst rates in
either MSC-injected or vehicle-injected mares among periods, or between MSC-injected and vehicle-injected
mares within period (P > 0.05)

MSC, aged mares receiving MSC injection (n = 6); V, aged mares receiving vehicle injection (n = 2); MSC-Y,
young mares receiving MSC injection (n = 4); V-Y, young mares receiving vehicle injection (n = 2); Pre-treat-
ment, the 8-week period before injection; Treatment, the 4-week period following injection; Post-treatment, the 8-
week period following the Treatment period

Fig. 3 Total antral follicle counts in young mares undergoing intra-
ovarian injection with MSCs (n = 4) or vehicle (V, n = 2). Follicle
numbers were those recorded during videotaping of ultrasound
examinations, performed three times weekly with limited exceptions.
There was no significant difference in antral follicle count among the

Pre-treatment (8 weeks before injection), Treatment (4 weeks after
injection), and Post-treatment (8 weeks after the Treatment period)
periods, nor over the remainder of the examination period (6months from
injection). Dashed lines represent values for V mares
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not associated with any observable signs of discomfort or
systemic illness. Temperature, pulse, and respiration rates

were within normal limits for the 7-day period in which
they were evaluated after injection. All the mares
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continued to appear bright, alert, responsive, and in good
health for the duration of the study.

Gross examination of the ovaries of the aged mares after
ovariectomy revealed an abscess in the ovary of one of the
mares. This mare had received two intra-ovarian MSC injec-
tions into the ovary in question and had undergone a total of
six TVA procedures. The remainder of the ovaries showed no
gross pathology. Histopathologic examination of the aged ma-
re ovaries revealed small areas of granulation tissue in ovaries
in all categories (MSC-injected, vehicle-injected, and non-
injected), and this was considered by the pathologist to be of
no clinical significance.

Characterization and phenotypic analysis of donor
MSCs

The MSCs isolated and used for intra-ovarian injections
showed evidence of differentiation to chondrogenic,
adipogenic, and osteogenic cell lineages when cultured in ap-
propriate conditions, as seen by the presence of cartilaginous
extracellular matrix, intracytoplasmic lipid droplets, and cal-
cified extracellular matrix, respectively (Fig. 1) [25].
Immunophenotypic analysis of MSCs at passage 3 by flow
cytometry revealed that MSCs from both donors had a high
expression of CD29 (> 99%) and CD90 (58.5–69.7%)
markers, and low expression of CD44 (10.2–18.1%), CD45
(0.3–1.5%), and MHC II (1.7–5.2%) markers.

Antral follicle count

Of the eight aged mares, four mares (ages 20, 24, 20, and
20 years) consistently had follicular activity as defined by
the presence of antral follicles visible on ultrasonographic
examinations; the other four mares (ages 22, 23, 29, and
29 years, comprising three mares receiving MSC injection

and one mare receiving vehicle injection) had no visible
follicles throughout the study. TVA was performed on
eight occasions (three mares) after injection of aged
mares. At all other 14-day evaluations in aged mares,
there were insufficient follicles present (fewer than five
follicles with a diameter > 8 mm) and TVA was not
performed.

There were no significant differences in any parameter
associated with the different MSC donors, thus mares
injected with cells from either donor were grouped as
BMSC mares.^ For both old and young MSC mares, the
number of follicles present did not differ significantly be-
tween MSC-injected and non-injected (MSC-opp) ovaries
within mare throughout the study (Fig. 2a). There was
also no difference in follicle count between injected and
non-injected (V-opp) ovaries in the V mares. Within
group, there were no significant differences in the total
number of ovarian follicles among the Pre-treatment,
Treatment, and Post-treatment periods for either aged or
young mares (Table 1; Figs. 2b and 3). Aged mares
tended to have fewer occasions on which they had five
or more follicles, and thus had TVA performed on the
scheduled day, after MSC injection (15.6% of scheduled
TVA times vs. 30.6% of scheduled TVA times before
injection; Fig. 2b). This was not evident in the V mares
(27% vs. 22%, respectively).

Follicle numbers in the young mares continued to be
assessed three times weekly for 4 months after the Post-
treatment period (i.e., for 6 months after injection). The
number of follicles did not change significantly during
this time (Fig. 3). While this duration led to assessment
during different seasons and the mare is a seasonal breed-
er, we have previously shown that there is no seasonal
effect on the number of antral follicles > 5 mm diameter
in mare ovaries [38].

Oocyte recovery, maturation, and blastocyst
formation

In aged mares, there was no difference in oocyte recovery rate
between theMSC-injected and vehicle-injectedmareswithin any
period (Table 1). The overall oocyte recovery rate was 55.3%
(99/179) in aged MSC mares and 53.7% (29/54) in aged V
mares. There were also no significant differences between pe-
riods within group in oocyte recovery, maturation, or blastocyst
rates for either aged MSC or aged V mares (Table 1). Within the
two aged V mares, no blastocysts were obtained from a total of
10 injected oocytes in the Pre-treatment period or from 9 injected
oocytes in the periods after treatment, whereas inMSCmares the
blastocyst development was 11/37 (29.7%) in the Pre-treatment
and 4/20 (20%) in the Treatment and Post-treatment periods,
combined. This different between groups was not significant.

�Fig. 4 a Heat map of ovarian gene expression showing clustering of
treatment groups. MSC1, ovaries of aged mares receiving intra-ovarian
injection of MSC on one occasion 14 to 19 weeks before ovariectomy
(n = 3); MSC2, ovaries of aged mares receiving an injection as forMSC1,
then a second intra-ovarian injection ofMSC 2weeks before ovariectomy
(n = 3); V, ovaries of aged mares receiving one intra-ovarian injection of
vehicle 14 to 19 weeks before ovariectomy (n = 2); opp, the opposite
(contralateral) ovaries of these mares. b Volcano plot of upregulated
and downregulated genes in MSC1 ovaries compared to V ovaries.
There were 57 upregulated genes and 36 downregulated genes. The 10
most differentially regulated genes are given in the figure:KRT (keratin 5,
14, and 17); PRLR (prolactin receptor); TSGA10 (testis specific 10);
HIST2H2BE (histone cluster 2 H2B family member e). Unknown gene
products are designated by BUK.^ c Volcano plot of upregulated and
downregulated genes in MSC2 ovaries compared to MSC1 ovaries.
There were 200 upregulated genes and 61 downregulated genes. The 10
most differentially regulated genes are given in the figure: TAC1
(tachykinin precursor); MS4A7 (membrane spanning 4-domains A7);
SLAMF9 (SLAM family member 9); PDE6A (phosphodiesterase 6A);
IRF8 (interferon regulatory factor 8)
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Microsatellite analysis

The MSC donor fillies had distinguishable microsatellite and
mtDNA sequences. No genomic chimerism and nomitochondri-
al chimerism was detected in the 16 TVA granulosa cell samples
analyzed. Separate genetic analysis of the five fragments from
each of the six ovaries of aged mares injected with MSCs and of
the six contralateral (non-injected) ovaries of these same mares
revealed no genomic or mitochondrial chimerism in any
fragment.

Serum AMH

There was no significant difference in AMH among periods in
either age group. The AMH values were reflective of follicle
activity in the mares, in that the aged mares with no ovarian
activity had basal AMH concentrations throughout the study,
and AMH values for mares with follicle activity fell precipi-
tously after ovariectomy (Fig. 2c).

Gene expression

For gene expression analysis, MSC ovaries were grouped into
those mares receiving only one MSC injection (MSC1) and
mares which received a secondMSC injection 2 weeks before
ovariectomy (MSC2). MSC and V mare ovaries were also
grouped by whether the ovary had received the injection, or
was the contralateral ovary, which had not received injec-
tion(s) (opp). Heatmap analysis of ovarian gene expression
in the six treatment conditions showed clear separation and
clustering between VandMSCmares (Fig. 4a). There were 93
differentially-expressed genes, with 57 upregulated and 36
downregulated, inMSC1 ovaries compared to Vovaries; these
two groups shared 1270 genes in common (Fig. 4b). The 20
most highly differentially regulated genes betweenMSC1 and
Vovaries are presented individually in Table 2.

Interestingly, comparison of MSC1 versus MSC2 ovaries,
reflecting ovaries injected only once, 14 to 19 weeks previ-
ously versus ovaries receiving both the initial injection and a
second injection 2 weeks before ovariectomy, showed a great-
er number of differentially expressed genes (261) than did the
above comparison, with 200 upregulated and 61 downregu-
lated genes in MSC2 ovaries as compared to MSC1 (Fig. 4c).
These two groups shared 1618 genes in common. The 20most
highly regulated genes between MSC2 and MSC1 ovaries are
presented individually in Table 2.

All of the differentially expressed genes identified for each
of the comparisons above, plus those for MSC1opp versus
Vopp, are presented in Supplementary Tables S1–S3. Other
comparisons were reviewed to detect any pronounced differ-
ences in gene expression; the most prominent was TAC1
(tachykinin precursor). This gene, which was the most highly
upregulated gene in MSC2 ovaries versus MSC1 ovaries

(Table 2), was also the most highly upregulated gene in
MSC2 ovaries versus V ovaries (3.99, 1.81E−15; log2FC, P
value, respectively), and in MSC2opp versus Vopp ovaries
(3.70, 1.72E−13).

Discussion

To the best of our knowledge, this represents the first report of
intra-ovarian injection of MSCs in a large animal model.
Evaluation of the results from this study suggests that intra-
ovarian injections of allogeneic MSCs are safe to perform in
mares, as no systemic or ovarian effects were seen, with the
exception that one mare developed an ovarian abscess. The
direct cause of the abscess (whether from TVA or from MSC
injection) could not be determined; a low incidence of ovarian
abscess formation (~ 1 in 400 procedures) has been previously
reported after TVA in mares [39]. Oocyte recovery, matura-
tion, and blastocyst development rates remained unchanged in
the treated mares following MSC injections, suggesting no
detrimental effect on ovarian function.

Under the conditions of this study, there was no significant
effect of MSC injection on follicle number in either aged or
young mares. We followed follicle number in young mares to
6 months after injection to evaluate potential effects on pri-
mordial follicle development. It should be noted that follicle
counts were obtained in mares undergoing follicle aspiration
every 14 days; however, this interval has been previously
shown not to affect antral follicle count at the time of TVA
[40]. Follicle count may potentially have been affected by the
fact that mares with fewer than five follicles at the scheduled
time for follicle aspiration did not undergo TVA. The observed
lack of effect of MSC on follicle number contrasts with the
repeatable improvement in ovarian function after MSC treat-
ment, by both intravenous and intra-ovarian injection, report-
ed in laboratory animal species in females in which ovaries
have been compromised by chemotherapy [10–13, 41, 42]. It
is possible that rodent and rabbit ovaries react differently to
MSCs than do equine ovaries [10, 13], or that MSCs have a
different effect on chemotherapy-treated ovaries than on aged
ovaries. This latter possibility could be related to the finding
that it may be necessary to induce injury to tissues to clear the
target tissue’s cell niches in order to enable engraftment of
donor stem cells [43]. It is possible that chemotherapy causes
injury to the ovarian tissue that allows MSC engraftment in
functional niches, whereas injection ofMSCs in an intact aged
ovary does not support MSC engraftment. Lack of engraft-
ment was demonstrated by the absence of detected chimerism
in the ovaries of the MSC-injected aged mares, including ova-
ries undergoing a secondMSC injection 2 weeks before ovari-
ectomy. This lack of MSC persistence has been shown previ-
ously in other tissues [44, 45]. We evaluated both autosomal
microsatellite markers and mitochondrial sequence to detect
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Table 2 The 20 most
differentially expressed genes
identified by DESeq2 in MSC1
ovaries compared to vehicle-
injected ovaries and in MSC2
ovaries compared to MSC1
ovaries

Gene symbol Log2FC P value Gene description

MSC1 vs. V

KRT5 − 1.55 5.70E−05 keratin 5

KRT14 − 1.76 5.80E−05 keratin 14

KRT17 − 1.68 2.47E−04 keratin 17

PRLR − 1.57 1.72E−03 prolactin receptor

TSGA10 1.10 2.24E−03 testis specific 10

HIST2H2-
BE

− 1.21 2.53E−03 histone cluster 2 H2B family member e

CNTN5 1.40 2.55E−03 contactin 5

CISH − 1.43 3.03E−03 cytokine inducible SH2 containing protein

ASB15 − 1.48 3.42E−03 Ankyrin repeat and SOCS box containing 15

DCST2 1.42 4.59E−03 DC-STAMP domain containing 2

RASSF9 1.07 4.98E−03 Ras association domain family member 9

RNF17 − 1.41 5.39E−03 ring finger protein 17

EPS8L3 1.26 6.71E−03 EPS8 like 3

MSLN 1.37 6.76E−03 mesothelin

ERBB4 1.34 7.10E−03 erb-b2 receptor tyrosine kinase 4

SLC4A9 1.32 7.66E−03 solute carrier family 4 member 9

ADCY1 − 1.17 9.33E−03 adenyl cyclase 1

TLR1 1.09 1.14E−02 toll like receptor 1

IL33 1.25 1.16E−02 interleukin 33

ACVR1C 1.26 1.20E−02 activin A receptor type 1C

MSC2 vs. MSC1

TAC1 4.36 7.79E−18 tachykinin precursor

MS4A7 1.80 4.52E−05 membrane spanning 4-domains A7

SLAMF9 2.01 6.82E−05 SLAM family member 9

PDE6A 1.84 7.89E−05 phosphodiesterase 6A

IRF8 1.49 3.00E−04 interferon regulatory factor 8

LGALS4 − 1.80 4.12E−04 galectin 4

SIGLEC1 1.38 6.34E−04 sialic acid binding IG like lectin 1

PLD4 1.48 6.53E−04 phospholipase D family member 4

LAT2 1.20 7.23E−04 linker for activation of T-cells family member

GPR31 1.45 8.08E−04 G protein-coupled receptor 31

VAV1 1.44 8.60E−04 vav guanine nucleotide exchange factor 1

CD300LB 1.69 8.95E−04 CD300 molecule like family member b

CD163 1.52 9.80E−04 CD163 molecule

RHBG 1.63 1.08E−03 Rh family B glycoprotein (gene/pseudogene)

GPR151 1.22 1.19E-03 G protein-coupled receptor 151

CD86 1.47 1.23E-03 CD86 molecule

CRADD −1.05 1.30E-03 CASP2 and RIPK1 domain containing adaptor with death domain

SLAMF7 1.58 1.32E-03 SLAM family member 7

RASSF9 −1.13 1.40E-03 Ras association domain family member 9

CYBB 1.50 1.51E-03 cytochrome b-245 beta chain

FC, fold change; MSC1, aged mares receiving intra-ovarian injection of MSC on one occasion 14 to 19 weeks
before ovariectomy (n = 3); MSC2, aged mares receiving an injection as for MSC1, then a second intra-ovarian
injection of MSC 2 weeks before ovariectomy (n = 3); V, aged mares receiving one intra-ovarian injection of
vehicle 14 to 19 weeks before ovariectomy
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MSC chimerism, as it has been suggested that mitochondria
from injected MSCs may be transferred to host cells [46].

The lack of follicular response to MSC treatment is sup-
ported by peripheral AMH concentrations, which were also
not affected by MSC treatment. Concentrations of AMH are
closely related to the total number of antral follicles present
on the ovaries in mares, as in women [47]. Herraiz et al.
[15] similarly reported no consistent pattern in total antral
follicle count or AMH concentration after injection of au-
tologous, blood-derived MSC in women. However, in that
study, the authors reported that mean total antral follicle
count was significantly increased at 15 days after injection,
compared to a single baseline value taken before treatment.
If valid, the rapid nature of this response suggests an effect
of MSC injection on existing tertiary follicles, rather than
stimulation of primordial or growing primary or secondary
follicles. We did not find a similar effect on antral follicle
count in either young or aged mares.

Injection of MSCs did significantly affect ovarian gene ex-
pression, in comparison to injection of vehicle, in our study.
Because engraftment appeared not to have occurred, even in
ovaries evaluated only 2 weeks after MSC injection (MSC2
mares), themost likely cause of this difference in gene expression
is a paracrine/endocrine effect of the injected cells within the first
2 weeks after injection. One of the 20 most upregulated genes in
MSC1 ovaries versus Vovaries was testis specific 10 (TSGA10).
TSGA10 was once considered testis-restricted, but has since
been shown to be expressed in normal tissues, including undif-
ferentiated embryonic stem cells [48], and in a wide range of
neoplasms, including ovarian cancer [49]. A search of the GEO
Profiles database [50] in October 2018 revealed that TSGA10
has been identified in fetal and newborn ovaries, and in follicular
cells from polycystic ovaries (GEO accessions GDS2719 [51];
GDS3841, [52]). In the testis, TSGA10 has been used as a mark-
er of active spermatogenesis in vivo and in vitro [53]. In cancer
cells, TSGA10may be involved in angiogenesis, cell growth and
division, motility, and migration [54]. The increased expression
of TSGA10 seen in our study appears to be a paracrine effect of
MSCs, as it was not seen in the non-injected contralateral ovaries.
To the best of our knowledge, this is the first report of TSGA10
expression in the normal adult ovary.

RASSF9 (Ras-association domain family member 9) was
upregulated in MSC1 ovaries compared to both Vand MSC2
ovaries. RASSF genes encode proteins associated with mem-
brane trafficking, apoptosis, and proliferation [55], and
Rassf9-deficient mice exhibit signs of premature senescence
[56]. Upregulation of RASSF9 in MSC1 ovaries suggests an
anti-senescence effect of MSC injection.

One of the most striking findings on evaluation of gene ex-
pression in MSC2 and MSC2opp ovaries was the expression of
tachykinin precursor (TAC1). Expression of this gene was highly
significantly upregulated in MSC2 compared to both MSC1
(P = 7.79E−18) and V (P = 1.81E−15), and in MSC2opp

compared to Vopp (P = 1.72E−13). TAC1 encodes four neurally
active gene products, including substance P, a well-known me-
diator of response to inflammation and injury [57]. Substance P
also stimulates cell growth, including proliferation of bone mar-
row cells, lymphocytes, and endothelial cells, and promotes an-
giogenesis [58]. The fact that TAC1 was upregulated in both the
MSC2 and MSC2opp ovaries suggests that this is either a sys-
temic effect or thatMSCsmigrated to the contralateral ovary and
induced local paracrine effects. Interestingly, CRADD was sig-
nificantly downregulated in MSC2 compared to MSC1.
CRADD encodes a protein containing a death domain motif
which recruits caspase 2/ICH1 to the cell death signal transduc-
tion complex to promote apoptosis [59], indicating an acute anti-
apoptotic effect of MSC injection. In general, ovaries that had
been injected a second time 2 weeks prior to ovariectomy
(MSC2) had upregulation of genes involved in immune re-
sponses, and downregulation of genes involved in apoptosis, in
comparison to ovaries that had been injected only once, 14 to
19 weeks before ovariectomy (MSC1; Supplementary
Table S3). This reflects either an acute effect of MSC injection
or an effect of a second exposure to MSCs. Inflammatory reac-
tion to foreign antigens (associated with fetal bovine serum used
during cell culture), and possibly to allogeneic cells, after a sec-
ond intra-articular injection of MSCs has recently been reported
[60]. Because of the potential for antigenic response, it is possi-
ble that use of allogeneic MSCs conveys less of a benefit than
would use of autologous cells, orMSC from a less immunogenic
source, such as neonatal cells. Most previous reports of success-
ful reversal of ovarian damage have usedMSC from one of these
sources. However, rescue of ovarian activity has been reported
after infusion of adult male-derived MSC, which are potentially
immunogenic, in the rabbit [41].

In conclusion, intra-ovarian injection of allogeneic MSCs
was easily performed and well-tolerated in the mare model.
Under the conditions of this study, MSC injection altered
ovarian gene expression, but did not significantly affect the
ovarian functions assessed. The findings of this study do not
support the use of intra-ovarian injection of MSCs as a treat-
ment for age-related ovarian dysfunction in mares, which may
serve as a model for women. This is in contrast to the
established beneficial effects of MSCs in chemotherapy-
damaged ovaries of rats, mice, and rabbits [10, 11, 41].
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