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Editorial on the Research Topic

Reproduction in South American Camelids

When we proposed this Research Topic to Frontiers in Veterinary Science, we aimed to invite and
congregate the best of the ongoing research that expands our current understanding of reproductive
biology in South American camelids (SACs). We did not pursue this only as a way to communicate
among the scientific community researching in the field but also to share the fascinating aspects
of reproduction in these species to a broad audience, including practitioners and colleagues
working on education, conservation, and applied reproduction. In this Research Topic, we received
contributions that include a mini-review and several original research articles encompassing
fundamental aspects of reproductive physiology and applied reproductive biotechnologies.

SACs are species displaying unique reproductive features, many of which still are not
understood; examples of these are their induced ovulatory mechanism and laterality of gestation.
In this Research Topic, Berland et al. report neuroanatomical aspects of brain GnRH and
kisspeptin neurons in female llamas; these neuropeptide-synthesizing cells orchestrate the release of
gonadotrophic hormones that control follicle development and ovulation. A second contribution
by Gallelli et al. characterize the temporal association between follicular waves and circulating
concentrations of estradiol and insulin grow factor-1 in llamas, showing that the rise of both
hormones parallels the development of follicular waves. In another study, Bianchi et al. report
evidence of dose-dependent estradiol-induced ovulation in llamas, resignifying the potential role of
estradiol in the ovulatory mechanism of SACs. In another piece of original research, Norambuena
et al. report that alpacas under moderate energy restriction negatively affect body condition score
and CL size, but this does not result in significant changes in CL vascularization and progesterone
concentrations. Finally, a study by Ratto et al. show that the ovulation laterality and intrauterine
embryo location do not induce asymmetrical differences of the mesometrial and endometrial
vascularization area of uterine horns during the first 30 days of gestation.

Several pieces of evidence have shown that the beta-nerve growth factor (β-NGF) –which is also
implicated in ovulation in SACs– exerts pivotal roles in the reproductive biology of SACs. In this
line, Valderrama et al. show that β-NGF enhances the expression of genes involved in angiogenesis
and progesterone synthesis as well as progesterone output in preovulatory llama granulosa cells in
vitro. After conception, more than 90% of the gestations occur in the left uterine horn in SACs; a
study conducted by Barraza et al. characterize the bilateral horn gene and immunohistochemical
spatial expression of β-NGF and its receptor, TrkA, in the endometrium of non-pregnant and early
pregnant alpacas; the gene expression of the angiogenic factor VEGFA and number of vessels was
also assessed.

Closing the set of physiological aspects of reproduction in SACs, El Zawam et al. determine
serum testosterone concentrations in response to administration of human chorionic gonadotropin
(hCG) and its correlation with testicular weight in alpacas of different age.
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The lack of understanding of the peculiar reproductive
characteristics of SACs has impeded to make substantial
improvement of their low reproductive rates. It is essential to
improve and develop new strategies that increase reproductive
efficiency, and so the development of biotechnologies is necessary
to fulfill these objectives. For example, semen cryopreservation
has low efficiency, and when artificial insemination is performed
with it, poor results are obtained, affecting the advances in
genetic progress and selection. Here, we received a set of different
studies related to reproductive biotechnologies in female and
male SACs. This set opens with a review by Morrell and
Abraham about semen collection and handling in SACs. Original
research conducted by Zampini, Castro-González et al. report
electron microscopy ultrastructural alterations of llama sperm
during cooling and freezing, using a conventional camelid semen
cryopreservation protocol. Another study by Carretero et al.
shows that the air-drying process has a negative effect on llama
sperm DNA. Finally, Valdivia et al. report cryopreservation of
alpaca testicular tissue and isolated testicular cells.

Several contributions aimed to develop strategies to enhance
the performance of cryopreserved semen were received in this
Research Topic. In one of these, Sari et al. report that the
addition of β-NGF significantly increases the percentage of
total motility and vigor of post-refrigerated sperm. Another
study by Guillén Palomino et al. evaluate the efficiency of
Androcoll-ETM to separate llama sperm from seminal plasma and
freezing extender in frozen-thawed semen, demonstrating their
separation while preserving the viability, membrane function,
and acrosome integrity. In the same area, Bertuzzi et al. compare
a non-commercial extender with egg yolk and the commercial
extender Andromed R© with and without egg yolk for cooling
alpaca sperm obtained from diverted deferent ducts. A study
by Aisen et al. investigated the effect of whole seminal plasma
addition to alpaca spermatozoa after the freezing-thawing-
process on dynamic and morphological parameters and an
artificial insemination trial. Closing the set of contributions
focused on semen cryopreservation, a study conducted by Lutz
et al. report a field-efficient technique for cryopreservation
of alpaca preimplantation embryos using a modified horse
vitrification protocol.

In the subject of female reproductive biotechnology, Zampini,
Veiga et al. report the development of a synchronization and
superstimulation protocol for embryo donors in llamas showing

that a protocol based on GnRHa, PGF2α, and eCG allows
a fixed-timed mating without the use of ultrasonography. In
another contribution of Zampini, Gallelli et al. using color-
Doppler ultrasonography, they show that the uterine blood
flow (UBF), but not corpus luteum blood flow (CLBF), may
be a useful predictor for early pregnancy diagnosis in llamas 8
days post-mating.

The papers presented in this Research Topic provide new
insights into different aspects of reproductive biology of SACs
and also demonstrate the efforts of the current research to
provide a better understanding of their peculiarities that, in
turn, will allow overcoming challenges in applied reproduction
in SACs.

We would like to thank all the authors who contributed
to this Research Topic and express our gratitude to the
editors, reviewers, and staff of Frontiers in Veterinary Science
that made possible this Research Topic in Reproduction
in South American Camelids. Finally, we also extend our
thanks to Frontiers Media for the fee waivers provided
which supported some of the contributions presented in this
Research Topic.
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This study aimed to investigate the effect of three different doses of estradiol-17β on

ovulation and subsequent luteal development and function in llamas. Twenty-three llamas

were examined daily by transrectal ultrasonography until the detection of an ovulatory

follicle (≥8mm). Thereafter, animals were divided into five groups: Control (n = 3; treated

with 1.6ml of saline solution), GnRH group (n = 6, treated with an intravenous injection

of 8.4 µg Buserelin), and estradiol groups that received 0.6mg (E1, n = 4), 1mg (E2,

n = 4), or 1.6mg (E3, n = 6) of estradiol-17β intravenously. Detection of ovulation

was based on ultrasonographic visualization of disappearance of the largest follicle

and subsequent presence of a newly formed corpus luteum (CL) and progesterone

concentration exceeding 1 ng ml−1. Daily blood samples were collected to determine

plasma progesterone concentration. Ovulation rate was 0% for control and E1 groups,

25% for E2 group, and 100% for GnRH and E3 groups. Differences in the mean

CL diameter between GnRH and E3 groups were not statistically significant. Plasma

progesterone concentration was similar between groups during the different days in

ovulated animals. However, the day that the plasma progesterone concentration was

above 1 ng ml−1 and the day that the highest plasma progesterone concentration was

achieved differed among E3 and GnRH groups, occurring later in females treated with

estradiol. In conclusion, an injection of estradiol-17β is capable of inducing ovulation in

llamas and the response depends on the dose used. Most of the animals required the

highest tested dose (1.6mg) to induce the ovulatory process. Although the CL diameter

in females induced to ovulate with estradiol was similar to that in llamas induced to

ovulate with a GnRH analog, the rise in plasma progesterone concentration above 1 ng

ml−1 and the peak progesterone concentration were attained 1 day later in the estradiol

treated females.

Keywords: estradiol-17β, ovulation, corpus luteum, progesterone, llamas

INTRODUCTION

Unlike other species such as sheep and cattle, which ovulate spontaneously as part of their estrous
cycle, female camelids are induced ovulators requiring an external stimulus in the presence of a
follicle with a diameter≥ 7mm to elicit the ovulatory process (1, 2). The luteinizing hormone (LH)
concentration increases by 20min after copulation, peaks within 2–3 h, remains high during 5 h,
and reaches basal concentration by 12 h post-mating (3). An ovulation-inducing factor identified
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as beta nerve growth factor (4, 5) is present in the seminal plasma
of males, which induces the LH secretion and ovulation around
30 h post-mating (6). Besides, the administration of exogenous
hormones that elicit LH release such as gonadotrophin-releasing
hormone (GnRH) or hormones with LH activity such as human
chorionic gonadotrophin (hCG) induces ovulation within an
interval of∼29 h [GnRH: (7)] or 26 h [hCG: (1)].

In spontaneously ovulating species, increasing plasma
concentration of estradiol-17β, in the absence of plasma
progesterone concentration from a corpus luteum (CL), induces
the preovulatory surge of LH and, consequently, ovulation
(8, 9). Moreover, treatment of heifers with estradiol-17β, without
exogenous progesterone or progestogen, is followed by a surge
release of LH (10, 11).

In llamas, the LH secretion and the ovulatory response
depend on follicular size at the time of mating. Females with
follicles ≥7mm in diameter ovulate while those with smaller
ovarian follicles (<6mm) release less LH and do not ovulate
in response to copulation suggesting that this pattern could
be due to a reduced estrogen priming of the hypothalamus–
pituitary axis (2). Plasma estradiol-17β concentration follows
a wavelike pattern with basal concentration recorded, when
small follicles are present in the ovaries (12). Although the
increase in plasma estrogen concentrations does not elicit the LH
preovulatory peak in llamas, it has been suggested that estradiol
modulates the LH secretion by the pituitary in response to the
intramuscular injection of purified ovulation-inducing factor in
this species (13).

All these information show some evidence that estradiol
modulates LH secretion in camelids; however, to our knowledge
there are no reports evaluating the effect of exogenous
administration of estrogens on the ovulatory process in these
species. Thus, this study aimed to investigate the effect of three
different doses of estradiol-17β on ovulation and subsequent
luteal development and function in llamas. The hypothesis was
that estradiol-17β is capable of triggering the ovulatory process
in llamas and that the response depends on the dose used.

MATERIALS AND METHODS

Field studies were performed in compliance with animal welfare
regulations set by the Faculty of Veterinary Sciences, UNCPBA,
where activities were conducted. Animals belong to the Faculty
of Veterinary Sciences, UNCPBA, and facilities are located in
Tandil, Argentina, at 37◦S, 60◦W. Twenty-three nonpregnant,
non-lactating female llamas, ranging between 5 and 12 years
of age and with an average body weight of 100 ± 15 kg,
were included in the study. All animals were clinically and
reproductively healthy with a mean body condition score of 3
(body condition score from 1 = thin to 5 = obese) (14). Llamas
were kept in pens isolated from males and fed pasture hay and
water ad libitum.

Experimental Design
Female llamas were examined daily by transrectal
ultrasonography (Mindray, DP 6600 Vet, with 5.0/7.5 variable
traducer probe) to assess ovarian status. When a growing follicle

with a diameter ≥8mm, considered ovulatory in this species (2),
was observed, animals were randomly assigned to one of five
treatments: control group (1.6ml saline solution, im; n = 3);
GnRH group (8.4 µg acetate of Buserelin, Receptal R©, Intervet,
Argentina, iv; n = 6) and E1, E2, and E3 groups that received
0.6 (n = 4), 1 (n = 4), or 1.6mg (n = 6), respectively, of an
intramuscular injection of estradiol-17β (17β-estradiol, Rio de
Janeiro, Argentina) into the hind leg. Detection of ovulation was
based on ultrasonographic visualization of disappearance of the
largest follicle and subsequent presence of a newly formed CL
and progesterone concentration exceeding 1 ng ml−1.

Thereafter, ultrasonographic examination was performed
daily for 12 days to measure the CL diameter, which was
estimated by averaging two measurements of the CL diameter at
right angles to each other.

Blood samples were collected daily from the day that a
growing follicle ≥8mm was detected (Day 0) and during 12
days in ovulating animals. Blood samples were collected by
jugular venipuncture in tubes with heparin (Heparin Sodium,
SOBRIUS R©, Fada Pharma, Buenos Aires, Argentina) and
centrifuged immediately after collection. Plasma was stored at
−20◦C until hormone assays were performed.

Hormone Determinations
Progesterone was measured using a RIA kit (IM 1188, Beckman
Coulter, Immunotech, Czech Republic) previously validated for
use with llama blood plasma (15). The intra-assay coefficient of
variation was below 5% for concentrations between 0.1 and 40 ng
ml−1. The inter-assay coefficients of variation for three quality-
control samples were 2.9% (0.5 ngml−1), 2.2% (2.0 ngml−1), and
5.8% (10 ng ml−1). The sensitivity of the assay was 0.10 ng ml−1.

Statistical Analysis
Follicle diameters at treatment and at Day 2 were compared
among groups by one-way ANOVA followed by Tukey’s test.

Normal distribution of the variables was tested in all cases
using the Shapiro–Wilk test. For non-normally distributed
variables (first day that a CL was detected, day of maximum CL
diameter, first day plasma progesterone concentration was above
1 ng ml−1, and day that plasma progesterone concentration
returned to values below 1 ng ml−1) the Mann–Whitney
test was used to compare GnRH and E3 groups. For the
remaining characteristics (maximum CL diameter, maximum
progesterone concentration and day of maximum progesterone
concentration), a Student t-test was applied.

The diameter of the CL and plasma progesterone
concentration on the different days and between GnRH and E3
groups were analyzed by repeated measures one-way ANOVA or
one-way ANOVA, respectively, followed by Tukey’s test.

The percentage of animals that ovulated after the different
treatments was compared using Fisher’s exact test.

All statistical analyses were conducted using the Infostat
Professional 2017 software package. Data are presented as mean
± S.E.M. Differences were considered to be significant when
P < 0.05, and a tendency was considered when P < 0.1.
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RESULTS

Mean diameter of the largest follicle at the time of treatment was
similar among groups (P= 0.39). Ovulation rate differed between
groups (P= 0.0001). All females treated with 1.6mg of estradiol-
17β (E3 group) ovulated after treatment as all animals injected
with Buserelin and only one llama treated with 1mg of estradiol-
17β (E2 group). Ovulation, assessed by the disappearance of
the largest follicle, was observed 48 h post injection (Day 2) in
all llamas that ovulated in response to the different treatments.
Mean diameter of the largest follicle on Day 2 differed among
groups (P = 0.0001) (Table 1).

A CL was first detected after treatment between Days 4 and
5 in GnRH and E3 groups and on Day 4 in the only llama that
ovulated in the E2 group. Maximum CL diameter (P = 0.73) and
the day on which maximal CL diameter was observed (P = 0.70)
were not different among groups (Table 2).

Mean CL diameter was similar between both groups during
the experimental period (P= 0.90). An effect of day was observed
in the GnRH and E3 groups (P < 0.01). Mean CL diameter in the
GnRH group was smaller on Days 11 and 12 than on Days 6, 7,
8, and 9, and mean CL diameter in the E3 group was smaller on
Day 12 than on Days 7, 8, and 9 (Figure 1).

The first day that the plasma progesterone concentration was
above 1 ng ml−1 tended to be different between GnRH and E3
groups, occurring earlier in the first group (P= 0.07). The highest
plasma progesterone concentration did not differ between both
groups (P = 0.88). However, the day that the highest plasma
progesterone concentration was achieved differed and occurred
between Days 6 and 8 in the GnRH group and between Days
7 and 10 in the E3 group (P = 0.015). The highest plasma
progesterone concentration in the llama that ovulated in the
E2 group was recorded on Day 8 post treatment. The day that
basal plasma progesterone concentration (below 1 ng ml−1) was
observed tended to be different between both groups (P = 0.09)
and was earlier in the GnRH group (Table 2).

Plasma progesterone concentration was similar between
groups during the different days (P = 0.68). An effect of day was
observed in both groups (P < 0.0001), and the highest plasma
progesterone concentration was reached on Days 7, 8, and 9 post
treatment (Figure 2).

DISCUSSION

To our knowledge, this is the first report demonstrating that
an injection of estradiol-17β is effective to induce ovulation in

llamas being the response dependent of the dose. Previously, the
administration of estradiol-17β was used in an attempt to control
ovarian follicular development in alpacas. D’Occhio et al. (32)
have reported that doses of 0.5 or 2mg of estradiol-17β induce
follicular regression and a new wave emergence regardless of
the stage of follicular development without reporting ovulations.
In a later study, using a dose of 1mg of estradiol-17β, the
author has observed that the diameter of the largest follicle
remained >6mm during all the study, indicating that ovulation
did not occur (16). The disclosure with the later study could
be related to the dose used. In the present study, an effect of
the dose of estradiol-17β was demonstrated, observing ovulation
in 100% of the animals when the highest dose (1.6mg) was
tested. Similarly, a positive correlation between the dose of
estradiol and the magnitude of the LH surge was reported
in other species such as cows (17, 18) and ewes (19, 20).
Although llamas are induced ovulators requiring copulation and
semen deposition to trigger the ovulatory process (21), a close
relationship has been observed between follicular size, plasma
concentration of estradiol-17β, and LH secretion. Females with
small follicles (<6mm) secrete lower concentrations of estradiol-
17β (12, 22) and respond to mating with less LH release (2).
A low percentage of llamas (23) and camels (24) may ovulate
spontaneously. In non-mated dromedary camels, it has been

TABLE 2 | Effect of administration of GnRH and 1.6mg of estradiol-17β (E3

group) on luteal development in llamas (mean ± SEM).

GnRH E3

First day CL detected (day) 4.2 ± 0.31a 4.5 ± 0.22a

Maximum CL diameter (mm) 14.8 ± 1.14a 14.3 ± 0.85a

Day maximum CL diameter

(day)

7.8 ± 0.31a 8.2 ± 0.31a

First day progesterone

concentration > 1 ng ml−1

(day)

4.5 ± 0.22a 5.2 ± 0.20b

Maximum progesterone

concentration (ng ml−1 )

7.1 ± 1.29a 6.8 ± 1.73a

Day maximum progesterone

concentration (day)

7.0 ± 0.37a 8.8 ± 0.49c

Day progesterone

concentration < 1 ng ml−1

(day)

10.0 ± 0.52a 11.4 ± 0.40d

Values with different superscripts within a row are significantly different (a vs. c P = 0.015)

or show a tendency to be different (a vs. b P = 0.07 and a vs. d P = 0.09).

TABLE 1 | Effect of the different treatments on ovulation in llamas (mean ± SEM).

Control GnRH E1 E2 E3

Mean follicular diameter (mm) on day 0 8.2 ± 0.62a 9.7 ± 0.81a 9.5 ± 0.47a 9.6 ± 0.36a 10.0 ± 0.31a

Ovulation rate after treatment (%) 0 (0/3)a 100 (6/6)b 0 (0/4)a 25 (1/4)a 100 (6/6)b

Mean follicular diameter (mm) on Day 2 9.7 ± 0.68x 3.0 ± 0.42y 11.4 ± 1.44x 8.1 ± 2.02x 2.8 ± 0.43y

Values with different superscripts within a row are significantly different.

a vs. b = Proportions with different superscripts are different (P = 0.0001).

x vs. y = differences in mean follicular diameter on Day 2 between groups (P = 0.0001).
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FIGURE 1 | Mean CL diameter (mm) from the first day that CL was detected until Day 12 post-treatment. Gray line: animals treated with Buserelin, analog of GnRH

(n = 6), black line: animals treated with a dose of 1.6mg of estradiol-17β (n = 6), and dotted line represents the only llama that ovulated in response to a dose of

1.0mg of estradiol-17β.

FIGURE 2 | Mean plasma progesterone concentration (ng ml−1 ) from the day of treatment (Day 0) until Day 12 post-treatment. Gray line: animals treated with

Buserelin, analog of GnRH (n = 6), black line: animals treated with a dose of 1.6mg of estradiol-17β (n = 6), and dotted line represents the only llama that ovulated in

response to a dose of 1.0mg of estradiol-17β.

suggested that endogenous estradiol could induce GnRH release
and subsequently stimulate preovulatory LH surge in a low
percentage of female in specific occasions such as lactation or
after a progesterone phase (24). Results hereby presented allow
suggesting that a similar mechanism might be involved in llamas
that ovulate spontaneously.

The pattern of plasma progesterone release after induction
of ovulation with an injection of a GnRH analog in this study
is similar to that previously reported in other studies in llamas.

Plasma progesterone concentration starts to increase on Day 4
and reaches maximum concentration at Day 8, and a decrease is
observed between Days 10 and 12 after induction of ovulation
(25, 26).

The observation that females treated with 1.6mg of estradiol-
17β achieved plasma progesterone concentration above 1 ng
ml−1 and the highest plasma progesterone concentration 1 day
later than animals treated with the GnRH analog could be in
relation to the time elapsed between treatment and the LH
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surge and therefore the moment of ovulation. Previous studies
in llamas (27, 28) and cows (29) have reported that LH peak
occurs ∼2 h after injection of a GnRH analog. In addition, it
has been shown in llamas that ovulation occurs around 29 h
after treatment (7). Although there are no reports demonstrating
the time elapsed between estradiol injection and LH surge in
camelids, it could be speculated that the LH peak might occur
between 12 and 18 h post injection, as previously reported in
other species [cows: (30, 31); ewes: (8)]. Even though the time
elapsed between treatment and ovulation was not evaluated in
the present study, it could be suggested that llamas treated with
estradiol-17β would have a retarded LH peak and consequently
ovulate some hours later than those treated with a GnRH analog
injection. Thereafter, it would determine a later development and
functionality of the CL.

In summary, the results of the present study demonstrate that
an injection of estradiol-17β is able to induce ovulation in llamas
and that the response depends on the dose used. Most of the
animals required the highest tested dose (1.6mg) to induce the
ovulatory process. Although the CL diameter in females induced
to ovulate with estradiol was similar to that in llamas induced
to ovulate with a GnRH analog, the rise in plasma progesterone
concentration above 1 ng ml−1 and the peak progesterone
concentration were attained 1 day later in the estradiol treated
females. This information enables a better understanding of the
ovulatory process in llamas, and the injection of estradiol-17β
could be considered as a tool to develop new strategies to control
ovarian activity in this species.
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The beta-nerve growth factor (β-NGF) from llama seminal plasma exerts ovulatory and

luteotrophic effects following intramuscular or intrauterine infusion in llamas and alpacas.

In this study, we investigate the in vitro effect of llama β-NGF on the expression of genes

involved in angiogenesis and progesterone synthesis as well as progesterone release

in preovulatory llama granulosa cells; we also determine whether these changes are

mediated via the ERK1/2 signaling pathway. From adult female llamas, we collected

granulosa cells from preovulatory follicles by transvaginal ultrasound-guided follicle

aspiration; these cells were pooled and incubated. After 80% confluence, the cultured

granulosa cells were treated with β-NGF, β-NGF plus the MAPK inhibitor U0126,

or luteinizing hormone, and the abundance of angiogenic and steroidogenic enzyme

mRNA transcripts were quantified after 10 and 20 h by RT-qPCR. We also quantified

the progesterone concentration in the media after 48 h by radioimmunoassay. We

found that application of β-NGF increases the abundance of mRNA transcripts of the

vascular endothelial growth factor (VEGFA) and the steroidogenic enzymes cytochrome

P450 side-chain cleavage (P450scc/CYP11A1), steroidogenic acute regulatory protein

(STAR), and 3β-hydroxysteroid dehydrogenase (HSD3B1) at 10 and 20 h of treatment.

Application of the MAPK inhibitor U0126 resulted in downregulation of the genes

encoding these enzymes. β-NGF also enhanced progesterone synthesis, which was

prevented by the prior application of the MAPK inhibitor U0126. Finally, western blot

analysis confirmed that β-NGF activates the ERK1/2 signaling pathway. In conclusion,

our results indicate that β-NGF exerts direct luteotropic effects on llama ovarian tissue

via the ERK 1/2 pathway.

Keywords: HSD3B1, CYP11A1, CYP19A1, MAPK, U0126, corpus luteum, follicle, STAR
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INTRODUCTION

It is now well-established that the beta-nerve growth factor (β-
NGF) present in the seminal plasma of llamas and alpacas is the
essential signal inducing the luteinizing hormone (LH) surge and
ovulation in these species (1). Purified llama β-NGF also has a
significant luteotrophic effect after intramuscular or intrauterine
infusion in llamas and alpacas (2, 3). It is reported that plasma
progesterone (since day 8 from ovulation) and corpus luteum
(CL) diameter at day 16 are greater in llamas given two doses of
1mg of purified β-NGF than those given a single dose (4). The
increase of the vascular area of the CL is positively correlated
to progesterone production in llamas treated with β-NGF (4, 5).
Interestingly, administration of β-NGF is also shown to improve
luteal function in cows (6).

In llamas, the preovulatory LH surge induced by purified

llama β-NGF is more sustained than that the observed after

GnRH administration (7, 8), suggesting that the luteotrophic

effect of β-NGF could be due to this prolonged LH secretion
profile. In this sense, systemic administration of β-NGF increased
CL vascularization and upregulated the expression of cytochrome
P450 side-chain cleavage (P450scc encoded by CYP11A1) and
steroidogenic acute regulatory protein (STAR) mRNA transcripts
enhancing plasma progesterone concentrations during the early
luteal phase in llamas (9). Also, systemic administration of
purified llama β-NGF induced a rapid shift from estradiol to
progesterone synthesis in the preovulatory follicle in llamas as
evidenced by the in vivo increase of the progesterone/estradiol
ratio in the follicular fluid and upregulation of genes related to
progesterone production (10).

The presence of NGF and its high-affinity receptor trkA
in granulosa, theca, and luteal cells of mammalian species
(11–13) suggests that the luteotrophic effect of β-NGF may
be exerted not only by the prolonged LH secretion pattern,
but also directly by acting at the ovarian level. In a recent
study, the addition of purified llama β-NGF upregulated the
expression of STAR and vascular endothelial growth factor
(VEGFA) transcripts in primary culture of llama granulosa
cells (10).

Previous studies investigating the effect of NGF/trkA on
steroidogenesis in the ovary have been conducted in granulosa
or theca cells from cows (14) and humans (15), species classified
as spontaneous ovulators, and so might not be the same than
those of llamas. After copulation, female llamas have been shown
to increase their plasmatic content of β-NGF concomitantly
occurring with the LH discharge from the posterior pituitary
(16), which hampers the discrimination of β-NGF and LH effects
on follicle cells in vivo. The use of an in vitro system may serve
to elucidate the potential local effects of these hormones on luteal
function, and thus, the effects of β-NGF are not confounded by
those of the endogenous LH release.

In this study, we investigate the effect of β-NGF on
steroidogenic enzymes and VEGFA gene expression as well
as progesterone secretion and test whether these effects
are mediated via ERK1/2 signaling pathway in vitro using
a primary culture of granulosa cells collected from llama
preovulatory follicles.

MATERIALS AND METHODS

Animals
Llamas were kept at the llama research farm of the Institute of
Animal Science, Universidad Austral de Chile, Valdivia, Chile
(39◦38‘S−73◦5‘W and 19m above sea level) and weremaintained
in pens and had access to natural pasture supplemented with hay
and water ad libitum.

Experimental procedures were reviewed and approved by
the University Bioethical Committee and were performed in
accordance with the Chilean Animal Protection Act (2009) and
the university animal care protocols.

Semen Collection and Protein Purification
Semen was collected from five mature male llamas, twice per
week for 5 months before the start of the experiments. An
artificial sheep vagina was used as previously described (2).
Each ejaculate was diluted 1:1 (vol/vol) with phosphate-buffered
saline (PBS; Gibco, Grand Island, NY, USA) and centrifuged for
30min at 1,500 × g at room temperature. A pool of sperm-
free seminal plasma was stored at −20◦C. Purification of β-NGF
was performed in a two-step procedure as previously described
(17, 18). In brief, seminal plasma was loaded into a type 1 macro-
prep ceramic hydroxylapatite column (1 × 10 cm, 40µm; Bio-
Rad Laboratories, Hercules, CA, USA) previously equilibrated
with 10mM sodium phosphate, pH 6.8, and a flow rate of
0.5 mL/min. An eluted fraction showing a major protein on
SDS-PAGE was concentrated in PBS (pH 7.4) using a 5 kDa
cutoff membrane filter device (Vivaspin; Sartorius, Göttingen,
Germany) and subsequently loaded onto a gel filtration column
(SEC, hi Prep 26/60 Sephacryl S-100; Amersham Laboratories,
Piscataway, NJ, USA). The purification procedure was carried
out at room temperature at a flow rate of 0.5 ml/min using
fast protein liquid chromatography (Amersham Laboratories,
Piscataway, NJ, USA). Elution was performed isocratically using
PBS at pH 7.4. The bioactive fraction after gel filtration was
identified using an in vivo llama ovulation bioassay (17).

Granulosa Cell Collection
Non-pregnant, non-lactating female llamas (n = 48) ≥ 6 years
of age and weighing 120–150 kg were used from April to June.
Llamas were submitted to transvaginal ultrasound-guided follicle
ablation of all ovarian follicles ≥ 5mm using a 19-gauge needle
attached to a 5 MHz convex-array transducer to synchronize
follicular wave emergence as described previously (19). The
llamas were examined daily by transrectal ultrasonography using
a 7.5-MHz linear-array transducer (Aloka SSD-500; Aloka Co.,
Ltd., Tokyo, Japan) to detect the emergence of a new preovulatory
follicle. When a growing follicle ≥ 8mm in diameter was
detected (17, 18, 20), llamas were submitted to transvaginal
ultrasound-guided follicle aspiration using a 5.0-MHz convex-
array ultrasound transducer coupled to a 19-gauge needle as
described previously (19, 21, 22) to collect granulosa cells by
flushing the preovulatory follicle.

Primary Culture of llama Granulosa Cells
Primary culture of llama granulosa cells was performed
as previously described (10). Chemicals and reagents were
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purchased from Sigma–Aldrich Co., St. Louis, MO, USA, unless
otherwise stated. In brief, follicular fluid collected from an
individual female was centrifuged at 400 × g for 10min. The
cell pellet was then resuspended in 2ml of Ham’s F-12/DMEM
and centrifuged again at 1,200 × g for 45min in a 3ml 50%
Percoll column to separate granulosa cells from erythrocytes and
interstitial cells. Purified granulosa cells were collected from the
top of the Percoll column and washed twice by centrifugation
at 400 x g for 6min. Because a low number of granulosa cells
were collected from individual animals, it was necessary to pool
three animals after Percoll purification to get one biological
sample. Granulosa cells were plated into 24-well culture plates
(at 1 × 105 cells/well) in Ham’s F-12/DMEM supplemented with
10% fetal bovine serum and antibiotics (penicillin/streptomycin
and gentamicin) and incubated in an atmosphere of 95% air,
5% of CO2 at 38◦C and high humidity for 48 h. After 80% of
confluence, the medium was replaced with serum-free Ham’s
F-12/DMEM and cells were treated with (i) control PBS, (ii)
DMSO plus 10µM of the MAPK inhibitor U0126 (Cell Signaling
Technologies, Beverly,MA,USA), (iii) 30 ng/ml of LH (Lutropin-
V; Vétoquinol Canada Inc., Lavaltrie, QC, Canada), (iv) 50 ng/ml
of purified llama β-NGF, and (v) purified llama β-NGF plus
10µM theMAPK inhibitor U0126 (added 30min prior to β-NGF
and remained for the whole period of treatment).

Five biological samples were used in both gene expression
and progesterone secretion experiments (n = 15 llamas in each
experiment); for each time and treatment, each biological sample
was plated in 4 wells (i.e., experimental replicates) and treated
as indicated above. For gene expression, cells were treated for 10
or 20 h; this time course was based on a previous report (10),
in which significant changes in mRNA expression of STAR and
VEGFA in primary culture of granulosa cells treated with β-NGF
were detected.

RNA Isolation and Real-Time PCR (Q-PCR)
Analysis
Total RNA was extracted from granulosa cells using Trizol
(Invitrogen Life Technologies, Carlsbad, CA, USA) according
to the manufacturer’s recommendations. The purity of the
samples was analyzed using the Nanodrop 1000 (Thermo Fisher
Scientific, Inc., Wilmington, DE, USA). One microgram of
total RNA was converted to complementary DNA (cDNA)
using the kit AffinityScript Q-PCR cDNA Synthesis (Agilent
Technologies, Inc., Santa Clara, CA, USA) and Oligo-dT as per
the manufacturer’s instructions.

Brilliant III Ultra-Fast SYBR R© Q-PCR master mix (Agilent
Technologies, Inc., Santa Clara, CA, USA) was used to detect
and quantitate the transcripts. Samples were run in triplicate
and amplified in a QuantStudio 3 RT-PCR (Applied Biosystems,
Foster City, CA, USA) thermocycler using the following thermal
cycle conditions: one cycle at 95◦C for 3min, 40 cycles of 95◦C
for 5 s, 60◦C for 30 s, and 72◦C for 1min. The coefficient of
variation between samples ranged from 0.03 to 0.1 depending
on the treatment. Data were analyzed using the thermocycler-
associated software. For each sample, cycle threshold values for
the assayed transcripts were normalized for total input cDNA (10

ng) concentrations using cycle threshold values for transcripts
for the “normalizer” housekeeping gene, large ribosomal protein
(RPLP0; (23)). The normalized values in each experiment were
compared to a “calibrator” sample to determine the relative
increase in the amount of the transcript. Primers for PCR
were designed using Primer Express Software (PE Biosystems,
Foster City, CA, USA). Llama primers for steroidogenic enzymes,
VEGFA, and RPLP0 transcripts and their expected size of
amplified products and sequences have already been tested and
previously described (9, 10). The accession numbers of gen data
are shown in Supplementary Table 1. Primer sets for transcript
amplification were used at a final concentration of 250 nM each.
Data was analyzed using the thermocycler-associated software.
Additionally, following amplification, the melting curves for the
products were generated to ensure that the product represents a
homogenous species.

Progesterone Secretion From Primary
Culture of llama Granulosa Cells
Progesterone concentration was determined from the primary
culture of llama granulosa cells as previously described
(10). Briefly, the procedure for follicular synchronization and
aspiration, granulosa cell collection, and treatments were similar
to the described above. However, for progesterone secretion,
granulosa cells were cultured for 48 h after confluence. After the
incubation period, the media was collected and stored at −20◦C
until it was assayed for progesterone. Progesterone concentration
was determined by a solid-phase radioimmunoassay kit (RIA-
CT KIP1458; DIASource ImmunoAssays SA Louvain-la-Neuve,
Belgium) as previously reported (10). The intra-assay coefficient
of variation was 0.26–3.57%, the minimum detectable limit
0.05 ng/ml, coefficient of variation of internal standard < 3.87%,
the limit of quantification observed for the assay was 0.45 ng/ml.

MAPK/ERK Activity in Primary Granulosa
Cells Culture
From 6 biological samples (n = 18 llamas total), 4
experimental replicates per sample were used to determine
the phosphorylation state of ERK1/2 after β-NGF treatment. In
brief, llama granulosa cells were cultured as described above and
treated with (i) control PBS, 50 ng/ml of β-NGF for (ii) 0, (iii) 5,
(iv) 10, and (v) 15min, β-NGF plus 10µm of MAPK inhibitor
U0126 for (vi) 5, (vii) 10, and (viii) 15min. After the incubation
period, cells (1 × 106) were lysed in 75 µl of lysis buffer
containing 150mM NaCl, 50mM Tris-HCl, 1% Triton X-100,
1mM EDTA, 1mMEGTA, 1mM phenylmethylsulfonyl fluoride,
1mm sodium orthovanadate, 10 mg/ml leupeptin, 1.8 mg/ml
aprotinin, 2mM sodium fluoride, 2mM sodium pyrophosphate,
and 1M dithiothreitol. Ten micrograms of protein from each
sample were size-fractionated by 12% SDS-PAGE and then
transferred to nitrocellulose membrane (Bio-Rad Laboratories,
Hercules, CA, USA). Nonspecific binding was blocked by
incubating the membranes in PBS (pH 7.4) containing 2%
non-fat dried milk and 0.2% Tween-20. Membranes were then
incubated overnight at 4◦C with anti-phospho-MAPK p44/42
(ERK1/2) or anti-p44/42 (ERK1/2) rabbit polyclonal antibodies
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(1:1000; Cell Signaling Technologies, Beverly, MA, USA),
followed by incubation at room temperature for 2 h with a goat
anti-rabbit antibody conjugated with horseradish peroxidase
(1:10,000; Cell Signaling Technologies, Beverly, MA, USA).
The same membranes used to detect phosphorylated ERKs
were stripped and blotted against total ERKs. Proteins were
detected using an enhanced chemiluminescent detection system
(PerkinElmer Life Sciences, Wellesley, MA, USA). The films
were scanned and analyzed with a gel doc automated digitizing
system (G:BOX Chemi XRQ; Syngene, Cambridge, UK).

Statistical Analysis
Data for gene, ERK protein expression, and progesterone
concentration were analyzed by the PROC MIXED procedure,
including the effect of treatment, time, replicate, and their
interaction. The Dunnett test was used to compare gene
expression of all treatments with the control groups. If significant
differences were detected, means were compared among groups
using Tukey’s test. All data are reported asmean± SEM. Analyses
were performed using the Statistical Analysis System software
package SAS Learning Edition, version 4.1 (SAS Institute, Inc.,
Cary, NC, USA).

RESULTS

The effect of β-NGF or LH treatment on mRNA expression of
steroidogenic enzymes and VEGFA in llama granulosa cells are
shown in Figures 1, 2. There was a significant (P≤ 0.01) increase
of 3 beta-hydroxysteroid dehydrogenase (HSD3B1) and VEGFA
mRNA abundance in cells treated with β-NGF or LH after
10 h (Figures 1C,E). After 20 h, the mRNA abundance of STAR
and CYP11A1 (P450scc) steroidogenic enzymes also significantly
increased; the HSD3B1 and VEGFAmRNA transcripts remained
upregulated (Figures 2B–E). As expected, neither β-NGF nor LH
affected the mRNA expression of cytochrome P450 aromatase
(P450arom encoded by CYP19A1) that is involved in estradiol
synthesis (Figures 1A, 2A).

The addition of the MAPK inhibitor U0126 prior to the β-
NGF treatment downregulated (P≤ 0.01) the mRNA abundance
of all steroidogenic enzymes and VEGFA transcripts after 10 h
(Figures 1A–E). Most of the genes remained downregulated after
20 h, except CYP19A1 (P450arom), which was not significantly
different from control (Figures 2B–E). Cells treated with the
U0126 inhibitor alone did not significantly change the mRNA
expression of steroidogenic enzymes and VEGFA at any time.

Progesterone secretion from llama granulosa cells was
significantly (P ≤ 0.01) increased 48 h after β-NGF or LH
treatment; the addition of the MAPK inhibitor U0126 prior to
the β-NGF treatment prevented the increase of progesterone
secretion as shown in Figure 3.

Western blotting of llama granulosa cells treated with
50 ng/ml of β-NGF showed a significant (P ≤ 0.01), time-
dependent increase of ERK2 phosphorylation after 5, 10, and
15min of treatment; this increase exhibited a reduced intensity
for ERK1. The addition of the inhibitor U0126 prior to β-NGF
administration significantly (P ≤ 0.01) decreased the state of
ERK1/2 phosphorylation (Figures 4A,B).

DISCUSSION

Neurotrophins, including β-NGF, are classically known for their
role in neural growth and survival (24), but the relatively recent
isolation and purification of β-NGF from the seminal plasma of
llamas (17, 18) and also other species (25) has led to revisiting
their roles in reproductive biology, emerging new ones (18, 26).
Previous studies have linked NGF to ovarian development and
innervation (27–29), but in the last years, evidence (1) indicates
that β-NGF is involved in CL formation.

In this study, we investigated whether purified llama β-

NGF exerts luteotropic effects on a primary culture of llama

granulosa cells collected from preovulatory follicles. We show

that llama granulosa cells treated with β-NGF upregulates
steroidogenic enzymes and angiogenic transcripts after 10 and
20 h of treatment, and that this response is mediated by the
ERK1/2 signaling pathway. Also, the β-NGF-induced increase of
progesterone concentration is prevented by the MAPK inhibitor
U0126, confirming that the biological actions of β-NGF are
mediated, at least in part, by this pathway.

The first evidence of NGF receptors in the ovary was given by
Dissen et al. (29), who detect low-affinity receptors in theca and
also, to a lesser extent in granulosa cells of antral and preantral
follicles of peripubertal rats. Subsequent studies confirm the
expression of the high-affinity trkA NGF receptor in granulosa
and theca cells of several species, including cows (14), rats (30),
and humans (15). Binding of trkA receptors by its ligand β-NGF
is known to elicit activation of the ERK1/2 signaling pathway
(31, 32), including in granulosa cells (33). In line with this, our
results show that the sole application of purified llama β-NGF to
primary cultured llama granulosa cells results in activation of the
ERK1/2 signaling pathway.

Expression of different steroidogenic enzymes is crucial for
the ability of cells to synthesize steroids from cholesterol and
its precursors. In the present study, we detect upregulation of
HSD3B1 mRNA transcript after 10 h of both β-NGF and LH
treatments; and after 20 h, all the transcripts of the steroidogenic
enzymes involved in progesterone secretion are also upregulated.
Few studies address the effect of β-NGF on these enzymes;
we have previously reported that β-NGF enhanced STAR,
CYP11A1, and HSD3B1 mRNA transcripts in llama granulosa
cells in vivo (10), but these followed a distinct time expression
pattern. Recently, Stewart et al. (6) report that the expression of
steroidogenic enzymes in heifer luteal cells seems to be relatively
similar to that reported here, resulting in increased circulating
progesterone, albeit the expression of HSD3B1—which converts
pregnenolone to progesterone—was unaffected.

In spontaneous ovulators, it can be expected that granulosa
cells collected by follicle aspiration from a preovulatory follicle
may exhibit some degree of luteinization due to the effect of
the increasing LH release occurring at the end of the follicular
phase. Conversely, in llamas, LH is released in response to the
copulatory stimulus as this species is an induced ovulator. In
line with this, Silva et al. (9) report that, in llamas treated with
control PBS but not β-NGF or GnRH, plasma progesterone
concentrations remain basal for up to 10 days. Although, in the
present study, we did not evaluate the ratio of progesterone:
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FIGURE 1 | Relative mRNA abundance of (A) CYP19A1 (P450arom), (B) STAR, (C) HSD3B1, (D) CYP11A1 (P450scc) steroidogenic enzymes, and (E) VEGFA

angiogenic factor in primary llama granulosa cell culture treated for 10 h. Mean + SEM; n = 5 biological samples; within each biological sample, 4 experimental

replicates were performed; a, b, c superscripts indicate significant differences (P ≤ 0.01) between control and other groups.
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FIGURE 2 | Relative mRNA abundance of (A) CYP19A1 (P450arom), (B) STAR, (C) HSD3B1, (D) CYP11A1 (P450scc) steroidogenic enzymes, and (E) VEGFA

angiogenic factor in primary llama granulosa cell culture treated for 20 h. Mean + SEM; n = 5 biological samples; within each biological sample, 4 experimental

replicates were performed; a, b, c superscripts indicate significant differences (P ≤ 0.01) between control and other groups.
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FIGURE 3 | Progesterone secretion from primary culture of llama granulosa cells after 48 h. Mean ± SEM; n = 6 biological samples; within each biological sample, 4

experimental replicates were performed; a, b superscripts indicate significant differences (P ≤ 0.01) between control and other groups.

estradiol, we previously reported (10) a marked ratio increase
from 0.2 to 0.8 in control and β-NGF-treated animals,
respectively, and this shift to progesterone production occurred
after 20 but not 10 h following β-NGF treatment. Finally, the
persistent detection of CYP19A1 (P450arom catalyzing estradiol)
reported in the present study also supports that the cells
cultured here preserve their granulosa phenotype over the time
analyzed, and thus, the effect of β-NGF on llama granulosa cells
should be carefully interpreted as prosteroidogenic rather than
luteinizing itself.

Time-dependent gene expression patterns of steroidogenic
enzymes following LH have been detected in cultured bovine
granulosa cells, resulting in enhanced expression of CYP11A1
(P450scc) and HSD3B1 transcripts; paradoxically, in vivo
expression of these genes is reduced in granulosa cells collected
after the LH surge when compared to those collected before
(34, 35). The parallel gene expression profiles induced by β-
NGF and LH reported here may be related to phosphorylation of
ERK1/2, which also occurs following activation of LH receptors
in preovulatory granulosa cells (36).

Interestingly, the application of the inhibitor U0126 alone did
not affect gene expression, but its use combined with β-NGF
downregulated virtually all steroidogenic and VEGFA transcripts
in the llama granulosa cells. A plausible explanation could be
that, once the EKR1/2 pathway was blocked, β-NGF exerts
a paradox effect by activating (or causing predominance of)
other transduction pathways that downregulate the constitutive
expression of the genes analyzed here. For example, in some cell
types, β-NGF-activating trkA receptors stimulate cell growth and
survival, whereas the absence of trkA stimulates apoptosis via
the low-affinity neurotrophin receptor, p75NTR (37). Expression

of p75NTR is found in granulosa cells of humans (38) and
squirrels (39); whether this is expressed in llama granulosa cells
is unknown.

Consistent with our findings on intracellular pathways
and gene expression, we also find that β-NGF application
results in an ERK1/2-dependent progesterone synthesis in
primary culture of llama granulosa cells. A previous study
(40) reports that in vitro NGF microdialysis perfusion of
cow luteal tissue but not in non-proliferative luteal cell
culture, results in increased progesterone (and also local
oxytocin) release from ovaries at early- and mid-luteal
stage. This discrepancy between experimental conditions
is likely to be related to cell culture settings as thecal
cells plated in low but not high density also failed to
secrete the steroids in response to NGF (14). Conversely
to the evidence from llama and cows, in cultured human
granulosa cells collected from preovulatory follicles, NGF
application is shown to increase estradiol, whereas it decreases
progesterone secretion (15). Perhaps there are species-
specific variations on steroid output response to β-NGF in
granulosa cells.

The CL is considered one of the most vascularized body
structures; it receives the greatest rate of blood flow per
unit of tissue compared to any organ of the body (41),
and so angiogenesis plays an important role during the
CL formation. The LH surge is considered a key signal to
influence the expression of the VEGF that induces angiogenesis
throughout the proliferation of preexistent endothelial cells (42).
In human granulosa cells obtained from in vitro fertilization
patients, NGF is shown to promote ovarian angiogenesis
by enhancing the secretion of VEGF through the activation
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FIGURE 4 | β-NGF induces phosphorylation of ERK1/2 in llama granulosa cells in vitro. (A) Western blot showing that NGF induces a rapid, time-dependent

phosphorylation of ERK2, and to lesser extent, expression of ERK1 by the same time intervals. (B) Densitometric analysis of the blot shown in (A), expressed as the

ratio of phosphorylated ERK1/2 of total ERK. Values are mean + SEM; n = 6 biological replicates. a, b, c, d superscripts indicate significant differences (P ≤ 0.01)

between control and the other groups.
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of the ERK1/2 pathway (43). Similarly, we found that,
in llama granulosa cells, VEGFA mRNA expression rapidly
increases after 10 h to remain relatively stable after 20 h of
β-NGF and LH treatments, and this increase was dependent
on the ERK1/2 pathway. Enhancement of VEFG mRNA
expression is also known to occur by different signaling
pathways in other cell types (44); whether β-NGF also
activates other pathways in llama granulosa cells remains to
be determined.

Previous studies show that, in llamas, CL develops after
ovulation induced by seminal plasma (2) or purified β-NGF
(7, 8, 18) and tended to be larger, regressed later, and produced
twice as much progesterone than those resulting from GnRH
treatments, supporting the notion that this effect might be
related to the sustained LH release profile induced by β-
NGF (7, 8, 17, 45). However, decreasing pharmacological
doses of the GnRH analog, gonadorelin acetate, have been
shown to affect the magnitude of the LH release in a
dose-dependent fashion, but the consequent reduction in LH
discharge had no effect on the CL diameter and plasma
progesterone concentrations in llamas (46), indicating that the
enhancement of luteal function induced by β-NGF occurs locally
at the ovarian level rather than upstream on the classical
LH mechanism.

In this in vitro study, both β-NGF and LH treatments
equally increased genes involved in CL angiogenesis and steroid
synthesis that resulted in a similar progesterone secretion,
making it difficult to distinguish the contribution to the
luteotropic effect of each hormone separately, and so it could
be that, when acting β-NGF and LH together, there are synergic
effects at the follicular level, similarly as shown to occur with
LH and insulin administration in porcine granulosa cells in vitro
(47, 48). In line with this notion, llamas in which ovulations
were induced by β-NGF displayed enhanced expression
of steroidogenic enzymes (9) and plasma progesterone
concentrations (49) than those of ovulations stimulated
by GnRH.

In summary, here we show and identify the intracellular
pathway by which β-NGF exerts a direct luteotropic effect
on ovarian tissue; however, further studies are required to
determine whether synergic mechanisms exist that explain the
β-NGF-related enhancement of luteal function and progesterone
secretion reported in vivo.
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Semen cryopreservation in South American camelids has a low efficiency. Post-thaw

viability of sperm is low, and poor results are obtained when artificial insemination is

performed with cryopreserved semen, impeding advances both in accelerated genetic

progress and selection. This study aimed to describe the effect of a conventional

method of camelid semen cryopreservation on the llama sperm ultrastructure during

cooling and freezing, using transmission and scanning electron microscopy (TEM, SEM).

Sperm motility, vigor, viability, and DNA integrity during those steps were also examined.

Ejaculates from five fertile adult llama males were obtained by electroejaculation. For

cooling, semen samples were washed with Hepes-balanced salt solution (HBSS), diluted

in Tris-citric acid-fructose egg yolk extender (TCF-EY), and then cooled until 5◦C for 24 h.

For freezing, sperm samples were washed with HBSS, diluted in TCF-EY and cooled until

5◦C for 2.5 h. Samples were equilibrated with TCF-EY, supplemented with 6% glycerol at

5◦C for 20min, and then stored in liquid nitrogen for a month before thawing. TEM and

SEM analyses were carried out on sperm samples prior to cryopreservation, after cooling

down until 5◦C for 2.5 and 24 h, and after the freeze-thaw process. Ultrastructural injury

was noticed during cooling, even though sperm motility, vigor, viability, and DNA integrity

were not significantly affected. Analysis revealed plasma membrane and acrosome

damage, loss of mitochondria, and axoneme and periaxonemal structure disorganization

after 2.5 h of cooling. During freezing, a significant decrease in sperm motility and viability

was observed after thawing. TEM and SEM revealed prominent signs of post-thawing

damage. The plasma membrane was lost or exhibited various degrees of swelling,

undulation, and perforations. Besides, the sperm presented vacuoles in the nucleus and

broken acrosomes. Mitochondria in the midpiece showed vacuolization and structural

disorganization. In conclusion, SEM and TEM revealed that cryopreservation induced

ultrastructural damages in llama sperm that initiated during cooling and intensified during

freezing. These details provide valuable data for further studies to minimize cryodamage

in camelid sperm.
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INTRODUCTION

Semen cryopreservation is a widely used technique to preserve
and supply sperm for breeding and maintenance of genetic
diversity in wildlife. During a standard cryopreservation
protocol, different processing steps are involved (dilution of
semen at 37◦C with the extender and cooling until 5◦C, addition
of a cryoprotectant and equilibration, and freezing in liquid
nitrogen at −196◦C), and it is not entirely clear how each
step affects the sperm cell (1). However, it has been shown
that cryopreservation induces deleterious alterations in sperm
structure and function (2–5). These involve thermal stress due
to the change in temperature during cooling, freezing and
thawing, as well as osmotic stress caused by the addition of
high concentrations of cryoprotective agents and crystallization
(6). As a result, a reduction in overall sperm fertility has
been reported in different domestic livestock when performing
artificial insemination (AI) (7, 8).

In South American camelids, poor results have been obtained
after AI with cryopreserved semen (9–14). Llama and alpaca
pregnancy rates with frozen-thawed semen ranged from 0 to
26% (9–12), while maximum pregnancy (33%) was obtained with
cooled semen at 5◦C (14).

Ultrastructural damage after cryopreservation has been
reported in bull (1), goat (15), dromedary (16), ram (17), dog
(18), and human (19), many of which cannot be detected by
conventional assessment. Ultrastructural analysis requires high
magnification, which is not possible with a light microscope
due to the low resolution. Electron microscopy is an extremely
useful tool for this purpose. Specifically, scanning electron
microscopy (SEM) offers a three-dimensional image of surface
structures and transmission electronmicroscopy (TEM) provides
a high magnification image of cellular components, including
the cytoskeleton, membrane systems, organelles, as well as
specialized structures in differentiated cells.

To date, no studies have examined sperm ultrastructure
alterations in llamas caused by cooling or freezing. Deeper
knowledge about these procedures could be useful to improve
the most critical steps during cryopreservation. Therefore, the
present study aimed to evaluate the effects of cryopreservation on
the ultrastructural characteristics of llama sperm during cooling
until 5◦C and freezing. Standard assessment of sperm motility,
vigor, viability and DNA integrity was also performed.

MATERIALS AND METHODS

Animals
Five llama males between 4 and 5 years old from the
CEEC (Centro Experimental de Estudios en Camélidos
Sudamericanos), Faculty of Agronomy and Zootechnics of the
National University of Tucumán (26◦50′11.4“S 65◦16′58.3”W,
and 440m altitude, Tucumán, Argentina) were used. The animals
were kept on natural pasture and strategically supplemented
with bales of alfalfa, and water was provided ad libitum. Semen
was obtained during the winter-spring of 2019.

Semen Collection and Handling
Semen collections were carried out using electroejaculation
(EE) under general anesthesia with 0.2 mg/kg of xylazine IV
(Xilazina, Richmond, Argentina) and 1.5 mg/kg of ketamine IV
(Ketamina, Holliday, Argentina). The same males were subjected
to EE with an interval of 15 days between successive semen
collections. All procedures were in line with the UNT 002/18
Protocol approved by the Committee for the Care and Use of
Laboratory Animals (CICUAL) from the Universidad Nacional
de Tucumán, Argentina.

A stimulator similar to an Electrojac V (Sistel, Argentina)
with a rectal probe with three linear electrodes was used for
EE. The probe was lubricated, gently inserted into the rectum
and orientated so that the electrodes were positioned ventrally
to the prostate. The device was used in automatic mode, applying
stimulus cycles of 2 s with 2 s intervals between stimuli. Voltage
was increased one volt every five cycles (starting with 2V),
until erection occurred (∼8V). Then, voltage was increased with
1V increments every 10 cycles until ejaculation. According to
the sensitivity of each animal to electro-stimuli, the minimum
voltage required to obtain ejaculation was applied (maximum
13V), without exceeding 10min of electro-stimulation.

Semen was obtained in 50ml Falcon tubes and immediately
placed in a 37◦C water bath. At this time, an aliquot of 12
µl was used to evaluate sperm viability, motility, and vigor
in raw semen. In order to remove seminal plasma, each
ejaculate was diluted 4-fold with Hepes balanced salt solution
(HBSS: 25mM Hepes, 130mM NaCl, 5mM KCl, 0.36mM
NaH2PO4, 0.49mM MgCl2, and 2.4mM CaCl2, pH 7.4, 290
mOsm/kg) and subsequently centrifuged at 800 × g for 8min
at room temperature. Particularly highly viscous semen was first
diluted and then gently pipetted to break down the gel before
centrifuging. The sperm pellet was suspended in 200–300 µl
of HBSS, and its concentration was calculated using a Makler
counting chamber. At this point, some samples were used for
cooling (C0: fresh sperm before cooling procedure) and others for
freezing (F0: fresh sperm before freezing procedure) protocols.

Sperm Cryopreservation
Sperm samples were cryopreserved by cooling down until 5◦C
for 24 h or freezing in liquid nitrogen at −196◦C for a month.
The experimental design is shown in Figure 1.

Cooling Protocol
Sperm suspensions (n = 5, r = 2) were diluted with Tris citric
acid fructose-egg yolk extender (TCF-EY: 250mM Tris, 80mM
citric acid, 60mM fructose, 20% egg yolk, 0.5% Equex, 80,000 IU
Penicillin G sodium, and 0.1% Streptomycin sulfate) to obtain
a final concentration of 30–40 × 106 spermatozoa/ml. Samples
were subsequently placed in a 37◦C water bath and then put in
a refrigerator. The temperature was monitored until reaching
5◦C in ± 2.5 h (cooling rate 0.2◦C/min). Samples were then
maintained at 5◦C for 24 h. After this period, the cooled sperm
cells were warmed up to 37◦C in a water bath (C24) to carry out
sperm evaluations.
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FIGURE 1 | Experimental design of cryopreservation procedures for llama sperm.

Freezing Protocol
Sperm suspensions (n = 5, r = 3) were diluted with TCF-EY
until a final concentration of 120–160 × 106 spermatozoa/ml,
and subsequently cooled down until 5◦C for ± 2.5 h (cooling
rate 0.2◦C/min) (F2.5). Then, sperm cells were diluted 1:1 with
freezing diluent that consisted of TCF-EY supplemented with
12% (v/v) glycerol as cryoprotectant (TCF-EY-G) (final glycerol
concentration was 6%) followed by equilibration for 20min at
5◦C. After the equilibration period, the samples were loaded
in 0.5ml straws (30–40 × 106 spermatozoa per straw), which
were placed 5 cm above liquid nitrogen vapor for 15min in a
freezing unit for straws (Minitube, Madison, WI, USA). Straws
were then plunged into liquid nitrogen at −196◦C for storage.
After a month the samples were thawed in a 37◦C water bath for
60 s (FT: freeze-thawing) and evaluated as follows.

Sperm Features Assessment
The following sperm traits were evaluated: viability, motility,
vigor andDNA integrity. The traits were assessed at different time
points: C0 and C24 for cooling; and F0, F2.5, and FT for freezing.
Additionally, viability, motility, and vigor were also assessed in
raw semen.

The percentage of live spermatozoa was determined by the
eosin-nigrosin staining. Briefly, 5 µl of sperm suspension was

placed on a slide and mixed with the same volume of eosin-
nigrosin solution. After 30–40 s, a thin smear was prepared and
observed under a light microscope at 400X magnification. At
least 200 spermatozoa from two different slides were counted per
sample (viable sperm remained colorless, while non-viable sperm
stained pink).

Assessments of motility and vigor were made by placing a 7
µl aliquot of spermatozoa on a slide under heating stage and
coved with a warmed coverslip (18 × 18mm), using a bright-
field microscope (Numak, model Zenith DO-1L, Buenos Aires,
Argentina) at 400X. The patterns observed were: oscillatory
motility (OM) and progressive motility (PM). In addition, total
sperm motility (TM= OM+ PM) was determined. Sperm vigor
was evaluated by using a score from 0 to 5 following Table 1

criteria, considering the amount of sperm with movement, the
presence of progressive movement, and the beat frequency of
the sperm.

To assess sperm DNA integrity, acridine orange assay was
carried out on sperm samples. Briefly, the sperm were diluted
with HBSS and centrifuged at 800 × g for 8min to remove
the extender, suspended in 100 µl of HBSS (except for C0 and
F0 because they have already been washed with HBSS). Then,
thin smears were prepared from the sperm suspensions, fixed
for 3 h in Carnoy’s solution (methanol/acetic acid, 3:1) and
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TABLE 1 | Sperm vigor classification.

Score Description

5 Sperm have very fast oscillatory or progressive movement. 60% of cells

are motile

4 Sperm have vigorous oscillatory movement, with fast beat frequency.

About 40–50% of cells are motile

3 Sperm have mainly oscillatory movement, with slow beat frequency, and

low progressive movement. Less than 40% of cells are motile

2 Sperm have weak oscillatory movement. Progressive motility is not

observed

1 Total motility is poor. Very few sperm (about 10%), have weak

movements

0 Sperm have no movement

stained with acridine orange solution (0.19% in phosphate citrate
buffer, pH = 2.5) for 5min. The slides were gently washed with
distilled water for 5min and air-dried. The stained smears were
then observed under a fluorescence microscope (wavelengths
of 450–490 nm, Olympus, Tokyo, Japan) at 400X magnification.
Sperm with normal DNA content present a green fluorescence,
whereas sperm with abnormal DNA content emit fluorescence
in a spectrum varying from yellow-green to red. At least 100
spermatozoa per slide were counted.

Ultrastructural Assessment
Sperm ultrastructure analysis was performed by
scanning and transmission electron microscopy at the
Centro Integral de Microscopía Electrónica (CIME),
CONICET, Tucumán-Argentina.

Scanning Electron Microscopy (SEM)
SEM analysis was carried out on sperm samples obtained before
cryopreservation (fresh sperm), after cooling at 5◦C for 2.5 and
24 h, and after freeze-thawing. Sperm samples (concentration≥
80 × 106 spermatozoa/ml, n = 2 per each group) were washed
with 1ml of HBSS and centrifuged twice at 800× g for 5min. The
supernatant was removed and the pellets formed by spermatozoa
were fixed in Karnovsky’s reagent (paraformaldehyde 2.7% and
glutaraldehyde 1.7% in sodium phosphate buffer, pH 7.2) for 24 h
at 4◦C. Then, 100 µl of sperm suspension was placed on a glass
previously covered with 2% agar for 1 h. After that, the samples
were dehydrated in increasing ethanol concentrations (30, 50, 70,
90, and 100%) for 10min each, and subjected to two acetone
baths for 10min. The samples were critical point dried with
liquid carbon dioxide (Denton Vacuum DCP-1 Critical Point
Dryer, NJ, USA), mounted on aluminum stubs and metalized
with gold (JEOL ion sputter JFC-1100, Tokyo, Japan) for later
observation using a scanning electron microscope (Zeiss SUPRA
55VP, Oberkochen, Germany). Different fields were randomly
chosen, and 100 sperm per sample were examined.

Transmission Electron Microscopy (TEM)
TEM analysis was carried out on fresh sperm, after cooling
at 5◦C for 2.5 and 24 h, and after freeze-thawing. Similar to
SEM technique, the sperm samples (concentration≥ 80 × 106

TABLE 2 | Percentage of llama sperm viability, and DNA integrity during cooling

procedure.

Viability (%) DNA integrity (%)

C0 67.4 ± 3.8a 86.2 ± 4.5a

C24 72.7 ± 3.7a 82.4 ± 8.6a

Values are mean ± standard error of the mean.
aThe same letter within columns indicates no significant difference (p > 0.05).

spermatozoa/ml, n = 2 per each group) were washed with
1ml of HBSS and centrifuged twice at 800 × g for 5min. The
sperm pellets were fixed in Karnovsky’s reagent for 24 h at 4◦C.
Then, sperm were centrifuged and the pellets were embedded in
1.2% agar solution. Afterward, the samples were washed three
times with sodium phosphate buffer, post-fixed in 2% osmium
tetroxide in the same buffer at 4◦C overnight, and treated with
an aqueous solution of 2% uranyl acetate for 30min. Samples
were serially dehydrated in ethanol, passed through acetone and
embedded in Spurr resin overnight at 60◦C. Ultrafine sections
(60–70 nm) were examined on copper grids using a Zeiss Libra
120 electron microscope (Carl Zeiss, Oberkochen, Germany).
Micrographs were examined focusing on the different sperm
structures (plasma membrane, acrosome, nucleus, mitochondria
in the midpiece, and axoneme and periaxonemal in the principal
piece), and observations were made paying particular attention
to whether the structures were preserved or presented some type
of alteration (100 sperm heads and tails per sample including
longitudinal and cross-sections were examined) to describe the
sperm quality features in the different groups.

Statistical Analysis
All data were expressed as the mean ± standard error of the
mean, and analyzed by statistical packages Infostat Version
2011p and R 3.1. Linear mixed-effects models were used
to evaluate the effect of cryopreservation on sperm motility,
viability, and DNA integrity, with animals as a random effect,
and sampling time as fixed effects. Mean comparisons were
performed using Fisher’s LSD test. The same effects on vigor were
evaluated using the Kruskal–Wallis test. p < 0.05 was considered
statistically significant.

RESULTS

Effect of Cryopreservation on Sperm Traits
Raw semen presented 64.6 ± 3.2% live sperm and 47.0 ± 4.3%
total motility; most of the sperm showed oscillatory movement
(41.0± 4.6%), but very little progressive movement was observed
(6.0± 2.6%). Mean sperm vigor was 2.7± 0.3 vigor score.

Concerning sperm motility (total, progressive, and
oscillatory), vigor, viability, and DNA integrity, no differences
were found between C0 and C24 sperm samples during cooling
(Tables 2, 3).

The freezing procedure resulted in a significant reduction in
spermatozoa viability after thawing (FT) compared with F0 and
F2.5 values (p< 0.05), but no differences were detected regarding
DNA integrity (Table 4). A marked decrease in oscillatory and
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TABLE 3 | Percentage of llama sperm motility (TM, total motility; PM, progressive

motility, and OM, oscillatory movement) and vigor (scale 0–5) during cooling

procedure.

TM (%) PM (%) OM (%) Vigor (vigor score)

C0 51.5 ± 6.2a 11.0 ± 6.6a 40.3 ± 7.4a 4.0 ± 0.4a

C24 58.3 ± 5.7a 24.2 ± 6.0a 34.0 ± 6.8a 3.6 ± 0.4a

Values are mean ± standard error of the mean.
aThe same letter within columns indicates no significant difference (p > 0.05).

TABLE 4 | Percentage of llama sperm viability, and DNA integrity during freezing

procedure.

Viability (%) DNA integrity (%)

F0 66.9 ± 2.4a 88.7 ± 4.5a

F2.5 66.2 ± 2.4a 88.0 ± 4.5a

FT 36.7 ± 2.4b 90.4 ± 4.4a

Values are mean ± standard error of the mean.
a,bWithin columns, different letters between rows indicate significant differences for each

of the sperm characteristic (p < 0.05).

TABLE 5 | Percentage of llama sperm motility (TM, total motility, PM, progressive

motility, and OM, oscillatory movement) and vigor (scale 0–5) during freezing

procedure.

TM (%) PM (%) OM (%) Vigor (vigor score)

F0 41.0 ± 4.1a 17.3 ± 3.6ab 23.7 ± 3.6a 3.2 ± 0.3a

F2.5 47.0 ± 4.1a 23.3 ± 3.6b 23.7 ± 3.6a 3.3 ± 0.3a

FT 16.3 ± 4.1b 9.3 ± 3.6a 7.0 ± 3.7b 2.5 ± 0.3a

Values are mean ± standard error of the mean.
a,bWithin columns, different letters between rows indicate significant differences (p

< 0.05).

total motility was observed after thawing (FT) when compared to
F0 and F2.5 sperm samples. Particularly, progressive motility of
F2.5 samples was higher than FT ones (Table 5). Sperm vigor was
not affected during the freezing protocol (Table 5).

Fresh Sperm Ultrastructure
Prior to cryopreservation, sperm cells showed the typical
morphology of llama spermatozoa (Figure 2A). Three well-
differentiated regions could be detected in the sperm head: the
anterior acrosomal region, the equatorial segment or posterior
acrosomal region, and the post-acrosomal region (Figures 2B,C).
While the anterior acrosomal region could be distinguished
from the posterior acrosomal region by a straight line, the post-
acrosomal region was virtually separated by a curved line. Lack of
acrosomes was observed in some cells as a result of a premature
acrosome reaction, revealed by the disruption of the plasma
membrane in the anterior acrosomal region, whereas the post-
acrosomal segment and its plasma membrane were preserved
(Figure 2C).

TEM micrographs of fresh sperm showed intact plasma
membranes with homogeneous condensed chromatin

FIGURE 2 | SEM images of fresh llama sperm. (A) Typical llama sperm

morphology. (B) Sperm showing a slightly rough or cracked surface; the

anterior acrosomal region, the equatorial segment, and the post-acrosomal

region can be distinguished in the sperm head. (C) Sperm showing a typical

acrosome reaction (triangle).

(Figure 3A); only a tiny number of cells showed slightly
undulated membranes in the sperm head. Acrosomal
membranes and their content were preserved in most cells
(Figure 3A), with only a few reacted sperm cells (Figure 3B).
Well-preserved midpieces with the characteristic mitochondrial
sheath surrounded by the plasma membrane were observed

Frontiers in Veterinary Science | www.frontiersin.org 5 October 2020 | Volume 7 | Article 58759628

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Zampini et al. Ultrastructural Sperm Damage During Cryopreservation

FIGURE 3 | TEM images of fresh llama sperm. (A) Longitudinal section of the spermatozoon head showing an intact nucleus, acrosome, and plasma membrane. (B)

Longitudinal section of the sperm head showing an intact nucleus and reacted acrosome (triangle). (C) Longitudinal section of sperm midpiece showing an intact

plasma membrane and mitochondrial sheath. (D) Cross-section of the sperm tail showing the axoneme, the outer dense fibers and the fibrous sheath. Ac, acrosome;

Ax, axoneme; FS, fibrous sheath; M, mitochondria; Nu, nucleus; ODF, outer dense fibers; PM, plasma membrane.

(Figure 3C). In the principal and mid pieces of the tail, presence
of an intact axoneme with conventional structure was identified
(Figure 3D), as well as presence of the typical nine outer dense
fibers with drop formats around the axoneme (Figure 3D), and
an external fibrous sheath (inset Figure 3D).

Effect of Cooling on the Sperm

Ultrastructure
Sperm showed signs of damage after 24 h of cooling. Some
sperm cells showed bent tails (Figures 4A,B), with a rough or
cracked surface, and other cells even showed loss of the plasma

membrane (Figure 4C). Sperm cells with reacted acrosomes were
also observed (Figure 4B).

TEM images showed many sperm cells with a swollen
or irregular undulated plasmalemma in the head region,
and a lack of acrosomal content (Figures 5A,B). In the
midpiece, loss of the plasma membrane and mitochondria
was detected (Figures 5C,D). Some alteration in the
axoneme and periaxonemal structures such as changes in
the number and arrangement of the microtubule doublets,
or abnormal size and position of the outer dense fibers was
observed (Figure 5C).
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FIGURE 4 | SEM images of llama sperm cooled for 24 h. (A) Sperm showing

bent tails (triangle). (B) Sperm showing rough surface, bent tail (asterisk) and

acrosome reaction (triangle). (C) Sperm showing cracked surface at the head

level and loss of the plasma membrane in the midpiece.

Effect of Freezing on the Sperm

Ultrastructure
During the freezing procedure, sperm suffered cryodamage. After
2.5 h of cooling until 5◦C, some detached heads and coiled tails
were observed (Figure 6A). Sperm showed an irregular surface

(Figure 6B), and broken membranes and loss of mitochondria
were detected in sperm midpieces (Figure 6C). Similarly, after
thawing, sperm showed detached heads as well as bent and
coiled tails (Figures 7A,B). In the sperm head, the plasma
membrane showed perforations (Figure 7B). In the midpieces,
loss of the membrane and mitochondria could be distinguished
(Figure 7C).

After sperm cells were cooled until 5◦C, but prior to
freezing with liquid nitrogen, TEM images revealed detachment
of the plasma membrane in many sperm heads (Figure 8A).
Sperm without acrosome and with vesicles of fused plasma and
outer acrosomal membranes was also observed, features that
indicate the acrosome reaction (Figures 8B,C). In addition, some
sperm cells displayed vacuoles in the nucleus (Figures 8B,C).
In the midpiece, broken plasma membranes, mitochondrial
vacuolization and even loss of mitochondria were noticed
(Figures 8C,D). In the tail, some sperm cells presented an
abnormal microtubule pattern (Figure 8C).

After freezing/thawing, great damage was detected with TEM.
Examination of sperm cells revealed the presence of vacuoles in
the sperm nucleus (Figure 9A). Acrosomal membranes appeared
broken and there was a lack of acrosomal content (Figures 9B,C).
Besides, certain cells exhibited the acrosome reaction with
vesicles of fused plasma and outer acrosomal membranes
(Figure 9E). The plasma membrane, particularly at the head
level, was remarkably affected: spermatozoa were swollen,
irregularly undulated, and demonstrated a broken plasma
membrane (Figures 9B–D). Similar membrane alterations were
detected in transverse sections of the midpiece and principal
piece (Figures 9F–H). Examination of the sperm midpiece
showed mitochondrial damaged: a distorted cristae structure and
vacuolization (Figures 9F,G). The axoneme structure and outer
dense fibers were conserved along the tail, but the fibrous sheath
was damaged (Figure 9H).

DISCUSSION

Application of electron microscopy techniques to evaluate
spermatozoa allowed detection of distressed cell structures after
cryopreservation. In order to improve preservation procedures,
llama sperm samples were first subjected to a cooling or freezing
protocol and then evaluated using high-resolution microscopy
techniques (SEM and TEM), to reveal any morphological injuries
associated with cryopreservation methods by comparison with
fresh sperm cells.

When llama spermatozoa were cooled until 5◦C, sperm traits
(viability, DNA integrity, motility, and vigor) were preserved
after 24 of cooling. The presence of EY in the extender seems
to be essential to maintain these sperm traits, as reported
previously in llamas (13, 20). Even though cooling is not the
most aggressive technique, SEM and TEM images revealed
ultrastructural alterations affecting sperm quality after 24 h at
5◦C. This might partly explain the poor results obtained when
cryopreserved llama sperm is used in AI procedures (9–14).
The ultrastructural changes observed would indicate that cooling
protocols for llama semen need to be reviewed, evaluating
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FIGURE 5 | TEM images of llama sperm after 24 h of cooling. (A) Spermatozoa showing plasma membrane and acrosome detachment (asterisk). (B) Section of the

spermatozoon head showing an irregularly undulated plasma membrane (triangle). (C) Longitudinal section of a sperm midpiece showing loss of the plasma

membrane (white arrow) and mitochondria (triangle). Cross-sections of sperm tails with disorganized outer dense fibers and microtubules (black arrow). (D)

Cross-section of the midpiece of a sperm cell showing an entirely loss of the plasma membrane (white arrow). M, mitochondria; Nu, nucleus; ODF, outer dense fibers;

PM, plasma membrane.

different cooling rates, and diluents from an ultrastructural point
of view.

Specifically, after 24 h of cooling, sperm showed signs of
damage like cracked or loose membranes, reacted acrosomes,
and bent and coiled tails. TEM observations also confirmed
acrosomal damage, loss of mitochondria, and disorganization of
the axoneme and periaxonemal structures. Several studies have
demonstrated increased levels of reactive oxygen species (ROS)
in semen preserved at 4◦C (21–24). When the balance between
ROS production and detoxification by antioxidants is disrupted,
an excess of ROS creates oxidative stress. Consequences of

oxidative damage are numerous, ranging from membrane
damage and lipid peroxidation, inhibition of respiration,
leakage of intracellular enzymes, axonemal protein damage, and
mitochondrial membrane damage (25), some of which are in
coincidence with our observations. The swollen and detached
plasmalemma from the sperm head observed with TEM might
also be associated with osmotic stress suffered during the cooling
procedure, as has been seen in other species (26, 27).

During freezing, sperm traits were evaluated at the beginning
of the process, after cooling until 5◦C for 2.5 h, and after
thawing. Similar to the cooling procedure, during which sperm
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FIGURE 6 | SEM images of llama sperm after cooling for 2.5 h. (A) Sperm

cells showing detached head (asterisk) and coiled tail (triangle). (B) Sperm cell

showing a rough surface (triangle). (C) Sperm cell showing loss of the plasma

membrane and mitochondria (triangle) in the midpiece.

cells were chilled for 24, after 2.5 h of cooling no differences
were detected regarding sperm viability, DNA integrity, motility,
and vigor compared with F0. As described for other species,
the step from 5◦C to liquid nitrogen seems to be the
most critical one during freezing (4, 28), being sperm cells

FIGURE 7 | SEM images of llama sperm after thawing. (A) Sperm cells with

bent and coiled tails (triangle). (B) Sperm cell with plasma membrane

perforations (arrow) and coiled tail (asterisk), and a detached head (triangle).

(C) Sperm cell showing loss of the plasma membrane and mitochondria

(triangles) in the midpiece.

exposed to cold shock, ice crystal formation, and cellular
dehydration, which severely compromise sperm quality (29).
Indeed, post-thawing sperm viability decreased from 66.9± 2.4%
in F0 samples to 36.7 ±2.4% in frozen/thawed samples (∼55%
of sperm viability was retained with the protocol used in the
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FIGURE 8 | TEM images of llama sperm after 2.5 h of cooling. (A) Spermatozoon showing plasma membrane detachment (triangle) and a lack of acrosomal content

(asterisk). (B) Sperm cells showing invagination in the nucleus (triangle) and acrosome reaction: it can be noticed that the outer acrosomal membrane and the plasma

membrane form bubbles (white arrow), and that the acrosome is completely absent (asterisk). (C) Spermatozoon showing invagination in the nucleus (triangle),

acrosome-reaction (white arrow), and loss of the plasma membrane in the midpiece (asterisk). Axonemal microtubule disorganization is also detected (black arrow).

(D) Cross-section of the midpiece of a sperm cell showing the entire loss of the plasma membrane (white arrow). Missing (asterisk) and vacuolated (triangle)

mitochondria are also observed. Ax, axoneme; CD, cytoplasmic droplet; M, mitochondria; Nu, nucleus; ODF, outer dense fibers; PM, plasma membrane.

present study). This is in agreement with previous reports on
South American camelids, which described a similar decrease
in sperm viability after thawing, even though different freezing
protocols were employed (12, 30–32). With regard to sperm
motility, a significant decrease in the percentage of total motility
was observed after thawing when compared to F0 and F2.5.
This decrease would be related to the decline in post-thaw
viability. However, as reported in other studies, the impairment
of mitochondrial activity (23, 33, 34), and axonemal protein
damage (5) observed during freezing–thawing might also explain

this result. On the other hand, DNA integrity would not be
affected by the freezing procedure, and sperm cells also would be
able to conserve their vigor with the protocol used in this study.

Although SEM and TEM images revealed similar alterations
like those observed with the cooling protocol, sperm cryodamage
seemed to be more severe after thawing. The plasma membrane
surrounding the sperm head and tail were partially lost
or exhibited various degrees of swelling, undulations, and
perforations. Similar membrane injuries were detected after
freezing-thawing in others species, e.g., bull (1), goat (15),
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FIGURE 9 | TEM images of llama sperm after thawing. (A) Presence of invagination (triangle) in the sperm nucleus. (B) Longitudinal section of the spermatozoon

head showing an intact nucleus with broken plasma membrane (triangle) and a lack of acrosomal content (asterisk). (C) Longitudinal section of the sperm head

and midpiece showing an irregularly undulated plasma membrane and the lack of acrosomal content (asterisk). (D) Sperm with swollen plasma membrane.

(Continued)
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FIGURE 9 | (E) Acrosome-reacted spermatozoon: it can be noticed that the outer acrosomal membrane and the plasma membrane form bubbles (triangle). (F)

Cross-section of the midpiece of a sperm tail showing plasma membrane detachment (white arrow) and mitochondria with distorted cristae (triangle). (G)

Cross-section of a sperm midpiece showing mitochondria with vacuolization (triangles). (H) Cross-sections of sperm tails showing detachment of the plasma

membrane in the principal piece (triangle), the entire loss of the plasma membrane in the midpiece (white arrow) and fibrous sheath disorganization (asterisk). Ac,

acrosome; Ax, axoneme; FS, fibrous sheath; M, mitochondria; Nu, nucleus; ODF, outer dense fibers; PM, plasma membrane.

dromedary (16), ram (17), and dog (18), demonstrating that
the plasma membrane is one of the most sensitive parts of the
sperm cell. Indeed, during freezing and thawing, the temperature,
and osmotic variations induce tremendous alterations in cell
water volume, which confer considerable mechanical stress
on the cell membranes (7). Particularly, the swollen plasma
membrane observed in all these species might be associated
with osmotic shock suffered during freezing-thawing. It is clear
that the plasma membrane exerts a fundamental role in the cell
coating and cellular homeostasis, which means that membrane
damage compromises the sperm function by altering the selective
permeability of sperm membranes, and disrupting the ability
of sperm to interact with cells of the oviduct and the oocyte
(4, 7). In line with the above-mentioned issues, bull and buffalo
sperm have shown a remarkable loss of capacity to regulate the
intracellular concentrations of ions after cryopreservation (35,
36). Moreover, reports in several mammals have demonstrated
that fewer cryopreserved sperm attached to the oviductal
epithelial cells compared to fresh semen (37–39). Reduced sperm
binding is likely a consequence of membrane injury, possibly
by structural damage to the sperm receptors or by incomplete
receptor aggregation (7).

After thawing, acrosomal integrity was seriously
compromised. This became evident because of the absence of
acrosomal content and acrosomal membrane damage observed
with TEM. The acrosomal membrane is another sensitive part
of the sperm cell to damage during cryopreservation (3). The
loss of the acrosome has been associated with the mechanical
stress suffered by the sperm during freezing or cryo-capacitation
events that could lead to a premature acrosome reaction (7). In
mammals, the acrosome reaction should occur in the vicinity of
themature cumulus-oocyte complex (40), and hence a premature
acrosome reaction might result in reduced fertilization rates.

In the current study, presence of intranuclear vacuoles was
observed after thawing, as has been detected in different species
during semen cryopreservation (1, 15, 17). Even though vacuoles
in the human sperm head were not associated with altered sperm
traits or DNA damage (41), reports on different species have
indicated that nuclear vacuoles are associated with abnormal
chromatin packaging or chromatin damage (1, 42), and exert a
negative effect on embryo development (43).

The mitochondrial structure was also affected by the freezing-
thawing process. TEM and SEM images revealed vacuolization,
cristae distortion and even loss of mitochondria in the midpiece
of frozen sperm. Mitochondrial damage during freezing and
thawing would lead to a decrease in spermatozoa mitochondrial
membrane potential (MMP). Indeed cryopreservation (cooling
and freezing) procedures significantly reduced the sperm MMP
(23, 44, 45). Since high spermMMP is required for mitochondrial

ATP synthesis, the ability of the sperm cell to produce ATP could
be compromised and therefore influence the sperm motility.
Another sperm structure distorted by the freezing process was
the fibrous sheath, which is a cytoskeletal structure surrounding
the axoneme and outer dense fibers in the principal piece region
of the sperm flagellum. The fibrous sheath acts as a scaffold for
proteins, and is believed to influence the degree of flexibility,
the plane of flagellar motion, and the shape of the flagellar
beat (46). Other studies indicate that some cytoskeletal proteins
of the tail decrease in abundance (e.g., ODF2, ROPN1, actin)
or change their distribution during freezing–thawing in bull,
ram, and buffalo sperm (47–50). These findings along with our
observations might be associated with the loss of sperm motility
during freezing-thawing.

Overall, the ultrastructural damage of llama spermatozoa
caused by cryopreservation protocols appears to be irreversible,
directly affecting sperm survival.

In conclusion, this is the first time that the ultrastructure
of llama sperm and ultrastructural damage caused by cooling
and freezing procedures have been characterized. Evaluations
with SEM and TEM allowed us to detect several sperm
ultrastructural injuries that would not be noticed by routine
seminal assessments, and reveal alterations that start during the
cooling procedure and intensify with freezing. In this context,
further studies should be focused on a reduction in damage
of the sperm plasma membrane, acrosome and mitochondria
during cooling and freezing in order to improve cryopreservation
protocols of llama semen.
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The aim of this study was to characterize the temporal association between follicular

waves and circulating concentrations of 17β-estradiol (E2) and IGF1 in llamas. Follicular

waves could be clearly divided in three phases: growth, plateau and regression; with a

mean duration of 18.8 ± 0.32 days. All follicular waves showed overlapping, so that as

one dominant follicle was regressing, another one was growing. E2 plasma concentration

showed a wavelike pattern, similar to that followed by the dominant follicle; reaching

its maximum concentration at the end of the growth phase and decreasing at the end

of the plateau phase. IGF1 also showed variations during the follicular wave. It tended

to increase during the growth phase and decreased toward Days 14 and 16. IGF1

reached its maximum concentration before E2 did (5 ± 0.8 vs. 7.2 ± 0.5 days after

wave emergence) and before the maximum follicular diameter was attained (10.2 ± 0.46

days after wave emergence). Both hormones started to rise again in coincidence with the

development of a new follicular wave. The observed profiles allow to suggest that IGF1

could have a role on folliculogenesis and ovarian steroideogenesis in llamas, as reported

for other species.

Keywords: estradiol, folliculogenesis, follicular wave, IGF1, llama

INTRODUCTION

Llamas are induced ovulators requiring a stimulus in presence of a mature follicle to trigger the
ovulatory process (1, 2). In absence of this stimulus, ovarian activity occurs in waves of follicular
growth and regression, in which one follicle becomes dominant, grows to maturity and finally
regresses (3, 4). Consequently, follicular waves may be divided into three phases: growth, mature
and regression; with a total duration of 17–22 days, according to different authors (3, 5–7).
Regression and growth of successive dominant follicles usually overlap, so that as one dominant
follicle is regressing, another one is growing to dominance (7). A positive correlation between
follicle size and plasma estradiol has been reported in llamas, with maximum concentrations
coinciding with maximum follicle size (3, 4, 7). Thus, the follicular wave pattern and the hormonal
profiles are responsible for long periods of behavioral estrous. On the contrary, plasma progesterone
levels remain low during the follicular wave, since ovulation does not occur (3).
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Although in the last years hormonal regulation of
folicullogenesis in camelids has been studied, the mechanisms
underlying the process are not yet fully elucidated (4, 8).
Conversely in other species, it has been reported that
folicullogenesis is regulated not only by gonadotrophins,
but also by local ovarian hormones (like activin or inhibin), and
other factors such as Insulin like growth factor 1 (IGF1) (9, 10).
This hormone stimulates proliferation and differentiation of
granulosa cells, and it would play a role in follicle selection (9, 11–
13). In fact, in many domestic animals, it has been reported that
IGF1 concentrations in follicular fluid are related to follicle size
(11, 14). In addition, IGF1 stimulates ovarian steroideogenesis
and vascularization (12, 15, 16) acting throughout its own
receptor (IGF1R) which is expressed in ovarian follicles in
different species [cattle: (12); ewe: (17); dog: (16)]. Recently,
IGF1R was identified in ovarian follicles of alpacas (18)
and llamas (unpublished data); being its expression greater
in granulosa than in theca interna cells of tertiary follicles,
especially in absence of a corpus luteum. This information
suggests a possible effect of IGF1 on camelids ovaries.

The objective of this study was to characterize the
temporal association between follicular waves and circulating
concentrations of 17β-estradiol (E2) and IGF1 in llamas.

MATERIALS AND METHODS

Animals
This study was approved by the ethics committee of the Faculty
of Veterinary Sciences of Buenos Aires University (CICUAL N◦

2016/27). Animals belong to the Faculty of Veterinary Sciences
of Buenos Aires University (Argentina) and the experimental
procedures were performed from January to August at this
institution (34◦36′ S, 58◦22′ W, at sea level). Ten (n= 10)
non-pregnant, non-lactating, sexually mature, clinically healthy
llamas, ranging between 5 and 10 years of age and with an average
body weight of 120 ± 20 kg were included in the study. All
females were kept isolated from males. They were kept at grass
and were fed hay bale or pellets and water ad libitum. They were
all in good nutritional status with a mean body condition score of
3 (body condition score from 1= thin to 5= obese) (19).

Follicular Activity Characterization
Animals were examined daily by rectal palpation and transrectal
ultrasonography to assess ovarian status (Berger R© LC 2010 plus
attached to a 5.0 MHz linear-array electronic transducer, Buenos
Aires, Argentina). The examination procedure was similar to that
described by Bravo et al. (1). A follicular wave was defined as
the simultaneous growth of a group of follicles; and a dominant
follicle was defined as one that grew to at least 7mm and whose
diameter exceeded that of all other follicles in the cohort (5).
The day of wave emergence (Day 0) was defined retrospectively,
as the day on which the dominant follicle was first detected,
at a diameter of 3–4mm (5). The follicular wave was divided
in three phases: growth, plateau and regression. The growth
phase was defined as the period comprehended between the day
on which the follicle emerged until it maintained its growth
around the maximum diameter. The plateau phase, that followed

the growth phase, was characterized by variations in follicle’s
diameter ≤ 0.5mm. The regression phase was characterized by
two consecutive decreasing measurements of the follicle and
finished when it reached 3–4mm at the end of the wave (5, 7). In
each occasion, the diameter of each follicle was measured three
times, and the averaged diameters were considered the diameter
of that follicle.

Blood Sampling
For the evaluation of plasma E2 and IGF1 concentrations, blood
samples were collected by jugular venipuncture every other
day. Blood samples were collected in tubes with heparin and
centrifuged immediately. Plasma was stored at−20◦C until IGF1
and E2 assays were performed.

Hormone Determinations
Plasma E2 concentration was determined using a commercial
RIA kit (Estradiol double antibody, KE2D, Siemens Medical
Solutions Diagnostics, CA, USA) reported for use in bovine
plasma (20) and validated for use with llama plasma after minor
modifications (2). The sensitivity of the assay was 1.5 pgml−1 and
the intra-assay and the inter-assay coefficient was below 11 and
8% for concentrations between 1.5 and 48 pg ml−1, respectively.
All samples were measured in duplicates.

IGF1 was determined by RIA as reported in cattle (21).
Briefly, samples and standards were subjected to the acid-ethanol
cryoprecipitation method previously described by Breier et al.
(22). Concentrations of IGF-I were determined using an antibody
(UB2-495) (rabbit anti-hIGF-I) provided by L. Underwood and
J. J. Van Wyk and distributed by the Hormone Distribution
Program of the NIDDK. Serially diluted llama plasma samples
containing high IGF1 concentrations produced curves parallel
to the standard curve. Assay sensitivity was 15.6 ng/ml. Intra-
and interassay coefficients of variation were below 7.2 and 12.8%,
respectively. All samples were measured in duplicates.

Statistical Analysis
Hormone concentrations along the follicular wave were analyzed
by repeated measures one-way ANOVA, followed by the
Bonferroni test (Graph Pad 5, USA). Llamas were considered as a
blocking factor. Pearson’s correlation was calculated to study the
relationship between IGF1 and E2. Values are expressed as mean
± SEM. Differences were considered significant when P-values
were < 0.05 and a tendency was considered when P < 0.1.

RESULTS

Follicular Wave Characteristics
In all the studied animals, the follicular waves could be
clearly divided in the mentioned phases (growth, plateau, and
regression) (Figure 1). Mean follicular wave duration was 18.8
± 0.32 days. The mean maximum follicular diameter was 9.9 ±

0.1mm and it was attained at 10.2 ± 0.46 days after emergence.
In all cases, the dominant follicle showed ovulatory diameter (≤
7mm) at day 7 after wave emergence.

The follicular growth phase averaged 9± 0.3 days, the plateau
phase 4.2 ± 0.3 days, and the regression phase 6.7 ±0.26 days.
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FIGURE 1 | Phases of the follicular wave in a llama. The growth phase (a–d), plateau phase (d,e), regression phase (f–h), can be observed. At the beginning of the

growth phase, the simultaneous growth of a group of follicles can be observed (a), one of which will become dominant (indicated by the arrow). Follicle’s diameter is

expressed in cm.

The mean growth rate was 0.66 ± 0.03 mm/day while the mean
regression rate was 0.71± 0.04 mm/day.

Mean diameter of the dominant follicle differed along the
follicular wave (P < 0.001). Significant differences were detected
from Day 0 until Day 6 (P < 0.001). Mean follicular diameter did
not differ significantly later betweenDays 6 vs. 8, 10, 12, and 14 (P
> 0.05). However, mean follicular diameter was greater on Day 6
than Days 16 and 18 (P < 0.001).

All follicular waves showed overlapping, so that as one follicle
was regressing, another follicle was growing. Ovulatory follicles
developed 80% times in the left ovary and 20%, in the right ovary.
The sequential development of ovulatory follicles alternated
between ovaries in 55% of cases. No ultrasonographical evidences
of ovulation were recorded during the study.

Plasma E2 and IGF1 Concentrations

During the Follicular Wave
Estradiol

Plasma estradiol concentration showed significant differences
during the follicular wave (P = 0.0007). This hormone showed
a wavelike pattern similar to that described by the dominant
follicle. Plasma E2 concentration increased during the growth
phase of the follicular wave, reached its maximum concentration
at the end of this phase and then started to decrease at the end
of the plateau phase. The E2 mean wave length was of 12.9 ±

0.7 days, being shorter than the mean duration of the follicular
wave. Thus, E2 started to decline before the structural regression
of the follicle. As all follicular waves showed overlapping, plasma
E2 concentration started to increase during the regression phase
of the previous wave in association with the growth phase of the
successive follicular wave (Figure 2).

The meanmaximum E2 concentration reached was 38.2± 4.5
pmol/l (10.34 ± 1.2 pg/ml) and it was attained at 7.2 ± 0.5 days
after wave emergence. Mean E2 concentration was significantly
greater on Days 6 vs. 0, 12, 14, and 16 (P < 0.05) and showed
a tendency to be greater on Days 6 vs. 2 (P < 0.1). It also was
significantly greater on Days 8 vs. 0, 2, 12, 14, and 16 (P < 0.05)
(Figure 2). The mean diameter of the dominant follicle at the day
of mean maximum E2 concentration was 8.7± 0.3 mm.

IGF1

Plasma IGF1 concentration showed differences during the
follicular wave (P= 0.0004). Mean IGF1 plasma concentration
tended to increase from Day 0 toward Days 4 and 6 (P < 0.1).
Then it started to decrease, being significantly lower on Days 14
and 16 vs. 4 and 6 (P < 0.05) (Figure 3).

During the regression phase and simultaneously with the
growth phase of the successive follicular wave, plasma IGF1
concentration started to increase (Figure 3).

The mean maximum IGF1 concentration was 460 ±

52 ng/ml and it was attained at 5 ± 0.8 days after wave
emergence. Therefore, the mean maximum IGF1 concentration
was attained during the growth phase, before the day when
the mean maximum follicular diameter was reached (10.2
± 0.46 days after wave emergence) and before the day of
maximum plasma E2 concentration (7.2 ± 0.5 days). The mean
diameter of the dominant follicle at the day of mean maximum
IGF1 concentration was 7 ± 0.7mm and mean plasma E2
concentrationwas 7.5±0.6. Themean lowest IGF1 concentration
was 250± 39 ng/ml and it was attained at 11± 1.3 days after wave
emergence, previous to the structural regression of the dominant
follicle (regression phase) (Figure 3).

Correlation Analysis
There was correlation between IGF1 and E2 plasma
concentration (r2 = 0.31, P = 0.008).

DISCUSSION

In the present study, a temporal association between follicular
waves and circulating concentrations of E2 and IGF1 in llamas
has been demonstrated.

In agreement with previous studies, the development of the
dominant follicle showed a wavelike pattern that could be divided
into three phases (growth, plateau, and regression) (3, 7). The
mean length of the follicular waves and their phases was shorter
than that previously reported by some authors (3, 7) but similar
to that described by others (5, 6). However, it must be considered
that follicular wave length is highly variable, lasting from 17 to
25 days, and closely related with the maximum diameter reached
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FIGURE 2 | Mean follicular diameter (mm) and plasma E2 concentration (pg/ml) during the follicular wave of llamas. Follicular wave 2 (F.W.2) emerged at Day 0 and

the dominant follicle went through its different phases (growth, plateau, and regression) while the dominant follicle of the follicular wave 1 (F.W.1) (previous follicular

wave) was regressing. E2 plasma concentration showed a wavelike pattern similar to the one described by the dominant follicle of F.W.2. At the end of the study, as a

new follicular wave initiated (F.W.3), E2 plasma concentration started to rise again. Values are expressed as mean ± SEM. Different letters indicate E2 concentrations

significantly different (P < 0.05). * Indicates that E2 concentration showed a tendency to be greater at Days 6 vs. 2 (P < 0.1).

by the dominant follicle (7). The phenomenon of overlapping of
follicular waves has been observed in all cases. Likewise, in a study
performed in llamas it has been reported that 100% of follicular
waves were superimposed on the preceding ones (7). On the
contrary, Bravo et al. (1) referred absence of overlapping in some
follicular waves, in coincidence with basal E2 concentration. The
underlying cause of the differences between all the mentioned
studies is not clear, but it might be related to environmental or
genetic factors that could have an impact on follicular activity.

Plasma E2 concentration showed a wavelike pattern,
resembling that described by the dominant follicle, as previously
reported in llamas (1, 3, 7). This hormone concentration
increased during the growth phase, reaching its maximum at the
end of this phase, and then decreased when the plateau phase
was finishing. Also, E2 mean wave length was shorter than the
mean duration of the follicular wave. Therefore, the structural
regression of the dominant follicle was preceded by the decline
in E2 concentration, so that the dominant follicle function was
affected before ultrasonagraphic changes were observed. These
results are consistent with those described by Cavilla et al. (7),
who observed an increase of E2 concentration in coincidence
with follicular wave emergence and a decrease during the plateau
phase. Likewise, in cows and sheep, E2 reached its maximum

concentration at the end of the growth phase and started to
decrease during the static phase (23, 24). Thus, it has been
proposed that the decline in E2 concentration during this phase
could have a role in the development of the subsequent follicular
wave (24). In the present study, during the regression phase, a
new follicular wave started to develop, leading to a new increase
in plasma E2 concentration.

Plasma IGF1 concentration showed variations during the
follicular wave; being the first time that this factor was evaluated
in llamas. IGF1 concentration tended to increase during the
growth phase and then decreased toward Days 14 and 16. As
the new follicular wave emerged, IGF1 started to rise again.
To the authors knowledge, there are no reports regarding the
effect of IGF1 on ovarian function in llamas. However, in other
species it has been proposed that this factor would promote
folliculogenesis, stimulating granulosa cells proliferation and
follicular steroideogenesis [sheep: (25); pig: (26); cattle: (27, 28);
goat: (29); horse: (13)]. Considering the observed IGF1 profile,
it would be possible that in llamas this factor might be involved
in the stimulation of follicular development, as in other species.
Besides, variations in IGF1 plasma concentration during the
follicular phase of the estrous cycle have been observed in
domestic species [sheep: (25, 30); goat: (29); cattle: (28)]. These
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FIGURE 3 | Mean follicular diameter (mm) and mean plasma IGF1 concentration (ng/ml) during the follicular wave of llamas. Follicular wave 2 (F.W.2) emerged at Day

0 and the dominant follicle went through its different phases (growth, plateau, and regression) while the dominant follicle of the follicular wave 1 (F.W.1) (previous

follicular wave) was regressing. IGF1 plasma concentration reached its greatest concentration during the growth phase. At the end of the study, as a new follicular

wave initiated (F.W.3), IGF1 plasma concentration started to rise again. Values are expressed as mean ± SEM. Different letters indicate IGF1 concentrations

significantly different (P < 0.05). * Indicates that IGF1 concentration showed a tendency to be greater at Days 4 and 6 vs. 0 (P < 0.1).

authors reported that plasma IGF1 concentration increased in
association to estrous, in coincidence with maximum plasma E2
concentration. Moreover, in vitro studies have shown that IGF1
stimulates E2 production by granulosa cells in a dose dependent
manner (31–33). Conversely, it has also been proposed that E2
would stimulate IGF1 production (25, 28). In the present study,
a positive correlation between IGF1 and E2 has been observed.
Opposite to what has been reported in other species, mean IGF1
greatest concentration was not attained simultaneously to E2
peak, reaching its maximum concentration before E2 did (5
± 0.8 vs. 7.2 ± 0.5 days after wave emergence). These results
might suggest that in llamas IGF1 would stimulate follicular
E2 production, although an effect of E2 on IGF1 should not
be discarded. Although correlation between E2 and IGF1 was
observed, the association between these variables was not strong.
This might be explained by the fact that ovarian function is
regulated by multiple factors, including gonadotropins (34). In
other species, it has been proposed that IGF1 might regulate
follicular activity directly and/or by increasing follicle’s sensitivity
to gonadotropins action (11, 12, 27). The exact mechanisms by
which IGF1 is involved in ovarian function regulation in camelids
remains to be studied.

In conclusion, in llamas, E2 showed a wavelike pattern while
IGF1 tended to increase toward Days 4 and 6 and then decreased;

reaching its greatest values before E2 and the diameter of the
dominant follicle did. This suggests that IGF1might have a role in
ovarian folliculogenesis and steroideogenesis. Further research is
needed to elucidate the mechanism of action of IGF1 on ovarian
tissue in this species.
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Reproductive biotechnologies such as artificial insemination could be very useful for

South American camelids, allowing widespread use of semen from breeding males

with desirable genetics. However, artificial insemination is not widely employed in these

species and is considered to have low overall efficiency. This is due in part to incomplete

knowledge about the physiology of conception in these species, and also to challenges

presented by semen collection and handling. Several recent reviews have centered on

female camelid reproduction; therefore, in this review, the focus is on semen handling.

Various semen collection methods are presented. Different methods of reducing seminal

viscosity are compared, such as needling, enzyme treatment, and colloid centrifugation.

Use of enzymes remains controversial because of widely differing results among research

groups. Colloid centrifugation, particularly single layer centrifugation, has proved to

be successful in facilitating development of sperm handling techniques in dromedary

camels, and has also been used with llama semen. Therefore, protocols for colloid

centrifugation of alpaca semen could be developed in the future.

Keywords: viscous seminal plasma, ovulation inducing factor, dribble ejaculators, single layer centrifugation,

epididymal spermatozoa, sperm preservation

INTRODUCTION

Although artificial insemination (AI) is common in other domestic livestock, the use of this
reproductive biotechnology in camelids is limited, but especially so for South American camelids
(SACs) (1). In any species, many production traits can be improved by careful selective breeding
stock with desirable genetics (2). Fiber quality in SACs is no exception: it can be improved by
selective breeding using animals with high quality fiber (3). In theory, AI could be very useful
for improving fiber quality in SACs by allowing more widespread breeding from genetically
elite individuals, but protocols for this reproductive biotechnology have not been optimized in
these species.

Knowledge about reproductive physiology in SACs is currently incomplete (4), thus hindering
the development of protocols for AI. Thus, factors such as the optimum timing of AI relative to
ovulation, the number of spermatozoa required, and the site of semen deposition need to be defined
for the different species. In addition, techniques for semen preservation require optimization (5).
Moreover, SACs are induced ovulators, with an ovulation-inducing factor (recently identified as
nerve growth factor) in seminal plasma being the main ovulation-inducing agent (6). Therefore,
if AI is used, it may be necessary to induce ovulation, either by injecting hormones, mating to
a vasectomized male, or inseminating seminal plasma at the same time as the spermatozoa. The
optimal timing of ovulation induction relative to semen deposition is not known.
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The viscous character of camelid semen is one of the main
limiting factors in the development of AI (7). Other important
factors limiting reproduction in alpacas are their low overall
fertility, which is due both to low sperm production and a high
incidence of pseudo pregnancy or early embryomortality (8), and
the physiological capacity of females that usually have no more
than four offspring throughout their life (9).

As an alternative to AI, embryo transfer has been attempted
in SACs (10). Successful within-species embryo transfer was
achieved in both llamas (11–14) and alpacas (15, 16). Cross-
species embryo transfer between SACs was also accomplished
with in vivo generated embryos (12, 17, 18). Embryos have been
produced in vitro from llamas (19), and recently also from alpacas
(20). However, it is not clear whether offspring resulted from
transfer of such in vitro derived embryos.

A recent review on SAC (5) summarized the available
literature on timing of AI, sperm numbers, deposition site, and
how ovulation was induced, together with the outcome. The
purpose of the present review, therefore, is to examine the
problems associated with semen handling in SACs and look at
possible solutions that have been successful or partially successful
in a related species, the dromedary camel.

SEMEN COLLECTION

All reproductive biotechnologies require a source of good quality
semen. Semen collection in SACs is challenging, not least because
mating takes place in sternal recumbency and is of long duration
(21). Semen can be collected by different methods, including
an artificial vagina, vaginal sponges, and electro-ejaculation, as
reviewed recently (22). Creating a urethral fistula provides access
to small quantities of spermatozoa without seminal plasma but
is not practical as a regular supply of spermatozoa for AI.
There may be ethical and welfare aspects related to some of
these methods. Thus, for example, anesthesia is required, or
is mandatory in some countries, for electroejaculation, since it
can cause extreme muscular contractions. Surgical alterations to
provide a source of spermatozoa without seminal plasma would
not be considered ethical in many countries, and may present
welfare issues. The advantages and disadvantages of the different
methods are summarized in Table 1.

An artificial vagina is the preferred method for collecting
samples in alpacas and llamas (23). The samples collected are
not usually contaminated with urine, which can be a problem
with electroejaculation (21), and contains the contributions from
the accessory sex glands in the physiological proportions. Once
the male has mounted a female or a phantom, the erect penis
is introduced into the artificial vagina and ejaculation occurs
into a sterilized collection vessel. In the dromedary camel, using
a phantom instead of a live female enabled a sample to be
collected without contamination (24). In a study comparing
semen collection by artificial vagina and electroejaculation in
llamas, the proportion of successful semen collections was
reported to be greater when using an electro-ejaculator than
an artificial vagina (25). Semen volume was greater and both
sperm motility and membrane integrity were higher in samples

TABLE 1 | Advantages and disadvantages of various semen collection methods

in alpacas [modified from (22)].

Technique Advantages Disadvantages

Artificial vagina Relatively clean

“physiological” samples;

No contact with female

reproductive tract

secretions.

Males must be trained; cannot

be used for isolated semen

collections in untrained

individuals.

Electroejaculation Any mature individual. Anesthesia required, restricting

number of collections from

each individual; ejaculate may

not be complete or may be

contaminated with urine*.

Post-mating

aspiration

No training of males

needed.

Semen contaminated with

secretions from female tract,

bacteria etc. Not universally

acceptable as source of semen

for AI. Restraint of females may

cause stress.

Epididymal

spermatozoa

(castration; post

mortem)

By-product from

slaughterhouses or from

normal husbandry

technique.

Only one sample from each

male unless hemicastration

performed.

Urethral fistula Provides spermatozoa

without viscous seminal

plasma.

Small numbers of spermatozoa

collected. Fistula must be kept

open*.

Others

(intravaginal

sacs or condom,

vaginal sponges,

aspiration after

mating)

No training of males

needed.

Insertion of intravaginal devices

not easy and stressful if

animals not accustomed to

handling. Devices may hamper

intromission; Devices or

aspiration can cause injury.

Contamination with vaginal

secretions, bacteria.

*may not be considered acceptable in some countries on welfare grounds.

collected by electroejaculation than by artificial vagina. However,
the method may not be suitable for repeated use on the same
males in the field and requires anesthesia because the intense
muscular contractions produced can be painful (4).

Aspiration of semen from the reproductive tract of a mated
female, or extraction from vaginal sponges or condoms, results
in samples that may be contaminated by other secretions and
cells (21), resulting in poor sperm survival. Sperm recovery
may be stressful for females that are not accustomed to being
handled (22) and the method is not practical for most alpaca
husbandry systems. Although this method is a source of
ejaculated spermatozoa, aspiration from the vagina for transfer
into other females is not desirable for biosecurity [(26), cited
in (22)].

SEMEN CHARACTERISTICS

As previously mentioned, camelid semen is highly viscous (7),
forming a gel immediately after ejaculation. Although the gel
is rich in glycosaminoglycans (GAG), this component is not
considered to cause the viscosity, since treatment with enzymes
specific for GAGs does not reduce the viscosity appreciably
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whereas treatment with proteases does (27). The viscosity is,
instead, attributed to the high mucin content as detailed in
Kershaw-Young and Maxwell (27). More recent studies on the
protein components of camelid seminal plasma have been mostly
directed toward characterizing the ovulation-inducing factor in
the seminal plasma, which is beyond the scope of this review
[e.g., (28)].

The spermatozoa are retained within this gelatinous mass,
making it difficult to separate the spermatozoa from the seminal
plasma. Thus, simple techniques, such as evaluating sperm
concentration or sperm motility by conventional means, are
challenging. The viscous seminal plasma might be an adaptation
to retain the spermatozoa in the female’s reproductive tract until
ovulation, which occurs∼30 h after copulation in the alpaca (29).
Sperm motility in this gelatinous mass is oscillatory rather than
progressive (30).

Camelids ejaculate in fractions throughout the whole
copulation (“dribble ejaculation”); sometimes only gelatinous
seminal plasma is ejaculated without any spermatozoa (31). The
volume of the ejaculate varies, e.g., from 0.4 to 4.3mL, and
the average seminal plasma volume was 1.5 ± 0.1mL (32).
The semen is usually opalescent to milky white, depending on
sperm concentration (33), which ranges from 62 to 750 × 106

spermatozoa/mL, with an average motility of 68–85% (21).

SEMEN HANDLING

The high viscosity of the seminal plasma creates difficulties in
sperm assessment and handling. The spermatozoa are trapped
within the gel and show an oscillatory motility pattern rather
than a progressive pattern (32). It is almost impossible to
make smears from this material, and the gel appears to prevent
dyes from penetrating the sperm membrane for evaluation
of membrane integrity. The presence of seminal plasma may
also hinder penetration of cryoprotectants (27). Certainly,
alpaca spermatozoa freeze poorly using currently available
protocols, and no offspring have been produced following
AI with frozen semen (5). However, there are reports of
successful freezing of llama spermatozoa (19), with offspring
born after AI.

Several methods to reduce seminal plasma viscosity and
release trapped spermatozoa have been attempted. These include
needling, pipetting, sperm washing, addition of enzymes, and
colloid centrifugation. Needling and pipetting, i.e., repeated
aspiration of semen through a needle or a pipette, respectively,
may help liquefaction but sperm quality tends to be reduced,
possibly due to physical damage or by release of reactive oxygen
species that may subsequently affect sperm membranes and
chromatin. Prior extension of the semen sample with a buffered
semen extender, followed by gentle pipetting during incubation,
was shown to liquefy semen from dromedary camels (34).
Removal of the freed spermatozoa from the seminal plasma
is needed as the gel tends to reappear with time, trapping
the spermatozoa once more. Colloid centrifugation (see sperm
selection) was more effective for removing spermatozoa from
liquefied seminal plasma than centrifugation without a colloid,

TABLE 2 | Summary of various studies on enzyme treatment of semen from

South American camelids.

Enzyme Species Effect Source

Trypsin Alpaca Sperm motility ↓ (35)

Trypsin, collagenase,

hyaluronidase, and

fibrinolysin

Alpaca and

llama

Not possible to obtain

progressive motility

(36)

Trypsin Alpaca and

llama

Detached heads (37)

Collagenase at 0.5,

1.0, 2.0, and

4.0 mg/mL

Alpaca Toxic to sperm (38)

1 mg/ml collagenase Llama Spermatozoa are not

adversely affected

(19, 39)

Hyaluronidase,

chondroitinase ABC,

and keratinase) and

proteases (papain and

proteinase K)

Alpaca Papain was most

promising in reducing

thread formation

(40)

Papain Alpaca Does not reduce sperm

motility, viability, DNA

integrity or acrosome

integrity

(41)

200 or 600 units/mL

catalase

Alpaca Spermatozoa are not

adversely affected

(5)

↓, decreased.

since it allowed the spermatozoa to be completely separated from
the seminal plasma (34).

The gel fraction of the seminal plasma is thought to be
due to the presence of proteins such as mucins. In an attempt
to reduce the viscosity of the semen, researchers have tested
various proteases with varying degrees of success (summarized
in Table 2). However, the use of enzymes is controversial since
they may damage spermatozoa (10). One explanation for the
differing results presented by various researchers could be the
considerable variation in viscosity among camelid ejaculates. The
degree of viscosity affects the concentration of enzyme needed,
or the time required for it to act. However, exposing spermatozoa
to any enzymes could be expected to have an adverse effect on
their membranes. Thus, the affected spermatozoa might still be
able to function in IVF shortly after enzyme treatment, or if the
spermatozoa are rapidly removed from the media containing the
enzymes, whereas they are unable to function if preserved for
subsequent use in AI.

Colloid centrifugation is a so-called biomimetic sperm
preparation technique, whereby the sperm selection that occurs
in the female reproductive tract is mimicked in vitro. Briefly,
in the female reproductive tract, motile spermatozoa migrate
away from seminal plasma; non-motile spermatozoa are removed
by back-flow (42). Spermatozoa that are free of seminal plasma
interact with the uterine and oviductal epithelial cells, and are
thought to be retained in the crypts of the uterotubal junction
where they initiate the changes that occur during capacitation.
They are released when ovulation occurs, and locate the oocyte
for fertilization.
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Several biomimetic techniques are available that simulate this
in vivo sperm selection (43). These include migration techniques,
e.g., “swim-up,” filtration, magnetic activated cell sorting, and
colloid centrifugation. Colloids can be used as a density gradient,
i.e., with two or more layers of colloid of different densities,
or with only one layer of colloid (Single Layer Centrifugation,
SLC). This technique has been used for sperm selection in
many different species [reviewed by (43)]. Since spermatozoa
are separated from seminal plasma as well as selecting the
robust spermatozoa (44), the method could be beneficial in
extracting camelid spermatozoa from seminal plasma. Of the
different selection techniques, colloid centrifugation looks to be
quite promising, at least for llama spermatozoa (10, 19), and is
now used regularly when preparing dromedary camel semen for
reproductive biotechnologies (45). Use of a low density gradient
made from a colloid designed for human spermatozoa was also
reported for preparing alpaca spermatozoa (5). It should be noted
that in the case of the low density colloid, the purpose of the
colloid is merely to separate the spermatozoa from the seminal
plasma rather than to select robust spermatozoa from the rest of
the ejaculate (46). Higher density colloids are used for selection
of robust spermatozoa that are more likely to be capable of
achieving fertilization.

A comparison of swim-up and colloid centrifugation of llama
spermatozoa (after treatment of the ejaculate with collagenase)
concluded that colloid centrifugation was the method of choice
for preparing spermatozoa (39). In studies on dromedary camel
semen that had been subjected to gentle pipetting, i.e., without
enzyme treatment, Malo et al. (34) showed that sperm quality
parameters and in vitro fertilization ability of spermatozoa were
improved by SLC compared with simple sperm washing. The
colloid separated live motile spermatozoa from seminal plasma,
dead cells, debris, and extender. The same researchers were
able to cryopreserve dromedary camel sperm samples (47–49)
and obtain offspring after AI with the thawed samples. Since
colloid centrifugation seems to represent a reliable, repeatable,
and relatively simple way of extracting camelid spermatozoa
without damage, it could provide the way forward when working
with alpaca semen.

Semen Extenders
A variety of different extenders have been used for camelid
semen, as reviewed recently (5). Evaluating which extenders
function best for each species is problematic because it is
not known which methods for evaluating sperm quality are
reliable as indicators of fertility in SACs. Once a method
for AI in these species has been optimized, it may be
possible to relate sperm quality in different extenders to
fertility, thus facilitating development of optimized extenders for
these species.

Pregnancy Rates
The success of any one semen handling method compared to
another is usually measured in terms of pregnancy rate and
births. Although some pregnancies and live births have been
achieved following AI in SACs, the success rate is low (5). In

an alpaca study, 1 out of 42 inseminated females gave birth
(4). A 21.7% success rate was reported for a study on llamas
(50). Such low success rates imply that the methods used are
still sub-optimal. A comparison of the different methodologies
is provided by (5). It would be interesting to see pregnancy
rates from the use of sperm samples prepared by colloid
centrifugation without the use of enzymes, since pregnancy
rates are higher in other species following colloid selection, e.g.,
stallion (51).

CURRENT CHALLENGES AND POSSIBLE

SOLUTIONS

The protocols currently available for semen collection, extracting
spermatozoa from the ejaculate, and sperm preservation are not
effective for alpaca spermatozoa.

As presented here, there are indications that colloid
centrifugation presents a practical solution for viscosity
reduction in llamas and dromedary camel semen, either
following brief enzyme treatment or after pipetting in the
presence of buffer. Therefore, optimizing these protocols for
alpaca semen is strongly recommended. In the meantime,
initial studies on developing preservation or cryopreservation
protocols could be carried out with epididymal spermatozoa,
which can be obtained either as a byproduct of castration
or from slaughterhouse material. Although they represent a
useful source of spermatozoa for describing the characteristics
of alpaca spermatozoa (52), or for testing extenders and
freezing protocols [(52), personal communication] they have
limitations for more general use in AI. For obvious reasons,
regular sperm collections from the same male are not possible
and therefore biological replicates of experiments are not
feasible, and it can be difficult to harvest the spermatozoa
without blood or cellular contamination. Furthermore, it is
not known whether extenders and preservation protocols
derived using epididymal spermatozoa are relevant for working
with ejaculated spermatozoa. However, this material could
be a useful starting point in the development of sperm
preservation protocols.

FURTHER CONSIDERATIONS

Developing sperm handling procedures is only a first step
in developing AI. If AI is to become a reality in SACs,
timing of ovulation relative to AI, sperm numbers deposited,
and the site of semen deposition have to be established.
The timing of ovulation induction relative to insemination
should be investigated, e.g., with the help of ultrasound to
pinpoint ovulation. Obtaining a consistent supply of ejaculated
spermatozoa that can be manipulated is essential to carrying
out studies that are reliable and repeatable. One point is
clear; there is still plenty of opportunity for research in these
interesting species.
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The aim of the present study was to evaluate the application of a GnRH-PGF2α based

synchronization and superstimulation protocol for fixed-time natural mating in llama

embryo donors. All females (n = 8) received 8 µg IM of GnRH analog (GnRHa; buserelin)

on day 0, regardless of follicular status. After eight days, another GnRHa dose was

administered followed by 250µg IM PGF2α (cloprostenol). A dose of 1000 IU IM of equine

chorionic gonadotrophin (eCG) was applied on day 12 and a new dose of PGF2α was

administered on day 13. All embryo donors were mated with a male of proven fertility

followed by a GnRHa dose on day 18. 24 h later, mating was repeated with a different

male. Transcervical uterine flushing for embryo recovery was carried out on all females

on day 26. Recipient females received one dose of GnRHa (day 0) two days after the

first mating of embryo donor females. A 75% (6/8) of embryo donors responded to

the superstimulation treatment with a range of 2 to 5 corpus luteums (CLs) on embryo

recovery day. A total of 24 CLs were registered, with a mean of 4 ± 0.9 CLs per female.

Embryo recovery rate was 66.7% (16/24), with a range of 0 to 4 embryos and a mean of

2.7 ± 1.5 embryos per female. Regarding quality of the recovered embryos, 56.2% were

grade I, 6.2% were grade II and 37.5% were grade V (untransferable; arrested morulae).

Grade I and II embryos (n = 10) were transcervically transferred into recipient females (n

= 10) six days after inducing their ovulation. At 24 days after embryo transfer (ET), a 50%

pregnancy rate was registered. In conclusion, a group of llama embryo donors can be

synchronized and superstimulated using a fixed-time mating protocol based on GnRHa,

PGF2α, and eCG without the necessity of using ultrasonography in the field.

Keywords: camelids, follicular wave, ovarian dynamic, embryo transfer, ovarian superstimulation
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INTRODUCTION

Breeding llamas (Lama glama) is an economically relevant
animal husbandry activity for a large sector of the high-altitude
populations of South America, as the by-products of meat, fiber
and manure are all put to use. Llamas are also employed for
transporting cargo and represent an important cultural symbol
for the region. Total llama population is estimated to be 5
million animals (1) in South America, concentrated mainly
in Bolivia, Peru, and Argentina. Over the last few years, an
increase in the consumption of llama meat has occurred because
its palatability and low cholesterol content respond to current
market demands, thus suggesting a favorable scenario for the
production of these species. One of the existing problems llama
producers face is the phenotypical expression of malformations
(prognathism, conformation defects, heterochromatism, etc.), as
a consequence of intense consanguinity in the herds due to
internal replacement and mating of closely related animals. On
the other hand, although this species presents a high capacity
for adaptation to different adverse environmental conditions,
conception and embryo mortality rates are highly variable under
natural conditions (2). The mean annual fertility (birthing rate)
in alpacas (Vicugna pacos) and llamas in South America can be as

low as 45% (3). This low reproductive performance has different

causes, for example, a late puberty (4), short reproductive

seasonality in their natural habitat (5), long gestations (335
to 360 days) and birthing only one offspring at a time (6–8).

FIGURE 1 | Experimental design. Hormone treatment applied in embryo donors and recipient females.

Conventional reproductive management currently undertaken
by most llama producers, consists in observing the sexual
behavior of the females when confronted with a male and
indicating natural mating when receptivity is detected, this
being a labor-intense activity which demands a considerable
amount of time (9). However, it is known that conception
rates are lower (50–75%) when the females are mated based
on their sexual behavior rather than when mating is indicated
in the presence of a dominant growing follicle detected by
ultrasonography (10, 11). Therefore, the establishment of a
protocol that allows the presence of one or more dominant
follicles at a fixed time, would not only make it possible to
achieve better pregnancy rates, but would also facilitate the
practices of herd management (12). In addition, applying ovarian
superstimulation treatments combined with embryo transfer
(ET) in genetically valuable animals, would make it possible to
obtain a greater number of offspring per female per year, thus
maximizing their reproductive efficiency (13, 14). In this way,
the generation interval would be shortened, and genetic progress
would accelerate (15).

The objective of this study was to evaluate the
efficiency of a simple, fixed-time synchronization-
ovarian superstimulation protocol in llamas, for use in
an embryo transfer program, that does not depend on
ultrasonography and is based on the administration of
two doses of a GnRH analog, prostaglandin and equine
chorionic gonadotrophin.
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MATERIALS AND METHODS

Environmental Conditions
This study was carried out during the month of May in
the La Intermedia establishment in the town of Abra Pampa,
located in the Department of Cochinoca of the Province of
Jujuy, Argentina. The area is an Andean plateau situated 3,480
meters above sea level (22◦ 38’ S−65◦ 69’ W). This area
corresponds to the Ecoregion of the dry Puna, with rainfall that
varies between 100 and 400mm per year, concentrated mainly
between November and March (250 to 350mm), a time of year
when maximum temperatures reach 25◦C. Winter is dry, with
maximum temperatures in the region of 20◦C, being warm
during the day and fresh at night.

Animals
A total of 48 non-gestating and non-lactating females, between 2
and 8 years old, with a body condition score of 3 (body condition
score from 1 = thin to 5 = obese) were used in this study. They
were kept separate from the group of males and were fed with
natural pastures and had free access to water.

Experimental Design
Treatment in Female Donors
The complete experimental design is described in Figure 1. On
day 0, all donor females (n = 8) received 8 µg IM of GnRH
analog (GnRHa; buserelin acetate; Receptal R©, Intervet, Buenos
Aires, Argentina) for inducing endogenous LH release. Eight
days later, another GnRHa dose was administered followed by
250 µg IM of PGF2α (cloprostenol; Ciclase DL R©, Syntex S.A.,
Buenos Aires, Argentina). On day 12 an IM dose of 1,000 IU
of equine chorionic gonadotrophin (eCG; Novormon R©, Syntex,
Argentina) was injected (16). On day 13, another dose of PGF2α
was administered and 5 days later (day 18) natural mating with
a male Lama glama of proven fertility was indicated for each
female (n = 6). After natural mating, all females received a dose
of GnRHa and 24 h later, natural mating was repeated with a
different male, with the objective of minimizing the male effect.

Embryo Recovery and Evaluation
Uterine flushing was carried out non-surgically for embryo
recovery, 8 days after the first mating (17). The maneuvers
were carried out with the female either standing or in sternal
recumbency. The animal was restrained in stocks, the tail was
wrapped, and the rectumwas emptied of feces. The perineumwas
then scrubbed using a hypoallergenic detergent, rinsed carefully
with clean water and then dried. Restless females received 0.2
mg/kg IV xylazine (Xilazina R© 10%, PRO-SER S.A., Buenos
Aires, Argentina) before flushing. A Foley catheter (12 or 16 Fr,
according to female size), with a stylet inserted into the catheter
to keep it from bending during recto-vaginal manipulation,
was used. Uterine flushing was done by placing the catheter
cuff cranial to the internal cervical os and insufflating it with
5 or 10ml of air (according to catheter gauge). The whole
uterus was flushed 4 to 5 times using Ringer-Lactate solution,
previously warmed (30-35◦C), with a total volume of 500ml.
The recovered medium was filtered through a 70µm EmConTM

filter for embryos. After the flushing, donor females received a
single IM dose of PGF2α to induce luteolysis. The fluid in the
flushing filter was placed in warmed reticulated Petri dishes and
embryos were identified using a stereomicroscope. Embryos were
classified according to their morphology following the criteria set
by Tibary and Anouassi (18), using a grade scale from 1 to 5. Only
morphologically normal (grade 1 and 2) blastocyst stage embryos
were transferred to recipient females.

Management of the Recipient Females
All recipient females (n = 40) received 8 µg IM of GnRHa
two days after the first natural service of the embryo donors
(recipients’ day 0). Transcervical ET was carried out on day 6
after GnRHa administration (17). The preparation of recipient
females was as for donor females. A lubricated gloved hand
was inserted in the rectum to hold the cervix while an assistant
separated the vulva labia and an ET pipette, covered with a
sterile sheath (IMV R©, France) and carrying the 0.25ml straw
(IMV R©, France) containing a single embryo, was inserted into
the vagina. Cervical threading was performed aided by transrectal
manipulation and the embryo was deposited in the uterine horn
ipsilateral to the CL (17).

Pregnancy Diagnosis
Pregnancy diagnosis was carried out by transrectal
ultrasonography, observing an embryonic vesicle 24 days
after ET (corresponding to pregnancies of 32 days).

RESULTS

Donor females were evaluated by transrectal ultrasonography
before carrying out the uterine flushing on day 26. Of
the 8 females used, 75% (6/8) responded to the ovarian
superstimulation treatment with a range of 2 to 5 CLs. A total
of 24 CLs were registered, with a mean of 4± 0.9 CLs per female,
and an occurrence of 58.3% in the left ovary (LO; 2.3 ± 0.5) and
41.7% in the right ovary (RO; 1.7± 1). A 25% (2/8) of the females
presented a large anovulatory luteinized follicle.

A total of 16 embryos were recovered from the 6 donor
females that were flushed (range: 0 to 4 embryos per animal), with
a mean of 2.7 ± 1.5 embryos recovered per female (Figure 2).
Embryo recovery rate (number of embryos recovered / number
of CLs observed) was 66.7% (16/24). Of the recovered embryos,
56.2% (9/16) were grade I, 6.2% (1/16) grade II and the remaining
37.5% (6/16) were grade V (non-transferrable; arrested morulae).

Only grade I and II hatched blastocysts (n = 10) were
transferred to the uterus of recipient females. An 80% (8/10) of
the recipient llamas presented a CL in the left ovary and a 20%
(2/10) in the right ovary.

The pregnancy rate was 50% (5/10) twenty four days after ET
(3 pregnancies with a CL in the LO and 2 pregnancies with a CL in
the RO) and pregnancies were again confirmed 80 days post ET.

DISCUSSION

The protocol evaluated in the present study was efficient in
superstimulating embryo donor llamas without the need for
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FIGURE 2 | Hatched blastocysts (grade I) obtained 8 days after natural mating

of an ovarian-superstimulated female llama.

ultrasonography. Ovarian response to the induction of multiple
follicle growth in llamas is extremely variable, ranging between
0 and 17 ovulations or CLs and a recovery of 0 to 4 transferrable
embryos per animal (13). One of the causes of this high variability
in response is the stage of ovarian dynamics at the beginning of
the superstimulatory treatment as the presence of a dominant
follicle induces atresia in the rest of the follicles of that same
wave (19). According to Miragaya et al. (20), beginning ovarian
superstimulatory treatment in the presence of a follicle>5mm in
diameter induces the growth of only that follicle. To accomplish
this latter objective, a natural luteal phase can be generated by
inducing ovulation of the dominant follicle, with the resulting
formation of a functional CL. In this manner, the inhibitory
effect on follicular activity of progesterone produced by the CL
is achieved (21). There are some protocols to induce multiple
follicular growth in llamas based on the application of a single
dose (1000 IU) of eCG, at different days after administering
GnRH (22–24) or LH (25, 26) to induce ovulation of the
dominant growing follicle previously monitored by ultrasound.
In the current study, 75% of the llamas responded positively to
the superstimulation protocol with a mean 4 CLs per female.
These results were superior to those obtained by Bourke et al.
(23), who achieved a 47% response to treatment, with an average
of 2.4 ± 0.55 CLs per animal. In this last study, multiple
follicular development was stimulated with eCG seven days
after inducing ovulation with GnRH. It is possible that another
dominant follicle could have already developed at the time of
applying the ovarian superstimulatory treatment, because a new
follicular wave emerges on average 2 to 3 days after inducing
ovulation (9, 27). In addition, according to Ferrer et al. (28),
follicle diameter is maintained below 7mm until 6 days after
induction. It is probable that the presence of this dominant
follicle has an inhibitory effect on the development of the new
follicles, thus reducing the response to ovarian superstimulatory
treatment. In the Bourke et al. study (23), 1.4 ± 0.45 embryos
were obtained per female, a lower result than the 2.7 ± 1.5
embryos recovered in the present study. These authors used 19
females, 14 of which received a single natural mating, and the
remaining 5 received two matings separated by 24 h, obtaining
an embryo recovery rate of 22 and 72%, respectively. They

attributed the low results to the implementation of a single
natural mating for each superstimulated female. Other studies
have used the same ovarian superstimulation treatment, two
days after administering GnRH in the presence of a dominant
follicle, registering in the case of Vásquez (24), a mean of 6.5 ±

3.1 CLs/female and recovering 4 ± 2.6 embryos/female, while
Aller et al. (22) observed 5.5 ± 3.1 CLs/female and obtained 2.1
± 2.2 embryos/female. The embryo recovery rate achieved by
Vásquez (24) was similar to that obtained in our study (65.3 vs.
66.7% respectively), both of which were superior to the rate of
40.7% obtained by Aller et al. (22). Based on inducing ovulation
with LH, Huanca et al. (26) registered a higher mean of CLs
(10.1 ± 2.9 CLs/animal) at the time of embryo recovery after
administering eCG two days after LH. Evangelista et al. (25) used
this same protocol, but the ovarian superstimulatory treatment
was applied three days after LH, obtaining 9.3 ± 3.4 CLs/female.
In these two studies, embryo recovery rate was 48.3% (26) and
37.7% (25), and this last low percentage could be attributed to
the single natural mating used for each superstimulated female
donor. Implementing double natural mating with different males
on embryo donors that have been subjected to an ovarian
superstimulation treatment, not only improves embryo recovery
rates (23), it also allows genetic diversity to be increased, as
has been recently proven in alpacas (29). In this way, not only
is genetic variability increased, but phenotypical expression of
congenital malformations could be avoided.

In an ET program, not only is the number of embryos
recovered important, but it is also essential to consider the
embryo quality. In our study, 62.5% of the embryos recovered
were good quality and in condition to be transferred. Perhaps,
the 37.5% that were arrested at the morula stage could
be attributed to superstimulation treatments producing an
increase in the number of recruited follicles and accelerating
their growth and development, hence possibly leading to the
ovulation of oocytes with immature nuclei or cytoplasm, thus
affecting their future fertilization and/or embryo development
(30). Furthermore, according to Aller et al. (22), there is
a high positive correlation (0.91) between the number of
follicles present on the day of natural mating and the estrogen
plasma concentration in superstimulated llamas, and, based on
studies in cattle (31, 32), these estrogen plasma levels could
generate a reduction in the secretory activity of the oviductal
epithelial cells and alter normal fertilization and/or early embryo
development. Although to date no studies confirm this same
effect in camelids, 5 of the arrested morulae obtained came
from females that presented an ovarian cyst on the day of
uterine flushing. According to Huanca et al. (26), ovarian cysts
could affect results in superstimulated llamas in one of two
ways: if hormonally active, they could alter correct embryo
development and/or transport along the oviduct or, they could
physically impede the normal ovulatory mechanism for the rest
of the follicles.

In all the above-mentioned superstimulation protocols,
trained personnel and transrectal ultrasonography are required,
as prior synchronization of follicular dynamics was not carried
out in the embryo donors. Thus, these methods are not very
practical for applying in the field. In our study, we were
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able to establish a simple protocol that controls follicular
growth in a group of females and guarantees the presence
of two or more dominant follicles at a fixed-time, without
the need of previous reproductive evaluation. Although it
would be important to increase the number of females
treated, implementing this protocol could improve pregnancy
rates, facilitate management and allow natural mating and/or
artificial insemination to be programmed simultaneously in
larger groups of animals. In addition to being used for ET
programs, it could also be applied for obtaining embryos for
cryopreservation and even to harvest oocytes in an ovum pick-
up program.

CONCLUSION

It is possible to implement a synchronization-superstimulation
fixed-time protocol in llamas using two doses of a GnRH analog,
with two doses of prostaglandin F2 alfa prior to eCG, without
the need for ultrasonography. This would make field work much
easier, gaining independence from the need for personnel trained
in imaging diagnostics.
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Steroid response to human Chorionic Gonadotropin (hCG) administration has been

used in various species to study testicular function and for diagnostic purposes. In this

study, two experiments were conducted to determine serum testosterone concentration

response to administration of hCG and its correlation with testicular weight. In the

second experiment the relationship between age, testosterone and estrogen response

to hCG, and testicular histometry was in pre-pubertal and post-pubertal male alpacas.

For experiment 1, males in two age groups (2 to 3 years, n= 9) and (4 to 7 years; n= 15)

received 3,000 IU hCG IV, 36 to 48 h before castration. Serum testosterone concentration

was determined before (T0), 1 h (T1), 2 h (T2), 8 h (T8), and 24 h (T24) after administration

of hCG. Basal concentrations of serum testosterone was significantly different (P <

0.01) between age groups. Serum testosterone concentrations increased over time and

doubled 2 h after treatment. The highest change (250 to 300% increase from T0) was

observed at 8 h (3.5± 0.3 ng/ml). A significant correlation (P < 0.01; r = 0.64) was found

between serum testosterone concentration and total testicular weight. For experiment

2, 60 males ranging in age from 6 to 60 months were used. Serum testosterone and

estrogen was determined in samples taken just prior to and 2 h after administration of

3,000 IU hCG. Basal serum testosterone concentrations were very low (≤0.1 ng/mL)

until 9 months of age then increased steadily with age. There was a significant variation

amongst males within the same age group. Serum testosterone concentration increased

by 2- to 4-fold 2 h after hCG injection (P ≤ 0.05). Males in the 13 to 14 months of

age group had the highest rise. Estrogen concentration increased in response to hCG

administration and was detected only in males with high testosterone. We conclude that

administration of 3,000 IU of hCG IV can be used reliably to detect testicular tissue

and study its steroidogenic activity. The response is correlated with testicular weight

and Leydig cell number. Testicular growth and sensitivity to LH stimulation increases

between the ages of 13 and 14 months. The aromatizing ability of Leydig cells increased

significantly in post-pubertal male alpacas.

Keywords: camelid, testis, reproduction, steroidogenesis, Leydig cell
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INTRODUCTION

Research on sexual development in male alpacas is scarce.
The age at puberty is variable, and factors regulating sexual
development and maturation in this species are often a subject
of controversy (1, 2). Male camelids are born with descended
testes that are relatively small in comparison to other domestic
livestock, soft and difficult to palpate (3). Early studies showed
that testicular growth is slow and reaches a plateau at 30
months of age. There is a wide variation in testicular size at
all ages suggesting that other factors such as nutrition and
genetics are also important (4, 5). Penile detachment from
the prepuce has been traditionally used as a sign of puberty
because it is directly under testosterone influence (3, 6, 7).
Young males display sexual interest and mounting at 1 year
of age but at this age only 8% of males had lost the peno-
preputial attachment and could achieve intromission. Loss
of preputial adhesions is achieved in 70 and 100% of the
males at 2 and 3 years of age, respectively (3). In one study,
serum testosterone concentrations in alpacas were 202, 254,
708, and 1,510 pg/mL at 9, 10, 11, and 12 months of age,
respectively (2).

Measurement of testosterone and estrogens from a single
blood sample is not a reliable indicator of testis function because
their secretion varies during the day (8). The human chorionic
gonadotropin (hCG) stimulation test is a reliable dynamic test for
the evaluation of testicular steroidogenesis (9–12). This approach
provides a diagnostic index of steroidogenic capacity of the testes.
Administration of hCG was shown to induce a rapid increase
of serum testosterone concentration in several species including
bulls (13, 14), cats (15, 16), dogs (17), humans (11, 18), rams
(19–21), and stallions (22–24).

The testicular steroidogenic response to hCG administration
has been characterized in several species and used for diagnostic
purposes to differentiate between cryptorchidism and male-
like behavior in absence of testicular tissue, primarily in
stallions (23, 25), dogs (16), and cats (15, 16). Response
to hCG stimulation allows differential diagnosis between
cryptorchidism and monorchism (24). Steroidogenic response
to hCG stimulation has also been investigated as a method
for evaluation of testicular function disorders in older animals
(26). In one study, young stallions (8–10 years old) show a
more pronounced response than older stallions (19–25 years).
However, these observations remain limited in numbers (27).
hCG stimulation also results in an increase in serum estrogens
concentration and provides information on aromatizing activity
within the testis (28–31).

In camelids, studies on steroidogenic testicular response to
hCG stimulation test are limited. In llamas, administration of 750
IU of hCG resulted in a 3-fold increase in serum testosterone
concentration within 1 h of treatment (32). In one cryptorchid
llama, plasma testosterone concentrations in samples taken
before and 18 h after administration of hCG (5,000 IU, IM) were
20,802 and 39,697 nmol/L, respectively (33). Studies on the effect
of hCG stimulation in adult alpacas show the same effect as in
llamas (2). To our knowledge, there are no studies comparing
pre-pubertal and post-pubertal male response to hCG.

We report here two experiments designed to investigate the
endocrinological response to hCG stimulation in male alpacas
to gain better insight on sexual development in this species.
The primary objective of the first experiment was to further
characterize endocrine response over time to hCG stimulation
and its correlation to testicular weight. The objective of the
second experiment was to investigate the serum testosterone and
estrogen concentration in response to a single dose of hCG in pre-
and post-pubertal alpacas and its relation to testicular histology.

MATERIALS AND METHODS

Two experiments were conducted on intact male alpaca (Vicugna
pacos). The objective of the first experiment was to characterize
the testosterone response to a single injection of human
Chorionic gonadotropin. The second experiment was designed to
study the steroidogenic response of pre- and post-pubertal alpaca
males to a single injection of hCG.

Animals and Animal Care
For experiment 1, twenty-four (24) intact Huacaya males in two
age groups (2 to 3 years, n = 9) and (4 to 7 years; n= 15)
were used. For experiment 2, sixty (60) Huacaya males aged
from 6 months to 5 years were used and divided into seven
age groups: 6 to 8 months (n = 13); 9 to 11 months (n =

6); 12 to 14 months (n = 10); 15 to 17 months (n= 13); 18–
20 months (n = 6); 22 to 30 months (n = 5); and 36 to
60 months (n = 7). All males were normal with respect to
testicular palpation and ultrasonography. The scrotal contents
(testicles, epididymides, and testicular envelopes) of all males
were examined by ultrasonography to rule out any abnormalities
using a 7.5 MHz linear transducer (Alkoa 500, Inc. Tokyo, Japan)
(1). The animals were housed at Washington State University
Veterinary Teaching Hospital during the study. They were fed
free choice Orchard grass hay and had free access to water.
All procedures were approved by Washington State University
Animal Care and Use Committee.

hCG Stimulation and Blood Sampling
For experiment 1, the animals were restrained in a chute
for IV catheter placement. Each animal was clipped over the
jugular vein and the area aseptically prepped with betadine
scrub. A local block with 1ml of 2% lidocaine was placed
subcutaneously. A #15 blade was used to make a stab incision
into the skin to allow easy placement of the IV catheter. A 16-
gauge IV catheter was placed into the jugular vein. Each male
received an intravenous injection of 3,000 IU hCG (Chorulon R©,
Intervet, Holland) 36 to 48 h before scheduled castration. Blood
was drawn from the IV jugular catheter using the three-
syringe technique. A pre-hCG blood sample (T0) was taken to
measure initial levels of testosterone. Subsequent samples were
drawn at 1 (T1), 2 (T2), 8 (T8), and 24 (T24) h following
hCG administration. In experiment 2, all animals received
3,000 IU of hCG intravenously (10,000 IU/10mL, Chorulon,
Intervet International B.V. Boxmeer-Holland). Blood samples
were collected just prior and 2 h following hCG administration.
Blood was withdrawn by jugular venipuncture into vacutainer
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tubes without anticoagulant (MONOJECT, Tyco Healthcare
LP, Mansfield, MA, USA). Samples were left to clot at 4◦C
overnight then centrifuged at 3,000 × g for 20min at 4◦C.
Sera from the samples were transferred into polypropylene vials
and stored at −20◦C until assayed for testosterone and total
estrogen concentration.

Castration and Testicular Processing
Males in both experiments underwent standard surgical
castration under general anesthesia. The animals were
anesthetized by intramuscular administration of a combination
of Ketamine (4 mg/kg, Ketaset R© 100 mg/mL, Fort Dodge
Animal Health, Fort Dodge, Iowa), Butorphanol (0.04 mg/kg
IM, Torbugesic R© 10 mg/mL, Fort Dodge Animal Health, Fort
Dodge, Iowa), and Xylazine (0.4 mg/kg; AnaSed R© 100 mg/mL,
0.4 mg/kg IM, Lloyd, Shenandoah, Iowa). The alpaca was placed
in lateral recumbency on a mat. The scrotum was clipped and
prepared aseptically with betadine scrub. A 2.5 cm incision was
made on the craniodorsal aspect of the down testicle extending
over the ventral testicle to the tail of the epididymis. The testicle
was exteriorized and a transfixation suture placed around the
vascular cone of the testicular cord. The testicle was removed
by transection of the spermatic cord ventrally to the transfixing
suture. The procedure was repeated on the other side. The scrotal
skin incision was left to heal by second intention. The animal
was monitored until recovery from anesthesia was complete. The
testicles were dissected free of the epididymis and their weight
determined with a milligram precision using an electronic scale.

In experiment 2, cubic pieces of testicular parenchyma tissue
were collected from each animal after castration and fixed in
4% paraformaldehyde overnight, then stored in 70% ethanol.
The tissues were later dehydrated in alcohol, embedded in
paraffin, sectioned at 8µm and placed on glass slides. Slides
were deparaffinized in histoclear R© (AGTC Bioproducts LLC,
Wilmington, MA 01887 USA), rehydrated in serial ethanol
concentrations, and stained with hematoxylin and eosin to
evaluate germ and somatic cells using light microscope.

Histological Evaluation
The diameters of 10 round seminiferous tubules were measured
at 10Xmagnification using an eyepiecemicrometer and averaged.
All slides were evaluated by a single operator in a random order.
Representative cross-sections of testes from each age group were
processed for detection of adult Leydig cells. Leydig cells were
evaluated based on morphology parameters (shape, size, number,
and maturation status). The morphology of stained sections was
evaluated using light microscopy at 100X magnification, and
digital images were captured. Adult Leydig cells were counted
in randomly selected fields through the entire sections without
overlap. Mature Leydig cells were identified in the interstitial
tissue of prepubertal males (Figure 1) and adult males (Figure 2)
by their large rounded nucleus with an obvious nucleolus,
little or no cytoplasmic lipid droplets, and a relatively thicker
peripheral rim of heterochromatin in their nuclei compared to
other interstitial cells.

Histochemical detection of apoptosis-associated DNA
fragmentation in testicular tissue was performed by the TUNEL

FIGURE 1 | Cross section of alpaca testis at 6 months of age showing

gonocytes in the center of the seminiferous cords (a) and gonocytes that have

begun to migrate to the basement membrane (b). Mature Leydig cells are

present in the interstitial space (c).

FIGURE 2 | Cross section of an adult alpaca testis showing mature Leydig

cells (arrows) in the interstitial space.

assay (DeadEndTM Colorimetric TUNEL System). The TUNEL
System end-labels the fragmented DNA of apoptotic cells
using a modified TUNEL assay. Biotinylated nucleotide is
incorporated at the 3’-OH DNA ends using the Terminal
Deoxynucleotidyl Transferase Recombinant (rTdT) enzyme.
Horseradish peroxidase-labeled streptavidin (Streptavidin HRP)
is then bound to these biotinylated nucleotides, which are
detected using the peroxidase substrate, hydrogen peroxide and
the stable chromogen, diaminobenzidine (DAB). Using this
procedure, apoptotic nuclei are stained dark brown (Promega,
Part# TB199, www.promega.comMadison, WI. USA).
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FIGURE 3 | Serum testosterone concentration (mean ± SEM, ng/mL) before and after hCG injection (3,000 IU, IV) in alpacas.

The TUNEL assay was carried out on paraffin-embedded
testis sections. In brief, testis tissue sections were pretreated
by deparaffinized and rehydrated in xylene and decreasing
concentrations of ethanol followed by washing in 0.85% NaCl
for 5min. Sections were washed twice in PBS for 5min and
after each step in this assay. The tissues were permeabilized
with 20µg/mL proteinase K incubation for 25min at room
temperature. Sections on the slides were covered with 100 µl of
equilibration buffer for 10min followed by addition of 100 µl
of rTdT TUNEL reaction mixture to the sections for 60min at
37◦C in a humidified chamber. The enzyme reaction was stopped
by dipping slides into 20XSCC (liquid buffers Sodium Chloride
and Sodium Citrate) for 15min. Sections on slides were then
incubated with 100 µl of HRP-conjugated streptavidin (diluted
1:500 in PBS) for 30min at room temperature, followed by 100µl
of DAB until a light brown background appeared. The sections
were counterstained with hematoxylin and evaluated under a
light microscope. To count TUNEL-positive cells in the tissues,
five different microscopic fields were scanned at magnification
of 40X.

Hormones Assays
The concentration of testosterone and estrogen was determined
in serum samples collected pre and post-hCG treatment using
a commercial double-antibody RIA kit (Coat-A-Count R© total
testosterone; Siemens Healthcare Diagnostics Inc. Los Angeles,
CA 90045 USA; testosterone Catalog # TKT1, estrogen Catalog #
KE2D1). The calibrators contain 8, 16, 96, 414, 792, and 1,685
nanograms of testosterone per deciliter (ng/dl) in processed
human serum. Whereas, the estrogen calibrators contain 0,
5,10,20,50,150, and 50 picograms of estrogen per milliliter

(pg/mL) in processed human serum. The sensitivity of the
assay for testosterone and estrogen was 0.1 ng/mL (intra-
assay CV, inter-assay CV were 2.4 and 8.5%, respectively)
and 1 pg/mL (intra-assay CV, inter-assay CV were 4 and 5%,
respectively), respectively.

Statistical Analysis
All data are presented as mean± SEM. In experiment 1, response
to hCG stimulation was evaluated by repeated measure ANOVA
for all males and by age group. Correlation between testosterone
concentrations and total testicular weight was established using a
linear regression model. Data from experiment 2 were analyzed
using ANOVA (Tukey test). All analyses were performed using
statistical software (Statistix 10, Analytical Software, Tallahassee,
FL, USA). Significance of results is reported if p < 0.05.

RESULTS

Experiment 1
Serum testosterone concentrations before and after
administration of hCG are presented in Figure 3. Serum
testosterone concentration pre-hCG administration (T0) showed
large individual variation (range: 0.3–3.2 ng/mL). The mean
serum testosterone concentration at T0 for all males was 1.3
± 0.2 ng/mL. There was a significant difference (p < 0.001)
in the mean basal serum testosterone concentrations between
the two age groups (1.7 ± 0.2 ng/mL for males 4–7 years of
age vs. 0.6 ± 0.2 ng/mL for males 2–3 years of age) (Table 1).
Serum testosterone concentration increased over time following
hCG administration. Both age groups showed a similar trend
in serum testosterone response to hCG administration. Overall,
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TABLE 1 | Serum testosterone concentration (mean ± SEM, ng/mL) in male alpacas before and after injection of hCG (3,000 IU, IV).

Age N Pre-hCG 1 h 2 h 8 h 24 h

2–3 years 9 0.6 ± 0.16a1 1.15 ± 0.11b1 1.47 ± 0.08c,e1 2.21 ± 0.2d1 1.76 ± 0.24e1

3.5–4 years 15 1.71 ± 0.17a2 2.33 ± 0.18b2 2.79 ± 0.25b2 4.25 ± 0.31c,d2 4.15 ± 0.47d2

All males 24 1.3 ± 0.16a1,2 1.89 ± 0.17b1,2 2.3 ± 0.21c2 3.49 ± 0.29d1,2 3.26 ± 0.39d2

a,b,c,d,eValues with different superscripts in the same row are statistically different (p < 0.05).
1,2,3Values with different superscripts within the same column are statistically different (p < 0.05).

TABLE 2 | Change in serum testosterone concentration (pg/mL) over time

(expressed as ratio between basal testosterone concentration at T0 and other

sampling times).

Age N Ratio T1/T0 Ratio T2/T0 Ratio T8/T0 Ratio T24/T0

2–3 years 9 1.45 ± 0.13a,1 1.82 ± 0.13b,1 2.74 ± 0.28c,1 2.71 ± 0.38d,1

3.5–4 year 15 2.43 ± 0.3a,2 3.29 ± 0.48a,2 4.7 ± 0.68b,1 4.03 ± 0.82b,1

All males 24 1.82 ± 0.17a,1,2 2.37 ± 0.27b,1,2 3.48 ± 0.36c,1,2 3.21 ± 0.4c,1

Blood sample timing, T0 = before hCG treatment, T1 = 1 h after hCG, T2 = 2 h after

hCG, T8 = 8 h after hCG, T24 = 24 h after hCG.
a,b,cValues with different subscripts within the same row are statistically different

(p < 0.05).
1,2Values with different subscripts within the same column are statistically different

(p < 0.05).

TABLE 3 | Testicular weight in alpacas (Mean ± SEM, grams) of different age

groups.

Age group N Left testicle Right testicle Paired testicular weight

2–3 years of age 9 12.10 ± 0.79a,1 12.02 ± 0.49a,1 24.12 ± 1.261

>3 years of age 15 20.36 ± 0.94b,2 19.88 ± 0.99b,2 40.24 ± 1.912

All males 24 17.27 ± 1.06c 16.93 ± 1.02c 34.19 ± 2.06

a,b,cValues with different subscripts within the same row are statistically different

(p < 0.05).
1,2Values with different subscripts within the same column are statistically different

(p < 0.05).

serum testosterone concentration doubled by 2 h and peaked
at 8 h post-hCG administration (Table 2). Older males had a
significantly higher (p < 0.05) magnitude of serum testosterone
changes than younger males at 1 and 2 h after hCG injection.
Serum testosterone concentrations were not significantly
different (p > 0.05) at 8 and 24 h post-hCG administration.

Mean total testicular weight (± SEM) was significantly (P
< 0.001) different between the two age groups (Table 3). Mean
left and right testicular weight were not significantly different
within each group (p > 0.05). Paired testicular weight was
significantly correlated with serum testosterone level at all
sampling times (Table 4). However, when the data was analyzed
by age groups, a significant correlation was found only between
serum testosterone concentration at T0 and paired testicular
weight in young (2–3 year-old) males.

Experiment 2
Serum testosterone concentrations before and after
administration of hCG for different age groups are presented in
Figure 4. Basal serum testosterone concentrations were below

the detection level of the assay (0.1 ng/mL) for alpacas 6 to 11
months of age. Serum testosterone concentration increased after
11 months with large individual variations among individual
animals within the same age group. A significant increase in
serum testosterone concentration (p < 0.05) was observed 2 h
after administration of hCG. The magnitude of the response to
hCG varied according to age of alpacas (Table 5). It is interesting
to note that the lowest magnitude of serum testosterone
concentration change occurred in males between 15 and 16
months of age.

The proportion of animals with detectable estrogen levels (>1
pg/mL) after administration of hCG is presented in Table 6. The
youngest animal with detectable estrogen was 14 month-old.
There was a significant correlation between serum estrogen levels
and serum testosterone concentration (Table 7).

The histomorphometry analysis of testicular samples obtained
in this study are summarized in Table 8. Seminiferous tubule
diameter increased significantly (p < 0.05) from 13 months
onwards. There was no difference in the size of the seminiferous
tubules between the alpacas in the 22 to 30 months age group
and those older than 36 months. Testosterone concentration in
pre- and post-hCG treatment samples were correlated to tubule
diameter (Table 7). The proportion of mature Leydig cells as
well as the number of Leydig cell in each section increased
with advancing age as well as with tubule diameter. There was
no DNA fragmentation detected by TUNEL analysis to identify
apoptotic cells in all age groups. However, some positively stained
germ cells were present within seminiferous tubules among the
different ages examined (Figure 5). There was no significant
difference in apoptotic cells amongst age groups.

DISCUSSION

Data on testicular steroidogenesis in camelids is very limited.
In alpacas, serum testosterone concentration is reported to be
low until 9 months of age then increases rapidly starting at 11
months of age and reaches adult levels by 2 years of age (32, 34).
In camels, the pattern of testosterone section is strongly affected
by season and diurnal rhythms particularly in rutting camels
(35, 36). Seasonal effect of basal testosterone levels has also been
described in the vicuña (Vicugna vicugna) (37) and the alpaca
(3). In the vicuña, plasma testosterone concentration was higher
in February (summer, peak breeding season) than in August
(winter) and testis, seminiferous tubule and Leydig cell diameter
were larger in February than in August. Spermatogenic activity
was lower in Aug. than in Feb (37). In alpacas, Sumar in 1991
reported significantly higher serum testosterone concentration
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TABLE 4 | Correlations matrix between paired testicular weight (Paired TW, grams) and serum testosterone concentration before (0 h) and after hCG administration.

T 0h 1h 2h 8h 24 h

T 0 h –

1 h 0.83 (p < 0.001) –

2 h 0.46 (p = 0.02) 0.59 (p = 0.002) –

8 h 0.65 (p < 0.001) 0.81 (p < 0.001) 0.92 (p < 0.001) –

24 h 0.46 (p = 0.02) 0.65 (p < 0.001) 0.91 (p < 0.001) 0.91 (p < 0.001) –

Paired TW 0.46 (p = 0.02) 0.44 (p = 0.03) 0.72 (p < 0.001) 0.64 (p < 0.001) 0.69 (p < 0.001)

FIGURE 4 | Serum testosterone concentration (mean ±SEM, ng/mL) before and 2 h after hCG administration (3,000 IU, IV) in alpacas of different age groups.

in spring (2 to 3 times higher than in other seasons) (38).
However, evaluation of circulating testosterone levels on a single
sample is difficult because of its fluctuation during the day.
This fluctuation of serum testosterone concentration has been
attributed to a diurnal rhythm of LH section in several animal
species, most notably in bulls (39–41), dogs (42), and stallions
(43, 44). In dogs, serum plasma testosterone concentration can
show a 26 to 62% variation within the same 24 h period (42). In
rams, a true diurnal rhythm could not be established (19, 45).
Other factors such as sexual and other social stimulation may
also affect serum testosterone concentration. A large variation
in basal serum testosterone concentration was also observed in
both experiments reported here. This large variability of serum
testosterone concentration between and within individuals of the
same age makes interpretation difficult. The hCG stimulation test
could help standardize comparison of steroidogenic activity in
males. Serum testosterone response to hCG stimulation test was
reported previously in alpacas. An increase in serum testosterone
concentration occurred within 30min after treatment (32). This

response appeared to be short lasting compared to our results,
and testosterone concentrations returned to pre-injection levels
by 2 h after injection. However, the dose used (750 IU) was lower
than in the present experiment. In the present study, the mean
serum testosterone concentration almost doubled at 1 h post-
hCG administration and peaked (300% above T0) at 8 h post-
hCG administration. Studies in other species have shown that
administration of hCG to intact and cryptorchid males results
in an immediate (30min to 1 h) increase in serum testosterone
concentration followed by a decline, then a second, delayed, and
more intense rise (14, 20, 23, 39). Administration of hCG to bulls
(6,000 IU, IV) produced an increase in testosterone level within
30min with a peak at 3 h and a second higher peak (2- to 3-fold
basal level) at 2 days with levels remaining elevated for 3 to 4
days (39). In stallions, administration of 10,000 IU hCG to intact
or cryptorchid animals produced peaks in serum testosterone
concentration at 60min and 24 h with the 24 h concentration
reaching 2- to 10-fold the level observed at 60min (23). In
other studies, the peak response was found to occur as late as
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TABLE 5 | Serum testosterone concentration (Mean ± SEM, ng/mL) and

magnitude of response (expressed as a ratio between serum testosterone 2 h (T2)

after treatment and basal testosterone T0) to hCG administration.

Age N Testosterone T0 Testosterone T2 T2/T0 ratio

6–8 13 0.11 ± 0.02a,1 0.32 ± 0.09a,2 2.71 ± 0.43a

9–11 6 0.09 ± 0a,1 0.85 ± 0.47a,1 9.41 ± 5.41a

13–14 10 0.92 ± 0.24b,1 3.28 ± 0.93b,2 5.8 ± 1.55a

15–16 13 0.85 ± 0.23b,1 1.94 ± 0.37b,2 1.12 ± 1.23a

17–20 6 1.22 ± 0.24b,1 4.30 ± 1.74b,2 4.72 ± 2.89a

22–30 5 1.85 ± 0.68b,1 4.60 ± 0.48c,2 4.40 ± 1.51a

>36 7 3.62 ± 1.15b,1 7.56 ± 0.96d,2 3.05 ± 0.8a

a,b,cValues with different subscripts within the same column are statistically different

(p < 0.05).
1,2Values with different subscripts within the same column are statistically different

(p < 0.05).

TABLE 6 | Serum estrogen concentration (Mean ± SEM, pg/mL) and magnitude

of response (expressed as a ratio between serum estrogen 2 h (T2) after treatment

and basal estrogen T0) to hCG administration in different age group alpacas.

Age

group

N % with detectable

estrogen level

Estrogen at T0 Estrogen at 2 h Ratio E2/E0

6–8 13 0 0 0 –

9–11 6 0 0 0 –

13–14 10 10 0.1 0.49 4.86

15–16 13 23.1 0.25 ± 0.13a 0.3 ±0.16a 1.12 ± 1.23a

17–20 6 33.3 1.3 ± 0.83a 3.62 ± 0.35a 2.97 ± 1.23a

22–30 5 100 1.45 ± 0.25a,1 2.6 ± 0.34a,2 1.99 ± 0.40a

>36 7 100 3.32 ± 0.58b,1 5.59 ± 0.44b,2 1.91± 0.27a

a,b,cValues with different subscripts within the same column are statistically different

(p < 0.05).
1,2Values with different subscripts within the same column are statistically different

(p < 0.05).

2 to 3 days after hCG administration with levels returning to
baseline 8 to 10 days after injection (46). In the alpacas of the
present study, serum testosterone concentration seemed to be
on a decreasing trend at 24 h post hCG injection. Therefore,
at least a first peak in response may have occurred between 8
and 24 h after hCG administration. It would be interesting to
determine the long-term effect on testosterone concentration
beyond 24 h. As expected, the response to hCG stimulation
test was highly correlated to age and paired testicular weight.
There was a significant effect of age (i.e., testicular weight) of
on the magnitude of serum testosterone concentration change
with older males registering the highest increase. This effect is
most likely related to a higher number of Leydig cells and better
steroidogenic activity in older males. The highest correlation
between paired testicular weight and serum testosterone response
to hCG stimulation occurred after 2 h.

In the second experiment, basal serum testosterone
concentration increased with advancing age. The basal
concentration of the testosterone in prepubertal ages of this
study was similar to that reported previously (0.06 to 0.09 ng/mL)
(32). The large variation in serum testosterone concentration
and Leydig cell number amongst males within each age group

TABLE 7 | Correlations matrix between serum testosterone and estrogen

concentration before (0 h) and 2 h after hCG administration and seminiferous

tubule diameter, total Leydig cell number and proportion of mature Leydig cells in

histological sections.

Test. T0 Test. T2 Estr. T0 Estr. T2 STD TLCN

Test. T0 –

Test. T2 0.66 –

Estr. T0 0.82 –

Estr. T2 0.67 0.87 –

STD 0.60 0.68 0.57 0.60 –

TLCN 0.52 0.78 0.63 0.80 0.56 –

PMLC 0.51 0.56 0.50 0.55 0.58 0.67

All correlations are highly significant (p < 0.001).

Test. T0: serum testosterone concentration before hCG injection, Test. T2: serum

testosterone concentration 2 h apres hCg administration.

Estr. T0: serum estrogen concentration before hCG injection, Estr. T2: serum testosterone

concentration 2 h after hCg administration.

STD, seminiferous tubule diameter.

TLCH, Total Leydig cell number.

PMLC, Percent mature Leydig cells.

TABLE 8 | Mean ± SEM of Seminiferous tubule diameter (STD), Total Leydig cell

number (TLCN), and Percent mature Leydig cells (PMLC), per microscope field in

alpacas of different age group.

Age STD (µm) TLCN PMLC (%)

6–8 71.56 ± 6.21 a 17.29 ± 7.52a 35 ± 12.4a

9–11 73.33 ± 8.82a 33.4 ± 9.30a 27.3 ± 7.56a

13–14 151.48 ± 15.19b 43.72 ± 15.94a 54.79 ± 12.03a

15–16 127.85 ± 12.75b 39.3 ± 7.38a 50.85 ± 10.08a

17–20 158.67 ± 14.6b 54.23 ± 15.38a 60.5 ± 17.2a

22–30 221.2 ± 24.32c 89.44 ± 23.62a,b 80 ± 9.66a

>36 196.43 ± 11.38c 121.83 ± 17.9b 87.33 ± 1.58a

a,b,cValues with different subscripts within the same column are statistically different

(p < 0.05).

suggests that there may be genetic factors involved in sexual
development which are worthy of investigation. The magnitude
of serum testosterone concentration in response to hCG
injection was different for different age groups. The largest
increase was seen in the 13 to 14 month age group. This supports
earlier observation that this is the stage of onset of puberty
in some animals (3, 34, 38). An interesting observation in the
present study is a drop in the response to hCG stimulation
in the 15 to 16 month age group before increasing again
after 17 months of age. The bimodal response to hCG has
been described in rabbits by Hall and Young (47). The first
response may include two mechanisms: hCG may stimulate
the release of testosterone present in the Leydig cells or hCG
may stimulate 20 α-hydroxylase activity, thereby increasing the
conversion of cholesterol to 20 α-hydroxycholesterol and finally
to testosterone. The second response of hCG is thought to be the
result of a general increase in microsomal production of enzymes
involved in the synthesis of testosterone.

Strong evidence exists concerning the implication of estrogen
in male reproductive function. Estrogens have an essential role
in regulating the hypothalamus–pituitary–testis axis and thus
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FIGURE 5 | Representative alpaca (8 months of age) testis cross-section used

for analysis of apoptosis (TUNEL staining for apoptotic cells).

indirectly regulate luteinizing hormone (LH) and testosterone
balance through a feedback loop (48). Activity of estrogen on
spermatogenesis involves germ cell proliferation, differentiation
and the final maturation of spermatids as well as germ cell
survival (49). Estrogen is produced in sizable quantities in the
testis and it is also present in very high concentrations in semen
of several species and seems to be associated with male fertility
although the exact mechanism remains unknown (29, 30). In
bulls, serum estradiol concentration in prepubertal animals was
found to be positively correlated to testicular growth (50). In
stallions, estrogens and not testosterone were reported to be
significantly lower in infertile stallions (51).

In adult stallions and bulls, estrogen concentration increases
after administration of hCG or GnRH (28, 30). To our
knowledge, the present study is the first that demonstrates the
aromatizing ability of the testicular tissue and serum estrogen
changes in response to hCG administration in alpacas. Estrogen
was below detectable levels before 14 months of age. It is
interesting to note that the only male with detectable estrogen
at 14 months of age had four times more Leydig cells than the
male with the second highest Leydig cells count in the same
group. Based on our histological evaluation, differentiation and
maturation of adult Leydig cells in alpacas is initiated before 6
months of age. These stages of differentiation and maturation are
responsible for increased testosterone production. There was no
evidence of apoptosis in samples analyzed by the TUNEL assay
from different groups. This suggests that the changes in steroid
production observed are due mainly to changes in steroidogenic
ability of Leydig cells.

Our observation on size of seminiferous tubules in adult males
(196.43 ±11.38µm) are in agreement with previously reported
(174 to 240µm) studies on alpacas (52). The first dramatic
increase in the diameter occurred after 12 months of age and
was accompanied with a strong response to hCG and increased
Leydig cell number. The second increase in tubule diameter was
seen after 21 months of age along with an increase in Leydig
cells number and serum testosterone This may be explained as

an accommodation of the tubules for the release and flow of
spermatozoa along the tubules.

CONCLUSION

The present experiment confirmed the high variability of basal
serum testosterone concentration in serum in male alpacas even
within the same age group. Response to hCG stimulation test
using 3,000 IU IV is correlated to testicular weight. For diagnostic
purposes, two samples—one taken before hCG administration
and one taken 2 or 8 h after hCG administration -should be
sufficient to evaluate the presence and function of testicular
tissue. Further studies are needed to evaluate the effect of hCG
stimulation beyond 24 h. The intensity of steroidogenic response
to hCG is age dependent. A sharp increase in testosterone
following hCG treatment is observed in males between 12 and
14 months of age and after 21 months of age, confirming that the
ages between 12 and 20months are critical in sexual development
in male alpacas. In addition, significant changes in serum
estrogen concentration were detected in animals that exceeded
3 ng/mL serum testosterone concentration. This suggests a high
aromatizing ability in the testes of alpacas. The response was
correlated to number and differentiation of Leydig cells. Further
studies are needed to clarify the role of estrogens in male alpaca
testis development.
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The aim of this study was to assess the uterine blood flow (UBF) and corpus luteum blood

flow (CLBF) in llamas 8 days post-mating, using color-Doppler ultrasonography (CDU),

to determine the possible relationship between vascularization and the presence of an

embryo. Adult females (n = 25) were used to monitor ovarian dynamics by palpation and

transrectal ultrasonography until detection of a ≥6mm growing follicle. Females were

randomly assigned to one of two groups: Group I (n = 19), were mated and ovulation

was induced by a single dose of buserelin (GnRH analog) that same day (Day 0); and

Group II (n = 6), only ovulation was induced (control). On Day 8, UBF and CLBF were

evaluated transrectally in both groups. The color-flow images obtained were analyzed

with Image J1.52a software to determine the vascularization area and the percentage

of corpus luteum with blood flow emission (CLBF%) together with the percentage for

each uterine horn (UBF%). Statistical analysis was performed using an ANOVA test. In

Group I, uterine flushing was performed to obtain the embryos, thus dividing the females

into Group I+ (n = 10), when an embryo was recovered and Group I- (n = 9), when no

embryo was recovered. Embryo recovery rate was 52.63% (10/19). In Group I+, UBF%

was significantly higher compared to Group I- and Group II (P < 0.05). UBF appears to

be a good predictor for embryo presence, with an area under the curve (AUC) of 0.9 and

an optimal cut-off value of 9.37% (with a sensitivity of 90% and specificity of 88.9%). The

CLBF% did not differ between groups (P > 0.05). In conclusion, it is possible to detect a

local increase of UBF in the presence of an embryo on day 8 post-mating in llamas. This

could be useful to achieve an early pregnancy diagnosis or to decide whether to carry

out the uterine flushing in a llama embryo transfer program.

Keywords: camelids, embryo transfer, Doppler ultrasonography, pregnancy, biotechnologies

INTRODUCTION

Llamas are monotocous and have a prolonged gestation period [335–360 days; (1)], hence
early pregnancy diagnosis would allow a greater efficiency to obtain one offspring per
female per year when conception fails and gives better productive indices. To date,
the methods used to diagnose gestation in South American camelids (SAC) are limited.
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One of the methods that is widespread among SAC producers is
to observe the sexual behavior of the females when confronted
with a male, from 11 to 13 days after natural mating (2, 3).
Although this is an inexpensive technique as it doesn’t require
sophisticated tools or equipment, behavior interpretation is
subjective and prone to error. There are even dominant females
that, in absence of high progesterone levels, still reject the
male without being pregnant. In addition, this method does
not provide information on the number of embryos or fetuses
present, their state of development or health. Another diagnostic
tool is measuring plasma progesterone levels 11–13 days post-
mating (4, 5) as it reflects the presence of a functional corpus
luteum (CL), necessary to maintain pregnancy in SAC (6).
However, validated progesterone dosage tests for SAC are scarce
and difficult to access and the time lag between blood collection
and availability of the results is also problematical. Furthermore,
reproductive disorders that prolong the luteal phase, such
as spontaneous ovulations and luteinized cystic follicles, can
produce a 15% of false positive results (5). But, similarly to the
first method, this technique doesn’t provide information on the
number, development, and health of the embryo or fetus either.
Pregnancy evaluation by transrectal palpation is possible 35 days
after mating in llamas, with greater accuracy 45–50 days after
mating (2, 3, 7). This is a simple, low-costmaneuver that although
provides fetal viability data, the estimation of gestational age,
and therefore prediction of probable date of parturition, are not
precise (8). So far, the most effective, precise and early method
for diagnosing gestation in SAC is transrectal ultrasonography
in Brightness mode (B-mode), which allows visualization of the
embryo vesicle 12–14 days after mating, although is more precise
as of 16–23 days (9). Unlike the above methods, it not only gives
information regarding the number, development and viability
of the embryo/s or fetus/es, it also allows one to approximate
gestational age (10), even when the date of natural mating is
unknown, and hence estimate the probable date of parturition.

In SAC, the embryo reaches the uterine lumen as a hatched
blastocyst, between 6 and 6.5 days after ovulation (11, 12),
and produces increasing quantities of estradiol-17β during days
7–15 of gestation (13). According to Ford (14), the estradiol
produced by embryos of domestic species is responsible for
the local increase in uterine blood flow (UBF) registered
during early pregnancy. However, it is not known if there is
a connection between the presence of the embryo and uterine
blood flow in llamas in the early stages of gestation. Color
Doppler ultrasonography (CDU) not only allows evaluation of
the bidimensional structure of the different organs but also
offers the possibility of observing their vascular system (15) as it
overlays the color signals of blood flow over the B-mode images
(16). To calculate the degree of vascularization of an organ, the
percentage of tissue with color signals can be estimated or the
images that are captured can be processed and analyzed by a
computer using software that allows an objective calculation of
the number of colored pixels over the B-mode area (17). The
aim of this study was to assess the uterine blood flow and corpus
luteum blood flow in llamas, 8 days post-mating using color
Doppler ultrasonography to determine the possible relationship
between vascularization and the presence of an embryo.

MATERIALS AND METHODS

Animals
Non-pregnant, non-lactating female llamas (n = 25) ranging
between 4 and 12 years of age and with an average body weight
of 120 ± 22 kg were used in this study. All animals were in
a good nutritional status (body condition), both healthy and
reproductively active at the time of the trial. Females were
kept separate from the males and fed with hay and water ad-
libitum. The study was conducted between March 2018 and
December 2019 at the Faculty of Veterinary Sciences of the
University of Buenos Aires, Buenos Aires, Argentina, situated
34◦ 36’ S and 58◦ 26′ W at sea level. This study was approved
by the Committee for the Use and Care of Laboratory Animals
(CICUAL, 2017/67) of the Faculty of Veterinary Sciences of the
University of Buenos Aires.

Experimental Design
Ovarian dynamics were monitored by transrectal palpation and
ultrasonography (Berger LC 2010 plus with a 5 MHz linear-array
electronic transducer) until the presence of a growing follicle
≥6mm was detected. At that moment, all females received a
single IV dose of 8 µg of buserelin (GnRH analog; Receptal R©,
Intervet, Buenos Aires, Argentina) (day 0) to induce endogenous
LH release and ovulation. After buserelin injection, llamas were
randomly divided in two groups: Group I (n= 19), embryo donor
females were mated with a male with proven fertility and uterine
flushings were done for embryo recovery on day 8; Group II (n
= 6), females without natural mating (control group). Ovulation
was confirmed using transrectal ultrasonography based on the
disappearance of the dominant follicle on day 2, and control of
the ovarian dynamics was carried out every other day (B-mode
ultrasonography) until day 8.

Uterine and Corpus Luteum

Vascularization
All females were examined by transrectal CDU (MyLabTM

30Gold VET ESAOTE, attached to a 5 MHz linear-array
electronic transducer) in order to assess the UBF and corpus
luteum blood flow (CLBF) on day 8. The settings (B-mode
frequency: 5 MHz with a depth of 8 cm and a gain of 52%;
CFM pulse repetition frequency: 1.4 KHz and a gain of 70%)
were standardized and remained constant for all examinations.
Briefly, the transducer was placed over the middle segment of
each uterine horn (UH) as described in llamas (18, 19), to display
signals for blood flow in the vessels of all the endometrium,
myometrium, and perimetrium, and over the CL. A 3 s video-
clip of the vascularization of each structure was registered and
downloaded. The video-clips were examined frame by frame
(Adobe Premiere Pro CS6 R©) to select images that showed the
maximum vascular signal, three of each UH and three over
the maximum cross-sectional area of the CL. A total of 225
images (nine images per female) were saved in tagged image file
format (TIFF) and analyzed by an operator without knowledge
of the identity of each animal or the result of uterine flushing,
using ImageJ 1.52i software (National Institute of Health, USA).
The degree of vascularization was estimated by measuring the
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colored area (cm2) of the vascular flow signals (Doppler mode)
over the left UH, right UH and the CL area (cm2) (B-mode).
Thus, percent area of vascularization was calculated by the
following equation: percent of blood flow area (BF%)= (vascular
area/total organ’s area) × 100. The average of the three images
was considered as the final value for each uterine horn (UBF%)
and for the CL (CLBF%) of each animal. In females with two
CLs, we calculated the CLBF% of both and considered the
average. Uterine flushing was performed in Group I after Doppler
ultrasonographic evaluation.

Embryo Recovery and Evaluation
In Group I, uterine flushing was carried out non-surgically
for embryo recovery, 8 days after mating (20). The maneuvers
were performed with the female either standing or in sternal
recumbency. The animal was restrained in stocks, the tail was
wrapped and the rectum was emptied of feces. The perineum was
then scrubbed using a hypoallergenic detergent, rinsed carefully
with clean water and then dried. Restless females received 0.2
mg/kg IV xylazine (Xilazina R© 10%, PRO-SER S.A., Buenos Aires,
Argentina) before flushing. A Foley catheter (VortexTM; Agtech,
Inc.; Manhattan, USA.) 12 or 16 Fr, according to female size, with
a stylet inserted into the catheter to keep it from bending during
recto-vaginal manipulation, was used. Uterine flushing was done
by placing the catheter cuff cranial to the internal cervical os
and insufflating it with 5 or 10ml of air (depending on catheter
gauge). The whole uterus was flushed 4 to 5 times using Ringer-
Lactate solution (Laboratorios Rivero, Buenos Aires, Argentina),
previously warmed (30–35◦C), with a total volume of 500ml.
The recovered medium was filtered through a 70µm EmConTM

filter (Agtech, Inc.) for embryos. The fluid in the flushing filter
was placed in warmed reticulated Petri dishes and embryos were
identified using a stereomicroscope. Embryos were measured
and classified according to their morphology following the
criteria set by Tibary and Anouassi (21), using a grade scale
from 1 to 5. After flushing, donor females received 250 µg
IM of PGF2α (cloprostenol; Ciclase DL R©, Syntex S.A., Buenos
Aires, Argentina) to induce luteolysis. The number of embryos
collected, and positive pregnancy diagnoses were recorded. Thus,
females were divided into Group I+, when an embryo was
recovered (positive uterine flushing) and Group I-, when no
embryo was recovered (negative uterine flushing).

Statistical Analysis
Statistical analyses were performed using InfoStat software
(version 2020; FCA, National University of Córdoba, Argentina).
After verifying normal distribution of the data using a Shapiro-
Wilks test, an ANOVA test was applied to evaluate uterine
and CL vascularization. These data were subjected to Tukey’s
test to determine significance. In all females, the uterine horn
with highest UBF% was chosen. Furthermore, we performed
receiver operating characteristics (ROC) analyses focusing on
UBF% on day 8, to identify the optimal cutoff value for predicting
pregnancy. We evaluated every candidate cutoff value for the
optimal cutoff value by geometric distance for 100% sensitivity
and specificity. The optimal cutoff value was determined using
the data point that minimized the distance (22). Prognostic value

FIGURE 1 | Uterine blood flow (UBF) in the three groups: llamas with an

embryo recovered (Group I+), llamas without an embryo recovered (Group I-)

and control group (Group II, ovulated, non-mated females). Values are mean ±

SEM. a,bGroups with different letters are significantly different (P < 0.05).

was expressed as the area under the curve (AUC) with a 95%
confidence interval and a test of significance. A paired T-test
was used to evaluate the relationship between the blood flow of
each uterine horn and the location of the CL in the females in
Group I+. Pearson or Spearman’s correlation analysis were used
to compare various parameters (Follicle and CL diameter, CLBF).
The correlations between parameters were classified according
to Taylor (23) as weak (r ≤ 0.35), moderate (r = 0.36–0.67) or
strong (r = 0.68–1.00). Values were expressed as mean ± SEM.
Differences were considered significant when P < 0.05.

RESULTS

Embryo Recovery Rate and Quality
Embryo recovery rate was 52.63% (10/19), with a total of 11
embryos recovered from 19 flushing procedures (two embryos
were obtained from one female). Hence, females in Group I were
divided into Group I+: n = 10 and Group I-: n = 9. Of the 11
recovered embryos, nine were grade I, one was grade II and one
was an arrested morula (grade V). Embryo size ranged from 350
to 1,500 µm.

Uterine Blood Flow in Pregnant and

Non-pregnant Females
In Group I+, UBF% was significantly higher (14.5 ± 1.5%) than
in Group I- (6.6 ± 1.2 %) and Group II (5.19 ± 1.94 %; P <

0.05). Moreover, no differences were found between Group I- and
Group II (P > 0.05) (Figures 1, 2).

Predicting the Presence of an Embryo

Using a ROC Curve
To prepare the Receiver Operating Characteristic (ROC) curve,
the uterine horn with highest UBF% on day 8 from each female
was taken. Differentiation between pregnant and non-pregnant
llamas was possible with this technique with an area under the
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FIGURE 2 | Color-Doppler images from a female llama from each group in the study. From left to right: CL, left uterine horn and right uterine horn. Group I+ (A–C),

Group I- (D–F), and Group II (G–I).

curve (AUC) of 0.900. The optimal cut-off value was 9.37%, with
a sensitivity of 90% and specificity of 88.9% (Figure 3).

Blood Flow of Each Uterine Horn and Its

Relationship With the Location of the CL in

Pregnant Females
Females in Group I+ showed no significant differences in UBF%
between both uterine horns irrespective of the location of the CL
(P > 0.05). However, those with a CL in the left ovary showed a
tendency to have a higher UBF% in the left UH compared to the
right UH (P= 0.06), whereas when the CL was in the right ovary,
UBF% was similar between uterine horns (P = 0.97).

Corpus Luteum Diameter and

Vascularization in Pregnant and

Non-pregnant Females
Diameter of the CL on day 8 was similar between all groups
(Group I+: 1.06 ± 0.07 cm; Group I-: 1.25 ± 0.06 cm; Group II:
1.25 ± 0.07 cm) (P = 0.76). Neither were significant differences
detected in CL blood flow (CLBF%) between Groups I+ (23.29±
2.05 %), I- (22.76 ± 2.16 %) and II (22.93 ± 2.64 %) (P = 0.98)
(Figure 4).

Correlation Analysis
Follicular diameter on day 0 was moderately correlated to CL
diameter on day 8 (Spearman’s coefficient of correlation: sρ =

0.61; P = 0.0013) but was not correlated to CLBF% on day 8
(Pearson’s coefficient of correlation: ρ =−0.28; P= 0.18); neither

was CL diameter on day 8 correlated to CLBF% on the same day
(ρ = 0.08; P = 0.72).

DISCUSSION

Embryo transfer is a powerful tool for increasing the number
of offspring from a specific donor, but it is also becoming
increasingly important for the genetic improvement of livestock
herds (20, 24–26). Flushing for embryo recovery from the
donor llama’s uterus is normally performed on day 8 post-
mating, without a previous pregnancy diagnosis. Using CDU, we
observed that mated llamas with an embryo recovered (Group
I+), had a significantly higher UBF% thanmated females without
an embryo recovered (Group I-) and llamas that ovulated but
not were mated (Group II; control). This increase in UBF in
pregnant females vs. non-pregnant females was also observed
in embryo donor mares, where Doppler ultrasonography was
used to make an early pregnancy diagnosis 8 days after artificial
insemination, prior to embryo recovery. They established a cut-
off value of 35.55 mm2 to distinguish adult pregnant mares
from those that were not gestating, with a 97.2% sensitivity and
an 85.7% specificity (27). In inseminated buffalo, increases in
UBF were registered after ovulation, with a marked difference
observed between pregnant and non-pregnant females from 7
days post-ovulation; hence it was possible to diagnose pregnancy
on that date (28). An adequate uterine perfusion is essential
in mammals for a correct development of gestation (29), as
according to Habara et al. (30), uterine blood supply could
regulate endometrial receptivity. It has been suggested that
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FIGURE 3 | Receiver Operating Characteristic (ROC) curve for uterine blood

flow (%). AUC, Area under the curve. The curve was able to detect pregnant

llamas when UBF% was >9.37%, with a sensitivity of 90% and a specificity of

88.9%.

FIGURE 4 | Corpus luteum diameter (cm) and blood flow (CLBF%) on day 8 in

the three groups: llamas with an embryo recovered (Group I +), llamas without

an embryo recovered (Group I-) and control group (Group II, ovulated,

non-mated females). Both variables were expressed as mean ± SEM.
a,A indicate no significant differences between groups for both parameters

(P > 0.05).

quantifying the increase in uterine blood flow during the luteal
phase could be a good predictor for the success of embryo
implantation (31). Silva et al. (17) observed that the UBF inmares
increased locally at the site of the embryo during the migration
phase (days 6 to 16 post-ovulation). They attributed this increase
to the possible vasodilator action exerted by vasoactive agents,
such as estrogens and prostaglandins, secreted by the equine
embryo during that period. This increase in vascularization of
the uterine horn ipsilateral to the embryo was also observed
by Honnens et al. (32) in pregnant dairy cows from day 11 of

gestation. Although the llama with a grade V embryo recovered
(arrested morula) was classified in to Group I+ (positive uterine
flushing), its UBF was 5.4%, comparable to the mean value
registered inmated females without an embryo recovered (Group
I-: 6.6%) and llamas that ovulated but not were mated (Group
II: 5.19%). This could be due to the metabolic inactivity of the
arrested morula and thus, to the lack of secretion and consequent
action of its vasoactive agents.

In SAC, ovulations occur with equal frequency from both
ovaries, however, most pregnancies are located in the left uterine
horn [alpaca: 97.5 and 99.3% with a CL in the right and left
ovaries, respectively, (33, 34); llama: 100%, (6)]. For this reason,
an embryo resulting from an ovulation in the right ovary needs
to migrate or emit some type of signal from the right uterine
horn to the left to somehow indicate its presence to both uterine
horns and thus prevent luteolysis (11, 20, 35, 36). Although the
antiluteolytic signal has not yet been identified, it is believed that
the estradiol-17β secreted by the blastocyst could be involved
(37). The possible migration and resulting contact with both
uterine horns of the embryo proceeding from an ovulation in the
right ovary could explain the increase in blood flow registered
in both uterine horns in the females of Group I+ with a CL in
the right ovary. Powell et al. (13), suggested that llama embryo
mobility through the uterus could be mediated by the estradiol-
17β it secretes during the early stages of pregnancy, generating
a localized increase in myometrial contractility and so allowing
its propulsion toward the left uterine horn. Embryo estrogens
would exercise this action by binding to the estrogen receptor
β, whose expression in the myometrium and perimetrium is
increased in the presence of a CL and is greater in pregnant vs.
non-pregnant females (35). Whereas, if ovulation occurs in the
left ovary, the embryo would not need to migrate because the
right uterine horn is incapable of lysing a CL in the left ovary
(11, 20, 36). Estradiol has a potent vasodilator effect (18, 38, 39)
and it is possible that for this reason, the females in Group I+
with a CL in the left ovary register higher levels of blood flow
in the ipsilateral uterine horn. However, increasing the number
of animals evaluated could take this difference in UBF% between
uterine horns to become statistically significant.

The positive correlation between the follicle diameter on day
0 and the CL diameter on day 8 that we detected was also
observed in cows (40, 41), ewes (42), and mares (43–45) and
could be because the size of the pre-ovulatory follicle would
regulate the size of the CL in its early stages, mainly due to
a spatial constraint (46). Nevertheless, the vertical diameter
of the CL on day 8 was similar between pregnant females
(Group I+) and non-pregnant females (Groups I- and II).
According to previous studies in llamas (47, 48), after mating or
inducing ovulation, the CL that is formed reaches its maximum
diameter 10 days after the stimulus, both in pregnant and non-
pregnant females. Only after this date does the CL commence
to decrease in size in non-pregnant females while maintaining
a plateau in pregnant animals and the difference between both
groups becomes evident only after 14 days. Similarly, CLBF%
on day 8 showed no significant differences between pregnant
and non-pregnant females. Considering that the CL is the
most highly vascularized temporary tissue of the body and
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receives the greatest rate of blood flow per unit of tissue (49),
no apparent differences between pregnant and non-pregnant
females in luteal blood flow would be expected during early
angiogenesis in CL development (40). Our findings coincide with
a recent report by Gallelli et al. (48), who evaluated CL blood
flow using CDU in llamas after natural mating and observed
that the CLBF was similar in all females up to 8 days post-
mating. After that, CLBF remained high in pregnant females,
while in non-pregnant animals it decreased dramatically until it
disappeared between 14 and 16 days after mating. The difference
in CLBF between pregnant and non-pregnant llamas was only
evident after day 12 (48). Similar CLBF profiles between non-
pregnant females were also observed using Doppler ultrasound
in llamas (50, 51), alpacas (52), and dromedaries (53, 54), after
inducing ovulation. In these cases, CLBF reached maximum
values between 7 and 9 days after induction of ovulation and
after that, they began to descend and reached basal levels
between days 12 and 14. In all cases, CLBF reduction in
non-pregnant females coincided with the process of luteolysis,
which occurs over this period in these species. According to
different authors, CL function (progesterone production) would
be determined by its vascularity more than by its size [llamas:
(48); dromedaries: (53); bovines: (55–57)]. In cows, de Tarso
et al. (40, 41) evaluated the diameter and blood flow of the
CL and found a moderate correlation (ρ = 0.43 a 0.6) between
both parameters. However, in our study no correlation between
the diameter of the CL and its blood flow was observed on
day 8, similar to what had been previously reported by Gallelli
et al. (48).

According to our study, CDU would predict the outcome of
transcervical uterine flushings based on the UBF% 8 days after
natural mating in llamas. By constructing a ROC curvewith an
AUC of 0.900 we established that, if 9.37% is used as the cut-off
value, it is possible to estimate the result of a uterine flushing with
a 90% sensitivity and an 88.9% specificity. This would provide
valuable information when deciding whether or not to perform
a uterine flushing in an embryo transfer program. In addition,
females diagnosed as pregnant could be separated early to adopt
management and nutrition maneuvers appropriate to this new
reproductive status, first adapting their nutritional plan and
minimizing stress situations in order to prevent embryomortality
(58) which is high in these species (3). On the other hand, non-
pregnant females detected early could be separated to be mated

again. However, due to the high percentage of early embryo

losses registered in these species, it would be best to combine this
early detection method with other methods implemented later
on, such as B-mode ultrasonography or transrectal palpation, to
confirm pregnancy diagnosis.

CONCLUSION

In conclusion, the results of the present study indicate that
evaluation of uterine blood flow by color Doppler ultrasound
combined with computer assisted analysis of images are reliable
techniques for detection of early pregnancy prior to embryo
recovery on day 8 post-mating in llamas.
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The use of non-commercial and commercial extenders for cooling alpaca sperm

has already been reported, the latter showing certain advantages over the first. The

Andromed® (AM) extender was created for use in ruminants and has also been tested in

ejaculated and epididymal alpaca sperm. According to the manufacturer, this extender

does not need the addition of egg yolk (EY); however, it is known that the addition of

EY to some extenders improves the preservation of cooled sperm. The objective of this

study therefore was to compare a non-commercial extender (Tris) with the addition of EY

vs. the commercial extender AM with and without the addition of EY, for cooling alpaca

sperm obtained from diverted deferent ducts. Fifteen pools of deferent duct sperm were

formed using samples from two or three different males for each. Each sperm pool was

evaluated and then divided into three aliquots that were diluted to a final concentration of

30 × 106 sperm ml-1 (0 h) with either: (1) Tris with 20% EY (T-EY), (2) AM, or (3) AM with

20% EY (AM-EY). Samples were cooled to 5◦C and the following sperm parameters were

evaluated after 24 and 48 h of storage: motility, viability, membrane function, acrosome

integrity, morphology, and chromatin condensation. Motility was also evaluated after 72 h

of storage. The samples that best preserved progressive and total sperm motility at the

24 and 48 h evaluation periods were the ones diluted with AM-EY, observing that with this

extender these motility patterns decreased significantly after 72 h of storage compared

to time 0 h (p < 0.05). A significant decrease (p < 0.05) in total and progressive motility

was observed at 48 h for the T-EY and AM extender compared to 0 h. AM was the only

extender in which the percentages of viable sperm decreased significantly (p < 0.05)

after 48 h of conservation. For the rest of sperm parameters evaluated, no significant

differences were observed between any of the extenders at any evaluation time. The

Andromed® extender with the addition of 20% EY could be an alternative option for

cooling alpaca sperm obtained from deferent ducts.
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INTRODUCTION

One of the most important reproductive biotechnologies for
production is artificial insemination (AI) which, when compared
to natural mating, maximizes the use of genetically superior
males and achieves a rapid genetic progress. However, in South
American Camelids (SACs) this biotechnology is currently
limited to use with diluted raw semen, with a maximum
pregnancy rate of 77% in experimental centers and no higher
than 50% in private establishments (1, 2). This methodology
using raw semen presents some disadvantages such as inadequate
laboratory environments for conditioning the samples and the
need to transport the males to the site of insemination due to
the very large distances between farms. As an alternative to this,
cooling semen for subsequent AI presents many advantages, such
as prevention and control of venereal diseases and not requiring
the presence of the breeding males on the premises, thus
eliminating the costs of upkeep and providing greater security
for the animals because transport is avoided. However, pregnancy
rates obtained when using cooled SAC semen preserved for 24 h
have been lower than those using diluted raw semen [0–33%: (2–
4)]. Murillo et al. (5) obtained slightly higher pregnancy rates
(40–46.7%) when using alpaca semen obtained by post-mating
aspiration from the female’s vagina and cooled with Andromed R©

and Triladyl R©. However, they only preserved the samples for 6 h.
It has been postulated that the lower pregnancy rates

obtained when inseminating with SAC cryopreserved semen
could be linked to the rheological characteristics, such as thread
formation and the high structural viscosity, of semen from
these species (6–9) because these characteristics prevent an
efficient homogenization of the ejaculate with the diluents (9–
11). Hence, collecting sperm from the deviated deferent ducts
is an interesting technique to apply in SACs as the samples
thus obtained do not show thread formation, permitting a better
homogenization with the extenders and as a result could have a
beneficial effect on the cryopreservation of the samples.

The use of commercial extenders to cryopreserve sperm
samples presents certain advantages over non-commercial ones:
they require less equipment and supplies, are easy to prepare and
are less variable in composition, which allows more repeatable
results to be obtained. In alpacas, cooling sperm has been carried
out using both commercial and non-commercial extenders (3–
5, 12–14). The non-commercial extender most used for cooling
alpaca sperm is Tris with the addition of different types of egg
yolk (4) or membrane protective agents (13). Within commercial
extenders, Triladyl R© (3, 5), Biladyl R© and Androhep R© (12)
have been assayed for cooling alpaca semen. Furthermore, the
Andromed R© (AM) extender, although created to be used in
ruminants, has also been tested in alpaca sperm, both from
ejaculates and from epididymis (5, 14). According to the
manufacturers, one of the advantages of the AM extender is
that it does not require the addition of EY thus avoiding the
use of a product of animal origin. However, the addition of

Abbreviations: SAC, South American Camelids; EY, Egg yolk; AM, Andromed R©;

AM-EY, Andromed R© extender with 20% of egg yolk; T-EY, Tris extender with 20%

of egg yolk; TM, Total motility; PM, Progressive motility; CM, circular motility.

egg yolk to extenders is known to exert a protective effect on
sperm, especially those of SACs, and this effect is attributed to
its ability to interact with the plasma membrane lipid bilayer
(15, 16) preventing the phase transition events of membrane
lipids (16, 17). To our knowledge, no commercial extenders have
been used to maintain cooled sperm obtained from deviated
deferent ducts, neither have the effects of the addition of EY to
commercial extenders been evaluated in these species.

In this context, the objective of this study was to compare a
non-commercial extender (Tris) with the addition of EY vs. the
commercial extender AMwith and without the addition of EY, in
cooled alpaca sperm obtained from diverted deferent ducts.

MATERIALS AND METHODS

Reagents
Hoescht 33342, Propidium iodide, and the reagents for the PBS
medium and for the HOS test were purchased from Sigma
Chemicals (Sigma Aldrich, Buenos Aires, Argentina). Coomassie
blue was purchased from Bio-Rad, California, USA.

Experimental Design
Fifteen pools of deferent duct sperm were formed using samples
from two or three different males each. After collection,
sperm motility, concentration, membrane integrity (viability),
membrane function and acrosome integrity, morphology and
chromatin condensation were evaluated in each pool and
the samples were then divided into 3 aliquots. With the
objective of standardizing sperm concentration, each aliquot was
diluted to 30 × 106 sperm/ml with the following extenders,
previously warmed to 37◦C: (1) Tris with 20% EY (T-EY),
(2) Andromed R© (AM), and (3) AM with 20% EY (AM-EY).
Once diluted, motility and viability were again evaluated, and
this was considered time 0 h. After this the samples were
cooled to 5◦C in a controlled cooling device with a digital
thermometer, that brought temperature down from 37 to 5◦C,
over a lapse of 7 h, and then maintained temperature at 5◦C
for a period of 72 h. At 24 and 48 h of conservation, an
aliquot of each sample was warmed to 37◦C for 15min and the
sperm parameters of motility, viability, membrane function and
acrosome integrity, morphology and chromatin condensation
were evaluated. Finally, at 72 h, motility was again evaluated.

Animals and Location
The study was carried out during the month of October, in
the Quimsachata experimental station, owned by the National
Institute of Agricultural Innovation (Instituto Nacional de
Innovación Agraria; INIA), which is located in the Santa Lucia
district in the Lampa province of the Puno region, Peru. This is an
agroecological area of the Dry Puna and is situated 4200 meters
above sea level (15◦41′39′′ latitude and 70◦36′24′′ longitude).
Five adult Huacaya-breed alpaca (Vicugna pacos) males, between
4 and 10 years of age, were used. Their deferent ducts were
surgically deviated using the technique described by Pérez and
Apaza (18). Briefly, the males were sedated with acepromazine
and were held in dorsal recumbency. The surgical field in the
inguinal region was prepared, local anesthesia administered and
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an incision 4 cm from the base of the penis was made to locate the
deferent duct. After dissecting 7 cm of deferent duct, the freed
extremity was redirected below the subcutaneous, fixed to the
inner face of the femoral region and protected by a temporary
patch. The animals were kept in pens, consisting of covered
grazing areas with natural grasses, and had free access to water
throughout the study.

Obtaining Sperm From the Deferent Ducts
Sperm samples were obtained following a modification of the
method described by Pérez et al. (19). Briefly, the male was held
in lateral recumbency and the area surrounding the fistula was
disinfected. A soft massage using fingertips was applied with a
caudo-craneal direction, from the tail of the epididymis, helping
move the sperm toward the exit of the fistula and once a white
droplet (spermatic portion) was observed, it was gently aspirated
with a 10 µl micropipette using tips that had already been soaked
in Tris extender. The sperm sample was then deposited in a tube
with Tris previously warmed to 37◦C and kept in a water bath at
the same temperature. Once the sperm extraction was completed,
the surrounding area was once again gently disinfected, dried
and covered with solid Vaseline. The collection maneuver was
repeated in two or three other males and a pool was made with
the different samples. Each deferent duct from every male was
collected every 2 days to avoid sperm accumulation and resulting
cell death.

Evaluation of Sperm Parameters
The following sperm parameters were evaluated: motility,
concentration, membrane integrity (viability), membrane
function and acrosome integrity, morphology and
chromatin condensation.

Sperm motility was evaluated using a phase contrast
microscope (100×) and a warm stage (37◦C). The patterns
observed were: oscillatory motility (OM), progressive motility
(PM) and circular motility (CM). In addition, total sperm
motility was determined (TM=OM+ PM+CM). Spermatozoa
with OM are those that move in their place, without advancing
whereas sperm with PM move in a straight line or describing
large circles. Lastly, sperm with CM are those that move in very
tight circles.

Sperm concentration was calculated using a
Neubauer hemocytometer.

To evaluate membrane integrity, 12.5 µl of the sample were
incubated at 37◦C for 10min in 127 µl of the staining medium,
which contained 2 µl of a Hoescht 33342 solution (10µg/ml
in PBS) and 125 µl of a saline medium [described by Harrison
and Vickers (20)]. After the first 10min of incubation, 2 µl of
a solution of Propidium iodide (0.5 mg/ml in isotonic saline
solution) was added and the sample was incubated a further
10min at 37◦C. A minimum of 200 sperm were evaluated per
sample, using an epifluorescence microscope with UV filter
(400X) (Zeiss AxioScope). Sperm that fluoresced blue were
classified as viable with intact membranes, and those that had
a pink fluorescent nucleus were classified as non-viable, with
damaged membranes.

To evaluate membrane function and acrosome integrity, the
dual technique of combining the HOS test with Coomassie blue
(CB) stain was carried out according to Carretero et al. (21).
Briefly, first the HOS test was carried out on the sperm samples
and after the 20min of incubation, samples were fixed with 4%
paraformaldehyde in PBS, incubated and centrifuged at 800 g and
room temperature for 10min. The pellet was re-suspended in
100 µl of PBS, microdroplets of the suspension were placed on
slides and left to dry after which they were stained with 0.22%
CB and observed using light microscopy (1000x). A total of 200
sperm were evaluated and classified into one of the following
categories: (1) sperm with a functional membrane (HOS+: with
tail swelling) and with an acrosome (CB+: violet acrosome
staining), (2) sperm with a functional membrane (HOS+: with
tail swelling) and without an acrosome (CB−: no acrosome
staining), (3) spermwith a non-functionalmembrane (HOS−: no
swelling) and with an acrosome (CB+: violet acrosome staining),
and (4) sperm with a non-functional membrane (HOS−: no
swelling) and no acrosome (CB−: no acrosome staining).

Sperm morphology was evaluated using phase contrast
microscopy (1000x), after placing a 10 µl drop of sample
on a glass slide with a coverslip. For each sample, 200
spermatozoa were evaluated, and were classified into one of
the following categories: normal, abnormal head, detached head,
abnormalmidpiece, abnormal tail and cytoplasmic droplet. Thus,
percentages of spermatozoa with normal or altered morphology
were determined.

The degree of chromatin condensation was evaluated with
the Toluidine Blue (TB) stain according to Carretero et al.
(22). Briefly, samples were smeared onto clean slides, fixed with
ethanol 96◦ for 2min and stained during 5min with 0.02% TB.
Preparations were observed directly under immersion oil using a
phase contrast microscope (1000x), evaluating a minimum of 200
spermatozoa per smear. Spermwere classified into three patterns:
light blue (TB negative), light violet (TB intermediate) and dark
blue-violet (TB positive). TB negative sperm were considered to
have normal, highly condensed chromatin and TB intermediate
+ TB positive sperm were considered to have decondensed
chromatin (between moderate and high decondensation).

Statistical Analysis
Statistical analysis was carried out using InfoStat software
(Student Version) (https://www.infostat.com.ar/index.php?
mod=page&id=15). In all cases normal distribution and
homogeneity of variances of the data were corroborated using
Shapiro-Wilk’s Normality test and an ANOVA, respectively. The
level of significance was set at 0.05 for all analysis.

Because sperm motility and chromatin condensation did not
show a normal distribution or homogeneity of variances, these
data were compared using a Kruskal–Wallis test.

To compare viability of collected sperm before dilution to
the samples diluted at time 0 h, an ANOVA was applied using
a factorial design with one factor with 4 levels (collected sperm
before dilution, T-EY 0 h, AM 0h and AM-EY 0 h).

To compare viability between diluted cooled samples, an
ANOVA was applied using a factorial design with two factors:
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extender (with 3 levels: T-EY, AM and AM-EY) and time (with
3 levels: 0, 24 and 48 h).

For analyzing the parameters of sperm morphology and of
the HOS/CB test (sperm membrane function and acrosome), an
ANOVA was applied using a factorial design with one factor with
7 levels (collected sperm prior to dilution, T-EY 24 h, AM 24 h,
AM-EY 24 h, T-EY 48 h, AM 48 h and AM-EY 48 h).

RESULTS

Oscillatory, progressive, circular and total motility in the samples
diluted at 0 h were not different to that of sperm collected
from the deviated deferent ducts prior to dilution (p > 0.05).
The samples that best preserved progressive and total sperm
motility at 24 and 48 h evaluation times were the ones diluted
with AM-EY (p > 0.05), observing that with this extender these
motility patterns decreased significantly only after 72 h of storage
compared to time 0 h (p < 0.05). Whereas a significant decrease
(p < 0.05) in total and progressive motility was observed at
48 h for the T-EY and AM extender compared to time 0 h. It is
interesting to highlight that in the samples cooled in AM, mainly
oscillatory motility was observed at 48 and 72 h of conservation
whereas, in the samples cooled in T-EY and AM-EY the motility
pattern observed was mostly progressive, similar to the collected
sample (54.5± 16.1%) (Table 1).

Percentages of viable sperm in the samples diluted at 0 h were
not different to that of sperm collected from the deviated deferent
ducts prior to dilution (p > 0.05). AM was the only extender in
which the percentages of viable sperm decreased significantly (p
< 0.05) after 48 h of conservation compared to 0 h (Figure 1).
However, no significant differences were observed in viability
between the extenders at any of the different evaluation times
(Figure 1).

TABLE 1 | Oscillatory motility (OM), progressive motility (PM), circular motility (CM),

and total motility (TM) in alpaca spermatozoa collected from deviated deferent

ducts and diluted (0 h) in Tris with 20% egg yolk (Tris-EY), Andromed® (AM) and

AM with 20% egg yolk (AM-EY) evaluated at 24, 48 and 72 h of storage at 5◦C.

OM (%) PM (%) CM (%) TM (%)

Tris-EY 0 h 1.1 ± 2.7a 52.0 ± 11.3a 0.2 ± 0.7a 53.3 ± 10.2a

AM 0h 1.8 ± 3.0a 47.5 ± 13.5a 1.4 ± 2.1ab 50.7 ± 10.4a

AM-EY 0 h 0.3 ± 0.8a 53.4 ± 9.9a 0.3 ± 0.7ab 54.0 ± 9.1a

Tris-EY 24 h 2.1 ± 2.8a 41.8 ± 8.8a 0.8 ± 1.5ab 44.7 ± 6.6ab

AM 24h 17.7 ± 12.8b 19.8 ± 17.2b 2.1 ± 3.1ab 39.6 ± 8.5ab

AM-EY 24 h 1.0 ± 1.8a 46.2 ± 8.7a 0.8 ± 1.4ab 48.0 ± 7.7a

Tris-EY 48 h 3.7 ± 4.1a 29.4 ± 12.5b 4.4 ± 3.1bc 37.5 ± 10.8bc

AM 48h 17.4 ± 10.8b 9.1 ± 11.6b 2.1 ± 3.2ab 28.8 ± 8.5bc

AM-EY 48 h 2.0 ± 3.7a 40.9 ± 11.6ab 3.9 ± 3.0ab 46.8 ± 9.1ab

Tris-EY 72 h 2.7 ± 4.1a 21.7 ± 10.1b 8.6 ± 6.8c 33.0 ± 9.7c

AM 72h 20.0 ± 11.3b 0.7 ± 1.6c 1.0 ± 2.1ab 21.7 ± 11.8c

AM-EY 72 h 2.1 ± 2.3a 35.7 ± 8.5b 3.2 ± 3.3ab 41.0 ± 7.7b

Values are expressed as mean ± SD (n = 15). a,b,cDifferent letters between rows within

each column, indicate significant differences (p < 0.05).

In addition, no significant differences (p > 0.05) were
observed in the percentages of sperm with functional membranes
and presence of acrosomes (HOS+/CB+) between collected
sperm before dilution and cooled samples at 24 and 48 h, with the
exception of cooled samples diluted with T-EY which presented
a significant decrease of HOS+/CB+ sperm at 48 h compared to
collected sperm before dilution (Figure 2).

No significant differences were observed over time in the
percentage of sperm with normal morphology (Table 2) and
condensed chromatin (Figure 3) nor between any of the
extenders at any of the evaluation times (p > 0.05).

DISCUSSION

Given the current importance of the use of commercial extenders
for cryopreserving the male gamete, the objective of this study
was to compare a non-commercial extender to a commercial
one for cooling alpaca sperm obtained from deviated deferent
ducts. In this context, we observed that the AM extender with the
addition of EY was the one that presented the highest percentage
of sperm with total and progressive motility after 48 h and even
after 72 h of conservation. The total motility observed (47% after
48 h) was higher than that reported by other authors that assayed
commercial extenders for cooling alpaca sperm. For example,
Morton et al. (12) obtained 36% and 16% TM at 24 and 48 h,
respectively, in alpaca samples cooled in Biladyl, an extender that
has EY in its preparation. Others, such as Vaughan et al. (3) and
Murillo et al. (5) obtained similar results to the present study,
with extenders such as Triladyl and even AM. However, in the
case of Murillo et al. (5) cooling was only for 6 h and in the case
of Vaughan et al. (3), the initial TM at 0 h was not mentioned
and could have been superior to the one we observed in our
study, thus affecting the total decrease in motility observed in
their samples. In our study TM decreased a 13% after 48 h of
conservation compared to the initial sample (54%TMat 0 h). The
main difference between these three studies with the current one
is the method of obtaining the sperm, as the other studies used
either an artificial vagina or vaginal aspiration. In these methods,
an ejaculate is obtained, complete with the secretions of the
accessory glands that generate seminal plasma. Seminal plasma
contributes the very distinctive rheological characteristics of the
ejaculates of these species: thread formation and high structural
viscosity, which make dilution of the samples very difficult (8, 9).
In our study, because we obtained sperm from the deferent
ducts, the sperm had not yet come into contact with seminal
plasma, and so the samples do not show the characteristic thread
formation of SAC ejaculates and therefore can be homogenized
better with the extenders. In addition, sperm were probably
able to interact to a greater degree with the components of the
extenders, for example the egg yolk, facilitating the adherence
or inclusion of molecules that protect the membranes at low
temperatures during cooling. Moreover, Chahuayo and Paytán
(14) carried out a similar study to ours, comparing T-EY and
AM extenders to dilute epididymal spermatozoa. Thus, they
also worked with sperm that had not had contact with seminal
plasma. However, their motility results were lower than ours
when cooling for 48 h at 4◦C (TM: 21% and 3% for T-EY and
AM, respectively) having started out with an 80% motility at 0 h.
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FIGURE 1 | Percentages of live sperm in alpaca samples collected from deviated deferent ducts and diluted (0 h) in Tris with 20% egg yolk (T-EY), Andromed® (AM)

and AM with 20% egg yolk (AM-EY) evaluated at 24 and 48 h of storage at 5◦C (n = 15). a,b,cDifferent letters indicate significant differences between samples and

evaluation times (p < 0.05).

These authors do notmention the proportion of EY they added to
the Tris extender and perhaps the differences in results could be
attributed to a different percentage of EY or simply to a different
response between individuals to cooling and/or interaction of
sperm with the extender used. However, despite the different
results obtained in these two studies, both the present one and
that of Chahuayo show that the addition of EY is important for
preserving motility in alpaca sperm.

In addition to enabling a greater contact of sperm with the
extenders, due to the absence of seminal plasma, the deviated
deferent ducts technique allows one to obtain sperm with
progressive motility. It is known that SAC ejaculated sperm
present very low or no progressive motility, with oscillatory
motility being the main pattern observed (7, 23, 24). It has also
been reported that the absence or presence of seminal plasma
influences the patterns of llama sperm motility (25, 26). It was
noteworthy in the current study that despite starting off with
a sample that had PM, the aliquots that were diluted in AM
adopted an oscillatory pattern of movement, mainly after 48 and
72 h of cooling, with this pattern of motility constituting the
highest proportion of the TM observed at both these evaluation
times. Although the reason for this change in motility pattern is
unknown, it could be related to small particles of the extender
adhering to the sperm membrane and limiting their movements.

This change was not observed in the samples cooled with AM-
EY, despite the basic extender being the same, so possibly this
difference could be attributed to the presence of EY in the
medium, as it has been hypothesized that egg yolk would induce
llama sperm, obtained by electroejaculation, to attain progressive
motility (11, 27). Likewise, Miceli et al. (28) observed that specific
surface proteins on human spermatozoa were phosphorylated to
a greater extent in sperm incubated with TEST buffer with egg
yolk (TYB) than those incubated in other media without EY.
Results of this study also indicated that TYB proteins could also
be phosphorylated by the spermatozoa during the incubation
and attach to the sperm membranes. Taking into account that
initiation and maintenance of progressive sperm motility seem
to be regulated by protein phosphorylation (29, 30), it would
be necessary to conduct studies in SAC sperm to evaluate
if the mechanism of egg yolk inducing PM is through the
phosphorylation of proteins.

Regarding viability, we observed between 43 and 45% live
sperm in all extenders at 48 h of conservation at 5◦C. These
percentages signify only a 10 to 15% decrease in viability
compared to time 0 h and a 20 to 24% when compared to
the collected samples. This is relevant because when planning
an AI protocol, the percentage of live spermatozoa is essential.
Most of the studies that compare different extenders in alpaca
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FIGURE 2 | Percentages of sperm with an acrosome and a functional membrane in alpaca samples collected from deviated deferent ducts and cooled to 5◦C in Tris

with 20% egg yolk (T-EY), Andromed® (AM) and AM with 20% egg yolk (AM-EY), evaluated at 24 and 48 h of storage (n = 15). a,bDifferent letters indicate significant

differences between samples and evaluation times (p < 0.05).

TABLE 2 | Sperm morphology in samples collected from alpaca deviated deferent ducts and in samples cooled to 5◦C in Tris with 20% egg yolk (T-EY), Andromed® (AM)

and AM with 20% egg yolk (AM-EY) evaluated after 24 and 48 h of storage.

Normal Abnormal Detached Abnormal Abnormal Citoplasmic

sperm (%) heads (%) heads (%) tails (%) midpieces (%) droplets (%)

Collected sperm before dilution 29.3 ± 9.5a 14.4 ± 4.1a 11.1 ± 5.7a 16.7 ± 7.4a 14.4 ± 3.2a 14.1 ± 3.7a

Tris-EY 24 h 30.4 ± 11.6a 16.0 ± 3.0a 9.5 ± 7.0a 17.8 ± 8.9a 14.3 ± 3.4a 12.0 ± 3.7ab

AM 24h 29.7 ± 10.3a 16.5 ± 5.2a 10.7 ± 8.1a 16.2 ± 5.3a 13.2 ± 2.0a 13.7 ± 4.3a

AM-EY 24 h 29.4 ± 9.0a 17.5 ± 4.5a 11.4 ± 8.8a 16.6 ± 7.7a 13.8 ± 3.5a 11.3 ± 4.2ab

Tris-EY 48 h 29.5 ± 9.0a 17.9 ± 5.3a 12.8 ± 11.3a 17.2 ± 5.5a 12.8 ± 3.8a 9.8 ± 3.7b

AM 48h 29.1 ± 7.4a 15.6 ± 5.5a 11.6 ± 11.2a 16.8 ± 6.3a 12.9 ± 4.7a 14.0 ± 7.4a

AM-EY 48 h 29.7 ± 8.4a 16.8 ± 6.2a 11.9 ± 11.1a 15.4 ± 6.3a 15.2 ± 4.8a 11.0 ± 4.1ab

Values are expressed as mean ± SD (n =15). a,bDifferent letters between rows indicate significant differences for each variable analyzed (p <0.05).

semen focus on evaluating sperm motility, rather than viability.
Chahuayo and Paytán (14) obtained lower viability results than
those observed in the present study: 4 and 20% live sperm after
48 h of cooling in AM and T-EY, respectively, signifying in this
case, a 95 and 77% decrease, respectively compared to their time
0 h. As far as other species of SACs, such as llamas, Giuliano
et al. (2) published similar results to the current study but with
a non-commercial extender composed of lactose and 20% egg
yolk, observing 48% live sperm after 24 h of cooling to 5◦C.
Carretero et al. (31) reported slightly higher values (55–60%

viability) when cooling llama sperm for 24 h with and without
seminal plasma in a lactose based extender with EY. Although
no reports of cooling llama sperm using commercial extenders
have been published, it would be interesting to do so to be able
to compare between phylogenetically close species and perhaps
even make some extrapolations.

Regarding acrosome integrity, results in this study were
similar to those reported for alpaca sperm obtained by
artificial vagina and diluted in commercial and non-commercial
extenders, where no significant differences were observed in
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FIGURE 3 | Percentages of sperm with condensed chromatin in alpaca samples collected from deviated deferent ducts and cooled to 5◦C in Tris with 20% egg yolk

(T-EY), Andromed® (AM) and AM with 20% egg yolk (AM-EY) evaluated after 24 and 48 h of storage (n = 15). a Indicates absence of significant differences (p > 0.05).

acrosome integrity at the evaluation times studied (12). Again,
this is relevant when planning an AI protocol. In addition, in
this study this parameter was evaluated in conjunction with
membrane function using a simple technique that is applicable in
the field and which has previously been used to evaluate equine,
porcine, donkey and llama sperm (21, 32, 33). The fact that the
technique is simple and uses inexpensive solutions and dyes that
are easy to acquire, make it possible to use it in AI campaigns in
the field. Furthermore, as the samples are fixed, it allows them to
be partially processed on site and evaluation can be finished once
in the laboratory. This versatility and the good results obtained
with this technique make this an interesting tool to implement
when working with these species and under conditions that many
times are far from ideal.

The percentage of normal spermatozoa in the samples diluted
in any of the extenders was not altered by the cooling process.
Similarly, Fumuso et al. (11, 27) observed that spermmorphology
was conserved in llama frozen-thawed samples. Both these
results and the ones from this study would seem to indicate
that cryopreservation of SAC sperm does not affect sperm
morphology in these species, at least not significantly.

Finally, sperm chromatin condensation was not affected over
time with any of the extenders assayed nor did this parameter
differ from that observed in collected sperm. These results
contrast with those reported by Carretero et al. (31) in llama
cooled sperm obtained by electroejaculation, as these authors
observed a decrease in the percentage of sperm with condensed

chromatin in samples cooled without seminal plasma, whereas
the samples cooled with seminal plasma in the medium did not
differ from raw semen. However, it is worth noting that in this
latter study, the percentage of sperm with condensed chromatin
in raw semen was lower than that registered in this study (74.8 vs.
91.8%) and this could have influenced the results.

CONCLUSIONS

In conclusion, the Andromed R© commercial extender with the
addition of 20% EY could be an alternative option for cooling
alpaca sperm obtained from deviated deferent ducts assayed in
this study, not only because it preserves all sperm characteristics
for 48 h of storage, but also because being a commercial extender,
it is easy for the producer to prepare, requires minimum
equipment and supplies and allows more repeatable results to be
obtained due to its less variable composition.

Therefore, both this extender and the amount of time sperm
were maintained cooled with good viability results, could provide
an interesting alternative to implement in future AI protocols
using alpaca sperm collected from deviated deferent ducts.
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We determined if laterality of ovulation and intrauterine embryo location differentially

induces changes in the mesometrial/endometrial vascularization area (MEVA) between

uterine horns, during and after embryo migration, elongation and implantation in llamas.

Adult, non-pregnant and non-lactating llamas (n = 30) were subjected to daily B-mode

ultrasound scanning of their ovaries. Llamas with a growing follicle ≥8mm in diameter in

the left (n= 15) or right (n= 15) ovary were assigned to a single mating with an adult fertile

or vasectomizedmale. Power-doppler ultrasonography was used to determine the MEVA

in a cross section of the middle segment of both uterine horns. MEVA was determined by

off-line measurements using the ImageJ software. MEVAmeasurements were performed

before mating (day 0) and on days 5, 10, 15, 20, 25, and 30 after mating in pregnant

[llamas with left- (n = 6) or right-sided (n = 6) ovulations] and non-pregnant [llamas

with left- (n = 6) or right-sided (n = 6) ovulations] females. Ovulation was confirmed by

the disappearance of a follicle (≥8mm) detected previously. Pregnancy was confirmed

by the presence of the embryo proper. MEVA was analyzed by one-way ANOVA for

repeated measures using the MIXED Procedure in SAS. If significant (P ≤ 0.05) main

effects or interactions were detected, Tukey’s post-hoc test for multiple comparisons

was used. Ovulation rate did not differ (P = 0.4) between females mated to an intact or

vasectomized male and between right- or left-sided ovulations. Three females mated to

the intact and 3 to the vasectomizedmale did not ovulate and were excluded of the study.

First observation of fluid inside the gestational sac and of embryo proper, were made

exclusively in the left uterine horn, on day 15.8 ± 3.8 and 22 ± 2.7, and 16.7± 2.6 and

27.5 ± 2.8 for pregnant llamas ovulating in the right and left ovary, respectively. Although

the MEVA of both uterine horns was affected by time (P < 0.05), it was not affected by

physiological status (pregnant vs. non-pregnant; P = 0.9) or laterality of ovulation (P =

0.4). Contrary to expectations, regardless of the laterality of ovulation, in pregnant llamas

the left horn did not display a greater MEVA before or after embryo arrival, a trend that

was observed during the first 30 days of gestation.

Keywords: llamas, ovulation, embryo, gestation, uterine vascularization
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INTRODUCTION

Llamas and alpacas have several unique reproductive
characteristics, one of which is the establishment of embryo
implantation and gestation exclusively in the left uterine horn,
regardless of laterality of ovulation (1–3). Females from both
species have a bicornate uterus that presents a clear asymmetry
between uterine horns, with the left horn being larger than its
right counterpart (4, 5). This asymmetry is not only observed
in pluriparous and pregnant females but also in nulliparous
and even in female fetuses, therefore it is not induced by
pregnancy (5). Also, the arterial irrigation and venous drainage
differ between both uterine horns in llamas. The presence of a
prominent cross-over arterial branch extending from the right
uterine artery to the left horn suggests that this is irrigated with a
greater blood flow (4).

Besides, llamas, and alpacas present a peculiar pattern of
intrauterine embryo migration. Although ovulation occurs with
the same frequency in the left and right ovary (2, 6), embryos
originated from right-ovary ovulations must migrate into the left
uterine horn before the day of the beginning of luteolysis (Day 9
after ovulation) for the pregnancy to be successfully established
(3, 7).

In most mammalian species significant changes in uterine
vascular irrigation are observed during gestation, which are
required to initially sustain embryo implantation (8) and latter
fetal supply of nutrients and oxygen (9). This phenomenon
has been mostly studied in females presenting a symmetric
uterus, such as cows (10, 11), buffalo (12) sheep (13–15), goats
(15), and mares (16–20), but only few studies have evaluated
uterine vascularization during the first month of gestation
(11, 16, 17, 20).

In horses and cattle (10, 20) the establishment of pregnancy
gradually increases uterine blood flow in close relationship
with embryo/fetal growth during gestation. These hemodynamic
changes begin before embryo implantation occurs (11, 16, 17)
and exponentially increase thereafter (10). Interestingly, the
increase in uterine blood flow begins before an intimate contact
between the embryo and the endometrium is established (17),
and is closely influenced by embryo location (11, 16, 17). Embryo
location induces significant differences in blood flow between
both uterine horns in cows (10) andmares (17, 20), generating an
asymmetrical blood flow in the former and a symmetrical blood
provision in the latter before embryo fixation/implantation as a
consequence of different intrauterine embryomigration patterns.

As mentioned before, more than 98% of gestations in
llamas are carried out in the left uterine horn, therefore
embryos originated from right ovulations must migrate to
the left horn in order to achieve a successful pregnancy.
The striking features of embryo migration and the special
uterine vascular arrangement make this species an interesting
model to study uterine vascular perfusion and pregnancy
development. Therefore, the goal of this study was to determine
if intrauterine embryo location differentially induces changes in
mesometrial/endometrial vascularization (MEVA) between the
right and left uterine horn, during embryo migration, elongation
and implantation in llamas. Since an adequate endometrial blood

supply is essential for a successful embryo implantation and
survival (8, 21, 22), studies on the spatial relationship between
the location of the early embryo/conceptus and the degree of
uterine vascular perfusion in llamas may shed some light into
the mechanisms controlling embryo implantation in the left
uterine horn.

MATERIALS AND METHODS

The present study was conducted during the breeding season
(November–January) at the Universidad Católica de Temuco,
Temuco, Chile (38◦ 45′S−72◦ 40′W and 122m above sea level).
All procedures were reviewed and approved by the University
Bioethics Committee and were performed in accordance with the
animal care protocols established by the same institution.

Animals
Adult non-pregnant, non-lactating llamas [n = 30; age: 5–8 y;
weight: 120.5 ± 14.1 Kg; mean Body Condition Score: 3.5 out
of 5 (range: 3.0–4.0); parity: 3 ± 2] were maintained on pasture
supplemented with hay and water ad libitum. Llamas were
housed indoors at night and offered 250 g/animal of a commercial
diet supplement containing 140 g/kg crude protein and 150 g/kg
crude fiber. Also, one intact fertile and one vasectomized adult
male (ages: 3 and 5 y; weight: 147.5 ± 8.1 Kg; Body Condition
Score: 4 and 5, respectively) were kept under similar conditions as
the females, but separate at all times from the female herd. Male-
female contact was only allowed during the supervised matings.
Vasectomy was performed by a standard surgical procedure 1
year before the start of the present experiment in the context of a
previous study.

Experimental Design
Females were examined once daily by transrectal
ultrasonography to monitor follicular growth and then by
simple randomization were assigned to the following treatment
groups: (a) presence of a growing follicle ≥8mm in diameter
in the right ovary and mating with an intact male (n = 8), (b)
presence of a growing follicle ≥8mm in diameter in the left
ovary and mating with an intact male (n = 7), (c) presence of
a growing follicle ≥8mm in diameter in the right ovary and
mating with a vasectomized male (n = 8), or (d) presence of a
growing follicle ≥8mm in diameter in the left ovary and mating
with a vasectomized male (n = 7). Mating was validated only
if the receptive female adopted the prone position soon after
contact with the male and if intromission and copula lasted more
than 5min. After mating, females were examined using B-mode
transrectal ultrasonography every 12 h until ovulation or 48 h,
whichever came first. Ovulation was confirmed by the sudden
disappearance of a follicle (≥8mm) detected during previous
examinations and only ovulated females were incorporated for
the transrectal Power-doppler ultrasound examination.

Power-Doppler Ultrasonographic

Evaluation
The area of mesometrial/endometrial vascularization of both
uterine horns was evaluated by Power-doppler ultrasonography
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in all ovulated females using a 5.0 MHz lineal array transducer
coupled to a ultrasound monitor (Sonosite M-Turbo, USA)
before mating (Day 0 = Day of mating) and on days 5,
10, 15, 20, 25, and 30 between 08:00 a.m. and 12:00 p.m.
as described previously (11, 16, 17). In brief, the transducer
was placed over a cross section of the middle segment of
each uterine horn where a 10 s video-clip was registered. The
area of mesometrial/endometrial vascularization was objectively
assessed by off-line measurements of the number of colored
pixels as an indicator of blood flow area. Three still images of each
horn were selected by a blind procedure, and then used for the
determination of the number of colored pixels, and the average
was used for the statistical analyses. Power Doppler images were
selected based on two criteria: (a) proper cross section of the
uterine horn and, (b) absence or minimal presence of Power-
doppler noise interference. Then, images were recorded, edited,
and analyzed using the ImageJ software (NIH open access, USA).
A female was considered pregnant when the gestational sac and
the embryo proper were detected by ultrasonography.

Statistical Analyses
Statistical analyses were performed using the Statistical Analysis
System software package SAS Learning Edition, version 4.1
(SAS Institute Inc., Cary, NC, USA, 2006). Serial data were
compared by analysis of variance for repeated measures (Proc-
mixed procedure) to determine the effects of female physiological
status (pregnant vs. non-pregnant), laterality of ovulation (right
or left ovary), time and treatments-by time interaction on left
and right uterine horn MEVA. If significant (P ≤ 0.05) main
effects or interactions were detected, Tukey’s post-hoc test for
multiple comparisons was used to locate differences. All data
are reported as mean ± SEM, and probabilities ≤ 0.05 were
considered significant.

RESULTS

There was not a significant difference (P = 0.4) in ovulation
rate between llamas mated with an intact fertile or vasectomized
male. Six out of 8 and 6/7 llamas with a preovulatory follicle
≥8mm diameter located in either the right or left ovary ovulated
and became pregnant after mating with the intact fertile male.
Similarly, 6/8 and 6/7 llamas with a preovulatory follicle ≥8mm
diameter located either in the right or left ovary ovulated after
mating with the vasectomized male. In pregnant females the
earliest ultrasound signs of gestations were observed exclusively
in the middle section of the left uterine horn. First observations
of fluid inside the gestational sac (i.e., embryonic vesicle) and the
embryo proper were recorded on day 15.8 ± 3.8 and 22 ± 2.7,
and 16.7± 2.6 and 27.5± 2.8, for pregnant llamas ovulating in the
right and left ovary, respectively. Representative images of MEVA
in gravid uterus (i.e., left uterine horn) 30 days after mating for 6
different females are shown in Figure 1.

There was an effect of time (P < 0.05) on the MEVA of
both uterine horns, but this parameter was not affected by
physiological status of the female (pregnant vs. non-pregnant;
P = 0.9), laterality of ovulation (P = 0.4), nor by interactions
between any of the variables measured. In pregnant and non-
pregnant llamas with left-ovary ovulations the mean MEVA of

right uterine horn displayed a significant (P < 0.05) decrease,
compared to basal value, on day 10. On the contrary, in non-
pregnant llamas with right-ovary ovulations the MEVA of the left
uterine horn displayed a significant (P< 0.05) increase on day 20.
The mean MEVA for both uterine horns, in pregnant and non-
pregnant llamas with right or left ovary ovulations, during the
entire period of evaluation are shown separately in Figure 2.

DISCUSSION

In the present study regardless of laterality of ovulation,
intrauterine embryo location did not induce changes in
mesometrial/endometrial vascularization area between the right
and left uterine horn, during the phases of embryo migration,
elongation and implantation in llamas.

The measurement of MEVA has been reported to be a reliable
and sensitive tool to evaluate uterine blood flow during early
gestation in mares and heifers (11, 16, 17). Also, using this
ultrasonographic method our research group has demonstrated
in previous studies (23, 24) that significant changes in uterine
blood flow and vascularization area occur in llamas during
the follicular growth phase or after mating. However, in the
present study MEVA was similar for pregnant and non-pregnant
females and between right and left uterine horns during the
evaluation period.

A macroscopic anatomical study of uterine vascularization in
llamas (4) has described the presence of a peculiar arrangement
involving a prominent cross-over arterial branch extending from
the right uterine artery to the left uterine horn, which could
suggest that the left uterine horn is irrigated with a greater blood
flow. However, the results of the present study were not able
to detect a differential vascularization between uterine horns,
regardless of the of female’s physiological status or laterality
of ovulation, therefore, not supporting the previously cited
study (4).

Moreover, a significant individual variation regarding basal
MEVA (i.e., pre mating) was observed among female llamas;
however, no trend favoring a greater vascularization toward the
left uterine horn was established. This great individual variation
in uterine hemodynamic parameters has been reported by other
studies in mares and it was not related to the stage of the
cycle, age or parity (18, 20). Although several studies have
described the hemodynamic changes during gestation in a variety
of farm animal species, only a few (11, 16, 17) were conducted
to evaluate hemodynamic changes during the embryonic peri
implantation period.

In mares and cows (10, 20) the establishment of pregnancy
gradually increases uterine arterial blood flow in accordance with
embryo/fetal growth during the entire length of gestation period.
These modifications seem to begin during the pre-implantation
phase of embryo development (11, 16, 17) and exponentially
increase thereafter (10). Interestingly, these modifications in
uterine and endometrial vascular irrigation already begin during
the histotrophic phase of embryo nutrition (17), when there is no
intimate contact between the embryo and the endometrium, and
are closely related to embryo location (11, 16, 17).

In the bovine, a species that does not present intrauterine
embryo migration (i.e., the embryo remains in the uterine
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FIGURE 1 | Representative Power-doppler ultrasound images of mesometrial/endometrial vascularization area in gravid uterus (left uterine horn) 30 days after mating

in llamas. Each image represents a different female.

FIGURE 2 | Mean ± SEM mesometrial/endometrial vascularization area (MEVA) on the left (solid line) and right (dashed line) uterine horn, in pregnant (A,B) and

non-pregnant (C,D) llamas with right- (A,C) or left-sided (B,D) ovulations, during the 30 day period of evaluation. Effect of: physiological status (P = 0.9); laterality of

ovulation (P = 0.4); time (P < 0.05). x,x
′
Within uterine horn, the first significant increase from basal MEVA (P < 0.01). yWithin uterine horn, the first significant decrease

from basal MEVA (P < 0.01).
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horn ipsilateral to the ovary from which ovulation occurred)
compared to the equine, there is a clear increase in blood flow
in the uterine artery ipsilateral to the uterine horn containing
the embryo during the first weeks of gestation (11, 25). In
heifers, the increase in uterine blood flow is directly correlated
to subtler changes in endometrial vascular perfusion, and it
begins as early as Day 13 (25) or 18 (11) of pregnancy. This
last study demonstrated a temporal synchrony between the
increase in uterine/endometrial vascular irrigation and embryo
elongation, which in turn is closely related to the beginning
of adhesiveness of the chorion to the endometrium (Day 20;
11), suggesting that the direct contact of the embryo with
the endometrium induces local changes in uterine/endometrial
blood flow.

On the contrary, in mares in which pre-implantation embryo
develops an intense intrauterine migration before fixation occurs
(26), endometrial vascular irrigation increased in an alternate
manner between uterine horns, which was tightly synchronized
with embryo location. Accordingly, during the period of intense
intrauterine migration even the presence of the embryo for
periods of 7min, or longer in one location, determined a
localized increase in endometrial vascular perfusion (16); thus,
during the pre-implantation phase embryo-induced changes
in endometrial vasculature parallel embryo migration between
uterine horns (16, 17). However, shortly after embryo fixation
the increase in endometrial blood flow was only observed
in the endometrium surrounding the fixed embryonic vesicle
(16). Moreover, from fixation day onwards, the blood flow
of the uterine artery ipsilateral to the horn containing the
embryo increased drastically compared to its contralateral
counterpart (20).

However, in the present study the MEVA was similar in
all the categories evaluated. There was no change in uterine
vascularization between uterine horns in pregnant and non-
pregnant females or between those whose embryos were
originated from left- or right-sided ovulations. Furthermore,
MEVA did not increase significantly over time during the first
30 days of gestation in the pregnant group as was described for
the bovine, where it increased from Day 13 or 18 of pregnancy
(11, 25). The reasons for these differences with observations
made in other species could be due to a slower rate of llama
embryo/fetus development during the first 3 months of gestation,
as measured by crown-rump length, compared to cattle, sheep
and horses (27, 28).

The vast differences in uterine and endometrial vascular
irrigation during the early phase of embryo development,
between species that display different embryonic strategies to
signal its presence to the dam, could be related to the secretion
of vascular stimulants into the uterine lumen by the embryo
(17). In this regard, several studies have demonstrated that the
Day 16 bovine embryo (29), and specially the equine embryo,
as early as Day 12 (30, 33) produce and secrete estrogen, a
molecule involved in inducing uterine contractility (26) and
significant increases in uterine blood flow (31). Thus, during pre-
implantation embryo development, in the bovine this molecule

would be secreted into just one uterine horn, while in the
mare it would be evenly distributed between both horns and
the uterine body, inducing the previously described vascular
changes. Despite the fact that estradiol has also been suggested as
the most probable signaling candidate responsible for maternal
recognition of pregnancy and intrauterine migration for the
llama blastocyst (32), our results do not show an effect of embryo
signaling on uterine blood flow. Larger quantities of estradiol
secreted by the equine blastocyst compared to the llama embryo
(32, 33), could explain the described effect in mare uterine blood
flow and the absence of it in llamas.

Although in the present study embryo location did not
induce changes in MEVA between the right and left uterine
horn during the first month of gestation in llamas, there was
an effect of time on uterine horn blood flow. Considering the
slower rate of development of llama embryo/fetus during the
first months of gestation, future investigations should consider
a longer observational period to determine potential interactions
between embryo and uterine blood flow and should increase the
number of animals per group.

Finally, similar to our results, Travassos-Beltrame et al.
(13) did not find differences between hemodynamic parameters
between left and right uterine horns in pregnant sheep. Even
though they started the Doppler ultrasonographic evaluation
after pregnancy diagnosis was made on Day 28, hemodynamic
variables were not affected by uterine horn nor single vs.
multiple gestations.

Contrary to expectations, based on our results we can
conclude that regardless of laterality of ovulation, in pregnant
llamas the left horn did not display a greater MEVA before or
after embryo arrival, a trend that was observed during the first 30
days of gestation.
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The alpaca (Vicugna pacos) is an important species for the production of fiber and food.

Genetic improvement programs for alpacas have been hindered, however, by the lack

of field-practical techniques for artificial insemination and embryo transfer. In particular,

successful techniques for the cryopreservation of alpaca preimplantation embryos have

not been reported previously. The objective of this study was to develop a field-practical

and efficacious technique for cryopreservation of alpaca preimplantation embryos using

a modification of a vitrification protocol originally devised for horses and adapted for

dromedary camels. Four naturally cycling non-superovulated Huacaya females serving

as embryo donors were mated to males of proven fertility. Donors received 30 µg

of gonadorelin at the time of breeding, and embryos were non-surgically recovered

7 days after mating. Recovered embryos (n = 4) were placed individually through a

series of three vitrification solutions at 20◦C (VS1: 1.4M glycerol; VS2: 1.4M glycerol

+ 3.6M ethylene glycol; VS3: 3.4M glycerol + 4.6M ethylene glycol) before loading

into an open-pulled straw (OPS) and plunging directly into liquid nitrogen for storage.

At warming, each individual embryo was sequentially placed through warming solutions

(WS1: 0.5M galactose at 37◦C; WS2: 0.25M galactose at 20◦C), and warmed embryos

were incubated at 37◦C in 5% CO2 in humidified air for 20–22 h in 1ml Syngro®

holding medium supplemented with 10% (v/v) alpaca serum to perform an initial in vitro

assessment of post-warming viability. Embryos whose diameter increased during culture

(n = 2) were transferred individually into synchronous recipients, whereas embryos that

did not grow (n = 2) were transferred together into a single recipient to perform an in

vivo assessment of post-warming viability. Initial pregnancy detection was performed

ultrasonographically 29 days post-transfer when fetal heartbeat could be detected, and

one of three recipients was pregnant (25% embryo survival rate). On November 13, 2019,

the one pregnant recipient delivered what is believed to be the world’s first cria produced

from a vitrified-warmed alpaca embryo.
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INTRODUCTION

The alpaca (Vicugna pacos) is a member of the South American
Camelid (SAC) family consisting of alpacas, llamas, vicuñas, and
guanacos. The SACs, which number more than 9.1 million head
globally (1), convert low-quality roughages into fiber and meat
in a variety of different production and management conditions.
Particularly in parts of South America, alpacas are often a major
source of income for farmers in remote rural areas (2).

In contrast with other livestock species such as cattle
and sheep, alpaca genetic improvement programs seldom
utilize artificial insemination or embryo transfer because those
reproductive biotechnologies are not yet well-developed for
alpacas (3, 4). Of special note with respect to embryo transfer
technology is the difficulty in cryopreserving alpaca embryos
(5) using either slow cooling or vitrification methods (6).
Possible reasons for the difficulty in cryopreserving alpaca
preimplantation embryos include the high lipid content of cells
comprising the embryo (7) and the large number of cells present
when embryos enter the uterus as hatched blastocysts (8). This
challenge with cryopreservation of large diameter embryos is
not unique to alpacas, as large diameter equine blastocysts have
proven challenging to cryopreserve, especially using slow cooling
techniques (9).

Pregnancies have been reported from the transfer of alpaca
preimplantation embryos cryopreserved via slow cooling (10, 11)
or vitrification (10). However, no live births were reported from
those studies. The overall objective of this study was to develop a
field-practical and efficacious protocol for vitrification of alpaca
preimplantation embryos. The specific objective was to test a
modification of a vitrification protocol originally devised for
horses (12, 13) and modified for use in dromedary camels (14)
because this protocol had proven successful in two different
species—one of which is a relative of the alpaca (15).

MATERIALS AND METHODS

Experimental Animals and Their
Management
This field study was conducted at a privately owned Huacaya
alpaca farm near Perkinsville, Vermont, USA (43.3737◦ N
latitude and 72.5137◦ W longitude; elevation of 175m above
sea level). The coldest month is January (mean temperature of
−7.8◦C), and the warmest month is July (mean temperature of
20.3◦C). Average annual precipitation is 1,022mm. Animals were
managed in groups of ∼20 females in indoor pens measuring
∼42 m2 with access to outside grazing pastures. Animals were
hand-fed once daily a commercial 15% crude protein pellet
(Poulin Grain Alpaca Milk & Cria Pellet, Newport, Vermont,
USA). Animals had ad libitum access to fresh water, orchard
grass hay, and a mineral mix specially formulated for alpacas
(Stillwater Mineral Formula 104, Paoloa, Kansas, USA).

Donor Selection
Embryo donors were evaluated for ovarian follicular
development using a 7.5-MHz ultrasound transducer (Aloka
SSD-500V). Females with ovarian follicles 7–10mm in diameter

were behavior tested to determine their sexual receptivity (16),
and receptive females were naturally mated to a male alpaca of
proven fertility. At the time of breeding (Day 0), donors (n = 4)
were given 30 µg gonadorelin (Factrel R©, Zoetis, Kalamazoo, MI
USA) intramuscularly to aid in the induction of ovulation.

Recipient Selection
Potential recipient females (n = 12) were evaluated
ultrasonographically as described above. Females with ovarian
follicles 7–10mm in diameter were behavior tested, and sexually
receptive females (n = 5) received 30 µg gonadorelin 6 days
prior to embryo transfer. Final selection of suitable recipients
was based on ultrasonographic confirmation of a corpus luteum
and non-receptive behavior when exposed to a male 24 h prior
to transfer on Day 6. We chose to perform 1-day asynchronous
transfers (17, 18). Pregnancy testing of recipients was performed
via transrectal ultrasonography (19) 29 days post-transfer (to
visualize fetal heartbeat) and again at 52, 70, 84, 109, and 177
days post-transfer (to monitor the pregnancy and to enable the
determination of the approximate timing of fetal death loss were
it to occur).

Media Preparation
Alpaca serum was prepared by collection of whole blood from
four non-pregnant females at unknown stages of the estrous
cycle into a 20-cc syringe. Blood was transferred into red-top
Vacutainer R© tubes (BD, Franklin Lakes, New Jersey, USA) before
centrifugation at 3500 RPM for 20min. Serum was sterile-filtered
using a 0.22-µm low-protein binding Acrodisc R© filter. Fresh
serum was used to prepare the base medium and the culture
medium. The culture medium and excess serum were frozen
at −29◦C until needed; the culture medium was thawed by
placement onto a slide warmer at 37◦C.

Glycerol and ethylene glycol were obtained from Fisher
Scientific Company. All other chemicals were obtained from
Sigma Aldrich Chemical Company. The base medium (BM)
consisted of Dulbecco’s phosphate buffered saline (D-PBS)
supplemented with 0.3mM sodium pyruvate, 3.3mM galactose,
and 20% (v/v) alpaca serum. Three vitrification solutions (VS)
and two warming solutions (12–14) were subsequently prepared
using BM. Vitrification solution 1 (VS1) was 1.4 molar (M)
glycerol, VS2 was 1.4M glycerol+ 3.6M ethylene glycol, and VS3
was 3.4M glycerol + 4.6M ethylene glycol. Warming solution
1 (WS1) was 0.5M galactose, and WS2 was 0.25M galactose.
The culture medium consisted of Syngro R© holding medium
(Vetoquinol USA, Ft. Worth, Texas) supplemented with 10%
(v/v) alpaca serum.

Embryo Collection, Processing, and
Transfer
Embryos were non-surgically collected 7 days postbreeding via
uterine lavage using a 14-Fr 5cc Foley catheter. Harvested
embryos were transferred from the room temperature flushing
medium (ViGROTM Complete Flush, Vetoquinol USA, Ft.
Worth, Texas) to an embryo holdingmedium, and their diameter
was measured using an eyepiece reticle that had been inserted
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into one eyepiece of a stereomicroscope and calibrated with a 25-
mm stage micrometer (Klarmann Rulings, Inc., Litchfield, New
Hampshire, USA). After measurement of the diameter, embryos
were washed six times in holding medium supplemented with
10% (v/v) alpaca serum. Embryos were handled at 20◦C unless
otherwise noted.

Embryos were moved individually through a series of VS in
35-mm petri dishes: 500 µl drops of VS1 for 5min, 500 µl drops
of VS2 for 5min, 5 µl drops of VS3 for 20 s, and 5 µl drops of
VS3 for ≤20 s, while embryos were loaded into an open-pulled
straw (OPS; Minitube USA, Verona, Wisconsin). Each OPS was
plunged directly into liquid nitrogen where it was stored until
recipient females were available (29 days).

At warming, each OPS was removed from liquid nitrogen, and
its tip was submerged into a 1-ml drop of WS1 at 37◦C. The
embryo was expelled from the OPS into WS1 where it remained
for 1min before transfer intoWS2 for 5min at room temperature
(20◦C). Embryos were then transferred into a holding medium
augmented with 10% (v/v) alpaca serum, and after 5min, the

embryo size was measured. Embryos were subsequently cultured
at 37◦C in 1ml of culture medium in 4-well plates for 20–22 h in
a gaseous environment of 5% CO2 in humidified air.

At the end of the culture period, embryo size was measured
to enable assessment of embryo growth by comparing changes
in the embryo size from the post-collection to the post-warming
to the post-incubation measurement periods. Embryos were
loaded individually into sterile 0.25-ml straws and placed into a
conventional bovine embryo transfer gun, covered with a sterile
sheath and chemise, for non-surgical embryo transfer. Embryos
were transferred transcervically to the uterine horn ipsilateral to
the ovary possessing a corpus luteum (17, 18).

DNA Testing for Parentage Verification
On the private farm where this field study was conducted, it
is standard operating procedure to perform DNA analysis on
all animals to be registered in the alpaca breed association
(Alpaca Owners Association, Inc.; formed from the merger
of the Alpaca Owners & Breeders Association, Inc. and the

TABLE 1 | Size (in µm) of alpaca preimplantation embryos (n = 4) measured post-collection, post-warming/pre-incubation, and post-culture/pre-transfer.

Donor

ID tag

Post-collection

(fresh embryo)

Post-warming Post-culture/

pre-transfer

Recipient

ID tag

Uterine horn of

embryo depositiona

Pregnancy

outcome

687 375 × 400 350 × 375 725 × 775 1505 Left Pregnant

943 550 × 575 575 × 575 625 × 675 1356 Left Not pregnant

1615 275 × 275 200 × 200 200 × 250 1038b Right Not pregnant

1501 325 × 400 300 × 350 300 × 350

a In all instances, embryos were transferred non-surgically to the uterine horn ipsilateral to the ovary that possessed a corpus luteum.
bThis recipient received two embryos.

FIGURE 1 | Vitrified-warmed alpaca preimplantation embryo that resulted in the birth of a live cria. (A) depicts the freshly collected embryo, and (B) depicts the

embryo post-warming.
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Alpaca Registry, Inc.). Due to contractual agreements, the Alpaca
Registry, Inc. and the Alpaca Owners Association, Inc. used
different commercial DNA testing laboratories.

The DNA testing of the donor female was performed in
November 2006 by the University of California–Davis veterinary
genetics laboratory (Davis, California, USA). A whole blood
sample was collected using a 3-cc syringe and then transferred
into a 2-ml lavender top blood collection tube containing liquid
EDTA as an anticoagulant. The blood tube was mailed to The
Alpaca Registry, Inc. who subsequently forwarded it to the
commercial DNA testing laboratory for analysis.

The DNA testing of the breeding sire and the recipient female
was performed in January 2016 by DDCDNADiagnostics Center
(Fairfield, Ohio, USA), and the same laboratory performed DNA
analysis of the cria produced after transfer of a vitrified-warmed

embryo in November 2019. Blood samples were collected using
a 3-cc syringe, and a few drops of blood were placed on
a Whatman R© FTA R© card (Cytiva, Little Chalfont, UK) and
allowed to dry before shipment via mail to the commercial DNA
testing laboratory.

RESULTS

One embryo was recovered from each of the four donors,
and all recovered embryos were hatched blastocysts with a
mean diameter of 412 ± 62µm (range of 275–575µm).
Embryo diameter was also measured post-warming and post-
incubation/pre-transfer (Table 1). One embryo failed to increase
in diameter during in vitro culture, while the remaining embryos

FIGURE 2 | Recipient female and cria resulting from the transfer of a vitrified-warmed alpaca preimplantation embryo. The cria was born November 13, 2019.
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TABLE 2 | DNA verification of the parentage of the cria produced from a

vitrified-warmed embryo.

Donor

femalea

Breeding

sireb

Recipient

femaleb

Criab

DNA marker A1c A2 A1 A2 A1 A2 A1 A2

LCA5 192d 202 190 202 202 202 202 202

LCA8 231 241 237 259 237 243 237 241

LCA19 102 112 100 102 102 102 102 102

LCA37 n.d. n.d. 134 134 134 158 134 156

LCA56 n.d. n.d. 202 202 198e 200 202 226

LCA66 226 236 227 236 227 230 227 236

LPAC3 313 313 313 313 313 323 313 313

LPAC9 286 290 292 292 286 290 290 292

LPAC18 n.d. n.d. 266 274 268 268 274 284

LPAC23 124 124 124 124 124 128 124 124

LPAC25 129 131 123 131 123 129 123 131

LPAC39 284 284 290 297 285 293 284 297

VOLP32 n.d. n.d. 211 245 231 245 211 245

YWLL08 142 180 128 168 136 160 142 168

YWLL29 219 227 219 219 217 219 219 227

YWLL36 150 150 150 150 164 170 150 150

YWLL40 188 188 180 186 180 188 186 188

aDNA testing of donor female performed by the University of California–Davis Veterinary

Genetics Laboratory in November 2006.
bDNA testing performed by DDCDNADiagnostics Center in January 2016, January 2016,

and November 2019 for the breeding sire, recipient female, and cria, respectively.
cA1 denotes the allele inherited from one parent, whereas A2 denotes the allele inherited

by the other parent.
dThe number for each DNA marker represents identification of the specific allele; n.d.

denotes a DNA marker that was not detected because it was not a part of the

testing panel.
eRecipient female DNA markers LCA56, LPAC18, LPAC39, YWLL08, and YWLL36

(shown in bold font) demonstrate that the cria is genetically unrelated to the recipient.

had a minor (<25%), moderate (>25%, but <50%), or large
(>50%) increase in volume during incubation.

Embryos that grew during culture (n = 2) and that
were considered highly viable based on their growth during
in vitro culture were transferred individually into synchronous
recipients, whereas embryos whose post-culture diameter was
similar or exhibited a minor increase in their pre-vitrification
diameter (n= 2) were transferred together into a single recipient
(with the hopes of sending a stronger signal for maternal
recognition of pregnancy).

Among the three recipients, only one pregnancy was detected
(in the recipient that received the vitrified-warmed embryo which
exhibited a large amount of growth in culture post-warming).
The overall embryo survival rate was 25% (one of four embryos).

The embryo (Figure 1) that nearly doubled in size during in
vitro culture gave rise to a viable offspring. On November 13,
2019, a healthy female cria (Figure 2) weighing 8.1 kg was born
after a gestation of 353 days. Parentage of the embryo transfer
cria was confirmed through DNA testing (Table 2). The cria has
grown normally and, at 7.5months of age, is free of any detectable
abnormalities (Figure 3).

DISCUSSION

To the authors’ knowledge, this birth represents the world’s first
cria produced after the transfer of a cryopreserved alpaca embryo.
Preimplantation embryos recovered non-surgically from the
uterus of alpaca donor females typically are hatched blastocysts
> 400µm in diameter (8), and this relatively large size poses
a significant challenge to adequate removal of osmotically free
water from the embryonic cells during the cryopreservation
process. The high lipid content of alpaca embryos (7) also makes
it difficult to achieve adequate embryo dehydration because the
heads of phospholipids are hydrophilic.

Vitrification utilizes an ultrarapid cooling rate that causes
intracellular water to transition from liquid to solid so quickly
that ice crystal formation cannot occur (6). Vitrification has
proven quite useful for large diameter equine blastocysts
(13), as well as for high lipid content porcine (20) and
dromedary camel embryos (21). We successfully employed
a modified vitrification protocol to overcome the challenges
to cryopreservation typically associated with large diameter
and/or high lipid content embryos. The modifications we
made to the previously published vitrification protocol (12–
14) included the following: (1) replacement of glucose with
galactose in the base medium, (2) replacement of fetal bovine
serum with alpaca serum in all solutions containing serum, (3)
use of a commercially available embryo holding medium for
post-warming/pre-transfer temporary holding, (4) performing
asynchronous embryo transfer (nomore than 24 h asynchronous;
standard operating procedure for embryo transfer on this farm)
as is common in pigs (22) and horses (23), and (5) an overnight
in vitro culture period to enable post-warming observation of
greater duration (because embryos that initially appear viable
shortly after warming often fail to produce pregnancies after
embryo transfer); this enables a more accurate in vitro assessment
of post-warming embryo viability.

We speculate that one or more of three factors likely
contributed to our success in this study, although the small
number of embryos used in this field study precludes an
exact determination. Firstly, the vitrified-warmed embryo that
produced the live cria was a relatively small hatched blastocyst
(400 × 375µm). Water removal from smaller diameter
blastocysts should be easier than with larger diameter blastocysts
(9). However, the effect of the size of camelid embryos
on post-transfer pregnancy rate is unclear. In dromedary
camels, embryos between 250 and 500µm in diameter were
more tolerant to vitrification than embryos <250µm in
diameter (24), yet embryo diameter had no effect in another
study (21).

Secondly, we used galactose rather than glucose in the
base medium used to prepare vitrification solutions, as had
been done previously for bovine in vitro produced (25) and
equine embryos (26). We also used galactose rather than
sucrose as the non-permeating compound in the warming
solutions as was done previously with equine (12, 13, 26),
bovine in vitro produced (27), ovine (28), and dromedary
camel embryos (14). The reasons for the greater apparent
tolerance of alpaca embryos to the monosaccharide galactose
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FIGURE 3 | Cria (medium fawn color, in foreground) produced from a vitrified-warmed alpaca preimplantation embryo at ∼7.5 months of age, demonstrating the

normalcy of postnatal development.

vs. the disaccharide sucrose (14) are not known at present.
Galactose and glucose are structural isomers (they have identical
molecular formulas but different structures), whereas sucrose
consists of glucose and fructose (a structural isomer of both
galactose and glucose) held together by a glycosidic bond.
Perhaps galactose is more beneficial than glucose in the initial
pre-cooling dehydration of the embryo prior to vitrification.
Alternatively, galactose may provide enhanced protection of
cell membranes during vitrification and warming or may
facilitate greater removal of permeating cryoprotectant from the
embryo post-warming.

Thirdly, the recipient females in this study were housed in
a herd that is accustomed to daily contact with humans. We

believe that this low-stress environment may have enabled not
only establishment of the pregnancy but also maintenance of the
pregnancy to term. Previous work by several members of this
same research team (10, 11) had resulted in several pregnancies
with cryopreserved alpaca embryos; however, all pregnancies
were lost within the first 4 months of gestation. Pregnancy loss
in extensively managed alpacas is quite common and can range
from 50 to 70% (29).

This report with alpacas follows a limited number of reports
of successful cryopreservation of llama (30, 31) and dromedary
camel embryos (21), as well as reports of pregnancies with
frozen-thawed (32) and vitrified-warmed (33) alpaca embryos
that apparently did not result in live births. In the llama
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research in Argentina (30), hatched blastocysts collected on
Days 8.0–8.5 were vitrified in 0.25-ml straws in VS containing
glycerol, ethylene glycol, sucrose, glucose, and polyethylene
glycol (PEG). Eight vitrified-warmed embryos were transferred
into four recipients, two of which became pregnant. Llama
embryo cryopreservation research conducted in the United States
(31) examined vitrification of Day 7 hatched blastocysts which
had undergone pre-vitrification blastocoele cavity collapse and
were subsequently vitrified in 0.25-ml straws using VS comprised
of glycerol, butanediol, PEG, sucrose, and fetal bovine serum.
The reduction of blastocoele fluid volume led to a higher
pregnancy rate when compared with intact blastocysts. Those
two llama studies differed from the present study in a multitude
of ways: different VS, different WS, vitrification in straws vs.
OPS, intact vs. collapsed blastocyst, and differences in post-
warming incubation (0 or 2.5 h vs. 20–22 h in the present study).
Dromedary research conducted in the United Arab Emirates (21)
used a commercial camel embryo vitrification kit, presumably
based on a previously published protocol (14), that was tested
with or without bovine serum albumin supplementation. That
study was comparable to ours, except that all warmed embryos
were transferred as pairs. The 60-day pregnancy rate achieved
was 37.5% (15 pregnancies/40 transfers), with an overall embryo
survival rate of 19%.

The successful production of a live cria from the transfer of a
vitrified-warmed alpaca embryo in this study gives great hope for
further development and use of this reproductive biotechnology
in genetic improvement programs for alpacas.We have produced
a second live cria in Peru using the same protocol (Vivanco
et al., unpublished data), which lends credence to our technique.

Further research with a larger number of animals, however, is
needed to ensure that our technique is robust.
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The objective of this study was to evaluate the effects of air-drying preservation on llama

sperm DNA. Semen collections were carried out using electroejaculation under general

anesthesia. A total of 16 ejaculates were processed from 4 males (n = 4, r = 4). Each

sample was diluted 4:1 in a collagenase solution in TALP media, then incubated and

centrifuged at 800 g for 8min. The pellet was re-suspended to a concentration of 20

million sperm/ml in TALP. Then the samples were placed onto sterile slides forming lines

and were left to dry under laminar flow for 15min. After this, the slides were placed

into Falcon centrifuge tubes and kept at 5◦C. Sperm characteristics (motility, membrane

function, viability and morphology) were evaluated in raw semen and in the air-dried

samples kept at 5◦C for 30min. DNA evaluation (integrity and degree of chromatin

condensation) was carried out in raw semen and in the air-dried samples after 30min,

7, 14, 21, 30, and 60 days after preservation. To compare raw semen to the air-dried

samples, a Wilcoxon test was used for all sperm characteristics except for DNA, where

a paired Student t-test was applied. A split plot design was used to compare chromatin

condensation between the different periods of preservation and a Kruskal Wallis test

was used to compare DNA integrity. Motility, membrane function, viability and sperm

with intact DNA decreased in the air-dried samples (p < 0.05), while morphology and

chromatin condensation were not affected (p > 0.05). No significant differences were

observed in the percentage of sperm with condensed chromatin between the different

periods of preservation (p > 0.05). On the other hand, a significant decrease in the

percentage of sperm with intact DNA was observed as from day 7 of preservation (p

< 0.05). In conclusion the air-drying process has a negative effect on llama sperm DNA,

hence the media used will need to be improved to protect DNA and be able to implement

this technique in this species.

Keywords: air-dried, chromatin, DNA, llama, preservation, sperm

INTRODUCTION

Artificial insemination (AI) with cryopreserved semen is a very useful tool for applying genetic
improvement in herds; however, this biotechnology has not been effective in South American
camelids (SACs). Attempts to extrapolate successful protocols in other species without considering
the distinctive reproductive characteristics of SACs have led to errors and a slow development of
AI in these species, obtaining pregnancy rates between 0 and 33% with cryopreserved semen (1–7).
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Alternative preservation methods such as dehydration or air-
drying sperm have been explored in different species [man:
(8); mice: (9); and horses: (10, 11)]. These non-conventional
techniques have the disadvantage that sperm become immotile
and have impaired membranes, making it necessary to recur
to intracytoplasmic sperm injection (ICSI) to obtain embryos.
However, dehydration or air-drying have the advantages of easy
preparation and low cost preservation of the samples, especially
valuable for use in the field under difficult and often precarious
conditions, as is the case of most of the work carried out in SACs
and especially the wild species. In addition, with these methods
the samples can be transported at 5◦C, on slides or in tubes,
without the need for cryoprotectants or liquid nitrogen and can
also be used to conserve sperm recovered from the epididymis
of post mortem individuals, allowing the conservation of genetic
material of wild and/or endangered species.

Despite the various advantages of these alternative techniques,
it is still unknown whether the sperm genetic material suffers any
alterations over storage time. Alonso et al. (11) observed a higher
percentage of DNA fragmentation in equine air-dried sperm
compared to the control (cooled sperm), but the number of the
samples was too low for a statistical analysis. Is interesting to
highlight that sperm DNA quality is a very important parameter
to evaluate because assisted reproductive techniques make it
possible for sperm with damaged DNA to fertilize (12). Although
the oocyte can repair a certain degree of DNA damage after
fertilization, once this threshold is exceeded one or two effects
are seen: (1) the percentage of embryo development decreases,
known as embryo development block (13), and/or (2) early
embryo loss is observed, also identified as a late paternal effect
(14, 15). The ability to repair this damage would seem to be
related to the genomic and cytoplasmic quality of the oocyte and
to the amount of chromatin damage of the spermatozoa (13).
Therefore, it is impossible to ignore the role of paternal DNA in
early embryo development (16) and consequently, sperm DNA
evaluation becomes important.

In this context, the objective of this study was to evaluate the
effect of air-drying on llama sperm DNA.

MATERIALS AND METHODS

Reagents
Collagenase, 6-carboxyfluorescein diacetate, dimethyl
sulfoxide, propidium iodide, toluidine blue, agaroses and
the reagents for the TALP medium were purchased from
Sigma Chemicals (Sigma Aldrich, Buenos Aires, Argentina).
Type I collagenase (Clostridium peptidase A from Clostridium
histolyticum) was used. The TALP medium was prepared
according to Parrish et al. (17): NaCl (114mM), KCl
(3.1mM), NaHCO3 (2mM), NaH2PO4 (0.3mM), Na
lactate (10mM), CaCl2 (2mM), MgCl2 (0.5mM), Pyruvate
(0.2mM), HEPES (10mM) and bovine serum albumin (3
mg ml/1).

Abbreviations: SACs, South American Camelids; SCD, Sperm Chromatin

Dispersion assay; TB, Toluidine Blue.

Animals and Location
The study was carried out at the Faculty of Veterinary Sciences of
the University of Buenos Aires, in Buenos Aires, Argentina. The
city is situated at sea level, latitude 34◦ 36′ and longitude 58◦ 26′.

For the study, 4 male Lama glama ranging between 7 and 11
years of age and weighing 140.75 ± 18.32 kg (mean ± SD) were
used. Animals were kept out at pasture in pens and supplemented
with alfalfa pellets, fresh water ad libitum. All males were shorn
during the month of November.

Semen Collection
Semen collections were carried out between the months of
April and October using electroejaculation (EE) under general
anesthesia according to Director et al. (18). The frequency
of collection for each male was determined randomly. As EE
requires general anesthesia, this method was not used on the
same male at an interval of < 15 days and the collection
frequency for each male was between 15 and 21 days. All
procedures were approved by the Committee for the Use
and Care of Laboratory Animals (CICUAL) of the Faculty
of Veterinary Sciences of the University of Buenos Aires
(protocol 2017/84).

Llama Sperm Preservation Using Air-Drying
A total of 16 ejaculates from 4males (n= 4, r= 4) were processed
according to Giuliano et al. (19). Briefly, each sample was diluted
4:1 in a 0.1% collagenase solution (1 mg/ml) in TALP medium.
Samples were subsequently incubated 4min at 37◦C and then
centrifuged 8min at 800 g. The pellet was re-suspended to a
concentration of 20 million sperm/ml in TALP. Then the samples
were placed onto sterile slides forming lines and were left to dry
under laminar flow for∼15min. After this, the slides were placed
into Falcon centrifuge tubes covered with aluminum foil and
were kept at 5◦C until evaluation. To carry out the evaluations,
TALP medium was placed on the slides and then aspirated with a
micropipette and placed in a microcentrifuge tube (Eppendorf R©

AG, Germany).

Evaluation of Sperm Characteristics
Seminal characteristics (motility, morphology, membrane
function and integrity or viability) were evaluated in raw semen
and in air-dried samples preserved at 5◦C for 30 min.

Sperm motility was evaluated using a phase contrast
microscope (100 x magnification) and a warm stage
(37◦C). Sperm numbers were calculated using a Neubauer
hemocytometer. The hypoosmotic swelling (HOS) test for
evaluating membrane function, and the fluorochromes 6-
carboxyfluorescein diacetate (CFDA) and propidium iodide
(PI) for evaluating membrane integrity or viability, were used
according to Giuliano et al. (20). Briefly, for theHOS test, samples
were incubated (37◦C) in a hypoosmotic solution containing
fructose and sodium citrate (50 mOsmol/L). After incubation,
a minimum of 200 spermatozoa were evaluated using a phase
contrast microscope (400 x magnification). Sperm showing
the characteristic swelling of the tail were classified as HOS
positive, having a functional plasma membrane. For evaluating
membrane integrity or viability, samples were incubated (37◦C)
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with CFDA and PI in an isotonic saline solution described by
Harrison and Vickers (21) (NaCl 140mM, glucose 10mM, ClK
2.5mM, polyvinyl-pyrrolidone 0.5 mg/ml and HEPES 20mM).
Aminimum of 200 spermatozoa were evaluated per sample using
an epifluorescence microscope with a rhodamine and standard
fluorescein filter set (400 x magnification). Spermatozoa that
fluoresced green throughout their length were classified as
being viable (intact plasma membrane) while sperm nuclei
that fluoresced red were classified as non-viable (damaged
plasma membrane).

Sperm morphology was assessed placing a micro droplet
between a slide and coverslip and using a phase contrast
microscope (1,000 x magnification). For each sample,
200 spermatozoa were evaluated, and were classified into
one of the following categories: normal, abnormal head,
detached head, abnormal tail and cytoplasmic droplet. Thus,
percentages of spermatozoa with normal or altered morphology
were determined.

Sperm DNA Evaluation
DNA evaluation was carried out in raw semen and in air-dried
samples preserved for 30min and for 7, 14, 21, 30, and 60 days,
using two methods.

Toluidine Blue (TB) Stain
The TB stain was carried out according Carretero et al. (22)
to evaluate the degree of condensation/decondensation of llama
sperm chromatin. Briefly, smears were made on clean, non-
greasy slides and once dry were submerged for 2min in ethanol
96◦ to fix them. Then slides were covered with 2ml of a
working solution of TB (0.02%). Preparations were observed
directly under immersion oil (1,000 x magnification) evaluating
a minimum of 200 spermatozoa per smear. Sperm were
classified into three groups according to the degree of chromatin
condensation: light blue (negative, condensed chromatin), light
violet (intermediate, some degree of decondensation) and
dark blue-violet (positive, high degree of decondensation).
Positive and intermediate sperm were considered to have
altered chromatin condensation. Dithiothreitol (DTT) 1% in
distilled water was used as a positive control for sperm
DNA decondensation.

Sperm Chromatin Dispersion Assay (SCD)
The SCD assay was carried out according to Carretero et al.
(23) to evaluate the degree of DNA fragmentation. Briefly,
aliquots of 50 µl of sperm suspension (5 million sperm/ml
in PBS) were mixed with low-melting-point aqueous agarose
and pipetted onto a glass slide previously coated with normal-
melting-point aqueous agarose, covered with a coverslip and left
to solidify at 4◦C for 10min. Then, each slide was incubated
in different lysing solutions, dehydrated in sequential ethanol
baths and stained with Giemsa. Preparations were observed
directly under immersion oil (1,000 x magnification) evaluating
a minimum of 200 spermatozoa per sample. Sperm were
classified into the following categories: intact DNA (nuclei
with large DNA dispersion halos + nuclei with medium-
sized halos) and fragmented DNA (nuclei with small halos +

nuclei with no halo). Samples incubated with NaOH 0.3M
during 30min were used as a positive control of sperm
DNA fragmentation.

Statistical Analysis
Statistical analysis was carried out using the InfoStat software.
Normal distribution and homogeneity of variances of the data
was checked by Shapiro-Wilk Normality test and an ANOVA,
respectively. The level of significance was set at 0.05 for
all analysis.

A Wilcoxon test was used to compare sperm motility,
morphology, plasma membrane function and integrity and
a paired Student t-test was used to compare chromatin
condensation and DNA integrity, between raw semen and
samples air-dried for 30min. A split plot design was used
to compare the degree of chromatin condensation between
the different periods of preservation of the air-dried samples,
blocking the males. Whereas, a Kruskal Wallis test was used
to evaluate DNA fragmentation (SCD test) between the air-
dried samples.

RESULTS

Sperm Characteristics
Air-dried sperm were immotile in all samples. The percentages
of sperm with membrane integrity (viable sperm) and with
functional membranes (HOS positive) were significantly lower
in air-dried samples compared to raw semen (p < 0.05). Sperm
morphology was not altered due to the process of air-drying
(Table 1).

Sperm DNA Condensation
There was no significant difference for chromatin condensation
either between raw semen and samples air-dried for 30min or
between the different periods of preservation of air-dried samples
(Figure 1). In addition, 100% of the sperm incubated with DTT
(control) were TB positive.

TABLE 1 | Seminal characteristics evaluated in raw semen and air-dried llama

sperm preserved at 5◦C during 30min.

Sperm characteristics Raw semen(%) Air-dried sperm (%)

Motility 22.0 ± 10.9a 0.0b

Membrane function (HOS test) 36.8 ± 13.0a 2.2 ± 1.3b

Membrane integrity (viability) 60.1 ± 24.2a 0.2 ± 0.5b

Normal morphology 65.1 ± 14.3a 66.0 ± 4.7a

Abnormal heads 12.2 ± 2.8a 18.0 ± 2.7a

Detached heads 2.0 ± 1.6a 3.0 ± 0.5a

Abnormal tails 7.4 ± 2.4a 10. ± 6.1a

Cytoplasmatic droplets 13.1 ± 13.9a 3.0 ± 2.4a

Values are expressed as mean ± SD (n = 4; r = 4).

a,b Different letters between columns indicate significant differences for each sperm

characteristic evaluated (p < 0.05).
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FIGURE 1 | Percentages of air-dried llama sperm with condensed (TB

negative) and decondensed chromatin (TB intermediate + positive). Air-drying

was evaluated after different times of preservation (30min and 7, 14, 21, 30,

and 60 days) (n = 4, r = 4). TB, Toluidine blue stain for evaluating sperm

chromatin condensation. No significant differences were observed between

the periods of preservation within each category (p > 0.05).

Sperm DNA Fragmentation
Air-drying significantly decreased the percentages of sperm with
intact DNA compared to raw semen (intact DNA: 26.4 ± 14.4
and 82.5± 12.5% for air-dried sperm for 30min and raw semen,
respectively, mean ± SD). The period of preservation of air-
dried samples affected the percentages of sperm with intact DNA,
observing a significant decrease from day 7 of preservation (p <

0.05) (Figure 2). In addition, 100% of the sperm incubated with
NaOH (control) presented fragmented DNA (no halos).

DISCUSSION

This is the first study to evaluate the simple, inexpensive method
of air-drying to preserve llama spermatozoa parameters. Not
surprisingly, llama air-dried sperm were immotile. The loss of
motility of lyophilized rabbit sperm has been reported (24), as
well as that of desiccated rhesus macaque semen submitted to
nitrogen gas (25). Sitaula et al. (26) reported that changes in cell
volume due to exposition to hyper or hypo-osmotic solutions
results in an irreversible loss of motility, showing that one of the
main factors that contributes to this loss is an osmotic effect.
Similarly, viability or membrane integrity of air-drying llama
sperm was very low (0.2 ± 0.5%), coinciding with reports from
other authors evaluating freeze-dried mice, rabbit and bull sperm
(24, 27, 28). Hence, the osmotic changes that sperm undergo,
both during air-drying and when the samples are re-hydrated,
could be the cause of the lack of motility and the extremely low
percentages of viable sperm observed in this study. However,
embryos have been obtained using ICSI with both non-motile
and dead sperm in other species (9, 27).

Sperm morphology was not altered by the process of air-
drying. Due to the large morphological variability of human
spermatozoa (29) the influence of sperm morphology on
ICSI results has been extensively studied in men, though
with contradictory results (30–33). However, despite similarly
variable morphology of llama sperm and the reported success

FIGURE 2 | Percentages of sperm with intact DNA (large dispersion halos +

medium sized halos) and fragmented DNA (small halos + nuclei with no halo)

in air-dried llama sperm samples. The effect of air-drying on sperm was

evaluated after different periods of preservation (30min and 7, 14, 21, 30, and

60 days) (n = 4, r = 4). SCD, Sperm Chromatin Dispersion test, used for

evaluating sperm DNA fragmentation. a,bDifferent letters indicate significant

differences in percentages of intact DNA between periods of preservation (p <

0.05). A,BDifferent letters indicate significant differences in percentages of

fragmented DNA between periods of preservation (p < 0.05).

in obtaining llama embryos using ICSI with ejaculated sperm
(34, 35), this possible influence has not been studied in
SACs. It has been proposed that subtle sperm organellar
malformations cannot be detected either by the morphologist
at 1,000 x magnification or by the embryologist at 200x−400x
magnification. In this context, a new method for the detailed
morphological evaluation of motile spermatozoa in real time: the
motile sperm organellar morphology examination (MSOME) has
been developed, achieving a magnification of 6,300x (36). Using
MSOME, human sperm nucleus morphology has positively
correlated with fertilization, implantation and pregnancy by
ICSI (36, 37). These results further highlight the importance of
the sperm nucleus in Assisted Reproductive Techniques (ART),
especially ICSI.

With regard to the sperm nucleus, two different aspects
were evaluated: the degree of chromatin condensation using
TB and the degree of DNA fragmentation using the SCD test.
In this study, the process of air-drying did not affect llama
chromatin condensation, however, a high percentage of sperm
with fragmented DNA was observed in the air-dried samples,
as early as 30min after preservation. This was surprising as we
assumed that both aspects (chromatin condensation and DNA
integrity) would be similarly affected. Previously, when adapting
the SCD test to evaluate llama sperm, we proposed that sperm
with fragmented DNA fail to produce a halo because the DNA
fragments could be interacting within the llama sperm head
by complementary bases (adenine-thymine; guanine-cytosine)
making cohesive ends and as a result do not disperse around
the nucleus core (23). It is conceivable that despite DNA being
fragmented after air-drying, the fragments remained linked at
their complementary bases and thus the sperm possibly did
not have sites for TB to bind. Additionally, we have previously
observed that llama sperm subjected to incubation at 100◦C,
exposed to UV or incubated with NaOH showed 100% DNA
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fragmentation in SCD test, but the same samples stained with TB,
did not show increased percentages of sperm with decondensed
chromatin compared to untreated samples (unpublished data).
Those results coincide with what we observed in this study,
where despite DNA integrity being significantly decreased (SCD
test), chromatin condensation (TB stain) was not affected. If this
hypothesis proves to be correct, this could also be an indication
that perhaps the SCD test is a more sensitive indicator of DNA
alteration than the TB stain.

Although various reports have studied DNA fragmentation
in sperm preserved using these alternative methods, to our
knowledge there are no reports that evaluate their degree
of chromatin condensation. Similar to our results, Klooster
et al. (25) desiccated monkey sperm and reported high
percentages of sperm with fragmented DNA using the TUNEL
technique (93.2–95.5%) in samples preserved during 7 to
10 days at room temperature and at −80◦C. Also, Alonso
et al. (11) observed that equine sperm DNA fragmentation,
evaluated with SCD, increased as the period of air-dried
preservation increased (from 32 to 53% in air-dried sperm
preserved during 2 days and 4 weeks, respectively). Two
possible explanations for the increase in the percentages
of sperm with fragmented DNA observed in llama air-
dried samples could be a rise in reactive oxygen species
(ROS) production and/or the release of endonucleases. The
generation of low levels of ROS by spermatozoa plays an
important role in different physiological events such as sperm
capacitation, acrosome reaction, hyperactivation and sperm-
oocyte fusion (38–41). However, high levels of ROS have been
associated with cell damage, such as lipid peroxidation and
DNA fragmentation (42, 43). Burnaugh et al. (44) incubated
equine spermatozoa for 15min at 38◦C under hyperosmotic or
hypoosmotic solutions and reported an increase in superoxide
production. The changes in osmolarity that occur during the
air-drying process could induce an increase in ROS levels
and consequently alter sperm DNA. Regarding endonucleases,
these sperm enzymes are leaked from plasma membrane-
damaged spermatozoa during freeze-drying or freezing without
cryoprotectants (27), are activated by divalent cation Ca2+

and Mg2+ (45) and have been proposed by Nakai et al. (46)
to be one the causes of DNA fragmentation in lyophilized
(freeze-dried) boar spermatozoa. Taking this into account,
Nakai et al. (46) suggested that the use of chelating agents
could decrease sperm DNA damage by chelating divalent
cations that activate endonucleases. These authors observed that
porcine spermatozoa, freeze-dried in the presence of chelating
agents such as ethylenediaminetetraacetic acid (EDTA) and

ethylene glycoltetraacetic acid (EGTA), presented lower DNA
fragmentation values than the control group (4.1 vs. 12.2%).
Likewise, Sitaula et al. (26) hypothesized that the addition of
sugars, antioxidants and chelators to the media could help
reduce oxidative stress, thereby minimizing membrane and
mitochondrial damage during desiccation.With this in mind and
considering the importance of developing a simple method of
gamete conservation which would facilitate working with wild
species under precarious conditions, it would be interesting to
assay the use of media with the addition of sugars, antioxidants
and/or chelating agents to evaluate if these substances have a
beneficial effect on sperm air-drying and are able to preserve SAC
sperm DNA integrity.

CONCLUSIONS

The air-drying process has a negative effect on llama spermDNA,
therefore the media used will need to be improved to protect
DNA and be able to implement this technique in these species.
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The objective was to determine the effect of energy diet restriction on energy balance,

systemic leptin and corpus luteum (CL) vascularization, development, and function in

South American camelids. In experiment 1, adult llamas were randomly assigned to

receive a diet of 70% of their maintenance energy requirements (MER) (Restricted group,

n= 7) or fed ad libitum (Control group, n= 7) during 28 days. Body live weight (BLW) and

body condition score (BCS) were recorded, blood samples were collected every 2 weeks

to measure plasma leptin concentrations, and energy metabolites were quantified. In

experiment 2, adult alpacas were randomly assigned to receive a diet of 40%MER for 21

days (Restricted group, n= 7) or fed ad libitum (Control group, n= 7). Then, ovulation was

induced with gonadorelin acetate (day = 0), and trans-rectal ultrasonography (7.5 MHz)

was performed using B and Doppler mode to record the diameter of the pre-ovulatory

follicle, ovulation, CL diameter, and vascularization from Days 0 to 13. Blood samples

were collected every 48 h from Days 1 to 13 to quantify plasma leptin and progesterone

concentrations. In experiment 1, energy diet restriction of 70%MER did not affect plasma

leptin concentration and metabolic parameters of the Restricted group. In experiment 2,

the Restricted group had a lower BCS (p < 0.001), a smaller diameter of the CL on Days

5 and 7 (p < 0.05), and a smaller maximum diameter of the CL (10.2 ± 0.6mm) than

the Control group (12.1 ± 0.6mm; p = 0.04). Low energy restriction of 70% MER for

28 days did not affect the energy balance of llamas (Experiment 1). Moderate energy

restriction of 40% MER for 21 days negatively affected energy balance (BCS), and CL

development but not its vascularization, leptin, and progesterone concentrations. These

species must be submitted to longer periods or a higher level of energy restriction to

impair ovarian function.

Keywords: diet restriction, leptin, corpus luteum, llama, alpaca, progesterone

105

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2020.598147
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2020.598147&domain=pdf&date_stamp=2020-12-16
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mcnorambuena@uct.cl
https://doi.org/10.3389/fvets.2020.598147
https://www.frontiersin.org/articles/10.3389/fvets.2020.598147/full


Norambuena et al. Diet Restriction in South American Camelids

INTRODUCTION

Members of the Camelidae family are recognized for their ability
to survive and reproduce in extreme environments (1). In Chile,
the arrival of ruminants during the Spanish conquest decimated
the population of camelids and displaced the domestic (Lama
glama, Vicugna pacos) and wild species (Vicugna vicugna, Lama
guanicoe) toward the marginal lands of the country (2, 3). Low
fertility rates of highland camelid herds have been described
[about 50%, (4)]. In a previous alpaca study (5), we have
documented an overall embryo loss of 45.4% (49/108), during the
35 days after mating, which was close to the 50–58% reported in
earlier studies (4, 6). Although the main factors related to embryo
loss in these species are unknown, the poor nutritional status of
the High Andean herds could be related (7).

Leptin, an adipocyte-derived hormone, acts as a critical
metabolic signal linking nutrition and reproductive function (8).
The rapid decrease in leptinemia in underfed animals could be
translated as an acute signal to stimulate re-feeding behavior
and glucocorticoid secretion; to decrease thyroid activity, energy
expenditure, insulin sensitivity, and protein synthesis; and to
block reproduction (9). Leptin modulates GnRH secretion in the
hypothalamus indirectly through stimulation of neuropeptide
Y and kisspeptin (10, 11). Systemic administration of leptin
increased gonadotropin secretion in fasted ruminants and rats
(12, 13). Leptin receptor, OB-R, has been characterized in the
granulosa and theca cells, luteal cells, the ovarian stroma, and in
endothelial cells in various species (14, 15) and recently in alpacas
(16). These evidences support the notion that leptin may have
a potential role in the maturation and selection of developing
follicles, corpus luteum (CL) formation, function, and regression
during estrus cycle via an autocrine/paracrine mechanism in
several species (15).

In a previous study (17), severe long-term nutritional
restriction negatively affected leptin concentration, the
diameter of the pre-ovulatory follicle, and corpus luteum
(CL) and progesterone production in llamas. The day-by-day
profile of plasma leptin concentration was correlated with
the CL growth during the entire luteal phase suggesting
a potential local role of leptin on CL development in
llamas. Kumar et al. (18) demonstrated that the leptin
mRNA highest levels were in mid and late luteal stages
consistent with in vivo luteinization of buffalo CL and declined
coincidental to luteal regression. Also, the increased expression
of steroidogenic enzymes (StAR, P450scc, HSD) has been
correlated with the OB gene and OBR receptor activity in mid
luteal phase suggesting a key role of leptin in progesterone
production (18).

The mechanism of action of leptin on CL development
is unknown. Wiles et al. (19) have demonstrated that the
addition of leptin in an in vitro culture of goats luteal
cells increased the expression of angiogenic factors such as
angiotensin I (Ang1), fibroblast growth factor 2 (FGF2),
and vascular endothelial growth factor (VEGF). In fact, CL
vascularization did increase in alpacas previously treated with
leptin during follicular phase (pre-ovulatory follicle > 7mm of
diameter) and given GnRH for ovulation induction, however, CL

diameter, plasma luteinizing hormone (LH), and progesterone
concentration were similar between leptin and non-leptin-
treated females (20).

The objectives of this study were to determine the effect of low
energy diet restriction on energy balance in llamas (Experiment
1) and to evaluate the effect of moderate energy restriction on
energy balance on leptin concentration and CL vascularization,
development, and function in alpacas (Experiment 2).

MATERIALS AND METHODS

Experimental procedures were reviewed and approved by the
Bioethical Committees of the Universidad Austral de Chile
and Universidad Católica de Temuco and were performed
in accordance with the animal care protocols established by
the same institutions and in accordance with Chilean Animal
Protection Act (2009).

Experiment 1: Effect of Low Energy Diet

Restriction (70% of the Maintenance

Energy Requirements) on Energy Balance

in Llamas
Animals and Nutrition Management
This study was conducted in the llama farm at the University
Austral of Chile located in Valdivia (39◦38′S, 72◦35′W). Mature
non-lactating, non-pregnant, female llamas (n = 14), 6–9 years
old, with a body condition score (BCS) of 3–3.5 [scale 1–5, (21)],
were randomly assigned to an energy Restricted or a Control
group (n = 7 per group). The Control group, weighting 149
± 6 kg (mean ± SEM), was fed ad libitum with Ballica sp.
hay [4.4% crude protein (CP); 5.7% total ashes (TA), and 1.8
Mcal/kg metabolic energy (ME), on dry matter base] and 300 g
day−1 of commercial pelleted concentrate (16% CP; 5.4% TA,
and 3.0 Mcal/kg ME; Cosetán R©, Suralim, Osorno). Llamas of
the Restricted group, weighting 146 ± 4 (mean ± SEM), were
individually fed with the same diet as that of the Control group (3
hay:1 pellet, on the basis of total energy intake), but the amount of
food provided 70% of maintenance energy requirements (MER)
of the initial body live weigh (BLW).MERwas calculated for each
female using the following equation: 61.2 ∗ BLW0.75 (22). Llamas
were kept indoors and fed under nutritional management during
28 days.

Llamas received water and mineral salts (Usablock R©,
Sweetlix) ad libitum, and they were dewormed using Sofomax R©

(Intervet). BLW (kg) and BCS were assessed weekly. Blood
samples (4ml) were collected by jugular venipuncture into
heparinized tubes every 2 weeks to determine metabolic markers
and plasma leptin concentration. Plasma was separated by
centrifugation at 1,500g for 15min and stored at −80◦C
until assayed.

Metabolic Markers
Metabolites such as glucose, triglycerides, non-esterified fatty
acids, beta-hydroxybutyrate, cholesterol, and urea were analyzed
as previously described (17, 23). In brief, glucose concentration
was measured using a portable equipment (One touch R©,
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LifescanInc, USA). Triglycerides plasma concentration (GPO-
PAD enzymatic method), non-esterified fatty acids (NEFA; ASC-
ACOD enzymatic colorimetric method), beta-hydroxibutirato
(BHB; 3 HBDH dependent enzymatic method), cholesterol
(CHOD-PAD enzymatic method), and urea (kinetic glutamic-
dehydrogenase method) were determined using Cobas-Miras-
Plus R© autoanalyzer (Roche D-10587, Berlin, Germany).

Leptin Concentration Analysis
Plasma leptin concentration was determined by
radioimmunoassay (RIA; multi-species leptin kit R©, Millipore,
USA), using a 1470 Wallac Wizard Gamma counter
(PerkinElmer Inc, USA). The limit of sensitivity and intra-assay
coefficient of variation were 2.5 ng/ml and 10%, respectively.

Experiment 2: Effect of Moderate Energy

Diet Restriction (40% of the Maintenance

Energy Requirements) on Energy Balance

and Luteal Function in Alpacas
Animals, Nutrition Management, and Experimental

Design
The experiment was conducted in the alpaca farm at the
Universidad Católica de Temuco, located in Temuco (38◦46′S,
72◦38′W). Non-pregnant non-lactating adult alpacas (n = 14)
aged 3 to 9 years old with a BCS of 3 to 3.5 (scale 1–5;
20) were used in the study. Females were randomly assigned
to the Restricted or Control group (n = 7 per group). The
Control group weighting was fed ad libitum with Ballica sp.
hay (4.5% CP, 1.2% TA, 2.6 Mcal/kg ME, on dry matter
base) and 200 g day−1 of commercial pelleted concentrate (17%
CP, 6% TA, 3 Mcal/kg ME on dry matter base; Cosetán R©,
Iansagro SA, Chile). Alpacas in the Restricted group were
individually fed twice daily, with hay and pellets (3:1 on
the basis of total energy intake), but the amount of food
was reduced to 40% MER of each alpaca. The MER was
calculated using the equation 66∗ initial BLW0.75 (7). Alpacas
were kept indoors and fed under nutritional management
for 21 days (Day −21 to Day −1, Figure 1). They received
water and mineral salts (Usablock R©, Sweetlix) ad libitum,
and they were dewormed using Sofomax R© (Intervet). On the
fourth day after the starting of the diet, alpacas received
an intravaginal progesterone device (CIDR-B R©, Easy-Breed,
0.3 g, Lab. Pfizer NZ) for 7 days to synchronize follicular
wave emergence as previously described (24). All alpacas were
examined daily by transrectal ultrasonography using a 7.5
MHz linear array transducer coupled to a monitor (Sonovet
r3, Samsung Madison, USA) after the day of progesterone
removal to determine the diameter of the pre-ovulatory follicle.
Ovulation was induced 10 days after progesterone removal with
an intramuscular administration of 50 µg of gonadorelin acetate
(GnRH, Gonasyl R©, Virbac, Day 0= GnRH treatment, Figure 1).
The ovaries were examined every other day from Day 1 to Day
13 to determine ovulation, CL diameter, and vascularization
using B and Doppler mode. Ovulation was defined as the

disappearance of a large follicle (≥7mm) that had been detected
in the previous examination.

Alpacas from the Restricted group were switched from 40%
MER of the initial BLW to 100% MER of the BLW recorded
at Day 0 (GnRH treatment, see Figure 1). This change of diet
restriction was conducted in order to maintain the new BLW
recorder at Day 0 until Day 13 during CL assessment. BLW
and BCS were recorded twice in alpacas of both groups, at the
beginning and at the end of the restricted period. BLW was
recorded every other day from Day 1 to Day 13 using a digital
scale (±0.1 kg).

B and Power Doppler Ultrasonography and Image

Analysis
CL diameter and vascularization were recorded using B and
Power Doppler mode from Day 1 to Day 13 by an operator
who was blinded to the treatments and according to previous
South American camelid studies (25, 26). In brief, the echotexture
of the CL was measured in B mode at its maximum diameter
using horizontal and vertical calipers. In Power Doppler mode,
cineloops (10 s in length) of the CL vascularization were recorded
during Power Doppler imaging and downloaded into VLCmedia
player (www.videolan.org, Version 2.0, Boston, USA). Cineloops
were examined frame by frame to select three images that
represented the maximum vascular signal at the maximum cross-
sectional area of the CL. Images were saved in JPG format
with minimal compression and analyzed by ImageJ software
(National Institute of Health, Maryland, Washington DC, USA)
to determine the area of vascularization of the CL. The area of
vascularization was estimated by measuring the area (cm2) of
the vascular flow signals (Power-Doppler) overlaying the B-mode
image of the CL; the average of the three images was taken as the
value for a given animal on a given day.

Leptin and Progesterone Concentration Analysis
Blood samples (4ml) were collected into heparinized tubes
to determine plasma leptin and progesterone concentration
from Day 1 to Day 11 (Day 0 = GnRH treatment) and Day
1 to Day 13, respectively. Plasma leptin concentration was
determined using the Sheep Leptin ELISA Kit R© (MyBiosource,
USA) which was validated previously (20). In brief, serially
diluted plasma from alpacas containing high concentrations of
leptin produced a displacement curve parallel to the standard
curve. Intra- and inter-coefficients of variation were 5.0 and 7.2%,
respectively, and the limit of sensitivity was 2.5 ng/ml. Plasma
progesterone concentration was determined using a commercial,
double-antibody radioimmunoassay kit (COAT-A COUNT 17A-
OH Progesterone, Siemens, USA). The intra-assay coefficient
of variation varied between 0.5 and 3.5%, and the inter-assay
coefficient of variation was between 0.5 and 2.1%. The limit
of sensitivity was 0.61 ng/ml. Analyses were performed at the
Universidad de Concepción, Chile.

Statistical Analyses
Normality and homoscedasticity were assessed by Kolmogorov-
Smirnov and Levene test, respectively, Log10− transformations
were performed whenever necessary. Paired or unpaired Student
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FIGURE 1 | Experimental design of Experiment 2.

t test were used to compare non-serial data as BLW, BCS,
pre-ovulatory follicle diameter, and maximum CL diameter
between groups. A mixed ANOVA with time points as repeated
measurements was used to compare serial data (BLW, leptin
and progesterone plasma concentration, CL diameter, and
vascularization area). If significant main effects or interactions
were detected (p < 0.05), ANOVA pairwise comparisons with
Bonferroni adjustment were used. Pearson’s correlation was used
to determine relationships between CL diameter, vascularization
area, and plasma progesterone concentration. Statistical analyses
were done using SPSS Program (V 20). Data are reported as mean
± SEM.

RESULTS

Experiment 1
Plasma leptin concentration, metabolite markers, BLW, and
BCS did not differ between the Restricted and Control groups
(Table 1). The initial and final BLW and BCS of the Restricted
group did not differ (p = 0.06 and p = 0.9, respectively). The
Restricted group lost 9 kg, equivalent to 6% of its initial BLW.
Initial and final BLW and BCS of Control group also were similar
(p= 0.4 and p= 0.9, respectively).

Experiment 2
The Restricted and Control groups had similar BLW and BCS at
the beginning of the diet restricted period (Table 2). Although
BLW was not different between groups, BCS was higher in
the Control than that of the Restricted group after 21 days of
40% MER. The Restricted group reduced the BLW and BCS
significantly during the metabolic trial, but Control group did
not (Table 2). There were no significant differences in BLW
between groups during the corpus luteum assessment (p > 0.05).

The diameter of the preovulatory follicle at the time of GnRH
treatment was similar between groups: 8.4 ± 0.7 and 10 ±

0.8mm for Restricted and Control groups, respectively (p= 0.9).
Similarly, the proportion of ovulated animals (7/7 and 7/7,
p= 0.9) was not different between Restricted and Control groups,
respectively. There was an effect of treatment (p = 0.01) and
day (p = 0.001) but not interaction (p = 0.5) on CL diameter
between groups. Diameter of CL was greater in the Control
than that of the Restricted group at Days 5 and 7 after GnRH
treatment (Figure 2A). Maximum CL diameter was lower (p <

0.04) in the Restricted (10.2 ± 0.6) than that of the Control
group (12.1 ± 0.6mm). Maximum CL vascularization was not
different between Restricted and Control groups (0.37 ± 0.26 vs.
0.42± 0.25 cm2, respectively; p= 0.3, Figure 2B). However, there
was an effect of time on CL vascularization (p < 0.001). Plasma
progesterone and leptin concentrations were not affected by the
treatment (p= 0.7 and p= 0.7, respectively, Figures 2C,D). Daily
mean values of plasma leptin concentration during the luteal
phase ranged from 6.9 ± 1.7 to 8.0 ± 1.6 ng/ml in both groups.
There was no correlation between plasma leptin concentration
on CL diameter, vascularization area, and plasma progesterone
concentration (p > 0.05). The diameter of CL was positively
correlated with vascularization area (r = 0.6; p < 0.001) and
plasma progesterone concentration (r = 0.3; p < 0.01).

DISCUSSION

Based on the results of the present study, low energy restriction
at 70% MER in llamas did not affect BLW, BCS, plasma
leptin concentration, andmetabolic parameters that may indicate
a negative energy balance (Experiment 1). Moderate energy
restriction at 40% MER in alpacas only reduced BCS and CL
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TABLE 1 | Plasma leptin concentration, metabolites, body weight and body condition score (Mean ± SEM) of llamas fed 70% energy of maintenance requirements

(Restricted group; n = 7), or fed ad libitum (Control group, n = 7) during 28 days.

Variable Day 1 Day 14 Day 28

Restricted Control P Restricted Control P Restricted Control P

Leptin (ng/mL) 7.7 ± 1.4 5.5 ± 0.5 0.7 5.3 ± 0.4 7.5 ± 1.6 0.6 6.7 ± 1.2 5.5 ± 1.4 0.6

Glucose (mg/dL) 145 ± 5 140 ± 4.8 0.1 138 ± 5.9 151 ± 4.9 0.1 152 ± 4.6 142 ± 4.2 0.3

BHB (mmol/L) 0.07 ± 0.04 0.05 ± 0.03 0.8 0.004 ± 0.004 0.003 ± 0.03 0.3 0.07 ± 0.04 0.05 ± 0.04 0.7

NEFA (mmol/L) 0.05 ± 0.01 0.08 ± 0.01 0.3 0.17 ±0.03 0.09 ± 0.03 0.09 0.17 ± 0.03 0.2 ± 0.03 0.2

Cholesterol (mmol/L) 1.5 ± 0.4 1.8 ± 0.4 0.3 2.2 ± 0.4 2.6 ± 0.5 0.6 1.5 ± 0.3 1.8 ± 0.4 0.6

Urea (mmol/L) 7.9 ± 0.4 7.4 ± 0.4 0.6 5.7 ± 0.6 6.9 ± 0.7 0.2 6.2 ± 0.7 6.2 ± 0.7 0.9

Triglycerides (mml/L) 0.3 ± 0.05 0.4 ± 0.07 0.2 0.3 ± 0.06 0.4 ± 0.1 0.6 0.4 ± 0.05 0.5 ± 0.07 0.8

Total Protein (g/L) 101 ± 7.1 103 ± 2.4 0.9 69 ± 3.6 77 ± 2.4 0.1 73 ± 2.3 84 ± 5.2 0.06

BLW (kg) 146 ± 3.8 149 ± 6.2 0.7 137 ± 3.8 147 ± 6.5 0.7 137 ± 3.3 146 ± 4.8 0.2

BCS (1–5) 3.5 ± 0.1 3.5 ± 0.2 0.4 3.4 ± 0.1 3.5 ± 0.2 0.4 3.2 ± 0.1 3.5 ± 0.1 0.3

NEFA is non-esterified fatty acids; BLW is body live weight; BCS is Body condition score.

TABLE 2 | Values (Mean ± SEM) of body live weight (BLW) and body condition

score (BCS) of alpacas fed 40% of maintenance energy requirements (restricted

group; n = 7) or fed ad libitum (control group; n = 7) before and after the nutrition

management for 21 days.

Variable Control group Restricted group P-value

Before

BLW (kg) 50.5 ± 2.6 52.6 ± 1.8a 0.3

BCS (1-5) 3.1 ± 0.2 3.1 ± 0.2c 0.9

After

BLW (kg) 51.1 ± 2.5 49.3 ± 1.8b 0.2

BCS (1-5) 3.1 ± 0.2x 2.6 ± 0.2dy 0.002

a,bdifferent superscripts for BLW mean values differed within the group (P < 0.01).
c,ddifferent superscripts for BCS mean values differed within the group (P < 0.001).
x,ydifferent superscripts for BCS mean values differed between groups (P < 0.01).

diameter, but no changes were detected in CL vascularization and
plasma progesterone and leptin concentrations (Experiment 2).

Several studies have shown that energy status affects fertility
in ruminant herds (27, 28). It has been described that nutritional
restriction caused the absence or dysfunction of GnRH and
gonadotrophic hormones secretion in sheep and cows (29–
31). Hormonal dysfunction can result in the formation of
a dominant follicle of smaller size and lower secretion of
estradiol affecting estrus behaviors and the ovulatory process
in cows (32, 33). Moreover, nutritional restriction reduced the
diameter of the corpus luteum resulting in a lower production
of progesterone which is associated with a higher rate of
embryonic mortality and implantation /conception failures (32,
34). Negative energy balance has been associated to a dysfunction
of various hormones and neuropeptides such as leptin, IGF-1,
insulin, and neuropeptide Y that act at hypothalamic-pituitary-
ovarian axis modulating GnRH secretion (11, 35).

In the present study, nutritional restriction at 70% MER
for 28 days failed to induce negative energy balance in llamas
(Experiment 1). However, females from the Restricted group lost

6% of their BLW; this loss can be partially attributed to a reduced
gastrointestinal content that represents up to 11% of the BLW
in llamas (36). Similar to our results, Bengoumi et al. (37) did
not find any differences on body mass, hump volume, and lipid
content after 2 months of restricted feeding at 68% MER in
Camelus dromedarius. It has been described that the dromedary
camel has the capability to reduce their energy expenditure
up to 21% under fasting conditions (38). Llamas from the
Restricted group maintained the homeostasis of proteins, lipids,
carbohydrates, and energy; the values of metabolic markers were
according to the referential values reported for camelids (39, 40).
Negative energy balance (NEB) increased plasma concentrations
of NEFA, BHB, or urea in previous studies conducted in
llamas, alpacas, and vicuñas (17, 23, 41, 42). Starvation or
dietary insufficiency results in mobilization of adipose stores,
characterized by an increase in blood NEFA (over 0.6 mmol/L),
and a mild increase in blood BHB (over 0.1 to 0.19 mmol/L)
in camelids (43, 44). NEB induces amino acid breakdown to
be used as energy substrate and possible gluconeogenesis that
increases circulating urea (1, 17). The NEFA, BHB, and urea
values reported in the study were lower than those cited before.

Sheep under energy diet restriction of 82% MER suffered a
negative energy balance at Day 30 (45); apparently there must
be a specific species response to the dietary restriction that also
could be associated to the physiological and productive status of
the animal.

In Experiment 2, although, alpacas fed 40% MER reduced
their BLW up to 8%, it did not differ from the Control group.
Nonetheless, BCS in alpacas from the Restricted group was lower
than that observed in the Control Group indicating that negative
energy balance caused lipolysis of fat reserves. Chagas et al. (35)
suggested that measurement of BCS, unlike BLW, minimizes
the influence of body size and gastrointestinal content. Leptin
regulates energy balance, and its plasma concentration level
correlates with fat reserves in several species (46) including BCS
in llamas [r= 0.8, (23)]. Leptin exerts its effects through the leptin
receptor (OB-R) which is highly expressed in the hypothalamus,
where it is primarily responsible for suppression of food intake
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FIGURE 2 | Profiles of (A) CL diameter, (B) CL vascularization, (C) plasma progesterone concentration, and (D) plasma leptin concentration after treatment with

GnRH to induce ovulation in alpacas under energy restriction 40% (______, n = 7) or fed ad libitum (-------, n = 7).

and stimulation of energy expenditure (47). Nonetheless, the
restricted period of 21 days was not enough to induce some
changes in leptin concentration as mean values observed by Day
1 (Day 0 = GnRH treatment) were similar between groups (7.6
± 1.5 vs. 8.0 ± 1.5 ng/ml for Restricted and Control groups,
respectively, Figure 2D). Leptin values observed in the present
study were lower than that previously reported (∼12 ng/ml)
during the luteal phase in alpacas submitted to a fasting period
during the pre-ovulatory stage (20).

The diameter of the pre-ovulatory follicle was similar between
groups, and their sizes are similar to the mean values reported
for non-pregnant, non-lactating alpacas (48). CL diameter in
the Control group was significantly greater than that of the
Restricted group. Indeed, CL diameter in the Restricted group
was smaller than mean values (12–14mm) reported in another
study conducted in camelids (49). Corpus luteum formation
involves the luteinization of granulosa and theca cells, increment
of the ovarian blood flow, and the stimulation of a proliferation
and differentiation process of endothelial and steroidogenic
cells (50, 51). Luteinizing (LH) and growth hormones (GH)
are the main luteotrophic hormones in bovines and along
with insulin-like growth factor I (IGF-I) promote angiogenesis,
mitosis, and progesterone production (52). Taking into account

that 85% of the cells that proliferate in a developing CL are
endothelial cells, it could be speculated that the greater size
of CL observed in the Control group could be attributed to
an increase of CL vascularization area (52), but although CL
vascularization area was numerically greater in the Control
than that of the Restricted group, these were not significantly
different and so failed to explain CL size differences. The
vascularization values observed in the present study were similar
to those reported in other studies in alpacas and llamas (20, 25,
26).

It is well-known that negative energy balance (NEB) reduces
systemic LH secretion in ruminants influencing CL development
and progesterone production (32, 53). NEB also negatively affects
the plasma concentration of IGF-I, a hormone that stimulates
LH secretion at the hypothalamic and pituitary levels (11, 54). In
addition, Insulin-like growth factor receptor has been detected in
most of the luteal cells in alpacas suggesting that IGF-I may be
involved in the CL steroid synthesis in camelids (16). It has been
described that LH and IGF-I hormones also act synergistically
stimulating the proliferation and differentiation of granulosa
cells, as well as promoting steroidogenesis, vascularization, and
oocyte health (16, 55). Nevertheless, the diameter of the pre-
ovulatory follicles as well as the ovulatory rate of the Restricted
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alpacas were not affected by NEB, which rules out a dysfunction
of these hormones.

Despite the differences in CL diameter between groups,
progesterone concentration was similar in both Restricted and
Control groups; these values were similar to those reported in
other studies in alpacas (56, 57). A positive correlation between
CL vascularization and plasma progesterone concentration has
been reported in camelid studies (20, 25). Then, the stability of
the leptin plasma concentration of the Restricted group could
stimulate an adequate vascularization of the CL to provide the
precursors needed for progesterone production (19, 20).

The CL diameter and plasma progesterone concentration were
positively correlated in the present study. Probably, a higher
energy challenge could affect both parameters simultaneously,
similarly as described in restricted llamas that lost near to 20%
of BLW (17). Similarly, in ruminants, a decline in CL diameter
and progesterone plasma concentration was observed in the two
estrous cycles preceding anovulation, in heifers that lost 22% of
BLW (53).

In ruminants, diets 40% MER for 14 days reduced leptinemia
in sheep (58), and 60% MER for 21 days did it in a group of
cows when compared to 130% MER (59). In addition, dietary
restriction of 40%MER during 15 or 21 days induced anestrus in
60% of heifers, with reduced pre-ovulatory follicles or CL (29, 34).
In this sense, the ability for camelids to maintain the energy
balance and leptinemia may have comparative advantages of
these species with respect to ruminants in terms of reproductive
performances in the High Andes. The differential response
between ruminants and camelids under nutritional restriction
could be based on the following: (i) camelids are more efficient
in reducing their basal metabolic rate during fasting (38), (ii)
apparently, camelids use, to a greater extent, proteins as substrate
for energy production and gluconeogenesis, being more efficient
with the urea recycling (1, 7, 43).

We conclude that low energy restriction at 70% MER during
28 days in llamas did not affect BLW, BCS, plasma leptin
concentration, and metabolic parameters that may indicate a

negative energy balance (Experiment 1). The moderate energy
restriction at 40% MER during 21 days in alpacas reduced BCS,
BLW, and the CL diameter, but no changes were detected in CL
vascularization, plasma progesterone, and leptin concentrations
(Experiment 2). The results of the present study suggest
that these species must be submitted to longer periods of
nutritional restriction to induce a significant effect on systemic
leptin concentration in order to impair follicular growth, CL
vascularization, and progesterone production.
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To provide new insights into the mechanisms through which seminal plasma proteins

can protect sperm from damage caused during refrigeration, we evaluate the possibility

that β-NGF can contribute to the improvement of sperm quality after cooling. First,

β-NGF was detected in refrigerated sperm and compared with unrefrigerated sperm by

western blotting of the proteins adsorbed by sperm, showing that native β-NGF is still

present even 24 h after cooling only as an active form. Then, the effect of exogenous

β-NGF on sperm quality after cooling was evaluated. A total of 12 ejaculates from male

llamas (three ejaculates per male), were obtained by electro-ejaculation, diluted 4:1 with

buffer Hepes-balanced salt solution and centrifuged at 800 × g for 8min to remove the

seminal plasma. Spermwere suspended in Tris-citrate-fructose-egg yolk diluent for a final

concentration of 30× 106/ml and cooled at 5◦C for 24 h. After refrigeration, the extended

sperm were equilibrated for 5min at 37◦C and divided into the following subgroups:

sperm samples without treatment (control) and sperm samples supplemented with

exogenous human β-NGF (10, 100, and 500 ng/ml). At 5, 30, and 60min of incubation

sperm were evaluated for sperm viability (using eosin/nigrosin stain), sperm motility

and vigor (observed under light microscopy), and mitochondrial activity (using the JC-1

fluorescent marker). Vigor data were analyzed with the nonparametric Kruskal-Wallis

test. The rest of the variables were analyzed with a mixed models approach. Mean

comparisons were performed using Fisher’s LSD test with a confidence level of 95%.

A principal components analysis was performed to analyze the relationships between

variables. Treatment of 24 h cooled sperm with 10 or 100 ng/ml of human β-NGF

increased the percentage of total motility and vigor (p < 0.05). Besides, an incubation

time of 60min would be adequate to improve sperm quality, since all variables are

positively related. The significant improvement observed in the motility and vigor of

post-refrigerated sperm suggests that supplementation with exogenous β-NGF may be

profitable for the improvement of cooled llama sperm.

Keywords: β-nerve growth factor, seminal plasma, llama (Lama glama), sperm, cryopreservation, cooling
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INTRODUCTION

Artificial insemination (AI) is an important technique to ensure
rapid genetic progress. To date, AI efficiency in domestic South
American camelids is low (1, 2). Technical aspects of semen
collection, dilution, and cryopreservation have been the main
limitations for the development and use of AI in these species
(1). Different protocols for sperm cooling and freezing, as well
as semen extenders are currently under investigation. To date,
higher pregnancy rates have been achieved using cooled sperm
(3, 4) than with frozen-thawed semen (1, 5, 6).

A protocol for AI or cryopreservation of camelid semen
should be designed taking into account the striking particularities
of semen composition and spermatozoa. Camelid semen is highly
viscous and form a threat when is pipetted (7). Unlike other
domestic ruminants, the sperm movement is mainly oscillatory
(8, 9), and the relationship between this characteristic and fertility
has not been established yet. Seminal plasma composition seems
also to be particular. Camelids account for a higher concentration
of β-NGF when compared with other mammals (10). This factor
is responsible for inducing ovulation in camelid females once
it is deposited in the genital tract during copulation (11). In a
previous study, we provided some evidence that seminal β-NGF
may have roles in the regulation of llama sperm physiology (12).

When ejaculated and epididymal spermatozoa were analyzed,
we found that β-NGF was present only in ejaculated sperm,
indicating that this factor is provided by the seminal plasma
during ejaculation (12). The presence of the main receptor of β-
NGF, TrKA, in the sperm middle portion led us to propose that
β-NGF might have an impact on sperm traits such as motility.
Several studies performed in other species reported that the
addition of β-NGF affects sperm traits. Treatment of frozen-
thawed bull sperm cells with 40–80 ng/ml β-NGF increased both
leptin secretion and sperm membrane integrity (13). In human
sperm, addition of several concentrations of β-NGF (1–10 µM)
for 30min increased in a dose-dependent manner the sperm
motility (14); and supplementation of freezing extender with β-
NGF at 0.5 ng/ml improved sperm viability and motility and
decreased DNA fragmentation after thawing (15, 16). The in
vitro incubation of rabbit sperm with exogenous human β-NGF
(100 ng/ml) maintained a high motility rate and track speed (17).
Consistently, Bezerra et al. (18) reported a positive association
between the β-NGF protein expression in seminal plasma and
rabbit sperm motility.

To judge from the reports mentioned, β-NGF may be an
optimal candidate protein to enhance sperm quality in camelids.
Thus, the main objective of the current study was to evaluate the
effect of exogenous human β-NGF on the semen quality of cooled
llama sperm.

METHODS AND MATERIALS

Animals and Location
Four male llamas ≥4 years old were used. The study was carried
out at the Experimental Center for Camelid Studies of the
National University of Tucuman. The Experimental Center is
situated 420 meters above sea level (masl), latitude 26◦88′32′′ S

and longitude 65◦38′43′′ W. Animals were kept out at pasture
in pens and supplemented with bales of alfalfa and water was
provided ad libitum. All males were shorn during November.

Semen Collection
Semen was obtained during the winter-spring of 2019 at regular
intervals of 14 days. Collections were performed under general
anesthesia with 0.2 mg/kg of xylazine IV (Xilazina, Richmond,
Argentina) and 1.5 mg/kg of ketamine IV (Ketamina, Holliday,
Argentina). All procedures were in line with the UNT 002/18
Protocol approved by the Committee for the Care and Use of
Laboratory Animals (CICUAL) from the Universidad Nacional
de Tucumán, Argentina.

For electroejaculation, a stimulator similar to an Electrojac V
(Sistel, Argentina) with a rectal probe with three linear electrodes
was used. The probe was lubricated, gently inserted into the
rectum, and oriented so that the electrodes were positioned
ventrally to the prostate. According to Zampini et al. (19),
the device was used in automatic mode, applying stimulation
cycles of 2 s with 2 s intervals between stimuli. Voltage was
increased one volt every five cycles (starting with 2V) until
erection occurred (∼8V). Then, voltage was increased with 1V
increments every ten cycles until ejaculation.

Semen was collected in 50ml Falcon tubes and immediately
placed in a 37◦C water bath.

Immediately after collection, semen samples were diluted
with HBSS (25mM Hepes, 130mM NaCl, 5mM KCl, 0.36mM
NaH2PO4, 0.49mM MgCl2, and 2.4mM CaCl2; pH 7.4, 290
mOsm/kg) at 37◦C and centrifuged at 800× g for 10min at room
temperature to remove the seminal plasma.

Sperm Cooling
Washed sperm were kept at 37◦C and suspended in 200–300 µl
of HBSS, and concentration, sperm viability, motility, and vigor
were assessed as described below. Then, Tris citric acid fructose-
egg yolk extender (TCF-EY: 250mM Tris, 80mM citric acid,
60mM fructose, 20% egg yolk, 0.5% Equex, 80,000 IU Penicillin
G sodium, and 0.1% Streptomycin sulfate) was added to obtain
a final concentration of 30–40 × 106 spermatozoa/ml. Samples
were subsequently placed in a 37◦Cwater bath and then placed in
a refrigerator. Temperature was monitored until reaching 5◦C in
± 2.5 h (cooling rate 0.2◦C/min). Samples were then maintained
at 5◦C for 24 h. After this period, the cooled sperm cells were
warmed up to 37◦C in a water bath.

Experiment 1: Detection of β-NGF in

Cooled Llama Spermatozoa
Extraction of Sperm Adsorbed Protein
Sperm-adsorbed proteins (SAP) were obtained from fresh-
washed sperm and 24 h cooled sperm, as previously described by
Zampini et al. (20). Briefly, pools of six semen samples (n= 3) for
each experimental group were diluted 5-fold and washed three
times at 800 × g for 10min with HBSS. The sperm pellets were
suspended in HBSS with 1X protease inhibitor cocktail (Sigma).
An equal volume of 1M KCl in HBSS was added, and sperm
proteins were extracted by gentle mixing on a rotary shaker for
1 h at 4◦C. Spermatozoa were then removed by centrifugation at
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6,000 × g for 10min, and discarded. Extracts were clarified by
filtration (0.2-µm cellulose acetate). A series of centrifugations in
3 kDa cellulose filters (Amicon, Lexington, MA) were performed
at 9,000 × g at 4◦C, re-diluting in HBSS every centrifugation to
reduce the salts and to concentrate the sample. Protein content
was determined using a BCA protein assay kit (Thermo Fisher
Scientific, Rockford, IL) with a bovine serum albumin standard.
Aliquots were stored at−70◦C until needed.

Western Blotting
Western blotting was performed according to Sari et al. (12).
Ten micrograms of total sperm-adsorbed proteins of fresh
and cooled sperm (n = 3) obtained as indicated before, were
subjected to 15% SDS-PAGE along with 100 ng of recombinant
human β-NGF (R&D Systems, Minnesota, USA) in a separate
well. Gels were run in a PROTEAN II xi Cell (Bio-Rad,
Hercules, CA) at 150V for 1.5 h at room temperature. Then,
proteins were transferred onto PVDF membranes (Immobilon-
P, Merck, Darmstadt, Alemania). Semi-dry electroblotting was
carried out on a Trans-Blot SD semi-dry transfer cell (Bio-
Rad; Richmond, CA) and run at 20V for 30min. The
membranes were blocked in 5% BSA in HBSS-T (130mM
NaCl, 5mM KCl, 1.36mM Na2HPO4, 2.4mM CaCl2, 25mM
HEPES, 0.49mMMgCl2, 0.1% Tween 20) for 30min at 37◦C and
then overnight at 4◦C. Afterward, membranes were incubated
with polyclonal antibodies against β-NGF (dilution 1:2,000, sc-
548) (Santa Cruz Biotechnology) for 2 h at 37◦C, followed
by incubation with the secondary antibody for 1 h at 37◦C
(1:1,000) (biotinylated anti-rabbit IgG antibody, B8895, Sigma).
Finally, membranes were incubated for 30min with alkaline
phosphatase-linked ExtrAvidin (1:5,000, Sigma), and protein
bands were visualized using the SigmaFast substrate (BCIP/NBT,
Sigma). Membrane digital images were obtained with a Pentax
Optio M90 digital camera. Molecular weight marker proteins
(Page Ruler Unstained Broad Range Protein Ladder, Thermo
Fisher Scientific, Rockford, IL) were also run and transferred
to determine the molecular weights of the labeled bands. The
primary antibody omitted from the staining reaction was used
as control.

Experiment 2: Effect of β-NGF Addition on

Llama Sperm Traits
Sperm Preparation Samples
Twelve ejaculates were collected from 4 llamas (n = 4,
r = 3). After 24 h of cooling, sperm samples were warmed
at 37◦C. Minimum viability of 55% of live sperm and
absence of agglutinated sperm were verified before beginning
the experiment. Then, each sperm sample was divided into
four treatment groups: without addition of exogenous β-NGF
(control group) and with addition of 10, 100, or 500 ng/ml of
human recombinant β-NGF (R&D Systems, Minnesota, USA).
Treatment groups were incubated at 37◦C for 60min. At 5,
30, and 60min of incubation, aliquots were taken to assess the
viability, motility, and vigor. Sperm mitochondrial function was
evaluated after 60min of β-NGF addition.

TABLE 1 | Sperm vigor score.

Score Description

0 Sperm have no movement.

1 Total motility is poor. Very few sperm (about 10%) have weak

movements.

2 Sperm have weak oscillatory movement. Progressive motility is not

observed.

3 Sperm have mainly oscillatory movement, with slow beat

frequency, and low progressive movement. Less than 40% of cells

are motile.

4 Sperm have vigorous oscillatory movement, with fast beat

frequency. About 40–50% of cells are motile.

5 Sperm have very fast oscillatory or progressive movement; 60% of

cells are motile.

Assessment of Viability
The vital eosin-nigrosin staining was used for assessing sperm
viability. Briefly, 10 µl of the sperm suspension were placed on
a slide with an equal volume of dye (2 eosin: 3 nigrosin), mixed,
and then smeared. Once dried, slides were examined under a
bright-field microscope (Numak, model Zenith DO-1L, Buenos
Aires, Argentina) at 400X. Live spermatozoa appeared unstained,
whereas dead spermatozoa with disrupted membranes appeared
stained in red. Two hundred spermatozoa where examined on
each slide (r = 2), averaged, and expressed as percentage of
live spermatozoa.

Assessment of Motility and Vigor
To evaluated sperm motility and vigor, 7 µl of the sperm
suspension were placed in a slide under a heating stage, coved
with a warmed coverslip (18 × 18mm), and observed under a
bright-field microscope (Numak, model Zenith DO-1L, Buenos
Aires, Argentina) at 400X. Sperm motility was expressed as the
percentage of total motility i.e., progressive plus oscillatory.

For assessment of vigor, sperm movement was scored from
0 to 5 following Table 1 criteria, based on the number of sperm
with movement, the frequency of oscillatory movement of the
sperm, and the presence of progressive movement.

Assessment of Mitochondrial Activity
Mitochondrial membrane potential (MMP) was evaluated by
using JC-1 dye (CAS 3520-43-2, Santa Cruz Biotechnology,
USA). The JC-1 probe accumulates in the mitochondria as
a fluorescent green monomer in inactive mitochondria, and
when mitochondria exhibit high membrane potential (active
mitochondria) the monomers form aggregates that shift to
fluorescent orange.

For MMP assessment, 150 µl of each treatment group (30
× 106 sperm/ml) of were incubated with β-NGF as previously
described. After 15min of incubation, 3 µl of JC-1 (1.53mM)
was added and then incubated for a further 45min. Then,
the sperm were washed in HBSS and suspended in 150 µl of
HBSS. Fluorescence was determined in a fluorometer (Perkin
Elmer LS55) using 590-nm excitation/525-nm emission for the
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J-aggregate of JC1, and 530-nm excitation/490-nm emission
for the J-monomer. MMP was calculated as J-aggregate/J-
monomer ratio.

Statistical Analysis
The effects of β-NGF and time on sperm viability, motility, and
mitochondrial activity were determined using a linear mixed-
effects model (21) with the R program through the graphical
interface developed for Infostat (22). In the model, the llama
was used as a random effect to account for the documented
inter-llama variability (23). Q-Q plots were used to check for
departures from the normal distribution. Differences between
media treatments were compared with Fisher’s least significant

FIGURE 1 | Western blotting of β-NGF protein in llama sperm-adsorbed

protein (SAP) of both, fresh and 24 h refrigerated spermatozoa. At positive

control, 100 ng of recombinant human β-NGF (RH- β-NGF) was run.

difference (LSD) test. The same effects on vigor were evaluated
using the Kruskal-Wallis test. Data are presented as mean ±

standard error (SE), except for vigor, which was expressed as the
median, and the minimum significance level was p < 0.05.

A multivariate method of statistical analysis, principal
component analysis (PCA), was applied in addition to the
conventional tests used for univariate analysis. The PCA offers
the advantage of allowing rapid visualization of the relevant
information on a single scatter plot graph including all the
sperm traits assayed and β-NGF concentrations at the same time.
Separate models were used for 5, 30, and 60min data. The results
of the PCA were displayed in a two-dimensional graph with
projections of the sperm traits variables (vectors) in the factor
space in which the horizontal and vertical axis represents the
principal factors. The angles between the vectors indicate the
correlations between the variables, where the length of the vectors
indicates the contribution of the variables to the total variance of
the data matrix (24).

RESULTS

Detection of β-NGF in Cooled Llama

Spermatozoa
Western blotting revealed the presence of the β-NGF protein
in the sperm adsorbed proteins of both, fresh and 24-h
refrigerated spermatozoa (Figure 1). SAP of unrefrigerated
samples presented four β-NGF species of 13, 17, 23, and 35 kDa,
whereas refrigerated samples presented a unique protein band of
13 kDa.

Effect of β-NGF on Llama Sperm Traits
The effect of different concentrations of β-NGF on sperm
viability was evaluated at three incubation times as shown in
Table 2. At 5min of incubation, no differences (p > 0.05) were
observed for viability, whereas at 30min of incubation, viability
in control samples resulted higher than in 10 ng/ml β-NGF group
(p< 0.05). Conversely, at 60min after incubation, sperm samples
with 10 ng/ml β-NGF added presented a higher percentage of live
spermatozoa than those without β-NGF (p < 0.05).

Regarding sperm motility, the interaction between β-
NGF concentration and time was not significant (interaction
p= 0.4940) indicating that the effect of β-NGF addition on sperm
motility is independent of the incubation time. Therefore, they
were analyzed separately. Sperm motility parameters decreased
over incubation time (p < 0.05) (Figure 2A). Media containing
10 and 100 ng/ml of β-NGF were superior showed a marked

TABLE 2 | Percentage of llama sperm viability.

Time (min)
β-NGF (ng/ml) 0 10 100 500

5 74.70 ± 2.53a 74.26 ± 2.50a,b 71.90 ± 2.50a,b,c 71.17 ± 2.50a,b,c,d

30 71.90 ± 2.50a,b,c 67.81 ± 2.50d,e,f 69.81 ± 2.50c,d,e,f 70.72 ± 2.50b,c,d

60 66.44 ± 2.50f 70.26 ± 2.50c,d,e 68.17 ± 2.50d,e,f 66.90 ± 2.50e,f

Values are mean ± standard error for the concentration-time factor; n = 12 for each treatment.
a,b,c,d,e,fMeans with the same letter are not significantly different from each other (p > 0.05 Linear Mixed-Effects Models followed by LSD Fisher test).
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FIGURE 2 | Effect of β-NGF on llama sperm motility after cooling. (A) Incubation time-effect (p < 0.05, n = 48 for each time point). (B) Concentration effect (p < 0.05,

n = 36 for each treatment). Results are expressed as mean ± SE. a,bDifferent letters indicate significant differences.

TABLE 3 | Percentage of llama sperm vigor (scale 0–5) after incubation with

exogenous β-NGF.

β-NGF (ng/ml) Time (min)

5 30 60

0 4 ± 0.30a 3 ± 0.23a,b 2 ± 0.16a

10 4 ± 0.28a 4 ±0.15c 3a,b

100 4 ± 0.16a 4 ± 0.12c 3 ± 0.19b

500 4 ± 0.21a 3 ± 0.14b 3 ± 0.21a,b

Data are expressed as median ± standard error.
a,b,cWithin columns, different letters between rows indicate significant differences

(p < 0.05, n = 11 per group).

increase in total motility to the extenders containing 0 and
500 ng/ml of β-NGF (p < 0.05) (Figure 2B).

As shown in Table 3, the addition of 100 ng/ml of β-NGF
increased significantly vigor after incubation for 30 or 60min
at 37◦C when compared with the control group without β-NGF
(p < 0.05).

Regarding mitochondrial activity, a decrease of MMP was
observed when 500 ng/ml of β-NGF were added, compared with
10 or 100 ng/ml of β-NGF (p< 0.05). Nevertheless, no differences
with the control were found (Figure 3).

The results of the PCA are shown in a two-dimensional graph
(Figure 4). The length of the vectors represents the contribution
of the variables to the total variance of each factor. When two
variables were close to each other they were positively correlated.
Otherwise, if they were orthogonal there was no correlation, if
the variables were on the opposite side of the graph, they were
negatively correlated. After 5 or 30min from β-NGF addition,
the motility and vigor of the sperm were close to each other in the
right quadrant, indicating a positive interrelation between them,
this association being closer after 30min of incubation. It can
also be appreciated that the 100 ng/ml dose of β-NGF induced
the highest values of motility and vigor at these time points.
Regarding sperm viability, the variable correlated negatively with

FIGURE 3 | Mitochondrial activity at 60min of incubation with β-NGF. Bars

represent the mean of JC-1 aggregate/monomer ratio ± SE, n = 12 for each

treatment. a,bDifferent letters indicate significant differences (p < 0.05).

vigor and motility at 5 and 30min of β-NGF addition. At
60min after sperm incubation with β-NGF, it is observed that
all variables are positively correlated, and the values of these
variables were higher when 10 or 100 ng/ml of β-NGF was added.

DISCUSSION

As described in the method section, before refrigeration the
native source of β-NGF, the seminal plasma, was removed, and
spermatozoa were extended in an appropriated diluent. Western
blotting of sperm-adsorbed proteins revealed that after 24 h
of cooling llama β-NGF was still adsorbed by spermatozoa,
indicating a strong time-sustained affinity. However, there seems
to be some degree of processing of the protein into an active form,
since the pro-β-NGF isoforms are absent. Further studies would
be necessary to define whether this factor remains functional.
This is the first report about the presence of β-NGF adsorbed to
cooled sperm conditions.
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FIGURE 4 | Principal component analysis biplot at 5, 30, and 60min of incubation with β-NGF (A–C), showing the first two principal components (PC1 and PC2).

Vectors indicate the relations between viability, motility, sperm vigor, and mitochondrial function. Each vector points in the direction of the increase in value. The dots

represent the mean value for each concentration of β-NGF (0, 10, 100, 500 ng/ml).

To assess the effect of β-NGF supplementation,
exogenous human β-NGF was added. Because the
llama sperm TrKA-receptor was localized in the
middle piece (12), it was hypothesized that β-NGF
would directly affect the sperm motility improvement.
To judge from the conditions in the present study,
the addition of β-NGF improved the quality of
cooled spermatozoa.

Motility of cooled llama sperm increased with the addition
of 10 and 100 ng/ml of exogenous β-NGF, and this positive
effect was independent of the incubation time. Several reports
in other mammals indicate that β-NGF can promote sperm
motility parameters of ejaculated sperm and in a time- and
dose-dependent manner—human (14, 25); bull (13); rabbit (17).
On the other hand, 100 ng/ml of β-NGF was the optimal dose
to improve sperm motility in rabbits (17), and 10 ng/ml of β-
NGF or less for human sperm (14, 15, 24). In South American
camelids, ejaculates present mainly oscillatory sperm motility
(23), and in some cases the differences between treatments
can be reflected in the frequency of oscillatory movement
(vigor) more than in the progressive movement. For this reason,
sperm score vigor was included. As expected, β-NGF treatment
enhanced sperm affected vigor, occurring consistently at 30
and 60min of incubation with a concentration of 100 ng/ml
of β-NGF.

With respect to viability, the effect of β-NGF addition was
dose- and time-dependent since time is mainly responsible
for sperm viability changes. β-NGF supplementation does not
seem to negatively affect sperm viability in spermatozoa at
any dose, although some statistically significant differences
between treatments were observed. We found a positive effect
at 60min of incubation with 10 ng/ml of β-NGF. Improvement
of sperm viability has been reported in other species. Bull
spermatozoa presented increased sperm viability when 20, 80,
or 120 ng/ml of β-NGF was added (13), whereas in rabbits
100 ng/ml of β-NGF increased sperm viability (17). This

response would be mediated by β-NGF binding to the TrkA
receptor (17).

As mentioned above, in the llama spermatozoa the TrKA
receptor is located in the midpiece, suggesting that receptor
localization is directly involved in mitochondrial function. In this
study, the JC-1 dye was used due to its ability to discriminate high
and lowmitochondrial membrane potential (26). The addition of
β-NGF (10, 100, 500 ng/ml) did not affect the MMP. Similarly,
Li et al. (13) reported that increasing levels of β-NGF (from
20 to 120 ng/ml) did not affect the mitochondrial activity of
bull spermatozoa. It has been proposed that a prolonged fall
or increase in the MMP compared to normal levels can induce
an unwanted loss of cell viability (27). Since no negative effects
were observed in MMP as well as sperm viability, working
concentrations of 10–500 ng/ml of β-NGF could be considered
secure for the llama sperm in the conditions of the present study.

To clarify the role of β-NGF in llama sperm physiology,
the relationship between sperm traits and β-NGF doses were
characterized by principal component analysis. It was noticed
that the relationship between viability, motility, sperm vigor, and
mitochondrial function was positive only at 60min of incubation
with β-NGF, and improvement of all of these traits can be
achieved with both 10 and 100 ng/ml of exogenous β-NGF.
These results are encouraging for their application to artificial
insemination. In this sense, it would be of interest to evaluate
the sperm responsiveness to β-NGF when it is incubated for a
longer time, as well as the effect on capacitation and acrosome
reaction of having a better prediction of the β-NGF impact
on the sperm-fertilizing capacity and then conducting artificial
insemination experiments.

In conclusion, β-NGF increases sperm quality of cooled llama
sperm. The addition of 10 or 100 ng/ml of human β-NGF would
promote motility and vigor, while viability and mitochondrial
activity are maintained. Supplementation with exogenous β-NGF
may be profitable for successful refrigeration of llama sperm and
assisted reproduction techniques.
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It is not easy to separate frozen-thawed South American camelid sperm from seminal

plasma (SP) and diluents to be used for in vitro embryo production. The objective of this

study was to evaluate Androcoll-ETM (AE) efficiency to separate llama sperm from SP and

freezing extender in frozen-thawed semen. A total of 22 ejaculates from five Lama glama

males were collected using electroejaculation. After performing semen analysis (sperm

motility, concentration, viability, membrane function, and acrosome integrity), samples

were cryopreserved with a diluent containing lactose, ethylenediaminetetraacetic acid

(EDTA), egg yolk, and 7% dimethylformamide. After thawing, samples were divided

in aliquots, one of which was used as a control and the others processed by AE.

Experiment 1 (12 ejaculates): 100 µl of frozen-thawed semen was placed on top of 1,000

µl AE column and centrifuged at 800 g for 10min. Experiment 2 (10 ejaculates): two

samples of 100 µl of frozen-thawed semen were placed on two columns of 500 µl AE

each, and both were centrifuged at 800 g for 10 and 20min, respectively. Pellets were

resuspended in Tyrode’s albumin lactate pyruvate (TALP) medium, and sperm parameters

were evaluated. A significant decrease in all sperm parameters was observed in thawed

samples compared to raw semen. AE allowed the separation of frozen-thawed sperm

fromSP and freezing extender independently from the height of the column used and time

of centrifugation assayed. Although no significant differences were found between AE

columns, higher sperm recovery was observed with 500 µl of AE coupled with 20min of

centrifugation. Despite the significant decrease observed in spermmotility in AE samples,

no changes in sperm viability, membrane function, and acrosome integrity were observed

when comparing control thawed semen with the sperm recovered after AE (p > 0.05).

The use of AE columns, either 500 or 1,000 µl, allows the separation of frozen-thawed

llama sperm from SP and freezing extender, preserving the viability, membrane function,

and acrosome integrity. Of the protocols studied, 800 g centrifugation during 20min using

a 500µl column of AE would be the method of choice to process frozen-thawed llama

semen destined for reproductive biotechnologies.
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INTRODUCTION

It is well-known that South American camelid (SAC) semen
presents special rheological characteristics such as high structural
viscosity (1) and the capacity to form a thread when handled (2).
Furthermore, ejaculated sperm of these species have a particular
motility pattern, they possess oscillatory motility with practically
no progressivemotility (2–4). Due to these characteristics, several
in vitro SAC embryo production studies have reported the
use of sperm recovered from animals with deviated deferent
ducts or collected from the epididymis after death or castration,
since those samples are free of seminal plasma (SP) and have
sperm with progressive motility (5–13). Moreover, the absence
of high viscosity and thread formation are advantages when
processing these SP-free samples. However, protocols designed
for epididymal sperm will not necessarily have similar outcomes
when applied in raw semen samples that have SP, and the surgical
intervention performed to deviate the deferent ducts renders the
animal useless for future breeding.

Also, SAC embryos have been obtained in vitro using
spermatozoa from enzymatically treated ejaculates subsequently
processed with colloids such as Percoll R© or Androcoll-ETM

(AE) (14, 15). Although enzymatic treatment reduces thread
formation of camelid semen and facilitates manipulation of
samples, the effect that it could induce in sperm membrane
components is still unknown. In addition, it has been suggested
that Percoll R© could be potentially dangerous to sperm cells (16).
Thus, it is recommended to wash and centrifuge sperm after
using this colloid, consequently increasing the time required for
preparation of samples (17) and producing cell damage due to the
rise in production of reactive oxygen species (18).

The use of frozen-thawed semen for in vitro embryo
production in llamas is a very interesting tool, since it would
allow the use of sperm at a later date and thus become
independent from the day of sample collection, permitting
a better planning of in vitro fertilization (IVF) timing.
Additionally, it would allow the use of ejaculates from males of
high genetic value that are no longer available to work with or
even after their death. Moreover, survival of SAC cryopreserved
sperm is very low, obtaining very poor pregnancy rates when
artificial insemination (AI) is performed with frozen-thawed
semen in these species (19–22). The results have been related
to the rheological characteristics previously mentioned, which
prevent accurate homogenization of ejaculates with the diluents
and probably affecting proper penetration of cryoprotectants
across sperm cell membranes. However, cryopreservation of
llama sperm in the absence of SP does not improve sperm survival
(23, 24). Considering all these facts, selection of suitable frozen-
thawed sperm from samples where the majority are dead could
be an alternative to SAC. In other species, greater percentages
of motile, viable, and morphologically normal sperm with intact
acrosomes and intact DNA have been reported in frozen-thawed
samples treated with Androcoll [horse: (25, 26); dog: (27, 28);
donkey: (29, 30); brown bear: (31)]. Recently, AE allowed the

Abbreviations: SACs, South American camelids; SP, seminal plasma; AE,

Androcoll-ETM.

separation of llama sperm from SP in raw semen samples,
avoiding the use of enzymatic treatments (32). However, this
colloid has not yet been used with llama frozen-thawed semen
samples. In this context, the objective of this study was to evaluate
the efficiency of AE to separate llama frozen-thawed sperm from
SP and the freezing extender.

MATERIALS AND METHODS

Reagents
Propidium iodide (PI), 6-carboxyfluorescein diacetate, dimethyl
sulfoxide, and the reagents for the Tyrode’s albumin lactate
pyruvate (TALP) medium and for the hypoosmotic swelling
(HOS) test were purchased from Sigma Chemicals (Sigma
Aldrich, Buenos Aires, Argentina). Coomassie Blue (CB) was
purchased from Bio-Rad, California, United States.

Animals and Location
The study was carried out at the Faculty of Veterinary Sciences of
the University of Buenos Aires in Buenos Aires, Argentina. The
city is situated at sea level, latitude 34◦36′ and longitude 58◦26′.

For the study, five male Lama glama ranging between 7 and
11 years of age and weighing 142.6 ± 19.2 kg (mean ± SD) were
used. Animals were kept out at pasture in pens and supplemented
with bales of alfalfa; they also had free access to fresh water
throughout the study. All males were shorn during the month
of November.

Experimental Design
Semen collections were carried out between April and October
using electroejaculation (EE) under general anesthesia according
to the technique described by Director et al. (33). The frequency
of collection for each male was determined randomly. As EE
requires general anesthesia, this method was not used on the
same male at an interval of <15 days. All procedures were
approved by the Committee for the Use and Care of Laboratory
Animals (CICUAL) of the Faculty of Veterinary Sciences of the
University of Buenos Aires (protocol 2019/22).

A total of 22 ejaculates from five adult llama males
were processed. After the evaluation of semen characteristics,
samples were cryopreserved with a diluent containing lactose,
ethylenediaminetetraacetic acid (EDTA), egg yolk, and 7%
of dimethylformamide. Briefly, ejaculates were diluted to a
final concentration of 40 × 106 spermatozoa/ml or, if initial
concentration was lower, a 1:1 (semen:extender) dilution was
carried out. Then, samples were equilibrated for 20min at room
temperature, loaded into 0.25-ml straws and frozen using a
manual method (34). Briefly, temperature descent was carried
out in three phases by placing the straws, together with a digital
thermometer, submerged in a mixture of ethanol:acetone (1:1)
in a bronze canister with a graduated handle and holding over
liquid nitrogen vapors inside a 10-L nitrogen tank. Temperature
phases were as follows: (i) from room temperature to −15◦C
(temperature descent at a rate of 10◦C−12◦C min−1), (ii) from
−15◦C to −120◦C at a rate of 25◦C−40◦C min−1, and (iii)
the straws were plunged into liquid nitrogen at −196◦C. The
samples were thawed in a water bath at 37◦C for 60 s. After
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thawing, semen samples were divided into aliquots, one of which
was used as a control (unprocessed sample) and the others were
processed through AE according to the experiment. Experiment
1 (12 ejaculates): 100 µl of frozen-thawed semen was placed on
top of 1,000 µl AE column and centrifuged at 800 g for 10min.
Experiment 2 (10 ejaculates): two samples of 100 µl of frozen-
thawed semen were placed on top of two columns of 500 µl
AE each, and both were centrifuged at 800 g for 10 and 20min,
respectively. In both experiments, after centrifugation through
AE, pellets were resuspended in TALP medium and the sperm
were evaluated.

Sperm Evaluations
Each ejaculate was evaluated for sperm quality before freezing
(raw semen), after thawing (frozen-thawed semen control), and
after processing by AE (frozen-thawed AE samples).

Volume of the ejaculates was evaluated using a micropipette.
Thread formation was evaluated indirectly according to the

capacity of the samples to form a thread when 20µl of the sample
was pipetted onto a slide using a micropipette. This parameter
was classified as either present or absent.

Sperm motility was evaluated using a phase contrast
microscope (100×) and a warm stage (37◦C). The patterns
observed were oscillatory motility and progressive motility. In
addition, total sperm motility was calculated (total motility =

oscillatory+ progressive).
Sperm concentration was calculated using a Neubauer

hemocytometer chamber.
The 6-carboxyfluorescein diacetate (CFDA) and PI stains were

used for assessing membrane integrity (viability) according to
Giuliano et al. (35). Briefly, samples (12.5 µl) were incubated
at 37◦C for 10min in 127 µl of staining medium. This medium
contained 2 µl of a solution of CFDA (0.5mg ml−1 in dimethyl
sulfoxide) and 125 µl of saline medium [described by Harrison
and Vickers (36)]. After the first 10min of incubation, 2
µl of a solution of PI (0.5mg ml−1 in isotonic saline) was
added and the samples were incubated for another 10min at
37◦C. A minimum of 200 spermatozoa were evaluated per
sample using an epifluorescencemicroscope (400×) (Leica R©, 134
DMLS, Heerbrugg, Switzerland). Spermatozoa that fluoresced
green throughout their length were classified as being viable
(intact membrane), while sperm nuclei that fluoresced red were
classified as non-viable (damaged membrane).

The HOS test in combination with CB staining, according to
Carretero et al. (37), was performed to evaluate spermmembrane
function and acrosome integrity. Briefly, for the HOS test,
12.5 µl of samples were incubated at 37◦C for 20min in 50
µl of a hypoosmotic solution containing fructose and sodium
citrate (50 mOsml l−1). After the incubation, 62.5 µl of 4%
paraformaldehyde in PBS was added and samples were incubated
for 4min at room temperature, with subsequent centrifugation at
800 g for 10min. Pellets were then resuspended in 100 µl of PBS.
Next, small drops of the sample were placed onmicroscope slides,
within previously marked wells using a hydrophobic barrier
pen, and were left to dry at room temperature. Samples were
stained with 0.22% CB for 5min and were examined using
an optical microscope at 1,000× magnification. Sperm cells

that showed the characteristic tail swelling were classified as
HOS positive (HOS+), while sperm cells without tail swelling
were classified as HOS negative (HOS-). At the same time,
sperm cells were classified according to CB acrosome staining
as follows: purple-stained acrosomes (CB+; acrosome present)
or absence of acrosome staining (CB-; acrosome absent).
Finally, 200 spermatozoa from each sample were analyzed and
classified into the following categories: (1) sperm with functional
plasma membranes and presence of acrosomes (HOS+/CB+),
(2) sperm with functional plasma membranes and without
acrosomes (HOS+/CB–), (3) sperm with non-functional plasma
membranes and presence of acrosomes (HOS–/CB+), and (4)
sperm with non-functional plasma membranes and without
acrosomes (HOS–/CB–).

Statistical Analysis
Statistical analyses were performed using InfoStat software
(Student Version) (https://www.infostat.com.ar/index.php?
mod=page&id=15). In all cases, normal distribution and
homogeneity of variances of the data were corroborated
using the Shapiro–Wilk’s normality test and a Bartlett’s test,
respectively. The level of significance was set at 0.05 for
all analyses.

To compare raw and frozen-thawed semen, a paired Student
t-test was used to assess sperm viability, membrane function,
and acrosome integrity; because sperm motility did not show a
normal distribution, this was analyzed by Wilcoxon test.

To compare frozen-thawed semen (control) and frozen-
thawed samples processed by AE, a paired Student t-test
(experiment 1) and a factorial design with a Tukey test
(experiment 2) were used to evaluate sperm concentration,
viability, membrane function, and acrosome integrity. Because
sperm motility did not show a normal distribution, these data
were analyzed by a Wilcoxon test (experiment 1) and a Kruskal–
Wallis test (experiment 2).

RESULTS

Raw Semen vs. Frozen-Thawed Semen
(Control)
The volume of the ejaculates was 1.2 ± 0.6ml (mean ± SD).
Thread formation was observed in 15 of the 22 ejaculates that
were collected (68.2%), which was maintained in nine of the 22
frozen-thawed semen samples (40.9%).

In both experiments (1 and 2), a significant decrease (p <

0.05) in all sperm parameters, except progressive motility, was
observed in frozen-thawed semen samples (untreated controls)
compared to raw semen (Table 1 for experiment 1 and Table 2

for experiment 2).

Frozen-Thawed Semen (Control) vs.
Frozen-Thawed Samples Processed by
Androcoll-ETM

The use of AE allowed separation of frozen-thawed llama
sperm from SP and from the freezing extender independently
of the height of AE column (500 and 1,000 µl) and time
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TABLE 1 | Sperm parameters evaluated in raw semen and frozen-thawed (FT)

llama semen (untreated control) in ejaculates used for experiment 1.

Sperm (%) Raw semen FT semen (control)

Oscillatory motility 51.3 ± 8.6a 7.3 ± 7.2b

Progressive motility 2.7 ± 4.6a 1.1 ± 2.6a

Total motility 54.0 ± 13.0a 8.4 ± 6.6b

Viability 69.2 ± 11.2a 13.5 ± 9.5b

HOS+CB+ 60.0 ± 10.5a 14.2 ± 4.8b

Values are expressed as means ± SD (n = 12 ejaculates). HOS+CB+: percentage

of sperm positive to the hypoosmotic swelling test (HOS+) with an acrosome present

(CB+). a,bFor each sperm parameter, different letters between columns indicate significant

differences (p < 0.05).

TABLE 2 | Sperm parameters evaluated in raw semen and frozen-thawed (FT)

llama semen (untreated control) in ejaculates used for experiment 2.

Sperm (%) Raw semen FT semen (control)

Oscillatory motility 41.3 ± 19.7a 6.1 ± 6.0b

Progressive motility 3.1 ± 4.5a 3.0 ± 3.8a

Total motility 44.4 ± 19.1a 9.1 ± 5.8b

Viability 51.6 ± 16.8a 17.3 ± 6.8b

HOS+CB+ 44.7 ± 11.9a 22.3 ± 8.9b

Values are expressed as means ± SD (n = 10 ejaculates). HOS+CB+: percentage

of sperm positive to the hypoosmotic swelling test (HOS+) with an acrosome present

(CB+). a,bFor each sperm parameter, different letters between columns indicate significant

differences (p < 0.05).

TABLE 3 | Sperm concentration, motility (oscillatory, progressive, and total),

viability, and spermatozoa with functional membranes and an acrosome present

(HOS+CB+) in frozen-thawed (FT) llama semen (untreated control) and FT

samples centrifuged 20min through 1,000 µl of Androcoll-ETM columns (FT-AE).

FT semen (control) FT-AE (1,000 µl)

Concentration (×106 sperm/ml) 30.0 ± 6.1a 4.4 ± 9.5b

Oscillatory motility (%) 7.3 ± 7.2a 1.4 ± 2.0b

Progressive motility (%) 1.1 ± 2.6a 0.4 ± 1.0a

Total motility (%) 8.4 ± 6.6a 1.8 ± 2.1b

Viability (%) 13.5 ± 9.5a 12.1 ± 10.0a

HOS+/CB+ 14.2 ± 4.8a 11.0 ± 5.5a

Values are expressed as means ± SD (Experiment 1, n = 12 ejaculates). a,bFor

each sperm parameter, different letters between columns indicate significant differences

(p < 0.05).

of centrifugation used (10 and 20min.). Although it is not
possible to statistically compare experiments 1 and 2, the highest
sperm recovery was observed in samples processed with 500 µl
AE columns combined with 20min of centrifugation at 800 g
(Tables 3, 4).

None of the sperm pellets resuspended in TALP medium
after AE treatment presented thread formation. In both
experiments, a significant decrease (p < 0.05) in total and
oscillatory sperm motility was observed in frozen-thawed
samples centrifuged through AE compared to untreated control

TABLE 4 | Sperm concentration, motility (oscillatory, progressive, and total),

viability, and spermatozoa with functional membranes and an acrosome present

(HOS+CB+) in frozen-thawed (FT) llama semen (untreated control) and FT

samples submitted to different centrifugation times (10 and 20min) through 500 µl

of Androcoll-ETM columns (FT-AE).

FT semen

(control)

FT-AE (500

µl) 10 min

FT-AE (500

µl) 20 min

Concentration(×106 sperm/ml) 33.8 ± 10.0a 5.1 ± 4.1b 7.4 ± 4.5b

Oscillatory motility (%) 6.1 ± 6.0a 1.0 ± 1.1b 1.0 ± 1.6b

Progressive motility (%) 3.0 ± 3.8a 1.0 ± 1.7a 0.7 ± 1.6a

Total motility (%) 9.1 ± 5.8a 2.0 ± 2.6b 1.7 ± 3.2b

Viability (%) 17.3 ± 6.8a 21.5 ± 9.8a 24.7 ± 11.9a

HOS+/CB+ 22.3 ± 8.9a 15.0 ± 8.9a 15.8 ± 9.2a

Values are expressed as means ± SD (Experiment 2, n = 10 ejaculates). a,bFor

each sperm parameter, different letters between columns indicate significant differences

(p < 0.05).

frozen-thawed semen. However, no significant differences were
observed in sperm viability, membrane function, and acrosome
integrity (HOS+CB+) between processed and control semen
samples (Table 3 for experiment 1 and Table 4 for experiment
2). In addition, no statistical differences were observed
in the other HOS/CB categories (HOS+/CB–, HOS–/CB+,
and HOS–/CB–) between frozen-thawed samples centrifuged
through AE and untreated control frozen-thawed semen (data
not shown).

DISCUSSION

To our knowledge, this is the first study that evaluated the
efficiency of a single-layer centrifugation (SLC) through AE
to separate frozen-thawed llama sperm from SP and the
freezing extender.

A significant decrease in all sperm parameters (total and
oscillatory motility, viability, sperm membrane function, and
acrosome integrity) was observed after thawing all samples.
Several authors have observed the same results, not only in
llamas and alpaca (20, 24, 34, 38–40) but also in thawed semen
samples from other species [horse: (41); ram: (42, 43); dog:
(28); bull: (44); donkey: (29, 30); brown bear: (45)]. The main
concern in SACs is the greater loss in sperm quality after
thawing (between 65 and 85%) compared to other species,
in which the expected decrease in sperm survival is around
50% of the initial value (46). Accordingly, frozen-thawed SAC
semen samples harbor a high percentage of damaged and dead
cells; therefore, selecting good-quality sperm would be a useful
procedure to implement.

Although sperm recovery in frozen-thawed samples processed
by AE was low, it was possible to obtain llama sperm free
of SP and freezing extender. In contrast, Giuliano et al. (47)
observed that the use of AE colloid was unable to separate cooled
llama sperm from the egg yolk extender used to preserve the
samples. Bertuzzi et al. (32), on the other hand, successfully
achieved the separation of llama sperm from SP in raw semen
without previous enzymatic treatment using AE, but similarly
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to the present study, obtained low sperm recovery. In our
opinion, it would be possible to obtain greater numbers of
recovered sperm by increasing the number of columns used
and process the whole ejaculate (and not only an aliquot). In
this study, a small volume of sample (100 µl) was placed over
the AE column, but considering that the total volume of llama
frozen-thawed semen varies between 0.25 and 5ml, multiple
columns could be used to process the whole frozen ejaculate,
thus increasing the efficiency of the protocol in terms of sperm
recovery. Furthermore, it has been suggested that the initial
presence of thread formation in llama ejaculates would seem to
play an essential role in the percentage of sperm recovery after
the AE treatment (32). These authors observed a lower sperm
recovery in samples that showed thread formation compared to
the ones that did not. Thus, the same influence could be occurring
in llama frozen semen since 40% of thawed samples presented
thread formation. In addition, the presence of egg yolk in the
diluent could further increase thread formation and exacerbate
the situation.

Although total and oscillatory motility decreased in samples
processed with AE, sperm viability, membrane function, and
acrosome integrity were preserved. The presence of immotile
sperm with intact and functional membranes in raw and frozen-
thawed llama semen has been reported previously (24, 34, 35, 40).
In contrast to our results, Giuliano et al. (47) observed that
cooled llama sperm processed with Percoll R© maintained the
percentages of total sperm motility, while viable sperm decreased
in comparison with the untreated cooled semen samples. The
differences between the studies could be attributed to the
different sperm preservation methods used (freezing vs. cooling)
and also to the different colloids applied to process the samples
(AndrocollTM vs. Percoll R©).

Notably, in the present study and the one by Giuliano et al.
(47), the use of AE and Percoll R©, respectively, did not accomplish
sperm selection, in consequence, the seminal quality of llama
cryopreserved samples did not improve. In other species, greater
percentages of motile, viable, and morphologically normal sperm
with intact acrosomes and DNA have been reported in frozen-
thawed samples treated with Androcoll [horse: (25, 26); dog:
(27, 28); donkey: (29, 30); brown bear: (31)]. Differences
in our results could be due to the fact that these authors
used a species-specific Androcoll (Androcoll-E, Androcoll-P,
Androcoll-C, and Androcoll-bear). It is worth noting that,
currently, there are no reports on the use of a specific type
of Androcoll for SACs. In a study performed in dromedary
semen, the incorporation of SLC prior to freezing improved
post-thaw sperm variables; however, these authors omitted
the type of Androcoll used (48). The use of AE in the
present study was decided because this treatment proved to
be effective as part of a protocol to obtain llama embryos by
IVF using raw llama semen previously treated with collagenase
and then selected by AE (15). Other differences between the
abovementioned studies and ours are the colloid:semen ratio
and the centrifugation speed used. Regarding the colloid:semen
relation, a similar proportion to the one used in Experiment
2 was tested in stallions (25, 26), while in studies carried
out in brown bears, the authors used columns with similar

volumes to those used in our experiment 1 (31). On the
other hand, in dogs and donkeys, higher volumes of semen
were placed over the colloid compared to our study (27–30).
Finally, concerning centrifugation velocities, in the species where
sperm quality improved after the use of Androcoll columns,
lower centrifugation speeds were used (300 g 20min and 600
g 10min) compared to the one applied in the present study
(800 g). We decided that testing a higher centrifugation speed
was a good strategy because, taking into account the rheological
characteristics of SAC semen (high structural viscosity and thread
formation) and the fact that we did not treat the samples
enzymatically prior to centrifugation through Androcoll, we
considered that a higher speed could counteract the possible
interference of these seminal characteristics with the separation
of sperm from SP. Besides, in a previous experiment, we
evaluated a lower centrifugation speed (600 g) to treat raw llama
semen with AE without improving the quality of the sperm
obtained and with less sperm recovery compared to 800 g (32).
These results would seem to indicate that not only is the use
of a species-specific Androcoll important when processing the
samples but, for the protocol be efficient, the colloid:semen ratio
and the centrifugation speed used perhaps also need to be varied
according to the species.

Further research needs to be conducted to determine which
modifications in the protocol such as colloid density, columns
heights, and centrifugation speeds and time are required to
improve sperm recovery and to increase the quality of the sperm
obtained. Additionally, raw semen samples could be treated with
AE before freezing as it has been demonstrated in other species
that sperm selection with a SLC prior to cryopreservation can
increase post-thaw sperm quality [horse: (41); boar: (49); brown
bear: (45)]. One possible disadvantage of AE treatment prior to
llama semen cryopreservation could be the low sperm recovery
and thus an inadequate sperm pellet for cryopreservation. Added
to this, previous studies have shown that freezing llama sperm
in the absence of SP does not improve post-thaw cryosurvival
(23, 24).

CONCLUSIONS

The use of AE columns, either 500 or 1,000 µl, allowed
the separation of cryopreserved llama spermatozoa from SP
and freezing extender, preserving sperm viability, membrane
function, and acrosome integrity. Of the protocols tested,
centrifugation through a 500µl column of AE at 800 g during
20min would be the method of choice to process frozen-thawed
llama semen bound for reproductive biotechnologies such as IVF
or intracytoplasmic sperm injection (ICSI). However, different
AE:semen ratios, as well as other colloids, should be assayed
to improve sperm recovery and to increase the quality of the
sperm obtained.
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One striking reproductive feature in South American camelids is that more than 90%

of gestations are established in the left uterine horn (LUH). This phenomenon could be

related to a differential vascular irrigation of the LUH. An increase of vascularization in

llama endometrium was observed after systemic administration of Beta Nerve Growth

Factor (β-NGF), a neurotrophin present in the uterus and placenta of various mammals

that is involved in pregnancy development. We hypothesized that the β-NGF signaling

pathway is related to embryo implantation in the LUH in camelids. The aim of this study

was to characterize the spatial expression of β-NGF and its high-affinity receptor, TrKA,

between LUH and right uterine horn (RUH) of non-pregnant (NP) and early pregnant

alpacas (15 and 30 days of gestation, 15 and 30P, respectively). In addition, β-NGF,

TrKA, and Vascular Endothelium Growth Factor A (VEGFA) temporal gene expression

patterns and counting of blood vessels were evaluated among groups. The β-NGF

and TrKA were localized in the luminal, glandular, and vascular epithelium of the alpaca

uterus and in the embryonic membranes of the 30-days-old conceptus. β-NGF and TrKA

immunosignal were stronger in 15P females than that of NP and 30P. In addition, TrKA

signal was higher in the LUH luminal epithelium of NP and 15P alpacas than that of

NP-RUH and 15P-RUH. β-NGF mRNA relative abundance was higher in the 30P-RUH

than that of NP-RUH; whereas TrKA mRNA abundance only differed between 15P-RUH

and NP-LUH. VEGFA mRNA relative abundance was higher in NP females compared to

the LUH of 15P and 30P alpacas, and lower to their right counterparts. The number

of vessels per field was higher in 15P than that of 30P. A positive correlation was

observed between the number of vessels per field and β-NGF immunosignal in 15P-LUH.
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In contrast, the area occupied by vessels was higher in 30P alpacas than of NP and

15P females. The changes of β-NGF/TrKA expression pattern in the peri-implantation

endometria between LUH and RUH and their localization in the extraembryonic

membranes support the implication of the neurotrophin during implantation and

pregnancy development in South American Camelids.

Keywords: alpacas, embryo implantation, uterus, β-NGF, VEGF

INTRODUCTION

In the reproductive physiology of mammals, critical events
related to embryo survival occur during early pregnancy, with
the majority of embryo losses occurring in the first month
of pregnancy (1, 2). In South American camelids (SACs), the
pregnancy rate 30 days after mating is <50% (3), indicating that
embryo losses are much higher in SACs than in other small
ruminants (4). Particularly, in SACs, the embryos formed in the
right oviduct must first migrate to the left uterine horn (LUH)
to subsequently achieve their successful implantation. In alpacas,
embryos reach the uterus on 6 days post ovulation (dpo) and by
9 dpo, 83% of embryos derived from right-ovary ovulations have
arrived to the LUH. Maternal recognition of pregnancy occurs
between 8 and 10 dpo, conceptus elongation between 10 and 15
dpo, and the apposition and implantation start around 20 dpo
(5–7). If an embryo implants in the right uterine horn (RUH)
gestation probably would not continue, since RUHwould seem to
be inadequate to sustain pregnancy (8, 9), (since 98% are carried
out in LUH, a 2% do actually get to term in RUH) (10, 11). It has
been proposed that this unique pattern of early embryomigration
and implantation is influenced by a vascular asymmetry favoring
the blood vessels that irrigate the LUH (12). Interestingly, Urra
et al. (13) reported an increase in endometrial vascularization
in the llama uterus, after the intrauterine administration of beta
nerve growth factor (β-NGF).

The β-NGF, a member of the neurotrophin family, would
seem to be a key factor for the success of pregnancy since
it constitutes a functional link between the nervous, immune,
and endocrine systems (14). The multiple effects of β-NGF
are mediated through its receptors, the high-affinity membrane
receptor tyrosine kinase A (TrkA) and the low-affinity receptor,
the nerve growth factor receptor (NGFR or p75NTR) (15–
17). The expression of β-NGF and its receptors in a wide
variety of reproductive tissues, including different organs of
the male and female genital tract, enables it to perform key
reproductive functions.

This system is present in the uterus of several species such
as rat (18), squirrel (15), ewe (19), horse, pig, human (20),
and induced ovulatory species such as rabbits and camelids
(17). Several reports suggest that this factor would participate
in the endometrial prostaglandin synthesis during the maternal
recognition of pregnancy, early development of the embryo, and
conceptus immunotolerance (21, 22). Furthermore, in humans
and rats, β-NGF has been shown to be a potent angiogenic
factor, increasing the expression of vascular endothelial growth
factor (VEGF) and promoting vascular cell proliferation in

female reproductive organs (23, 24). The VEGFA, a member
of the VEGF family, is a marker of uterine receptivity
for implantation in humans and bovines. It mediates the
establishment of an appropriate uterine environment through the
regulation of endothelial cell growth, angiogenesis, and vascular
permeability (25).

In camelids, β-NGF is present in the seminal plasma
acting as an ovulation-inducing factor (26, 27). The factor is
absorbed from the endometrium surface after copulation, rapidly
entering systemic circulation to elicit GnRH secretion from
the hypothalamus (28). Moreover, the factor increases uterus
vessel formation and corpus luteum vascularization. In fact, β-
NGF addition to llama cultured granulosa cells increased the
expression of VEGFA after 48 h in vitro culture (29).

The mechanisms leading to embryo implantation and survival
in SACs is far from being explained. Given this scenario,
associated with the reports on the roles of β-NGF in the
uterus during pregnancy, the objectives of this study were: (1)
Characterize the spatial localization and expression pattern of β-
NGF and TrkA in the endometrium of LUH and RUH in alpacas
during the first month of gestation. (2) Describe the VEGFA gene
expression pattern and count the number of associated blood
vessels, and its association with β-NGF expression.

MATERIALS AND METHODS

Animals and Sampling
Twelve adult female Huacaya breed alpacas (Vicugna pacos), >

2 years of age, weighing 65–70 kg and that were destined for
meat production, were used in this study. According to their
reproductive status, females were divided into 3 experimental
groups: non-pregnant (NP; n = 4), 15 days of pregnancy (15P;
n= 4), and 1 month of pregnancy (30P; n= 4).

Non-pregnant and 15 days-pregnant alpacas were obtained
from the Veterinary Research Center (IVITA), Universidad
Nacional Mayor de San Marcos (UNMSM) in the province of
Canchis, Perú (14◦S, 71◦W; 3698m altitude). Virgin females,
between 2 and 3 years of age, were mated once with a fertile adult
male and they were slaughtered fifteen days after mating, in line
with standards set by the local Committee of Animal Ethics and
Welfare (Comité de Ética y Bienestar Animal; CEBA from the
School of Veterinary Medicine of the UNMSM). Females with
follicles of <7mm in diameter in their ovaries were considered
NP; while, those with a corpus luteum and embryos in the uterus
were considered pregnant (Table 1).

Alpacas around 1 month of pregnancy (30P) were obtained
from a slaughterhouse at Huancavelica, Perú (12◦S, 74◦W,
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TABLE 1 | Reproductive features of alpaca’s experimental groups.

Physiological status N Follicle/CL diameter (mm) Left side follicle/CL (%) Embryo (mm) Left side pregnancy (%)

NP 4 8.5 ± 1.8 75 NA NA

15P 4 14.5 ± 1.3 50 18.5 ± 1.1** NA

30P 4 16.0 ± 1.0 50 16.5 ± 1.5* 100

NP, non-pregnant; 15P, 15 days-pregnant; 30P, 30 days-pregnant; CL, corpus luteum.

NA, not applicable.

**Elongated embryo.

*Crown-rump length.

3676m altitude). The gestational age (GA) of these animals
was calculated using embryo crown-rump length (CRL) and the
formula GA= (10.328∗CRL)0.4427 (Table 1) as it was previously
reported (6, 7, 30, 31). Based on previous studies maternal
recognition of pregnancy occurs between 8 and 10 dpo and
embryo apposition happens around 20 dpo (5, 30). Therefore,
15P samples corresponded to the pre-implantation stage; while
in 30P samples the embryo was already implanted in the uterus.

Endometria from the midsection of the LUH and RUH
were dissected in two segments of 10mm, which were
subsequently placed in 4% formaldehyde-PBS solution (pH
7.4) for immunohistochemical assays or RNAlater R© (Ambion,
Austin, USA) for RT-PCR assays. RNAlater R©-embedded samples
were transported on dry ice to the laboratory at INSIBIO,
Argentina and stored at−80◦C until further analysis.

RNA Isolation and cDNA Synthesis
Total RNA from endometria was extracted using the Spin
Vacuum total RNA Isolation SystemTM (Promega, Madison,
USA) according to the manufacturer’s instructions. The RNA
samples were quantified at 260 nm on a Shimadzu UV-
spectrophotometer 1800 (Shimadzu Corporation, Japan) and
its integrity was examined by electrophoresis on 1.5% agarose
gels stained with InvitrogenTM SYBRTM Safe DNA Gel Stain
(Carlsbad, USA). Finally, total RNA was stored at−80◦C.

Reverse transcription of all of the RNA samples was
carried out with M-MLV reverse transcriptaseTM (Promega)
and Oligo(dT)15-primerTM (Promega) in a 25 µl reaction
mixture. Reactions were performed by incubating the mixture
in a thermocycler (TechneTM TC-512 Gradient Thermal Cycler,
Burlington, USA) at 42◦C for 90min followed by a reverse-
transcriptase inactivation at 94◦C for 5 min.

Semi-quantitative PCR of β-NGF, TrKA, and

VEGFA
The relative abundance of β-NGF, TrKA, andVEGFAmRNAwas
analyzed by semi-quantitative PCR in NP (n = 4), 15P (n = 4),
and 30P (n= 4) endometria using ACTB as reference gene as was
described by Barraza et al. (32).

PCR amplifications were carried out in a final volume of
10 µl containing 0.5 µL of cDNA, 2 µL of 5X Green GoTaq R©

Reaction Buffer (Promega), 0.2mM of dATP, dTTP, dCTP
and dGTP (Promega), 2.5 units of GoTaq R© DNA polymerase
(Promega), and 1µMof each primer pair: β-NGF (5′-TGCTGGG
AGAGGTGAACATT-3′, 5′-CGAAGGTGTGGGTTGTGGTA-3′),

TrKA (5′-GCTTCATCTTCACCGAGTTCCT-3, 5′-TAGCCAG
CAGCGTGTAGTTG-3′), VEGFA (5′-CGGTATAAATCCTGG
AGCGT-3′, 5′-GCCTCGGCTTGTCACATCT-3′) and ACTB
(5′-GCGGGACCACCATGTACC-3′, 5′-ACTCCTGCTTGCTGAT
CCAC-3′). Oligonucleotides were synthetized at Thermo Fisher
Scientific Custom Standard DNA Oligos Service (Buenos
Aires, Argentina).

Different amplification settings were assayed to determine
optimal PCR conditions: 94◦C for 3min, followed by 40 cycles
at 94◦C for 10 s, 60◦C for 5 s, 72◦C for 5 s, and a final extension at
72◦C for 5min. PCR products were analyzed with 1.5% agarose
gel electrophoresis.

For semi-quantitative expression analysis, the 4 samples
of each uterine horn and physiological status were amplified
in duplicate (n = 4, r = 2). The amplification products
were visualized in agarose gels and documented with a
PentaxTMOptioTM M90 digital camera (Milan, Italy), and the
optical density of PCR products was quantified using ImageJ
1.42q software (National Institutes of Health, Bethesda USA).
Data represent the average of the 2 PCR amplifications. The
relative abundance of each transcript was normalized against that
of ACTB, and the transcript/ACTB ratio was calculated.

Immunohistochemistry
Immune assays were performed as described by Sari et al.
(33). Fixed tissues were dehydrated in ethanol, cleared in
chloroform, and embedded in paraffin blocks. Five-micron
sections were cut and mounted on Biotraza positively charged
slides (Huida Medical Instruments CO., Jiangsu, China). After
deparaffinization with xylene and rehydration, sections were
subjected to antigen retrieval by incubating in Proteinase K
(Sigma-Aldrich, St. Louis, USA) solution (10 µg/µL in Tris
EDTA (TE) Buffer, 50mM Tris Base, 1mM EDTA, 0.5% Triton
X-100, pH 8.0) for 20min at 37◦C in a humid chamber, followed
by incubation in TE Buffer at room temperature (RT) for 10min.
The slides were then blocked with 1% Bovine Serum Albumin
(Sigma-Aldrich) in PBS at room temperature for 30min. Then,
they were incubated at 37◦C for 1 h with polyclonal antibodies
against β-NGF (dilution 1:1,500, sc-548) or TrKA (dilution 1:100,
sc-118, Santa Cruz Biotechnology, Santa Cruz, USA). After
washing in 0.02% Tween-PBS, slides were incubated for 20min
at RT in a humidified chamber with a 1:200 dilution of the
biotinylated anti-rabbit IgG antibody (B8895, Sigma-Aldrich).
Subsequently, samples were incubated at RT for 30min with
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FIGURE 1 | Relative abundance of β-NGF (A) and TrKA (B) transcripts in the endometrium of non-pregnant (NP), 15 days-pregnant (15P), and 30 days-pregnant (30P)

alpacas by RT-PCR. Histograms illustrate mean values ± SE. Asterisks denote significant differences (*p < 0.05). LUH (left uterine horn) and RUH (right uterine horn).

a solution 1:500 ExtraAvidin R©-Alkaline Phosphatase (Sigma-
Aldrich). Following three washes with 0.02% Tween in PBS,
the sections were incubated with SIGMAFASTTM BCIP R©/NBT
(B5655, Sigma-Aldrich) until color was developed.

Finally, the sections (n= 4) were counterstained with Nuclear
Fast Red (N3020, Sigma-Aldrich), then dehydrated and mounted
with Entellan R© (Merck, Darmstadt, Germany). Negative controls
were performed by replacing the primary antibody with blocking
buffer with 1% BSA-PBS with 0.02% Tween under the same
experimental conditions.

Samples were observed under a Leica DM500TM light
microscope, and images were captured with a Leica ICC50 TM

HD camera using LASZ Leica Inc. Software.
The ImageJ 1.42q software (National Institutes of Health,

Bethesda USA) was used to measure the immunolabeled
area of each sample according to Jensen (34). For this
analysis, three different photographs (100X) of each section
were used. Three rectangular regions of interest (ROI) were
randomly selected in each image for its evaluation. First, the
images were converted to 8 bits, then a specific threshold
was determined and quantification was performed. Data were
expressed as pixels/µm2.

Histological Evaluation of Blood Vessels
The number and area occupied by vascular vessels were
determined as follows: endometrial sections of 5µmwere stained
with hematoxylin and eosin (BIOPUR, Rosario, Argentina).
Then, images were captured with a DM500TM microscope
coupled to a Leica ICC50TM HD camera, and the images were
converted to 8 bits. Each vessel was marked in black and ImageJ
v1.42q (National Institutes of Health, Bethesda USA) was used
to analyze the number of marked vessels/field and the total
area of vascularization (35). Nine representative microscopic
fields of each uterine horn (n = 4) were randomly selected
for all measurements. Data represent the average of the nine
measurements at 100X magnification. Data were expressed as a
percentage per field of endometrium.

Statistical Analysis
Statistical analysis was performed with InfoStat software
(Universidad Nacional de Córdoba, Córdoba, Argentina, see
http://infostat.com.ar). Gene relative abundance as well as
immunohistochemistry staining were analyzed with One-way
Analysis of Variance (ANOVA) followed by Tukey post-hoc
test, which is a multiple comparison test. The power of each
performed test with α = 0.050 was between 1.0 and 0.8; 0.80 is
the lowest desired power value. Less than desired power indicates
there are less likely possibilities to detect a difference when
one actually exists. On the other hand, the number of vessels
and the vascularized area were evaluated using the Kruskal–
Wallis test (a non-parametric, distribution free test). Results
are expressed as the mean ± standard error (SE). In addition,
correlation analysis between the variables was performed for
each uterine horn, without discriminating between physiological
status. Pearson Correlation Coefficient was calculated. In all
the analyses, data were considered statistically significant
at p < 0.05.

RESULTS

Relative Abundance of β-NGF and TrKA

mRNA in Alpaca Endometrium
The presence of β-NGF and TrKA transcripts was found
in the uterine horns of alpacas in both pregnant and non-
pregnant females.

The relative abundance of β-NGF showed similar levels
between the left and right uterine horns in all the experimental
groups. When the physiological status was compared, the RUH
of 30P animals displayed higher relative abundance levels than
the RUH of NP females, p = 0.008. While β-NGF relative
abundance in the LUH presented steady levels in all the
groups (Figure 1A).

Regarding TrKA, transcript relative abundance was higher in
the right uterine horn of 15P females compared to NP-LUH, p=
0.025 (Figure 1B).
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FIGURE 2 | Immunohistochemical localization of β-NGF in the endometrial mucosa of alpacas, positive labeling gives a blue-violaceous coloration. A 10X

magnification of endometria of the left uterine horn (LUH) and right uterine horn (RUH) of non-pregnant females (NP); 15 days-pregnant (15P); and 30 days-pregnant

females (30P) is presented (scale bar = 100µm). Also, a 100X magnification of the luminal, glandular, and vascular endothelium of the different physiological status is

shown (scale bar = 10µm).

Immunolocalization of β-NGF and TrKA in

Alpaca Endometrium
β-NGF tissue localization and immunolabeling intensity changed
during the peri-implantation period; the signal was more

intense in the uterine horns of 15P alpacas compared to the

uterine horns of NP and 30P females. In non-pregnant females,

the β-NGF mark was faint and located in the luminal and

glandular epithelium as well as the endothelium of both uterine
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TABLE 2 | Densitometry analysis of β-NGF immunolabeling in alpaca endometria.

β-NGF Luminal epithelium Glandular epithelium Vascular epithelium Total immunolabeling

NP LUH 30140 ± 65.39b,A 29986 ± 29.78a 19725 ± 29.18b 79851 ± 97.13b,A

RUH 6214 ± 9.37a,B 9433 ± 3.69a 8051 ± 14.35a.b 23698 ± 10.52a,B

15P LUH 78435 ± 67.39c 81881 ± 33.12b 60675 ± 43.54c 220991 ± 104.71c

RUH 74510 ± 20.12c 80920 ± 159.33b 53315 ± 62.76c 208745 ± 225.73c

30P LUH 5109 ± 2.08a 3653 ± 2.57a 3929 ± 8.46a 12692 ± 8.57a

RUH 4687 ± 5.26a 3427 ± 9.58a 4819.4 ± 3.54a.b 12934 ± 8.03a

*Mean values (pixels/µm2 )±SE are presented, comparisons aremadewithin each column.When the physiological status are compared the significant differences (p< 0.05) are indicated

by different lowercase letters (a, b, c). The statistical differences (p < 0.05) between LUH and RUH within NP (non-pregnant), 15P (15 days-pregnant) and 30P (30 days-pregnant)

status are indicated by different capital letters (A, B). LUH, Left uterine horn; RUH, right uterine horn.

horns. NP-LUH showed a stronger immunosignal compared to
NP-RUH at the luminal epithelium. In 15 day-pregnant alpacas,
an intense immunolabel was observed mainly in the luminal
epithelium. A mark was also present in the glandular epithelium
and the endothelium. No differences were observed between the
left and right uterine horns. In 30 day-pregnant animals, β-NGF
staining was weak in the endometrium, no differences between
LUH and RUH were detected (Figure 2 and Table 2).

TrKA mark was co-localized with β-NGF. The receptor
immunolabel was detected in the luminal, glandular, and vascular
epithelium. The same distribution was observed in pregnant and
non-pregnant alpacas and between left and right uterine horns
(Figure 3). However, the mark was stronger in the uterine horns
of 15P females compared to NP and 30P animals. Statistically
significant differences between LUH and RUH were observed
only at the luminal epithelium of NP and 15P alpacas, where the
signal was more intense in the LUH (Table 3).

In 30 days-pregnant alpacas, a strong immunosignal was
observed in the extraembryonic membranes of the conceptus for
β-NGF (Figures 4A,B) and TrKA (Figures 4C,D).

Relative Abundance of VEGFA in Alpaca

Endometrium
VEGFA transcripts were present in the endometrium of uterine
horns from non-pregnant and pregnant alpacas (Figure 5).
Differences between left and right uterine horns were observed
only in pregnant alpacas (15 and 30P), in all cases, the RUH
showed a higher relative abundance than the LUH (p ≤ 0.01).

When the different physiological status were compared,
only the LUH of non-pregnant females displayed a higher
relative abundance of VEGFA than that of LUH of pregnant
alpacas. The RUH presented similar relative abundance in all
the experimental groups. No statistically significant association
was observed between β-NGF expression and VEGFA relative
abundance (Table 4).

Vessels Abundance and Distribution
The number of blood vessels was similar for LUH and RUH in the
3 groups studied. The endometrium of 30 days-pregnant alpacas
showed fewer vessels than 15 day-pregnant females. 30P-RUH
was significantly different from both 15P-RUH and 15P-LUH.

Whereas, 30P-LUH presented a smaller number of vessels than
15-LUH (Figure 6A).

The area occupied by the vessels was similar between non-
pregnant and 15 days-pregnant females. While 30 days-pregnant
animals presented significantly higher values of the vascularized
area compared to non-pregnant and 15 day-pregnant alpacas.
No differences between left and right uterine horns were
detected (Figure 6B).

LUH displayed a positive association between β-NGF
immunolabelling and the number of vessels (p = 0.034);
however, the correlation between β-NGF immunolabelling and
the vascularized area of the endometrium was negative (p =

0.027). Regarding RUH, no statistically significant association
was observed between β-NGF immunosignal and the number or
area of vessels (Table 4).

DISCUSSION

The current study reveals for the first time the gene expression
patterns and the protein localization of β-NGF and TrKA in
the alpaca uterus during the peri-implantation period along
with VEGFA gene expression patterns and the features of
endometrium vasculature. These results support the implication
of the β-NGF system during the early pregnancy period of South
American camelids.

β-NGF and TrKA presence has been reported in the uterus
of spontaneous and reflex ovulatory species, as well as in
species with different placentation, such as humans, rodents,
and rabbits with hemochorial placentation, goats and bovines
with synepitheliochorial placentation, and pigs and horses with
epitheliochorial placentation (17, 20, 36, 37). In all the species
assayed, β-NGF immunoreactivity was detected in the luminal
epithelium, glandular epithelium, and vascular tissue, this latter
especially in pig and horse. The uterine expression of TrKA
mirrored that of its ligand, it is mainly localized in the luminal,
glandular epithelium, and vessels of the above-mentioned species
(17, 20, 36, 37). Coincidently, the same distribution was observed
for β-NGF system in alpaca oviducts (38), and uterine horns.
In camelids, the establishment of pregnancies occurs almost
exclusively in the LUH; at 15 days of pregnancy elongated
embryos, that reach a length of 21 cm, are free within the
uterine lumen until day 22–26 of gestation when the trophoblast
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FIGURE 3 | Immunohistochemical localization of TrKA in the endometrial mucosa of alpacas, positive labeling gives a blue-violaceous coloration. A 10X magnification

of endometria of the left uterine horn (LUH) and right uterine horn (RUH) of non-pregnant females (NP); 15 days-pregnant (15P); and 30 days-pregnant females (30P)

is presented (scale bar = 100µm). Also, a 100X magnification of the luminal, glandular and vascular endothelium of the different physiological status is shown (scale

bar = 10µm).

becomes apposed to the epithelial surface of the uterus (6, 7).
Striking differences were determined in alpacas for β-NGF and
TrKA immunolabeling among the different physiological status
analyzed. The signal was remarkably strong in the uterus of

15 days-pregnant females when the embryo elongates and the
endometrium prepares for implantation. In contrast, it was
faint in non-pregnant and 30 days-pregnant alpacas. In squirrel
(Citellus dauricus Brandt), β-NGF and TrKAproteins reached the
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TABLE 3 | Densitometry analysis of TrKA immunolabeling in alpaca endometria.

TrKA Luminal epithelium Glandular epithelium Vascular epithelium Total immunolabeling

NP LUH 102691 ± 58.71b.c,A 110213 ± 72.76a 47758 ± 148.23b 260663 ± 205.68b.c

RUH 61587 ± 60.11a,B 89403 ± 45.13a 47950 ± 27.85b 198940 ± 90a.b

15P LUH 108196 ± 78.62c,A 151973 ± 35.88b 85953 ± 26.31c 346123 ± 108.34d

RUH 75620 ± 58.33a,B 147180 ± 115.85 b 64857 ± 91.01b.c 287657 ± 258c.d

30P LUH 67204 ± 24.84a 89689 ± 60.97 a 3909 ± 3.89a 160803 ± 82.38a

RUH 79176 ± 27.92a.b 101597 ± 79.04a 3789 ± 6.26a 151814 ± 68.71a

*Mean values (pixels/µm2 ) ± SE are presented, comparisons are made within each column. When the physiological status are compared the significant differences (p < 0.05) are

indicated by different lowercase letters (a, b, c, d). The statistical differences (p < 0.05) between LUH and RUH within NP (non-pregnant), 15P (15 days-pregnant) and 30P (30

days-pregnant) status are indicated by different capital letters (A, B). LUH, Left uterine horn; RUH, right uterine horn.

FIGURE 4 | Immunohistochemical localization of β-NGF (A,B) and TrKA (C,D) in the endometrial mucosa of 30 days-pregnant alpacas, positive labeling gives a

blue-violaceous coloration. 100-fold magnification (bar = 100µm) of left uterine horn (A,C) and right uterine horn (B,D). In addition, inset shows a magnification of the

extraembryonic membranes (bar = 10µm). E: endometrium, asterisks: extraembryonic membranes, black arrows indicate the positive immunolabeling on the

extraembryonic membranes, gray triangles indicate positive TrKA immunostaining in glandular epithelium and vessels.

highest immunoreactivity at the time of early pregnancy (15). In
coincidence, Lobos et al. (18) reported higher amounts of mature
β-NGF in the uterus from early pregnant rats compared to

non-pregnant, middle, and late pregnant females. Interestingly,
although β-NGF protein was almost imperceptible in the uterus
of 30 days-pregnant alpacas, a strong signal was ascertained

Frontiers in Veterinary Science | www.frontiersin.org 8 January 2021 | Volume 7 | Article 583369136

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Barraza et al. β-NGF/TrKA System in Alpacas Endometrium

FIGURE 5 | Relative abundance of VEGFA mRNA in the endometrium of

non-pregnant (NP), 15 days-pregnant (15P), and 30 days-pregnant (30P)

alpacas by RT-PCR. Histograms illustrate mean values ± SE. Different

uppercase letters (A,B) indicate significant differences between LUH (left

uterine horn) and RUH (right uterine horn) within NP, 15P, and 30P status (p <

0.05). Asterisks indicate significant differences (*p < 0.05) between the

physiological status.

in the extraembryonic membranes, as well as for TrKA signal.
According to this, in humans, β-NGF was found in the cyto
and syncytial trophoblast, chorionic mesodermic cells, and in
decidua during the first trimester of gestation (39). Moreover,
Coassin et al. (40) also reported the presence of β-NGF and TrKA
in human amniotic membranes. In alpacas, even though no
differences were observed in the β-NGF immunohistochemical
patterns between the LUH and the RUH during pregnancy, TrKA
immunolabeling was stronger in the LUH of non-pregnant and
15 days-pregnant alpacas. Maranesi et al. (17), demonstrated
that treatment with TrKA inhibitor reduced the NGF-induced
pathway in rabbit uterus. In addition, gene expression studies
of matrix metalloproteinases (MMPs) during early pregnancy
in alpacas (Vicugna pacos), demonstrated higher mRNA levels
of MMP-2, which play an important role during embryo
implantation in the uterine horn, in the LUH compared to
the RUH of non-pregnant and 15 days-pregnant alpacas (41).
Interestingly, MMP-2 activates pro-NGF into NGF (42). All these
data would suggest that the NGF pathway is more active in the
luminal epithelium of the left uterine horn, especially in the pre-
implantation period, when the immunolabelling of β-NGF and
TrKA was increased.

It has been suggested that β-NGF function in the uterus
and placenta during pregnancy is to ensure adequate maternal
immunomodulatory and developmental processes at the fetal-
maternal interface. A well-balanced level of β-NGF is required
for a successful pregnancy outcome as both insufficient or
elevated levels of the factor may provoke fetal rejection (2, 21,
43). In alpacas the β-NGF system was not only detected in
embryo membranes when the implantation has already occurred
but also in the pre-implantation endometrium, during embryo
elongation, suggesting a role during this period.

Intriguingly, in alpaca endometrium β-NGF and TrKAmRNA
and protein expression were dissimilar, analogous observations
were reported by Sari et al. (38) when analyzing gene and protein
expression pattern in the llama oviduct. Many authors have
postulated that regulation of β-NGF production does not occur
solely at the level of transcription and that post-transcriptional
mechanisms operate as well. Even more, there is a diverse post-
transcriptional regulation between different cell types (44–46).
For example, in rat uterus, alterations in NGF isoforms during
pregnancy, accumulation of proNGF, and decreased ratios of
mature β-NGF to proNGF were reported (18).

A rise in endometrial vascularization during pregnancy has
been described in other mammals. Mares that were pregnant
exhibited a greater area of the endometrium occupied by blood
vessels compared with non-pregnant females and mares at 21
days of pregnancy exhibited the greatest area of endometrium
occupied by blood vessels (47). Something similar occurs in
cows, in which the number of blood vessels in the endometrium
increased from day 15 to 18 of gestation, and pregnant cows
had more blood vessels than non-pregnant cows on day 18
(48, 49). Likewise, in alpacas, a larger area of the endometrium
was occupied by blood vessels at 30 days of gestation. It is known
that intrauterine administration of β-NGF induces an increase
of endometrial vascularization in both uterine horns (13) and
it has been demonstrated that β-NGF acts as a pro-angiogenic
factor that increases the expression of VEGFA in cultures of llama
granulosa cells (29). In 15 days-pregnant alpacas, the increased β-
NGF protein intensity was in correspondence with the elevated
number of vessels in the endometrium. At 15 days of pregnancy,
embryos occupied the entire uterine cavity and on day 45 the
entire extent of the trophoblast was closely attached to the left and
right uterine epithelium (6, 7). This could explain the vascular
similarities between both uterine horns; nevertheless, a positive
correspondence between β-NGF and the number of vessels was
only observed in the left uterine horn.

The VEGF family is known to regulate vascular functions
such as angiogenesis, vasculogenesis, vascular permeability,
and lymphangiogenesis; and is composed of several subtypes
including VEGFA, VEGFB, VEGFC, VEGFD, and placental
growth factor (50). VEGFA mRNA can be alternatively spliced
into five iso-forms representing proteins of 121, 145, 165, 189,
and 206 amino acids (51). In alpacas, VEGFAmRNA was present
in the uterus of pregnant and non-pregnant females, showing a
higher expression in the endometrium of non-pregnant animals
and differences between horns in pregnant females. In bovines,
gene expression of VEGFA transcript variant 1 was higher in
non-pregnant females (18th day of estrous cycle) compared with
pregnant ones (18th day of pregnancy). Even more, VEGFA
levels did not show changes during early pregnancy or during
the peri-implantation period (49). Hayashi et al. (48) speculated
that the lower peripheral estradiol concentrations in pregnant
heifers explain these results. In addition to this, Johnson et al. (52)
determined that the expression of VEGFA in the endometrium
of ovariectomized sheep was stimulated by estradiol. Moreover,
estradiol receptor, mRNA expression was lower in the ipsilateral
uterine horn of non-pregnant sheep, cows and horses, and in
pregnant mares (day 13), indicating changes in the sensitivity
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TABLE 4 | Pearson correlation coefficient between β-NGF and VEGFA, blood vessel area and number for left and right uterine horns.

VEGFA mRNA relative abundance Area of blood vessels Number of blood vessels

LUH RUH LUH RUH LUH RUH

β-NGF mRNA relative abundance LUH −0.492 −0.201 0.446 0.475 0.092 −0.453

RUH −0.576 −0.290 0.816** 0.853** −0.168 −0.430

β-NGF immunosignal density LUH −0.220 0.373 −0.633* −0.632* 0.612* 0.578*

RUH −0.460 0.356 −0.411 −0.412 0.546 0.431

LUH, Left uterine horn; RUH, right uterine horn.

**p < 0.01 (bilateral).

*p < 0.05 (bilateral).

FIGURE 6 | Effect of pregnancy status and stage of pregnancy on the blood vessel number and area in the endometrium of alpacas. (A) Number of blood vessels in

LUH (left uterine horn) and RUH (right uterine horn) of non-pregnant (NP), 15 days-pregnant (15P), and 30 days-pregnant (30P) alpacas. (B) Percentage of the

endometrial area occupied by blood vessels in LUH and RUH. Histograms illustrate mean values ± SE. Asterisks indicate significant differences (*p < 0.05).

of the endometrium to estradiol (53). These findings could also
explain the differences of VEGFA expression between uterine
horns and physiological status in alpacas. In mares and pigs,
VEGFA was upregulated during early pregnancy. In pigs VEGFA
isoform 188 aa was specifically assayed (46); while in horses,
the VEGFA transcript variant X1 was amplified (54). In alpacas,
primers amplified VEGFA transcript variant X1(186 aa), X2
(180 aa), and X3 (162 aa), a fact that could also explain the
differences between alpacas and other livestock species. Although
the VEGFA gene expression pattern did not show drastic changes
between pregnancy periods and was even decreased compared to
non-pregnant alpacas, other members of the VEGF system could
be involved in the angiogenesis changes observed in alpacas.
Hayashi et al. (48), reported an increase of VEGFB on day 15
compared to days 18 and 27 of pregnancy, suggesting the possible
involvement of VEGFB in endometrial receptivity for successful
implantation at earlier stages in Japanese Black cows.

In summary, the endometrium expresses β-NGF, TrKA,
and VEGFA in pregnant and non-pregnant alpacas. β-
NGF differential protein pattern in alpaca endometrium
during the peri-implantation period of pregnancy implies a
precise regulation, which suggests a possible role in embryo

development and implantation. The proangiogenic function
of β-NGF could be responsible for the increase of endometrial
vasculature, thereby supporting embryo implantation and
survival. Nevertheless, further investigation on the β-NGF and
VEGF signaling pathway is necessary to fully understand the
differential implantation in South American camelids.
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Llamas are induced non-reflex ovulators, which ovulate in response to the hormonal

stimulus of the male protein beta-nerve growth factor (β-NGF) that is present in the

seminal plasma; this response is dependent on the preovulatory gonadotrophin-releasing

hormone (GnRH) release from the hypothalamus. GnRH neurones are vital for

reproduction, as these provide the input that controls the release of luteinizing hormone

(LH) and follicle-stimulating hormone (FSH) from the pituitary gland. However, in

spontaneous ovulators, the activity of GnRH cells is regulated by kisspeptin neurones

that relay the oestrogen signal arising from the periphery. Here, we investigated the

organisation of GnRH and kisspeptin systems in the hypothalamus of receptive adult

female llamas. We found that GnRH cells exhibiting different shapes were distributed

throughout the ventral forebrain and some of these were located in proximity to blood

vessels; sections of the mediobasal hypothalamus (MBH) displayed the highest number

of cells. GnRH fibres were observed in both the organum vasculosum laminae terminalis

(OVLT) and median eminence (ME). We also detected abundant kisspeptin fibres in the

MBH and ME; kisspeptin cells were found in the arcuate nucleus (ARC), but not in rostral

areas of the hypothalamus. Quantitative analysis of GnRH and kisspeptin fibres in the ME

revealed a higher innervation density of kisspeptin than of GnRH fibres. The physiological

significance of the anatomical findings reported here for the ovulatory mechanism in

llamas is still to be determined.
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INTRODUCTION

In female mammals, ovulation relies on the integration of different central and peripheral
components that establish reciprocal interactions. At the pituitary level, the preovulatory release
of the luteinizing hormone (LH) from gonadotroph cells is led by the gonadotrophin-releasing
hormone (GnRH) released from the hypothalamus (1).

GnRH neurones originate in the olfactory placode in the early embryonic life and migrate
through the vomeronasal axons to the basal forebrain during development, stopping their
migratory journey ‘randomly’ along the basal forebrain (2). In the adult hypothalamus, GnRH cells
are distributed in a bilateral long scattered continuum (2, 3) that exhibit distinct species-related
number and distribution. The preoptic area (POA)–anterior hypothalamus and the mediobasal
hypothalamus (MBH) are two regions known to harvest large numbers of GnRH somas (4),
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but GnRH somas and fibres can also be found in other
brain areas, such as the olfactory bulb and hippocampus (5).
Approximately 50% of the GnRH cells send their fibres to
the median eminence (ME) where nerve endings release their
products into the hypophyseal portal system that transport
GnRH molecules to the pituitary (6, 7). The activity of these
hypophysiotropic GnRH cells is regulated by several inputs
and factors (such as environmental cues) that vary in different
species (8).

Kisspeptin neurones (encoding the geneKISS1) are recognised
as the main input involved in the activation of GnRH cells that
lead to the preovulatory GnRH/LH surge by relaying oestrogen
signalling in spontaneous ovulators (9, 10). In seasonal breeders,
kisspeptin cells have also been shown to be modulated by
photoperiodic changes, and so they are directly involved in the
control of reproductive seasonality in different species (10, 11).
Two populations of kisspeptin cells located in the POA (or
homologous areas) and the arcuate nucleus (ARC)–co-expressing
neurokinin B and dynorphin in the latter, and so-called KNDy
neurones–of the hypothalamus can be found in several species

FIGURE 1 | Immunohistochemistry negative controls. (A,B) Coronal sections of llama ME showing DAB immunohistochemistry where (A) kisspeptin and (B) GnRH

primary antibodies were omitted. (C) Example of double immunofluorescence in llama ME (coronal section) incubated without kisspeptin (Kp) and GnRH primary

antibodies. 3v, third ventricle; ME, median eminence; PT, pituitary.

(12). So, when oestrogen concentrations rise, KISS1 expression is
upregulated in POA cells, and they become activated, prompting
the activation of GnRH cells and their product release (13, 14).
Evidence indicates that kisspeptin may act directly over GnRH
somas (15, 16), but also, perhaps, at the ME in some species,
including rats (17), sheep (18), and humans (19).

The physiological role of kisspeptin in induced ovulation
species is not fully understood. In the musk shrew (Suncus
murinus), KISS1 expression seems to be like in spontaneous
ovulators, but mating is reported as the critical cue for the
activation (by means of c-Fos expression) of POA KISS1 cells
(20), indicating kisspeptin cells as a potential player involved
in the ovulatory mechanism. Llamas are also induced ovulators,
however, in this species, ovulation occurs in response to the
hormonal [but not reflex (21)] stimulus of the protein beta-nerve
growth factor (β-NGF) that is present in the male seminal plasma
(22, 23); the resulting LH surge and ovulation have been shown
to be dependent onGnRH release (24), implying the participation
of a central mechanism. Although the involvement of kisspeptin
in this response has been suggested (25), the organisation of
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FIGURE 2 | Distribution of kisspeptin in the llama hypothalamus. (A) Sagittal image showing the distribution of kisspeptin fibres in the MBH. (B) Coronal section.

Immunolabelled fibres were located mostly in the ARC and ME. (C) Image of the ARC showing (arrows) the labelling of kisspeptin somas. (D,E) Kisspeptin fibres were

moderately found in some areas of the (D) anterior hypothalamus and (E) POA. (E) Left panel shows a schematic representation of the POA on a sagittal section

(Continued)
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FIGURE 2 | indicating in the square area the high magnification picture (right panel) displaying kisspeptin immunolabelled fibres at this zone. 3v, third ventricle; ARC,

arcuate nucleus; IR, infundibular recess; LT, laminae terminalis; ME, median eminence; OCh, optic chiasm; OR, optic recess; OVLT, organum vasculosum laminae

terminalis; PT, pituitary.

kisspeptin systems and its physiological role is not clear.
In this study, we characterise the distribution of GnRH

and kisspeptin cells and their fibres (i.e., axons and
dendrites) in the hypothalamus of receptive female llamas
using immunohistochemistry. We also carried out dual
immunofluorescence in sections containing the ME to analyse
the density of GnRH- and kisspeptin-containing fibres, which
are next to fenestrated blood vessels of the hypophyseal
portal system.

METHODS

Animals
Llamas were maintained in the llama research farm of the
Universidad Austral de Chile, Valdivia, Chile (39◦38

′
S, 73◦5

′
W,

and 19m above sea level) and were given ad libitum access
to water and pastures supplemented with hay and feed pellets
(14% crude protein, 2.5% crude fat, 12% crude fibre); female
llamas were maintained separately from males. Three (3)
adult non-pregnant, non-lactating female llamas, weighing 120–
140 kg (4–8 years old), were used in this study. These llamas
were daily examined by transrectal ultrasonography using a
7.5 MHz transducer coupled with an Aloka SSD-500 scanner
(Aloka Co., Ltd., Tokyo, Japan) to determine follicular growth;
females exhibiting a follicle ≥8mm in diameter that grew
for 3 consecutive days were considered sexually receptive and
euthanised. Experiments were conducted in June.

All the procedures were carried out in accordance with
the Chilean Animal Protection Act (No. 20380; 2009) and the
regulations and approved procedures (ref. 253/2015) by the
University Bioethical Committee.

Tissue Collection and

Immunohistochemistry
Llamas were terminally anesthetised by an injection of sodium
pentobarbital (80 mg/kg i.v.), and then the jugular veins were
cannulated for exsanguination. Once death was confirmed, the
brain was quickly removed and dissected, and the hypothalamic
chunk was fixed by immersion in 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 72 h. The tissue was
embedded in paraffin and then cut using a rotary microtome to
obtain 5-µm serial sections; two hypothalami were cut coronally,
and one hypothalamus was cut sagittally. One in every 30
sequentially cut sections (i.e., 150µm) was mounted onto slides.

Conventional immunohistochemistry methods were used.
Sections were washed in 0.02M potassium phosphate-buffered
saline (KPBS; pH 7.4) between steps. In brief, paraffin-embedded
sections were dewaxed, and heat-induced epitope retrieval was
performed for 20min using 1× Tris–EDTA buffer pH 9.0 at
90◦C. Then, the endogenous peroxidase activity was blocked
by incubating the sections in 2% H2O2 in cold methanol

for 20min. To prevent the background staining caused by
interactions of antibodies with the tissue, sections were incubated
in blocking buffer solution containing 0.02M KPBS + 0.5%
Triton X-100+ 2% normal goat serum for 30min. Sections were
then incubated overnight at 4◦C in blocking buffer containing
either mouse monoclonal HU11B anti-GnRH-I antibody (cat.
sc-32292; Santa Cruz Biotechnology Inc., Dallas, TX, USA)
diluted at 1:1,000 or rabbit polyclonal anti-kisspeptin antibody
(cat. AB9754; Millipore, Billerica, MA, USA) diluted at 1:1,000.
Following this, sections were washed and incubated for 1 h
at room temperature with secondary goat anti-mouse IgG or
goat anti-rabbit IgG biotinylated antibodies (cat. 115-065-003
and 111-065-003, respectively; Jackson ImmunoResearch Inc.,
West Grove, PA, USA) diluted at 1:500 in 0.02M KPBS and
then incubated in Vectastain Elite ABC Kit (cat. PK-6100;
Vector Laboratories Inc., Burlingame, CA, USA) following the
manufacturer’s instructions. The immunoreaction was revealed
by a solution containing 0.05% diaminobenzidine + 0.015%
H2O2 in 0.02M KPBS. Then, sections were counterstained
with haematoxylin, dehydrated in increasing concentrations of
ethanol and coverslipped.

For double immunofluorescence, sections were treated and
incubated simultaneously with primary antibodies as described
above, but the immunoreactions were visualised by incubating
the sections with donkey anti-mouse IgG Alexa Fluor 594 and
donkey anti-rabbit IgG Alexa Fluor 488 (cat. A-21203 and A-
21206, respectively; Invitrogen, Carlsbad, CA, USA) diluted at
1:500 in blocking buffer containing 2% donkey normal serum
for 1 h at room temperature. Sections were counterstained using
4’, 6-diamidino-2-phenylindole (DAPI).

In all immunohistochemistry and immunofluorescence
experiments, the specificity of immunoreactions was tested by
omission of primary antibodies in control sections containing
the ME; no immunoreaction was detected in these sections
(Figure 1).

Imaging and Data Analysis
Images were captured using aNikon digital camera attached to an
upright Nikon Eclipse i80 microscope (Nikon Instruments Inc.,
Tokyo, Japan). Since thin sections make it difficult to identify cell
shapes, only clearly distinguishable cell somas exhibiting a single
or more processes parallel to the coronal plane were used for
description and illustration purposes. Dendrites and axons are
irrespectively reported as fibres similarly as Witkin et al. (26).
For quantification of GnRH and kisspeptin fibres in the ME,
four sections per animal were analysed; in each of these sections,
four digital images of non-overlapping microscopic fields at 40×
magnification were captured at different sectors of the ME. The
area (µm2) covered by GnRH and kisspeptin fibres in each image
was calculated using a PC running Fiji version 1.52p; briefly,
red (i.e., GnRH) and green (i.e., kisspeptin) channels of image
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FIGURE 3 | Distribution and morphology of GnRH cells in the llama hypothalamus. (A) Schematic representation of the relative abundance of GnRH cells in the POA,

anterior hypothalamus, and MBH. = fibres, = hypothalamic cells, = extrahypothalamic cells. (B) Coronal section showing scattered GnRH cells in the

ventro-lateral area of the MBH. (C) GnRH cells exhibited different forms, including multipolar (left panel), fusiform (middle panel) and unipolar (right panel) shapes. (D)

(Continued)
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FIGURE 3 | Immunofluorescences showing the different shapes and calibres of GnRH fibres found in the llama hypothalamus. 3v, third ventricle; AH, anterior

hypothalamus; IR, infundibular recess; LHA, lateral hypothalamic area; MBH, mediobasal hypothalamus; ME, median eminence; OCh, optic chiasm; OVLT, organum

vasculosum laminae terminalis; POA, preoptic area; PT, pituitary; V, blood vessel.

files were separately converted into 8-bit black and white images,
thresholded using the same values, and the areas calculated using
the Analyze Particle macro. The area calculated in each image
was averaged for each section; the values in each section were
averaged in each animal. The fibre density was calculated as the
percentage of immunoreactivematerial covering the whole image
area (234× 292 µm2). Values are expressed as the mean+ SEM;
only descriptive statistics were used in this study.

RESULTS

Kisspeptin
In llamas, immunohistochemistry revealed the abundant
presence of varicose fibres exhibiting different calibres in the
ARC region, and also the internal zone of ME (Figures 2A,B). In
the latter, the abundant presence of kisspeptin-immunoreactive
material was found in the lateral walls of the ME. Analysis of the
ARC showed the presence of some somas (Figure 2C).

Moderate kisspeptin fibres were found in the ventral region of
the anterior hypothalamus (Figure 2D). Sagittal sections revealed
the presence of fibres in the POA (lamina terminalis; Figure 2E).
Somas were not detected in sections containing the POA and
anterior hypothalamus in the llamas analysed.

GnRH
Immunohistochemistry revealed GnRH somas located in
different areas of the llama hypothalamus. Two (2) to 3 GnRH
somas per section were found in sections containing the POA,
which were mainly found in the diagonal band of Broca. In
the anterior hypothalamus, somas (∼1–2) were found in the
latero-ventral area, but also in extrahypothalamic sites near
to the lateral ventricles (Figure 3A). Sections of the MBH
exhibited the greatest number of GnRH somas, where 3–5
GnRH cells per section were detected in the latero-ventral
area of the hypothalamus (Figures 3A,B); in some sections,
GnRH cells were in close contact to blood vessels (Figure 3B).
These neurones displayed different forms, including multipolar,
bipolar, and monopolar as shown in Figure 3C. In most sections,
different neural fibres were detected in the hypothalamic
parenchyma, which exhibited different lengths and variable
calibres (Figure 3D).

In the ME, immunolabelling of GnRH showed the moderate
presence of GnRH fibres that were mainly located in the
pre-infundibular and post-infundibular regions as shown in
Figure 4A. Fibres were also found in the rostral and caudal walls
of the ME, but they were rarely detected in the ventral wall of
the ME. Fibres were detected in the internal zone of the ME, and
some of these penetrated into the ME external zone; analysis of
coronal sections revealed that most fibres were mainly located in
the lateral walls of the ME (Figure 4B).

In the organum vasculosum laminae terminalis (OVLT), the
presence of GnRH fibres varied in each section analysed; some of
these displayed the abundant presence of fibres mainly located in
the ventral OVLT, next to the narrowest area of the optic recess as
presented in Figure 4C; coronal sections revealed thatmost of the
fibres were located in the medial area of the OVLT (Figure 4D).
These fibres exhibited different shapes, including long punctuate
axon-like fibres, and thick processes (Figure 4C).

Kisspeptin and GnRH Fibre Relationship in

the ME
The ME plays a pivotal role through the release of
hypophysiotropic factors, including GnRH, which stimulates
the preovulatory LH release from the pituitary gland. To
determine the configuration of this site in receptive llamas,
double immunofluorescence against kisspeptin and GnRH was
conducted, showing that GnRH and kisspeptin fibres were
closely distributed in the ME, but no obvious contacts between
these fibres were observed. Analysis of high magnification
images of different sectors of the ME (Figure 5A) showed a
greater amount of kisspeptin than of GnRH immunoreactive
material (2:1 ratio). Kisspeptin fibres covered an average area of
1,230.9± 618.8 vs. 708.9± 98.8µm of GnRH fibres (Figure 5B);
these values represent 1.8 ± 0.9 and 1.0 ± 0.2% of the total area
(40× image) analysed, respectively.

DISCUSSION

In this study, we investigated the presence and distribution
of kisspeptin and GnRH cells in the adult female llama
hypothalamus; two crucial neuroendocrine systems involved
in the LH surge and ovulation in mammals. We found that
kisspeptin is abundantly expressed in the llama MBH, where
kisspeptin cells were detected in the ARC similarly to that
reported in other spontaneous and induced ovulators. We also
found GnRH cells and fibres distributed throughout rostral and
caudal regions of the llama hypothalamus.

GnRH cells originate in the olfactory placode and migrate
through the basal forebrain stopping their migration in a
‘random’ manner, and so the somas display a scattered
distribution in the vertebrate adult hypothalamus (27). Our
results show that the llama GnRH cells distribute unevenly
throughout the hypothalamus similarly as described in other
induced (28–30) and also spontaneous ovulators (26, 31, 32).
Although the number of GnRH cells was not quantified in
this study because of the use of thin sections sampled every
150µm, sections of MBH contained approximately twice the
number of cells than rostral sections containing the POA–
anterior hypothalamus. This result is consistent with Carrasco et
al. (33), who reported a higher number of cells in the MBH than
in the POA, showing a proportion of 2:1.
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FIGURE 4 | Detection of GnRH fibres in circumventricular organs. (A) In sagittal sections, GnRH fibres were found in the (A1) rostral (pre-infundibular) and (A2) caudal

(post-infundibular) areas of the ME. (B) Coronal section showing GnRH fibres in the lateral walls (arrows) of the ME surrounding the infundibulum; virtually none fibres

were detected in the ventral wall of the ME. (C) High magnification image of (C1) a sagittal section showing GnRH fibres in the ventral area

(Continued)
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FIGURE 4 | (square) of the OVLT. (D) Coronal section. Most of the fibres were found in the medial area (arrows) of the OVLT. 3v, third ventricle; ARC, arcuate nucleus;

IR, infundibular recess; ME, median eminence; OCh, optic chiasm; OR, optic recess; OVLT, organum vasculosum laminae terminalis; PT, pituitary.

In the present study, we used the HU11B monoclonal
antibody that is reported (34) to exhibit high-specificity for
sequential, rather than conformational, GnRH decapeptide
(cleaved) structure, and which is able to bind GnRH fragments
comprising up to four NH2-terminal amino acid residues.
Furthermore, Urbanski (34) reports virtually no immunoactivity
against salmon and chicken GnRH-I variants in which two
and one amino acid residues of this fragment are exchanged,
respectively. This implies that the cells labelled here are unlikely
to include cells expressing other molecular GnRH forms than
the encoded by the ‘mammalian’ gene (GNRH1) that is highly
conserved among mammalian species except in guinea pig (35).
Although originally identified in chicken, GnRH-II expressing
cells have been found in the brain of macaques and humans,
and also in the induced ovulator musk shrew (36). The GnRH-
II peptide shares 70% of homology with the mammalian GnRH-I
as the amino acid residues of positions 5, 7, and 8 next to the
NH2-terminus are substituted (35, 37). Whether this GnRH form
coexists in the llama brain has not been determined so far.

Kisspeptin cells of the POA and ARC participate in the
modulation of the activity of GnRH cells; the former population
has been linked to the control of the preovulatory GnRH surge
in spontaneous ovulators. Here, we fail to detect the presence
of POA kisspeptin cells in llamas; it is not clear whether this
result was a consequence of a lack of immunoreactivity of
this population or the kisspeptin system displays a different
distribution in this species, similarly as reported in mares (38).
Recently, it has been reported the presence of a low number of
kisspeptin cells in the POA–anterior hypothalamus regions; this
number was only an eighth of the kisspeptin ARC cells detected
in adult llamas exhibiting a preovulatory follicle (39). Although
the discrepancy between these results is apparently difficult to
conciliate, a plausible explanation could be that either POA cells
were missed by the mapping method employed in this study
or the immunoreactivity of this population might be influenced
by seasonality.

In seasonal breeders, kisspeptin cells are reported to undergo
variations in their product synthesis as a consequence of
photoperiodic changes that affect both ARC and POA cell
populations in a species-specific fashion (10). In line with this,
dromedary camels (displaying reproductive seasonality between
November and April in Morocco) exhibit twice the number
of immunoreactive kisspeptin cells in both the POA and ARC
during the breeding season than in the non-breeding season, and
this increase is more marked in females (40). Conversely, female
llamas–and other South American camelids–are not considered
seasonal breeders, exhibiting ovarian cyclicity, conception, and
labour all year round (41–43) similarly as observed in the llama
herd involved in the present study; in their natural habitat,
breeding seasonality is associated to management practices, as
a short wet and warm season restricts the abundance of high-
quality forage between December and March in the high Andes

(44). Whether llama kisspeptin cells exhibit seasonal variations
remains to be determined.

In this study, quantification of GnRH and kisspeptin fibres
in the ME revealed a higher prevalence of kisspeptin than
of GnRH peptide at this level. Even though several studies
(17, 45, 46) have investigated the morphological distribution
of GnRH and kisspeptin fibres, no studies have described
the concurrent densities of fibre innervation in the ME. In
female rats, immunoelectron microscopy has revealed occasional
direct synaptic contacts of kisspeptin-containing fibres to
GnRH fibres; these animals presented rich innervation of
both kisspeptin and GnRH fibres located in the internal and
external zones of the ME, respectively (17). Furthermore,
Pompolo et al. (47) reported colocalisation of GnRH and
kisspeptin peptides in cells and fibres of the POA and also
the ME in ewes. In the present study, colocalisation of
these peptides was not detected in any of the brain regions
analysed. Similarly as found here, variation in kisspeptin
fibre distribution in the ME has been reported within single
animals (46).

In several species (17, 45, 48), it has been described the
presence of kisspeptin fibres in the ME, and even the release
of measurable quantities of kisspeptin in the portal blood
has been reported in the sheep (49). Furthermore, kisspeptin
administration has been shown to stimulate GnRH release
from the ME in vitro (17) and in vivo (50). In addition
to this apparent effect within the ME boundaries, the rich
kisspeptin innervation of the llama ME found in this study
also suggests a potential hypophysiotropic role. Interestingly,
Smith et al. (49) reported that in vitro kisspeptin application to
pituitary gonadotroph cells (that express the kisspeptin receptor)
during the follicular, but not luteal, phase prompts LH release
in ewes.

GnRH cells appear to be a vital player in the ovulatory
mechanism of llamas, as blockade of its peripheral receptors
prevents LH-dependent ovulation (24). Since in New and
Old World camelids ovulation occurs in response to the
exogenous hormonal male β-NGF stimulus (23), attention
has been given to the potential mechanism(s) involved in
this response. Recently, kisspeptin has been proposed (25,
39) to be the mediator involved in the llama ovulatory
mechanism under the assumption that exogenous kisspeptin
effects mimic the actions of brain kisspeptin systems on GnRH
cells (39), and yet this does not prove the physiological
role of kisspeptins in the llama brain. It is unlikely that
kisspeptins–including short forms (51, 52)–penetrate the blood–
brain barrier in neuroactive amounts, and so it is thought
(53) that, when given systemically, circulating kisspeptin acts
locally on the OVLT, where rodent GnRH cells have been
shown to extend their processes (54) similarly as reported
here. Since oestradiol concentrations affect the magnitude
of LH released following β-NGF administration in llamas
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FIGURE 5 | Co-labelling of kisspeptin and GnRH fibres in the llama ME. (A) Coronal (1) and sagittal images (2, 3, 4) showing the abundance of kisspeptin (Kp) and

GnRH fibres at different levels of the ME as indicated in the sagittal schematic representation; scarce fibres were found in the ventral walls of the ME. (B) Mean (+SEM)

area covered by immunolabelled kisspeptin and GnRH fibres in 40× microphotographs. 3v, third ventricle; IR, infundibular recess; ME, median eminence; PT, pituitary.
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(55), the rich kisspeptin innervation of the ME suggests
that this is an area where oestrogen-sensitive kisspeptin cells
might play a modulatory effect, for example, by affecting
the amount of GnRH released in response to β-NGF. The
physiological significance of the anatomical findings reported
here for the ovulatory mechanism in llamas is still to
be determined.
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The viscous seminal plasma (SP) is currently a major impediment to the handling of

ejaculate and the development of some biotechnologies in South American camelids.

The vas deferens-collected spermatozoa of alpacas is a useful technique to avoid

this problem. On the other hand, SP contains a large protein component that

has been implicated in the function of spermatozoa within the female reproductive

tract. In this sense, the low fertility achieved using transcervical insemination with

frozen-thawed spermatozoa in alpacas could be improved by adding SP. This study

aimed to evaluate the effect of the whole SP on some in vitro parameters of

alpaca spermatozoa after the freezing-thawing-process and the fertility after artificial

insemination. It would contribute to a better understanding of the interaction between

thawed sperm cells and SP. Spermatozoa were obtained by surgically diverted vas

deferens. The samples were diluted with a Tris-based extender, packaged in straws,

and frozen. At thawing, each straw was divided into two post-thawing conditions: with

the addition of 10% of PBS (control) or with 10% SP (treatment). The sperm cells

were evaluated using dynamic parameters, sperm cell morphology, and morphometry.

Fertility was assessed by an artificial insemination trial. All in vitro parameters were

analyzed by ANOVA. A heterogeneity test was scheduled for the fertility trial. After the

freezing-thawing process, motility and plasma membrane functionality was improved

when SP was added. No differences were found for post-thaw viability between

the control and treatment samples. The percentage of normal cells was higher with

SP at post-thawing, and a decrease of the presence of bent tailed spermatozoa

with a droplet in the SP group was observed. The length of the head spermatozoa

was 3.4% higher in the samples with PBS compared to those in which SP was

added. Females pregnant at day 25 post-insemination were 0/12 (with SP inside the
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straw) and 1/10 (without SP inside the straw). In conclusion, the presence of 10% SP at

post-thawing improves sperm cells’ motility, functionality, andmorphology, indicating that

it would be beneficial to improve the frozen-thawed alpaca’s physiology spermatozoa.

More fertility trials must be developed to increase this knowledge.

Keywords: seminal plasma, alpaca spermatozoa, sperm cryopreservation, vas deferens, South American camelids

INTRODUCTION

The most remarkable characteristics of semen in South
American camelids are its high structural viscosity and
thread formation (1–3). These rheological characteristics
impede the homogeneous mixing of semen with the
extender, thereby limiting contact between the sperm cell
membrane and cryoprotective compounds during the cooling
and freezing processes (4–6), consequently hindering the
development of artificial insemination technologies for this
species (7).

To reduce the thread formation, semen from llamas was
incubated in a 0.1% collagenase solution (1). Working with
Bactrian camel semen, the ejaculates were treated with amagnetic
stirrer at low speed (100 rpm) for 5min (8), providing a liquefied
homogenous specimen. Recently, the combination of the slow
mechanical method (aspirating and expelling with a syringe or
pipette) with low gravity acceleration (700 × g) allows obtaining
SP without sperm cells [(9) for llamas; (10) for alpacas], avoiding
the possible expelling of fluids (including proteins) from the
damaged spermatozoa.

To avoid the problem of high viscosity, several authors
decided to develop their experiments using epididymal
or vas deferens-collected spermatozoa (11, 12). Pérez
et al. (13) demonstrated that it is possible to obtain
sperm cells from surgically diverted vas deferens in male
alpacas and llamas, thus facilitating the evaluation of
concentration, motility, abnormalities, and subsequent
cryopreservation. This kind of collection may be useful for
research purposes.

However, SP contains a large protein component that
has been implicated in the function, transit, and survival of
spermatozoa within the female reproductive tract (14). These
authors identified a total of 10 alpaca SP proteins. Those that
are in the 10–25 kDa range have an important modulation
effect on sperm functionality. For example, RSVP14, a binder
of sperm protein that can protect ram sperm membranes from
cold shock (15), is present in alpaca SP, suggesting a common
role of this seminal plasma protein on sperm functions in
various species. In llamas, it was observed that sperm bind to
N-acetylgalactosamine (GalNAc) on the surface of the oviductal
epithelium. This condition is necessary to establish the oviductal
sperm reservoir of South American camelids (16). More recently,
seminal lectin SL15 was studied. This lectin is likely presented
to sperm via seminal plasma since epididymal sperm cannot bind
GalNAc, whereas ejaculated sperm does (17). These findings have
great importance in explaining SP’s relevance of the functions
of ejaculated sperm and sperm cells obtained from epididymis
or vas deferens.

Alpacas, like other Old andNewWorld camelids, are classified
as an induced ovulating species. They need external stimulation
during the copulation to develop ovulation (18). Alpaca and
camel SP contains a 13 kDa protein identified as beta nerve
growth factor (β-NGF), which plays an important role in
ovulation in this species (3). Although the effect of β-NGF on
South American camelids sperm motility has not been studied
(6), the co-location of β-NGF with tyrosine kinase receptor A
(TrKA) in the middle piece of ejaculated and acrosome reacted
llama sperm (19), suggest a possible action on sperm motility.

With several compounds, SP can both inhibit and stimulate
sperm function and fertility throughmultifunctional actions (20).
It is well known that some proteins of SP linked to spermatozoa
are necessary to achieve fertility and oocyte binding. They
were identified in alpaca SP and are similar to those reported
in other species (5). The addition of SP to sperm, following
cryopreservation, increased post-thawed motility and fertility in
ram (21), enhanced post-thawed sperm function in boar (22),
and increased artificial insemination fertility in stallion (23). In
alpaca, it was demonstrated that 10% of SP incubated with sperm
cells recovered from the epididymis preserve motility, acrosome,
and viability of spermatozoa (24). In contrast, when SP was added
to thawed llama semen, it was incapable of preserving motility or
membrane function during 3 h of incubation (6). It was observed
that SP from alpacamales with high semen freezability are related
to specific protein fractions (14–15 kDa), which are absent in SP
frommales with low semen freezability (25). These findings allow
us to conclude that SP is necessary to maintain the survival and
fertilizing capacity of spermatozoa in camelids.

Furthermore, few trials use transcervical insemination with
frozen-thawed spermatozoa in alpacas, and the fertility achieved
is null or very low (26). Explanations for this low fertility
include several factors such as the time between insemination
and ovulation, the number of sperm cells, the volume of the
dose, handling of the frozen-thawed semen, use of females with
doubtful fertility, and others (27).

This study aimed to evaluate the effect of whole SP on some
in vitro parameters of alpaca sperm cells after the freezing-
thawing-process and the fertility rate achieved after an artificial
insemination trial.

MATERIALS AND METHODS

Animals
Five adult alpaca males (>4 years old with proven fertility)
were used to obtain sperm cells from vas deferens. Animal
welfare conditions were ensured in accordance with institutional
statements (approved by Ethics Committee, Facultad de

Frontiers in Veterinary Science | www.frontiersin.org 2 February 2021 | Volume 8 | Article 611301153

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Aisen et al. Seminal Plasma Alpaca Frozen-Thawed Spermatozoa

Veterinaria y Zootecnia, Universidad Nacional del Altiplano,
Puno, Perú, 15◦ 49′ 34.5′′ S, 70◦ 00′43.5′′ W, 3 820 MSL).
Spermatozoa were obtained by pipette aspiration of surgically
diverted vas deferens. This technique is described by Pérez et al.
(11, 13) and consists of five steps: (a) the males were fasted
for 24 h before the surgery and were chemically restrained with
Acepromazine maleate (0.1 mg/Kg BW); (b) the animals were
placed in a supine position, and the surgical field was prepared
in the inguinal region to perform local anesthesia; (c) a small
incision (4 cm) was made in the skin over the penis; (d) the vas
deferens of the right and left side were located and dissected in a
length of 7 cm; (e) then, the dissected parts of vas deferens were
redirected below the subcutaneous tissue and fixed to the skin
of the internal face of the femoral region, and protected with a
temporary patch.

Reagents
All chemical reagents employed were of the highest commercially
available purity, purchased from Sigma–Aldrich Co. (Saint
Louis, USA).

Sperm Cells Recovery and Process
Before each recovery, the fistula’s opening and the skin near
this hole were washed with sterile PBS. The recovery process
was begun with a rectilinear massage of the vas deferens with
the fingertips, allowing the sperm cells to move toward the
outflow of the fistula. As the drops with spermatozoa appeared,
they were aspirated by means of an automatic pipette with a
tip moistened in a Tris-based extender. The drops (about 80–
100 µL) containing the sperm cells were quickly diluted with
a Tris-based solution and placed in a plastic tube at 37◦C.
The samples were assessed through total sperm cells (TS),
sperm cell concentration, sperm motility (TM), and sperm cell
morphometry (28). Only samples with TS higher than 20 × 106

spermatozoa and TM higher than 50% were used.
A total of 20 samples (five males × four repetitions) were

performed. The collected and evaluated samples were diluted
with Tris (240mM), citric acid (76mM), glucose (22mM),
glycerol (3% v/v), and egg yolk (10% v/v) to a final concentration
of 50× 106 spermatozoa/mL (29). After the dilution and cooling
processes, the mixtures were stabilized at 5◦C for 90min. They
were then packaged in 0.25-mL straws (IMV Technologies,
L’Aigle, France) and frozen in liquid nitrogen vapor (−100◦C).
For the freezing process, the straws were placed on a rack inside a
Styrofoam box. The height was graduated manually, remaining
10min at 24 cm, 10min at 12 cm, and 5min at 3 cm above
the liquid nitrogen level. Finally, the straws were plunged into
the liquid nitrogen and stored in a nitrogen tank at −196◦C
[modified from (30)].

Sperm Cells Treatments
Thawing was performed by immersion in a water bath for
20 s at 37◦C. Each straw was divided into two post-thawing
conditions: with the addition of 10% PBS (control) or with 10%
SP (treatment). Both fractions were incubated at 37◦C for 20min.
Seminal plasma was obtained from ejaculates of six adult alpaca
males, during the breeding season, under the same animal welfare

conditions indicated previously. For this purpose, semen samples
obtained by means of an artificial vagina were treated using a
slow mechanical method (9, 31) to reduce thread formation and
to obtain a more fluent sample. Briefly, each ejaculate was very
slowly aspirated and expelled (avoiding foam formation) with a
needle (0.5mm inner diameter) attached to a syringe, repeating
this action 10 times. Then, the ejaculates were centrifuged at 700
× g for 30min (10), and the supernatant was recovered and
centrifuged once again. SP was then recovered, and a drop was
evaluated by microscopy to confirm the absence of cells (32). The
SP obtained was polled and stored at−20◦C before use.

Polyacrylamide Gel Electrophoresis
(SDS-PAGE)
An electrophoresis was carried out to obtain an approximation
of the molecular weight of the proteins present in the SP
prepared for this experiment. Six sources (males) of SP were
electrophoresed in 12% polyacrylamide gels containing sodium
dodecyl sulfate (SDS-PAGE) at room temperature (Mini Protean
3-Bio-Rad Laboratories, Inc, California, USA), as described by
Laemmli (33). The total amount of 11 µg of protein, quantified
by the Bradford (34) method, was seeded in each lane. Molecular
weight was estimated using protein molecular weight standards
(PB-L Productos Bio-logicos, Buenos Aires, Argentina). The gels
were stained with Coomassie blue and then washed, scanned
(transmission acquisition), and observed.

In vitro Assessment
After thawing and incubation with PBS or SP, the samples were
evaluated in vitro using an inverted microscope (Nikon Eclipse
Ti-S, Tokyo, Japan).

Sperm motility was determined by placing 10 µL of a sperm
sample on a warm slide and covering it with a warm coverslip,
using a warm stage (37◦C) phase-contrast optics and video-
microscopy (35).

Sperm motility index (ISM) was calculated as TM ×

movement quality (36). In this way, the quantity (percentage
of motility) and quality (vigor) of sperm movement could be
considered in a single parameter.

Plasma membrane functional integrity was assessed by the
hypoosmotic swelling test (HOST), using a modified method
developed by Giuliano et al. (37). This method consists of the
incubation (37◦C, 20min) of 50 µL of sperm samples in 200
µL of hypoosmotic solution (2.45 mg/mL of fructose and 4.5
mg/mL of sodium citrate, adjusted to 50 mOsm). The incubation
was stopped with a hypoosmotic formol solution, and then 200
spermatozoa were evaluated.

Cell viability was determined with eosin-nigrosin staining
(Eo-Ni), according to Bloom (38) and Aisen et al. (28). On
a warm stage, 10 µL of the sperm sample and 10 µL of the
supravital staining solution (5 g/L of eosin Y, 100 g/L of nigrosin,
29 g/L of sodium citrate) were mixed. After 30 s, the mixed drop
was smeared by sliding a coverslip in front of it, dried on air, and
observed by bright field microscopy (400 x).

Sperm cell morphology was performed using the slides stained
with eosin-nigrosin and Barth and Oko (39) classification,
modified by Medina et al. (40).
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Sperm cell morphometry was developed as described by Aisen
et al. (28). A high-resolution color digital camera (DS-Ri-U2,
Nikon, Tokyo, Japan) and software for processing microscopic
images (Nikon NIS Elements Advanced Research) were used.
The head length (L-head) and head width (W-head) were
measured, and ellipticity (E) was calculated, such as the L-
head/W-head ratio.

Fertility Trial
Fertility was assessed by an artificial insemination trial (extensive
field conditions). Spermatozoa from vas deferens (four males)
were frozen into 0.5 mL-straws containing 20 × 106 total sperm
cells in two different volumes. One batch was loaded only with
sperm cells + diluent (0.4mL). The other batch (SP treatment)
was filled partially with SP (0.2mL) and loaded behind an air
bubble to separate the spermatozoa + extender (0.2mL); those
were loaded at the end (Figure 1).

Each straw was separately thawed in a water bath (37◦C) for
20 s. They were managed carefully, especially those containing
SP to keep the two parts separate. The straws were dried with
absorbent paper and placed into a universal semen applicator
(IMVTechnologies, France). Finally, this AI device was protected
with a sterile sheath before seeding the female tract.

A group of adult alpaca females (Huacaya breed) from the
Quimsachata Research Station (ILLPA-INIA, Puno, Perú, 15◦45′

S, 70◦34′ W, 4200 MSL) were destined to induce ovulation
as described by Adams et al. (32). Considering that South
American camelids are species of induced ovulation, the animals
were subjected to the following maneuvers. Alpaca females
were selected according to their ovarian dynamics. For this
purpose, the presence of a dominant follicle ≥ 7mm, detected
by transrectal ultrasonography (Esaote portable ultrasound, 5
MHz probe, Genoa, Italy), was the condition to include them in
the test. After performing the ultrasound examination, ovulation
was induced with 1ml of SP given intramuscularly (32). For
this purpose, semen from adult alpaca males, obtained with an
artificial vagina, was centrifuged at 1,500 × g for 15min, and the
supernatant was observed for the absence of sperm cells. A 1:1
SP dilution with PBS+ antibiotics (kanamycin sulfate 25µg/ml)
was stored at−18◦C until the moment of ovarian stimulation.

Two groups (12 and 10 females, with or without SP into the
straws, respectively) were inseminated around 26 h after seminal
plasma stimulation. The animals were restrained in stocks, the

rectum was emptied of feces, and the perineum was cleaned.
A lubricated, gloved hand was placed in the rectum, and the
anatomical structures were located (cervix and bifurcation of
the uterine horns). With the other hand, the vulva labia were
separated, and the AI device was introduced into the vagina
at an angle of approximately 40◦ upwards. With the index
finger guiding the semen applicator, the cervix was threaded
and traversed. The device was then directed to the uterine horn
corresponding to the side where an ovarian with a dominant
follicle ≥ 7mm was observed (7). The seeding of the straw’s
content was performed as deep as possible in the uterine
horn (closest to the uterotubal junction), slowly depressing the
injector plunger.

Pregnancy was diagnosed by ultrasonography on Day 25 post-
insemination, using the same ultrasound equipment, to locate an
anechoic structure in the uterus, compatible with the embryonic
vesicle (41).

Statistical Analyses
All in vitro parameters were analyzed by ANOVA (main effects),
with a Fisher–LSD post hoc test, using the software StatSoft, Inc.
(2007). A heterogeneity test was planned for the fertility trial.

RESULTS

Assessment of Spermatozoa Obtained
The values of raw sperm cell samples obtained from vas
deferens, expressed as means ± standard error of the
mean, were TS = 35.53±8.44 × 106 spermatozoa; sperm
concentration = 405.00 ±107.54 × 106 cells/mL; TM = 57.50
± 6.86 %; L-head = 6.06 ± 0.06µm; W-head = 3.67 ±

0.03µm; E = 1.65 ± 0.02. TS and TM were strongly affected by
male factor.

Identification of Molecular Weight of SP
Proteins
The protein bands observed by SDS PAGE of SP are shown in
Figure 2. Five single or group of bands were identified, with a
molecular weight around 13, 14, 20, 25, and 60 kDa.

In vitro Effects of SP at Thawing
At thawing, no interactions between males, dates, and replicates
were found. The sperm cell dynamic parameters at thawing are

FIGURE 1 | Scheme of straw loading with seminal plasma and spermatozoa.
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FIGURE 2 | Protein bands observed by SDS PAGE of Seminal plasma from six alpaca males. Six seminal plasmas were electrophoresed in polyacrylamide gels

containing sodium dodecyl sulfate (Mini Protean 3-Bio-Rad Laboratories, Inc, California, USA). Molecular weight was estimated using protein molecular weight

standards (positions indicated with arrows). The gels were stained with Coomassie blue. Dots indicate most frequent bands observed.

shown in Table 1. The presence of SP after the freezing-thawing
improved the TM (p = 0.035), ISM (p = 0.017), and HOST
(p= 0.022), compared to the PBS treatment. No differences were
found for Eo-Ni with respect to the addition of SP.

The sperm cell morphology parameters are shown in Table 2.
Normal sperm cell morphology was higher (p = 0.022) when SP
was present at thawing, compared with PBS treatment (60.90 ±

1.40% vs. 54.60± 1.40%, respectively). A decrease in the presence
of bent tailed with droplet spermatozoa was observed in the SP
group with respect to the control group (0.45± 0.32% vs. 2.90±
1.03%, respectively).

The sperm head cell morphometry parameters are shown in
Table 3. The L-head showed a highly significant increase of about
3.4% (p= 0.0001) in the control samples (with PBS) compared to
those where SP was added at thawing (6.29 ± 0.03µm vs. 6.08

± 0.03µm, respectively). W-head and E were both 2% higher in
the control samples with respect to those with SP added, showing
statistical differences (p < 0.05).

In vivo Effects of SP at Thawing
The females who were pregnant at Day 25 post-insemination
were 0/12 (with SP inside the straw) and 1/10 (without SP inside
the straw). No significant differences were found between the
groups (p= 0.26).

DISCUSSION

The pipette aspiration of surgically diverted vas deferens seems
to be a useful technique to obtain sperm cells from male alpacas,
especially for the study of the freezing-thawing process (42). In
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TABLE 1 | Effect of seminal plasma added at post-thawing on frozen-thawed

spermatozoa obtained from alpaca vas deferens. Sperm parameters (total motility,

sperm motility index, viability, and membrane function).

Treatment TM

(%)

ISM

(%)

Eo-Ni

(%)

HOST

(%)

With PBS 18.3 ± 2.1 40.0 ± 3.2 61.4 ± 2.5 41.5 ± 1.3

With SP 25.8 ± 2.42 78.5 ± 9.0 63.4 ± 1.4 48.2 ± 1.7

p value 0.035 0.017 0.510 0.022

Values are mean ± standard error.

SP, seminal plasma; TM, total motility; ISM, sperm motility index; Eo-Ni, supravital stain;

HOST, plasma membrane functionality. The parameters were analyzed by ANOVA (main

effects), with Fisher–LSD post hoc test.

TABLE 2 | Effect of seminal plasma added at post-thawing on frozen-thawed

spermatozoa obtained from alpaca vas deferens. Sperm morphology.

Sperm morphology category Treatment p value

With PBS (%) With SP (%)

Normal sperm cells 54.60 ± 1.42 60.90 ± 1.40 0.022

Small head 19.45 ± 1.25 18.79 ± 1.65 0.754

Detached normal head 1.53 ± 0.59 2.22 ± 0.62 0.347

Detached abnormal head 0.13 ± 0.02 0.45 ± 0.02 0.229

Abaxial head 2.10 ± 0.59 1.27 ± 0.69 0.389

Bent tail with droplet 2.90 ± 1.03 0.45 ± 0.32 0.04

Bent tail 12.30 ± 1.88 11.53 ± 0.93 0.721

Coiled tail 1.25 ± 0.61 1.33 ± 0.61 0.91

Proximal droplet 3.91 ± 1.61 1.69 ± 0.81 0.247

Distal droplet 1.44 ± 0.91 0.56 ± 0.36 0.393

Fractured neck 0.80 ± 0.60 0.68 ± 0.54 0.787

Values are mean ± standard error.

SP, seminal plasma. The parameters were analyzed by ANOVA (main effects), with

Fisher–LSD post hoc test.

TABLE 3 | Effect of seminal plasma added at post-thawing on frozen-thawed

spermatozoa obtained from alpaca vas deferens. Sperm head morphometry.

Treatment Head sperm cell morphometry

Length (µm) Width (µm) Ellipticity

With PBS 6.29 ± 0.03 3.70 ± 0.03 1.73 ± 0.01

With SP 6.08 ± 0.03 3.62 ± 0.02 1.70 ± 0.01

p value 0.0001 0.026 0.037

Values are mean ± standard error.

SP, seminal plasma. The parameters were analyzed by ANOVA (main effects), with

Fisher–LSD post hoc test.

this experiment, a high TS variation betweenmales was observed,
going from 5× 106 to 152× 106 total sperm cells. For this reason,
and because of a linked low volume recovery, several samples
were discarded. Frequently, working with very small volumes at
the time of collection makes it difficult to handle and quickly
protect against thermal changes, triggering the spermatozoa’s
damage or death. Pérez et al. (13) reported that this collection
could be performed twice a week, obtaining about 25 × 106

total spermatozoa at each collection, which is close to the value
obtained in our work (35.53± 8.44× 106 spermatozoa). Motility
of the spermatozoa recovered (57.50± 6.86 %) was similar to that
achieved by Kershaw-Young andMaxwell in 2011 (56.3± 2.80%)
and other authors for epididymal alpaca spermatozoa [52.7 ±

3.3% by (12) and 56.8± 9.8% by (13)].
After the freezing-thawing process, TM and sperm

morphology related to the sperm tail status were improved
when SP was added after thawing. In this case, the recovery of
frozen-thawed spermatozoa was better, indicating SP’s direct
effect on some aspects of sperm cell physiology. Regarding this
finding, it could be connected with the high ISM achieved.
Motility of ejaculated or epididymal spermatozoa obtained from
male alpacas (raw state) was improved when SP (especially at
10%) was added during incubation at 37◦C (24).

Although no significant differences were observed for Eo-
Ni at post-thawing in this experiment, an increase in live ram
spermatozoa has been reported when adding 20% of SP at
thawing. This addition caused the best values in the sperm
quality parameters studied (43). In alpaca, Kershaw-Young and
Maxwell (24) observed that the viability of ejaculated sperm was
better when incubated in 10 rather than 100% seminal plasma.
The cause of this reduced viability is not known, but may be
associated with increased osmotic stress and lower pH due to
the higher proportion of SP in the sample with 100% SP, which
could affect the sperm parameters. Fumuso et al. (6) observed
that the percentages of total live sperm were preserved over 3 h
of incubation in all SP final concentrations evaluated (0, 10, or
50%), and no significant differences were observed in total live
spermatozoa between the SP concentrations assayed. Although
there is a coincidence with what was observed in our study (0 or
10% of SP), this work’s results are not entirely comparable since
the studies were developed using ejaculated spermatozoa, which
had already come into contact with SP.

Regarding the results in this experiment, higher preservation
of the plasma membrane functionality was observed, shown by
HOST, indicating a possible beneficial interaction between SP
proteins and the plasmalemma of the sperm cell. There are a
few references to studies researching SP’s effect on HOST using
spermatozoa collected from the vas deferens. Zea et al. (44),
evaluating spermatozoa from alpaca, found no differences in
the addition of SP at thawing for this parameter. However, the
percentage of SP used was not indicated in this work.

A group of five common protein bands was identified by
SDS PAGE. Those with a molecular weight of around 13 and
14 kDa would correspond to βNGF and RSVP14, respectively
(14). The bands below 25 kDa correspond to several proteins
with a modulation effect on sperm functionality. The 20 kDa
proteins prevent cold shock sperm membrane damage and show
seasonal differences in ram SP proteins (15). Some of these
proteins specifically bound to the acrosomal region of the ram
sperm surface (45), such as the Lactotransferrin, epididymal
secretory protein E1, Synaptosomal-associated protein 29, and
RSVP-20 present in this fraction. The 60 kDa band proteins were
observed as the most abundant in all male alpacas, without diet
influence (46). It was demonstrated that not all SP proteins bound
specifically to the sperm surface and improved the thawed sperm
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cells. These interacting seminal plasma proteins are not sufficient
to emulate the effects of complete SP regarding sperm functional
parameters (43). When certain proteins were incubated with
frozen-thawed ram spermatozoa, they partially repaired semen
cryodamage, protecting both the sperm motility and the
ultrastructure (45). These authors demonstrated that sperm
membrane was improved in frozen-thawed sperm cells treated
for 15min with SP proteins. These proteins could be sufficient
to reverse molecular signals of capacitation caused by freezing,
perhaps acting through the inhibition of the signal transduction
pathways of capacitation (43). Some of these proteins are
spermadhesins (heparin-binding proteins). They are the most
likely protein fraction that binds to phospholipids on the sperm
membrane upon ejaculation, stabilizing the sperm membrane,
and preventing capacitation (14). Centurion et al. (47) incubated
fresh boar spermatozoa with heparin-binding spermadhesins
and non-heparin-binding spermadhesins. They found that
non-heparin-binding spermadhesins contributes to maintaining
sperm with high viability, motility, and mitochondrial activity
for at least 5 h. They conclude that both spermadhesins exert
antagonistic effects on the functionality of highly diluted boar
spermatozoa. However, recent studies on llama ejaculates did
not find improvements when SP was added after the freezing-
thawing (6). When the results obtained in llamas are compared
with those observed in our work on alpacas, it is important to
consider the difference in the source of spermatozoa. In llama,
ejaculated sperm had previous contact with SP, suggesting (but
not reliably verified) that, in this case, the bounded proteins of the
SP present in the semen at the time of ejaculation have previously
exercised some protection against the cryopreservation. In the
case of alpaca spermatozoa analyzed in our experiment, the first
contact with SP was at post-thawing incubation.

There is a hypothesis (biphasic effect): SP interaction with
spermatozoa could be beneficial in the short term in normal
reproductive physiology but could be detrimental in the long-
term preservation condition (48). Considering Kershaw-Young
andMaxwell’s (24) findings, most of the spermatozoa parameters
incubated with SP measured at 0.5, or 1 h (motility, intact
acrosomes, viability) showed the same behavior, predicting the
dynamics during the incubation. However, most of the values of
the parameters studied showed a strong decrease after 1 h. On the
other hand, as indicated previously, ram sperm cells treated with
SP for 15min were sufficient at improving progressive motility
and other parameters (45). For these reasons, we have considered
exposing the sperm cell to the SP for a short time.

The morphology of frozen-thawed spermatozoa showed that
the percentage of normal sperm cells was higher with SP at post-
thawing. The principal differences were the values of the bent
tailed with droplet cells (a secondary abnormality), indicating
possible damage on tail plasma membrane permeability when
the spermatozoa were incubated with PBS. Interestingly, the
percentage of bent tails with droplets was close to zero when SP
was present at post-thawing.

Continuing with sperm measurements, L-head was 3.4%
higher in the control samples (with PBS) with respect to
thawed samples with SP added. The analysis of SP’s addition at
post-thawing on the headmorphometry allows supposing that, in

this condition, SP modules the membrane permeability, slightly
reducing the flow of water into the sperm cells because of the
presence of glycerol at thawing (49). Due to the small capacity of
the head sperm cell to change its volume, length may be the best
parameter related to this modification compared to width. In ram
spermatozoa, the ultrastructures below the plasma membrane
(cytoskeleton included) seem to be less rigid at the acrosomal
region than the equatorial segment or the post-acrosomal region
(50, 51). It is also important to highlight that sperm cell
morphometry parameters with SP at post-thawing (Table 3) were
similar to those at the pre-freezing stage (L-head = 6.06 ±

0.06µm; W-head = 3.67 ± 0.03µm; E = 1.65 ± 0.02), allowing
the cell to maintain the best physiological condition.

For the artificial insemination trial, the straws corresponding
to the treatment group were filled with 0.2mL of SP and 0.2mL
of sperm + extender. This original 1:1 ratio in the straw would
not be maintained during seeding. It was considered that, during
insemination, the part of SP (which is expelled at first) would be
deposited on the uterine mucosa, losing a part of it due to the
dilution effect in the uterine fluids. The part of thawed sperm
cells that was seeded later would be deposited on this portion of
SP, reaching a real final SP/sperm ratio much <50%, emulating a
little more to in vitro conditions. Apichela et al. (52) confirmed
that the presence of viscous mucus (in particular secreted by the
bulbourethral glands) in the utero-tubal junction in llamas was
involved in the formation of the sperm reservoir. This seminal
factor can bemodified when ejaculates are diluted with extenders,
resulting in a diminished adhesion of sperm to the oviductal
mucosa and the viability in the female tract. For this reason,
SP added into the straw could artificially restore (partially)
the conditions that sperm cells have after natural mating. This
experimental design attempted to offer to thawed sperm (with
a lower fertilizing capacity compared to fresh sperm) a more
appropriate media to maintain their functions until reaching
the oviduct. However, this condition could not be demonstrated
during this fertility test.

This artificial insemination trial was carried out in field
conditions, where it was not possible to perform tracing of
the ovarian follicle’s development. The follicular size was used
as a guide to select those females that presented favorable
conditions to induce ovulation. In this sense, Adams et al.
(32) showed that, by selecting llamas with follicles larger than
≥8mm, ovulation was detected in 90% of females after i.m.
administration of seminal plasma. Unlike our work, females were
previously induced to synchronize the follicular-wave emergence
among animals with LH. More recently, Ascencio et al. (53)
studied the effect of the stage of development of the follicular
wave prior to the natural mating on the ovulation rate and the
recovery rate and embryo quality in alpacas. These authors found
that there were no significant differences between groups by size
of the dominant follicle (phase of follicular growth, regression,
or static), ovulation rate, or size of the corpus luteum on the day
of embryo recovery. The lack of greater monitoring of ovarian
dynamics in our work could have influenced the pregnancy rates
obtained. Due to the low pregnancy values obtained, other factors
such as the number of motile sperm cells and relocation of
liquid components inside the straws should be considered in
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future experiments. The pregnancy diagnosis by ultrasonography
was also performed at the 4th month, confirming that the only
pregnant female remains in this state.

In conclusion, the presence of 10% SP at post-thawing
improves sperm cell motility, plasma membrane functionality,
and cell morphology, indicating that this condition would be
beneficial to improve the physiology of the frozen-thawed alpaca
spermatozoa. More in vitro and in vivo trials must be developed
to increase knowledge of these findings.
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This is the first time that testicular tissue (n = 44) and isolated testicular cells (n = 51)

were cryopreserved from alpaca testes 24 h postmortem. For this purpose, internally

designed freezing media and cryopreservation protocols were used. Testicular tissue

fragments (25mg) and isolated testicular cells were frozen in MTDB (trehalose and

black maca), MTD (trehalose), MSDB (sucrose and black maca), and MSD (sucrose)

media. Isolated spermatogonial cells were cryopreserved in two ways, before and

after proliferation in vitro. After cryopreservation, the percentage of cell viability in

Group 1 (>50% of cell viability) by trypan blue did not show differences within each

group (p > 0.05) but showed significant differences when comparing fragments with

isolated cells (p < 0.05). Spermatogonial stem cells (SSC) were identified by flow

cytometry as strong Dolichos biflorus agglutinin (sDBA) and mitochondrial activity

of SSC as strongly positive for MitoSense (sMitoSense+) in intact mitochondria

cells, weakly positive for MitoSense (wMitoSense+) in early apoptosis, and necrosis

with 7-Aminoactinomycin-D positive (7-AAD). After freezing, in Group 1M (≥30%

sMitoSense+), the fragments did not show differences between the media (p > 0.05),

but in the isolated cells frozen in MSDB medium, 63.68 ± 8.90% (p < 0.05). In Group

2M (<30% sMitoSense+), necrosis (7AAD+) in MSDB medium was 27.03 ± 5.80%,

and necrosis in isolated cells was 14.05 ± 9.3% with significant differences between

these groups (p < 0.05); in sMitoSense+, the isolated cells (34.40 ± 23%) had

a higher percentage than the fragments (12.4 ± 5.2) (p < 0.05). On the other

hand, MSDB and MSD media were significantly higher for isolated cells than for

fragments in sDBA+ (p < 0.05). On the other hand, the SSC (sDBA+) had significant

differences (p < 0.05) between fresh cells 7.43 ± 1.3% (sDBA+) compared with

those cryopreserved in MSDB medium 1.46 ± 0.34% (sDBA+). Additionally, the

proliferated and cryopreserved SSC 6.29 ± 1.17% (sDBA+) did not show significant

differences concerning the fresh cells (p > 0.05). In conclusion, the black maca showed
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antioxidant properties when it was included in the freezing medium and, therefore,

improved the SSC’s conservation of the alpaca. Furthermore, the proliferation of isolated

cells in vitro produces a higher amount of SSC after thawing them for further preclinical

or clinical work.
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INTRODUCTION

Spermatogonial stem cells (SSC) are present in minimal amounts
in the seminiferous tubules of adult animals; in particular, it
is estimated that only 0.03% of cells correspond to SSC (1, 2).
SSC have the ability to self-renew, which guarantees balanced
male fertility (3). This property makes them attractive as an
advanced biotechnological tool for conserving genetic material
from wildlife and elite animals, since the establishment of SSC
banks (4).

In addition, testicular tissue preserved ex vivo through
the freezing of testicular biopsies or isolated SSC from adult
individuals could serve as a reservoir for the rescue and
conservation of male fertility (4). In fact, the preservation
of SSC allows for the rescue of important genetic material.
Therefore, these cells can help to preserve male fertility in
individuals from childhood to adulthood and in animals with
good reproductive characteristics. Indeed, frozen and thawed
testis tissues or isolated cells can be transplanted to the same
individual from which the progenitor tissues were derived or to
an individual of a lesser race, making the recipient individual
produce male animal gametes from these sources (5).

Moreover, SSC cryopreservation would allow the study,
rescue, and conservation of SSC of animals with high
genetic value (6), including animals with a high economic
impact in Peru, such as alpacas, and can thus be used
for reproductive genetic management of Peruvian alpacas
producing good fiber. In animal models, it has been described
that frozen testis tissue can undergo differentiation after
cryopreservation, thereby producing primary spermatocytes
that eventually differentiate into round spermatocytes and
ensuring the production of spermatozoa (1, 7, 8). Therefore,
cryopreservation of testicular tissue shows excellent potential in
assisting male fertility (9, 10) because spermatozoa and SSC can
be rescued from testicular biopsies after thawing and be used
for assisted reproduction techniques of high complexity, such
as intracytoplasmic insemination (ICSI), with low abortion rates
(11, 12).

Currently, several research groups are committed in
developing biotechnologies in the fields of both isolation,
cryopreservation, and transplantation of SSC, highlighting the
possible applications of SSC (13). For example, extensive work
has been carried out on humans (11), mice (14, 15), cattle (16),
pigs (17), and alpacas (18), where it was possible to identify SSC
as well as early differentiating SSC using molecular markers and
Dolichos biflorus agglutinin (DBA) (19).

Cryopreservation of isolated SSC or SSC in the form of
testicular biopsies has the potential, in the long term, to support

highly efficient methods of reproductive biotechnology for
conserving male genetic material and could lay the foundation
for the creation of SSC banks for the Peruvian alpaca, generating
potentially useful new alternatives to conserve male fertility in
alpaca elites. Alpaca is one of the leading livestock species of
the high Andean region in Peru, with great economic impact.
Peru hosts more than 87% of the worldwide alpaca population.
Distributed in a more significant proportion in Puno, Cuzco,
and Huancavelica, 85% of the alpaca population corresponds to
the Huacaya breed (with 95% white and 5% colored) and 15%
to the Suri breed (7), whose productivity is currently declining.
Peruvian alpacas have high genetic variability (20, 21); however,
fiber productivity decreases annually by 2.3%.

Various research groups have started to study and characterize
this species from the reproductive perspective, with genetic
improvement as one of the main objectives (22, 23). Advances
have beenmade in the cryopreservation of semen and epididymal
sperm, artificial insemination, and embryo culture as well as
in the evaluation of genetic diversity, in order to establish
strategies for the selection of reproducers and the application of
appropriate technologies for this species (24). However, alpaca
reproduction still shows considerable difficulties, such as a
long gestation time, difficult handling, and establishing artificial
insemination programs. Indeed, this method is limited by semen
collection or by low post-thawing motility of epididymal sperm
(25). Unfortunately, adequate protocols for semen preservation,
one of the most widely used techniques in reproductive
biotechnology in other domestic species, have not yet been
established for alpacas; therefore, it is necessary to study germ
cells from different perspectives.

In adult alpacas, the presence of SSC was identified using
molecular markers (Zbtb16, Integrin β1) and by flow cytometry
(FC) after enzymatic isolation from testicles of adult alpacas and
staining with DBA, as SSC are strongly DBA-positive (sDBA+)
cells (18) that can proliferate and differentiate in vitro (26).
Because of this property, freezing of gonadal tissue or isolated
spermatogonial cells can facilitate the conservation of SSC as well
as testicular sperm, which could be used in several reproductive
procedures (6, 27, 28).

Unfortunately, it was never possible to freeze testicular
biopsies or testicular fragments of alpaca with traditional
cryopreservation media; however, in some species, such as mice,
pigs, cattle, and humans, some freezing media and techniques
have been optimized. For instance, vitrification-based freezing
of human testicular biopsies has been described, with promising
results for the cryopreservation of testicular tissue (9). Moreover,
it has been observed that freezing testicular tissue of mice with
dimethylsulfoxide (DMSO) and propanediol (PROH) preserves
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the ability of testicular sperm to produce embryos via ICSI,
which, when transferred to pseudopregnant females, generate
new individuals (10).

Therefore, supplementation of the medium with
different additives is a strategy to improve the efficiency of
cryopreservation. For instance, the use of sugars, such as
trehalose and sucrose, as non-permeable cryoprotectants is
recommended to increase the recovery, viability, proliferative
capacity, and colonization efficiency of undifferentiated
spermatogonia after thawing in species, such as mice (15), pigs
(17, 29), and cattle (16). In addition, cryopreservation media
have also been supplemented with additives, such as collagen,
laminin, and antioxidants. The latter can increase the survival
of cells by scavenging the reactive oxygen species generated
during the cryopreservation process, which can damage cellular
structures, such as membranes or proteins, thereby the sensitivity
to freeze/thaw processes, or DNA integrity, thus reducing the
viability and proliferative capacity of SSC (13).

Indeed, there is an obvious need to preserve male fertility
in individuals from childhood to adulthood (for example in
oncology patients) and animals with some good reproductive
characteristics that become evident during the adult stage.
Therefore, conserving testicular tissue ex vivo through the
freezing of testicular biopsies or isolated SSC of adult individuals
could serve as a reservoir for the rescue and conservation of
male fertility.

Nevertheless, alpaca sperm cryopreservation has not been
used extensively because of its limiting step of semen collection.
In addition, alpaca epididymal sperm presents low spermmotility
after thawing, so it is impossible to use it in artificial insemination
programs. On the other hand, freezing of gonadal tissue or
isolated spermatogonial cells would facilitate the conservation of
SSC and spermatozoa and contribute to the preservation fertility
of alpacas.

Therefore, SSC are attractive as an advanced biotechnological
tool for the conservation of male genetic material of wildlife
and elite animals. SSC freezing/thawing would allow the study,
rescue, and conservation of SSC of animals with high genetic
value, including animals with a high economic impact in
Peru, such as alpacas, and thus can be used for reproductive
genetic management in Peruvian alpacas producing good fiber.
Furthermore, in animal models, it has been described that
differentiation of SSC ensures spermatozoa production (1, 7,
8). In adult alpacas, the presence of SSC has been identified
using molecular markers (Zbtb16, Integrin β1) and by FC
after enzymatic isolation from testicles of adult alpacas and
staining with DBA, as SSC are sDBA+ cells [mean ± standard
deviation (SD) of sDBA+] corresponding to SSC = 4.43 ±

0.68% (18), which can proliferate and differentiate in vitro
(26, 30). Cryopreservation of testicular tissue shows promising
applications in male fertility (9, 10). Indeed, testicular biopsies,
spermatozoa, and SSC can be recovered after thawing and used
in assisted reproduction techniques of high complexity, such as
ICSI, with low abortion rates (12).

It has been observed that administering maca in vivo to mice
with physically induced subfertility during 35-days treatments
reduces sperm DNA fragmentation, from 11.1 ± 19.29 to 2.29

± 2.30% (mean ± SD) while increasing sperm concentration
and mobility (31). In addition, different biological responses to
various ecotypes of maca have been observed (32). For example,
maca can exert anti-stress energizing effects and scavenge
free radicals and provide cytoprotection under oxidative stress
conditions (33–35). Unfortunately, it was never possible to
freeze testicular biopsies or testicular fragments of alpaca with
traditional cryopreservation media.

After thawing human testes tissue, the testicular sperm can
be used for ICSI with low abortion rates (12). Advances in
tissue cryopreservation, as well as in germ cell transplantation
and testicular biopsy technology, open new horizons for the
preservation of male fertility (36, 37), offering alternatives to
cancer patients affected in their fertility since childhood (38).
Indeed, cryopreservation of testis biopsies can help children who
are subjected to aggressive treatments preserve future fertility
after transplant (39, 40).

Maca (Lepidium meyenii Walp), a plant of the Brassicaceae
family from the high Andean region of Peru, grows at
4,000m.a.s.l., whose traditional use has been for 2,000 years
as food and also has a medicinal role (41). Its consumption
has been shown to improve fatigue (42), spermatogenesis (32,
41), and erectile dysfunction in animals (43) and in humans
(44). Different biological responses of maca ecotypes (32)
provide energizing anti-stress and antioxidant effects (33, 34,
45), natural cytoprotection (46), and cytoprotection in oxidative
stress conditions (35). Through nuclear magnetic resonance
(NMR) and biochemical analysis, Zhao et al. identified that in
maca, there are proteins, lipids, carbohydrates, and unsaturated
fatty acids and minerals (47). Maca shows properties as a
natural potential cryoprotection agent (CPA) to alpaca SSC.
On the other hand, it has been observed that maca reduces
sperm DNA fragmentation in animals with chemically induced
subfertility (31); moreover, long-term treatment with black
maca has been reported to enhance daily sperm production
and increase sperm motility. These findings indicate differences
in the biological response to various maca ecotypes (32),
such as anti-stress energizing effects, free radical scavenging,
and cytoprotection under oxidative stress conditions (33–
35).

For this purpose, we developed cryopreservation media with
permeable and non-permeable cryoprotective agents and the
addition of a natural supplement, blackmaca, whose components
exert antioxidant effects in mice (31). It was never possible to
freeze testicular biopsies or testicular fragments of alpaca with
traditional cryopreservation media; however, in some species,
such as mice, pigs, cattle, and humans, freezing of testicular
material has been successfully performed.

We propose that our freezing media would help tissue and cell
cryogenics for promising applications in prepubertal patients and
even adult men, as well as for elite animals of high value and
genetic lineage, and economic impact, such as alpacas, valued
for their quality of fiber and meat, and the conservation of
wildlife animals.

Here, we aimed to evaluate the cytoprotective effect of
black maca during cryopreservation in both testicular biopsies
and isolated SSC before and after in vitro proliferation by
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analyzing mitochondrial activity, early apoptosis, and post-
thawing necrosis.

MATERIALS AND METHODS

Animals
Fifty-one adult male alpacas (4–6 years old), coming from family
breeding facilities of the populated centers of the Lacchoc,
Cachimayo, Huaracco, and Carhuancho areas (Huancavelica,
Peru), were slaughtered in the Municipal Camal of Chuñuranra
town, at 3,680m.a.s.l. The environmental temperature of the
area fluctuates between 6 and 8◦C, with an average annual
rainfall between 400 and 700mm and an altitude between
3,000 and 4,600m.a.s.l. Testicles with epididymis were recovered
immediately after slaughter in 0.9% NaCl and transported in
isothermal boxes provided with gel ice to maintain the cold
chain during transport (24 h) to the Laboratory of Reproductive
Physiology, Faculty of Biological Sciences, Universidad Nacional
Mayor de San Marcos (UNMSM), Lima, Peru.

Samples
Testicles and epididymis were washed in phosphate-buffered
saline with 0.1 mg/ml penicillin, 0.1 mg/ml streptomycin, and 0.5
mg/ml gentamicin soon after arrival at the laboratory (UNMSM)
in Lima, Peru. The tunica albuginea tissue was removed in sterile
conditions. Testes that weighed ≥8 g and exhibited progressive
epididymal sperm motility of ≥30% were selected (26).

Epididymal sperm parameters were evaluated according to
Organization WH (48). Sperm motility was evaluated and
classified as follows: P, progressive motility; NP, non-progressive
motility; and I, immotile. Several microscopic fields were
evaluated using a Scientific i4 Series light microscope (LW
Scientific, Lawrenceville, GA, USA) and a video recorder
with an OmniVID camera, and the MicroCap v3.0 software
(LW) values were expressed as percentages, based on the
observation of 100 spermatozoa in each sample. Samples were
classified as good (≥30% of progressive motility of epididymal
spermatozoa), regular (20–29% of progressive motility of
epididymal spermatozoa), and poor (from 0 to 19% of progressive
motility of epididymal spermatozoa), as described by Valdivia
et al. (18). Only samples exhibiting good quality were used for the
thawing protocol of fragments and isolated spermatogonial cells.
Sperm concentration was determined using a hemocytometer
and expressed in millions of spermatozoa/ml.

Forty-four samples were frozen as fragments and 32 samples
as isolated spermatogonial cells. Eight samples frozen as
fragments and isolated spermatogonial cells were analyzed by
FC. Fifteen additional samples were used for the in vitro
proliferation experiment.

Freezing media for fragments and isolated spermatogonial
cells were supplemented with atomized black maca (Juvens R©;
Cayenatur, Lima, Peru) as described by the Research Circle of
Plants with Effect on Health (grant no. 010-2014-FONDECYT).
Botanical samples were deposited in the HEPLAME MG-2015
(Herbarium of Medicinal Plants, Section of Pharmaceutical
Sciences, Faculty of Sciences and Philosophy, Universidad

Peruana Cayetano Heredia). Maca components have been
previously characterized by NMR (49).

Recovery of Testicular Tissue Fragments
and Cryopreservation
(Protocol LFR-UNMSM-2)
Longitudinal cuts of testicles were made, and three 25-mg
fragments of tissue (8 × 2 × 2mm) were obtained from each
sample and immediately transferred to 80 µl of four media
at room temperature: MTDB (HAM-F10 modified, 0.2M of
trehalose, 10% DMSO, and 20 mg/ml atomized black maca
Juvens R©), MTD (HAM-F10 modified, 0.2M of trehalose, and
10% DMSO), MSDB (HAM-F10 modified, 0.2M of sucrose, 10%
DMSO, and 20 mg/ml atomized black maca Juvens R©), or MSD
(HAM-F10 modified, 0.2M of sucrose, and 10% DMSO).

Samples (n = 44) were placed for stabilization for 1 h
in a water bath at 4◦C. Subsequently, cryopreservation was
performed in the Freeze Control CL 3300 heat-controlled
system (CryoLogic, Victoria, Australia) using the Cryogenesis IV
software. Our in-house designed freezing protocol of testicular
fragments is called protocol LFR-UNMSM-2 (30). Freezing
begins at 4◦C and ends at −35◦C. After the process, the samples
were suspended in nitrogen vapors (−80◦C) for 12 h. Then,
the samples were immersed in liquid nitrogen at −196◦C.
Samples were slowly thawed from −196◦C, placing them in a
12 × 8 cm polystyrene box uncovered in room temperature at
19◦C for 5min then to 37◦C until it thaws completely (5min
more approximately).

Isolation of SSC
Testicular tissue (0.8 g), except rete testis, was cut into small
pieces in Minimum Essential Medium (MEM) supplemented
with 100µg/ml penicillin and 100µg/ml streptomycin;
then, fragments were filtered through a metal mesh in
order to disaggregate the tissue into spermatogonial cell
suspensions. Subsequently, the samples were processed
according to Izadyar et al. (50), by two steps of enzymatic
digestion (ED): ED1 and ED2. ED1 was performed in
MEM supplemented with 1 mg/ml collagenase, 26.3 µl/ml
DNase, and 0.5 mg/ml hyaluronidase for 30min at 32◦C in
continuous motion, and then the suspension was washed
with MEM by centrifugation and resuspension. The cells were
then suspended in ED2 medium, which was supplemented
with 1 mg/ml collagenase and 0.5 mg/ml hyaluronidase
according to the previously described methodology (50). The
cell suspension was centrifuged at 1,800 rpm (300× g) for
5min, the supernatant was discarded, and the cell pellet was
washed three times in MEM supplemented with penicillin
and streptomycin. Finally, cell viability was analyzed via
trypan blue exclusion assay. In this assay, non-stained cells
were considered alive, whereas cells staining blue were
dead. Samples (n = 32) showing ≥80% of cell viability by
trypan blue assay were used for cryopreservation and in vitro
culture experiments.
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Cryopreservation of Isolated
Spermatogonial Cells (Protocol
LFR-UNMSM-3)
Similar to testicular fragments, 2 × 106/ml isolated
spermatogonial cells (n = 32) were mixed with MTDB,
MTD, MSDB, or MSD medium at 1:1 ratio in a total volume of
80 µl. Next, 40 µl of the cell suspension was added to 40 µl of
four cryopreservation media: MTDB (HAM-F10 modified, 0.2M
of trehalose, 10% DMSO, and 20 mg/ml atomized black maca
Juvens R©), MTD (HAM-F10 modified, 0.2M of trehalose, and
10% DMSO), MSDB (HAM-F10 modified, 0.2M of sucrose, 10%
DMSO, and 20 mg/ml atomized black maca Juvens R©), or MSD
(HAM-F10 modified, 0.2M of sucrose, and 10% DMSO) at room
temperature. After stabilization (for 1 h at 4◦C), the samples were
frozen in the heat-controlled system using the Cryogenesis IV
software and our in-house designed protocol for cell suspensions
(LFR-UNMSM-3) (30). The temperature decrease continued at a
rate of 2◦C/min until reaching a temperature of −7◦C, set to last
11min. At this temperature, ice sowing was induced by seeding.
Subsequently, at a rate of 0.3◦C/min, the temperature reached
−30◦C and was then immediately brought down to −84◦C at a
rate of 6◦C/min. At the end of the freezing process, the samples
were withdrawn from the cryochamber, suspended in liquid
nitrogen vapors for 12 h, and then immersed in liquid nitrogen
at a temperature of−196◦C. Samples were thawed from−196 to
18◦C for 5min and incubated at 37◦C.

In vitro Culture of Isolated Spermatogonial
Cells
Other aliquots of the spermatogonial cell suspensions (1 × 106

cells/ml) were cultured in vitro according to Valdivia et al. (26)
in polystyrene culture plates (SPL Life Science) with Dulbecco’s
Modified Eagle Medium (DMEM; Gibco) supplemented with
0.29 mg/ml L-glutamine (Sigma-Aldrich), 10µl/ml non-essential
amino acids (Sigma-Aldrich), 100µg/ml penicillin (Sigma-
Aldrich), 100µg/ml streptomycin (Sigma-Aldrich), 1 µl/ml
insulin–selenite–transferrin sodium (Sigma-Aldrich), 30 mg/ml
pyruvic acid (Sigma-Aldrich), 1 µl/ml lactic acid (Sigma-
Aldrich), 0.5% bovine serum albumin (Sigma-Aldrich), 1% fetal
bovine serum (Sigma-Aldrich), and 1% human milk (donated by
an anonymous mother). Cells were cultured at 37◦C and 5% CO2

for 15 days. After that, the cells were cryopreserved and thawed
following the protocol LFR-UNMSM-03 as described above.

Quantification of SSC and Cells Displaying
Normal Mitochondrial Membrane Potential
After Cryopreservation by FC
Similarly, the amount of SSC was evaluated in 1 × 106 cells/ml
per sample, from fragments (n = 8) and isolated cells (n = 8)
post-thawing, after labeling with 100µg/ml of the fluorescein
isothiocyanate-conjugated DBA. Through this method, we
identified SSC as sDBA+ cells, early differentiating cells as weakly
marked (wDBA+) cells, and differentiated round cells as DBA-
negative (DBA–) cells, according to Valdivia et al. (26). The
mitochondrial state of the post-thaw cells was determined with
the FlowCellect MitoPotential Red Kit (Merck), which is a dual

TABLE 1 | Samples characterization by parameter ranges.

Range

Number of samples (n) 55

Testicular weight (g) 8–19.94

Round spermatogonial cell concentration (millions) 20–171.5

Round spermatogonial viability (%) 80–97.4

Sperm concentration/epididyme (millions/mL) 9–1,029

Sperm viability (%) 30–93.9

parameter assay kit for FC includingMitoSense Red, a fluorescent
cationic dye, and the DNA intercalator 7-Aminoact (7AAD).
We classified cells as follows: (1) strongly MitoSense-positive
(sMitoSense+) cells with intact mitochondrial activity; weakly
MitoSense-positive (wMitoSense+) cells in early apoptosis;
and (2) MitoSense-negative (MitoSense–) cells, not labeled by
MitoSense Red but showing an intense orange fluorescence due
to 7AAD. Cell population analysis was performedwith the Amnis
imaging flow cytometer (Merck). Histograms produced for each
fluorochrome permit with bin tool to calculate the amount of the
cell population according to the intensity of the fluorochromes
selected. A total of 10,000 events were recorded for analysis using
the IDEAS software (EMD Millipore, Burlington, MA, USA).
Unfrozen spermatogonial cells, proliferated cells, and fresh cells
exposed to UV light were used as control for MitoSense, DBA,
and 7AAD staining, respectively.

Statistical Analysis
Differences between media with or without black maca
Juvens R© were tested with Kruskal–Wallis tests (p < 0.05).
Likewise, comparative tests were performed to highlight
significant differences between frozen sample types (fragments
vs. cells) using the Mann–Whitney U test. Statistical analysis
was performed with the SPSS statistical package. Tests of
homogeneity (Levene’s test) and normality (Shapiro–Wilk test)
were also carried out.

Ethical Aspects
This study was evaluated, registered, and approved by the UPCH
Institutional Ethics Committee for the Use of Animals (CODE
SIDISI No. 0000066755). There is no special interest; there is no
bias or particular interest in the formulation of the media, the
natural supplements used, or the protocols.

RESULTS

To develop an effective alpaca SSC freezing protocol, we
collected testicles from 51 animals after 24 h from death.
We selected only samples scoring above a minimal threshold
for the following parameters on testicular weight, round
spermatogonial cell concentration and viability, and sperm
viability and motility (Table 1). These samples were included in
the study to optimize the freezing/thawing process of fragments
and isolated SSC. Our results were highly variable, grouped
according to spermatogonial cell viability with trypan blue
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TABLE 2 | Mean Percentage of cell Viability calculated by Trypan blue exclusion assay.

x̄ ± SE (n)

MTDB MTD MSDB MSD

Fragments (37)

Group 1: > 50% 78.51 ± 2.91 (23)a 72.96 ± 2.80 (23)a 72.32 ± 2.39 (23)a 74.42 ± 2.46 (23)a

Group 2: 30-50% 40.90 ± 2.13 (09)a 38.55 ± 2.33 (09)a 41.70 ± 1.55 (09)a 44.71 ± 1.28 (09)a

Group 3: < 30% 19.20 ± 4.66 (05) a 17.03 ± 6.72 (05)a 19.14 ±4.45 (05)a 19.20 ± 4.66 (05)a

Isolated cells (32)

Group 1: > 50% 63.60 ± 3.35 (09)b 61.75 ± 1.57 (12)b 60.51 ± 1.87(8)b 59.31 ±1.84 (12)b

Group 2: 30–50% 39.65 ± 1.52 (11)a 36.42 ± 1.67 (11)a 40.59± 1.63 (15)a 39.6 2± 1.93 (11)a

Group 3: < 30% 20.88 ± 2.12 (12)a 20.33 ± 2.23(09)a 12.79 ±2.68 (09)a 19.92 ± 2.08 (09)a

a,bDifferent letters show statistical differences.

dye: Group 1: >50%, Group 2: 30–50%, and Group 3: <30%.
Mitochondrial activity status was identified in spermatogonial
cells using MitoSense fluorochrome and grouped according to
mitochondrial activity as Group 1M (≥30% sMitoSense+) and
Group 2M (<30% sMitoSense).

Evaluation of Cell Viability by Trypan Blue
Staining After the Freeze/Thaw Process
After performing the thawing process, the viability of single
round cells, derived from fragments by ED as described for
isolated cells, and of isolated frozen cells was evaluated after
storage at −196◦C for 1–166 days and 1–148 days, respectively,
by trypan blue exclusion assay. Forty-four fragment and 32
isolated spermatogonial cell samples were used (Table 2). The
37 fragment samples were classified into three groups according
to the percentage of viability in MTDB, MTD, MSDB, and
MSD media: Group 1, >50%; Group 2, 30–50%; and Group 3,
<30%. Group 1 included samples with the highest percentage
of viability. In particular, cell viability from thawed fragments
belonging to Group 1 was 78.51 ± 2.91% in 60% of evaluated
samples in MTDB medium (n = 23), 72.96 ± 2.80% in 60% of
evaluated samples in MTD medium (n = 23), 72.32 ± 2.39%
in 64% of evaluated samples in MSDB medium (n = 23), and
74.42 ± 2.46% in 60% of evaluated samples in MSD medium
(n= 23, Table 2). The mean percentage of viability of fragment-
derived cells did not significantly differ (p> 0.05) among the four
freezing media, not even among Groups 1, 2, and 3.

Similarly, 32 samples of isolated spermatogonial cells were
thawed, and cell viability was evaluated by trypan blue staining.
Group 1 included samples with the highest percentage of
viability. In particular, cell viability from thawed isolated
spermatogonial cells was 63.60 ± 3.35% in 28% of evaluated
samples in MTDB medium (n = 9), 61.75 ± 1.57% in 37.5% of
evaluated samples in MTD medium (n = 12), 60.5 ± 1.87 in
25% of evaluated samples in MSDB medium (n = 8), and 59.31
± 1.84% in 37.5% of evaluated samples in MSD medium (n =

12). There were no significant differences in cell viability between
cells frozen in different media nor among Groups 1, 2, and 3
(Table 2). However, when compared, the viability in cell derived

from fragments vs. isolated cell of Group 1 did significantly differ
(p < 0.05) in all media (Table 2).

Quantification of SSC and Determination of
Mitochondrial Membrane Potential After
Cryopreservation by FC
The percentage of SSC (sDBA+) and their mitochondrial
membrane potential were analyzed in cell extracts from thawed
fragments and isolated spermatogonia.

Samples were classified according to the intensity of
MitoSense staining into two groups: Group 1M, ≥30%
of sMitoSense+ cells (Table 3) and Group 2M, <30% of
sMitoSense+ cells, for identifying the best freezing medium with
good and low samples, respectively (Table 4).

Further, cells displaying strong mitochondrial activity were
revealed as sMitoSense+ cells, cells undergoing early apoptosis
as wMitoSense+ cells, and necrotic cells as 7AAD+ cells
(Figure 1). In Group 1M, the percentage of SSC (sDBA+ cells)
and sMitoSense+ for SSC derived from fragments amongMTDB,
MTD,MSDB, andMSD freezingmedia did not significantly differ
(p > 0.05). On the other hand, we found statistically significant
differences (p < 0.05) in sDBA+% in MSDB (2.73 ± 2.02%)
and MSD (1.09 ± 0.84%) with MTDB (5.95 ± 2.62%) and MTD
(5.07 ± 1.87%) freezing media in isolated cryopreserved cell and
with cell derived from fragments cryopreserved inMSDB (9.67±
2.22%) and MSD (7.41± 2.37%) media (Table 3).

In particular, the high percentage of sMitoSense+ cells
among thawed isolated spermatogonia was 63.68 ± 8.90%
(Figure 2, Table 3) and significantly higher than MTDB, MTD,
and MSD media and with cell derived from fragments in
MSDB medium (p < 0.05). There were no significant differences
between apoptosis and necrosis in cells cryopreserved derived
from fragments or isolated cells.

On the other hand, among the samples of Group 2M (<30%
sMitoSense+), the percentages of sDBA+ with sMitoSense+ or
wMitoSense+ derived from fragments did not significantly differ
among the cryopreservation media. Conversely, the percentage
of necrotic cells (7AAD+) was 27.03± 5.80% in sDBA+ derived
from frozen fragments in MSDB medium (Table 4), significantly
higher than in MTDB, MTD, and MSD media (p < 0.05).
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TABLE 3 | Mean percentage of spermatogonial stem cell with intact mitochondrial activity (sMitoSense+), early apoptosis (wMitoSense) and necrosis (7AAD+) in-group

1M.

Group 1M: ≥30% (sMitoSense+) x̄ ± S.E(%)

TESTICULAR FRAGMENT (n = 8) MTDB MTD MSDB MSD

sDBA+ 8.43 ± 3.37a 13.52 ± 1.27a 9.67 ± 2.22a 7.41±2.37a

wDBA+ 70.3 ± 6.48a 68.73 ± 2.32a 71.98 ± 1.60a 67.58 ± 2.88a

DBA- 11.15 ± 5.38a 15.40 ± 8.65a 15.92 ± 4.15a 14.29 ± 9.78a

sMitoSense+ 57.20 ± 9.57a 34.07 ± 12.20a 48.53 ± 10.46a 41.96 ± 12.92a

wMitoSense+ 23.7 ± 6.25a 29.57 ± 19.07a 20.55 ± 5.41a 34.18 ± 5.88a

7AAD+ 11.15 ± 5.38a 15.40 ± 8.65a 16.00 ± 4.15a 14.29 ± 9.78a

ISOLATED SPERMATOGONIAL (n = 8)

sDBA+ 5.95 ± 2.62a 5.07 ± 1.87a 2.73 ± 2.02b 1.09 ± 0.84b

wDBA+ 34.50 ± 7.57b 40.92 ± 6.20a 39.05 ± 13.56a 41.17 ± 6.94a

DBA- 53.97 ± 9.95a 47.42 ± 3.28a 51.45 ± 13.80a 52.02 ± 6.07a

sMitoSense+ 46.90 ± 2.73a 43.58 ± 2.95a 63.68 ± 8.90b 53.00 ± 11.65a

wMitoSense+ 25.58 ± 4.88a 31.65 ± 4.28a 32.46 ± 12.05a 33.23 ± 5.57a

7AAD+ 6.71 ± 2.29a 8.10 ± 2.41a 5.18 ± 2.13a 10.03 ± 3.70a

a,bDifferent letters show statistical differences.

TABLE 4 | Mean percentage of spermatogonial stem cells with intact mitochondrial membranes (sMitoSense+), undergoing, early apoptosis (wMitoSense+) and necrosis

(7AAD+) in group 2M.

Group 2M: < 30% (sMitosense+) x̄ ± EE

TESTICULAR FRAGMENT (n = 8) MTDB MTD MSDB MSD

sDBA+ 2.96 ± 2.54a 2.68 ± 2.68a 2.96 ± 2.55a 2.68 ± 2.69a

wDBA+ 54.87 ± 16.43a 48.65 ± 22.11a 57.6 ± 19.33a 65.8 ± 18.15a

DBA- 39.69 ± 17.72a 47.45 ± 24.20a 38.4 ± 19.76a 25.80 ± 20.05a

sMitoSense+ 16.50 ± 11.27a 20.92 ± 12.42a 12.41 ± 5.19a 16.64 ± 8.13a

wMitoSense+ 57.85 ± 14.28a 58.9 ± 12.26a 57.23 ± 6.73a 50.90 ± 14.77a

7AAD+ 19.76 ± 7.45a 18.52 ± 4.36a 27.03 ± 5.80b 13.78 ± 0.03a

ISOLATED SPERMATOGONIAL (n = 8)

sDBA+ 21.9 ± 11.40b 6.8 ± 6.8a 3.36 ± 1.52a 5.51 ± 1.69a

wDBA+ 43.18 ± 32.02a 29.62 ± 20.49b 53.00 ± 10.60a 66.75 ± 12.25a

DBA- 28.7 ± 17.90a 61.1 ± 28.30b 39.15 ± 7.15a 23.9 ± 9.90a

sMitoSense+ 2.05 ± 1.51a 9.6 ± 5.90a 34.40 ± 23b 27.7 ± 8.70b

wMitoSense+ 65.1 ± 16.8a 52.2 ± 6.40a 39.45 ± 16.95a 43.80 ± 0.10a

7AAD+ 23.04 ± 13.36a 24.05 ± 12.55a 14.51 ± 9.29a 16.65 ± 11.35a

a,bDifferent letters show statistical differences.

Moreover, after thawing of the isolated spermatogonial
cells, the amounts of SSC with intact mitochondrial
membranes in MSDB (34.40 ± 23%) and MSD (27.7
± 8.70%) media were significantly different from those
in MTDB and MTD freezing media (p < 0.05). Finally,
the comparison of the percentage of sMitoSense+ cells
between fragments and isolated cells belonging to Group
2M (Table 4), frozen in MSDB (12.41 ± 5.19 and 34.40
± 23%, respectively) or MSD medium (16.64 ± 8.13 and
27.7 ± 8.70%, respectively), showed significant differences
(p < 0.05).

Cryopreservation of Isolated
Spermatogonial Cells Before and After
in vitro Proliferation
Other samples were analyzed by FC, to detect SSC in isolated
spermatogonial cells by DBA staining as well as to evaluate
mitochondrial activity in these cells. These parameters were
estimated for freshly isolated spermatogonial cells, cryopreserved
SSC, and cryopreserved SSC after proliferation in MSDB freezing
medium. Among samples, the freshly isolated spermatogonial
cells showed 7.4 ± 0.33% of SSC, a significantly higher amount
than that of cryopreserved SSC (1.46 ± 0.08%; p < 0.05),
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FIGURE 1 | Round spermatogonial cells observed by flow cytometry with

DBA (Channel 2), 7AAD (Channel 4), and MitoSense (Channel 11)

fluorochromes. (A) SSC (sDBA+) with intact mitochondrial membrane

(sMitoSense+). (B) Early differentiating SSC (wDBA+) with intact mitochondrial

membrane (sMitoSense+). (C) Differentiated round spermatogonial cell (DBA-)

in early apoptosis (wMitoSense+). (D) SSC (sDBA+) in early apoptosis

(wMitoSense+). (E) Necrotic SSC (7AAD+).

but not significantly different than that of cryopreserved SSC
after proliferation (6.29 ± 0.04; p > 0.05). In this case,
wDBA+ cells that correspond to the SSC in early differentiation
express significant differences (p < 0.05) with wDBA+ cells
of freshly isolated spermatogonial and cryopreserved SSC after
proliferation. Moreover, the percentages of cells displaying intact
mitochondrial membranes, early apoptosis, necrosis, and DBA-
negative (differentiated) cells did not show significance (Table 5).

DISCUSSION

Alpaca is an important resource for the Peruvian economy due
to its high-quality meat and fiber, but its reproductive rate
is low. Alpaca testes are relatively small in proportion to the
body (51, 52), and high variability exists among adult animals
(53). The season does not affect the testes’ size but shows age-
related size variation abnormalities, from 0.6 g at 6 months
to 13.6 g at 36 months (54). In our case, we used the adult’s
testes collected all year from alpacas slaughtered at 4–6 years,
and the variation of testicular weight ranged from 8 to 19.94 g,
probably the testes around 8 g showed pathological conditions in
alpaca. On the other hand, the male pathological condition has
a high incidence in slaughtered animals at about 18.1% with an
increased incidence of testicular abnormalities: hypoplasia 10.8%,

cryptorchidism 3%, ectopic testes 1.9%, and cysts 14.5% (53).
These pathological conditions could explain the high variation
among samples (Tables 1–3) in the round spermatogonial cell
and sperm concentration, low viability with trypan blue dye, and
low mitochondrial activity after cryopreservation.

However, SSC isolation, molecular characterization, and
cryopreservation can substantially improve the genetic
conservation and reproductive fitness of these animals. In
this frame, cell viability has often been evaluated by staining with
trypan blue, an exclusion dye that marks only living cells (55, 56).
However, this method can lead to overestimating cell viability
because it cannot discriminate living cells from cells in early
apoptosis. For this reason, in the present study, trypan staining
was used in combination with the evaluation of mitochondrial
activity by FC using the fluorochromes MitoSense and 7AAD;
the first allows to determine the integrity of mitochondrial
membranes while undergoing early apoptosis, and the second
highlights cells necrosis. Likewise, the DBA marker was used to
identify SSC.

In our assays, the highest percentage of cell viability upon
trypan blue staining was observed in cells recovered from
fragments of testes tissue, in medium supplemented with DMSO
and sucrose or trehalose; there were statistical differences in good
samples of Group 1 (Table 2) on cell derived from fragments and
isolated cell.

Interestingly, freezing biopsies with DMSO results in
low recovery and functionality of spermatogonia in mouse,
rabbit, hamster, and monkey allotransplants or xenotransplants
(39, 57), whereas in pig and human post-thawed biopsies,
spermatogenesis can be completed (11, 58).

Notably, our results have demonstrated the possibility
of maintaining frozen alpaca SSC for long periods (1–
166 days), similar to mice (59). This opens the possibility
of storing frozen alpaca samples for several years, as also
observed in mice (60), if collected within 24 h from death
of the alpaca.

In our work, isolated cells and testicular biopsies showed
different cryopreservation efficiencies and different requirements
for CPA. However, previous reports have shown variable results
concerning the type of tissue being frozen. For example,
Pacchiarotti et al. (61) found no differences between the efficiency
of freezing between isolated cell suspensions and tissues, whereas
Yango et al. (62) showed that the viability of cell suspensions was
greater than that of biopsies in adults, but not in newborns, thus
suggesting that age is an important factor for the selection of
the right method for the cryopreservation of testicular tissue or
isolated cells. In our study, only testicular samples from adult
alpacas were used; therefore, the differences in post-thaw cell
viability between biopsies and cell suspensions are consistent
with the aforementioned studies. However, in mice, freezing
of testicular tissue was more effective than freezing of cell
suspensions (63). This report contrasts with our results, since
we observed better mitochondrial activity in thawed isolated
alpaca cells.

In our experiment with FC using MitoSense, the most
prominent and significant statistical differences in the
cryopreserved isolated cells occurred in the MSDB medium. In
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FIGURE 2 | Histograms of samples of Group 1: > 30% sMitoSense+ (A–C) and Group 2 < 30% sMitoSense+ (D–F). (A,D) DBA histograms showing strongly

DBA-positive (sDBA+) cells corresponding to SSC, weakly DBA-positive (wDBA+) cells corresponding to early differentiating SSC, and DBA-negative (DBA-) cells

corresponding to differentiated round spermatogonia. (B,E) Histograms of necrotic cells (7AAD+). (C,F) Histograms of cells with intact mitochondrial membranes

(sMitoSense+), weakly MitoSense-positive (wMitoSense+) cells, undergoing early apoptosis, and MitoSense-negative (MitoSense−) cells.

TABLE 5 | Mean percentage of spermatogonial stem cell before and after in vitro culture and freeze in MSDB freezing medium.

X ± SE

Samples n sDBA+ wDBA+ DBA- sMitoSense wMitoSense 7AAD+

Fresh in vitro culture 15 6.4 ± 0.3a 21.4 ± 1.9a 69.3 ± 2.9a 81.3 ± 2.2a 8.3± 3.0a 8,0 ± 0.7a

Cryopreserved before in vitro culture 15 1.5 ± 0.1b 5.4 ± 0.1b 87.6 ± 2.1a 70.8 ± 2.9a 14.0 ± 1.3a 13,3 ± 3,2a

Cryopreserved after in vitro culture 15 6.30 ± 0.4ª 11.1 ± 2.6a 75.9 ± 2.8a 77.1 ± 2.8a 8.1 ± 0.7a 8,0 ± 2,0a

a,bDifferent letters show statistical differences.

particular, the highest mitochondrial activity was observed in
isolated cells in freezing medium supplemented with DMSO,
sucrose, and black maca. Cells from testicular biopsies also
showed good results about the conservation of mitochondrial
activity when frozen in medium supplemented with DMSO,
trehalose, and black maca but not significant. However, it is the
way to easy conservation of testes tissue, cheaper, and without
complex methods. The detected differences between frozen
fragments and isolated cells may be due to the differing physical
dimensions of the samples, the distribution of cryoprotectants,
and the uniformity of temperature during cooling (63–65). In
mice, better results have been observed when freezing whole
testes (66), whereas in rats, freezing of small testicular biopsies
showed better results than those obtained with fragments twice
the size (67). On the other hand, the size of the testicular biopsies
did not significantly affect the efficiency of cryopreservation

either in pigs (58) or in prepubertal children (9, 38, 68–70).
The biopsy size in our previous study was 8 × 2 × 2mm (26);
therefore, in this work, we used the same size and observed an
average viability of 57.2% in samples of good quality (>50%
viability), suggesting that this size is adequate for freezing of
alpaca testicular biopsies. On the other hand, the size of the
biopsies used for human SSC cryopreservation was not indicated.
However, the freezing of testicular biopsies is recommended (71).

Interestingly, we found that media supplemented with non-
permeable CPA, such as sucrose, exerted a greater cryoprotective
effect on isolated cells. This sugar has previously been shown
to mediate better results than trehalose when freezing bovine
spermatozoa (72). In the case of pigs, it has been observed
that sucrose at 280mM allowed better vitality of cryopreserved
SSC (29), which is consistent with our results for freezing
of isolated alpaca SSC. On the other hand, Jung et al. (73)
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found that stabilization of isolated mouse spermatogonia with
trehalose reduced the cytotoxicity of the cells and improved
post-thaw survival. Similar results were found by Syvyk et al.
(74) in isolated rat SSC. Sucrose was not used in these studies;
however, the results of these studies differ from ours, since
we observed that trehalose did not improve mitochondrial
activity in isolated cells. This could indicate that the efficacy of
CPA may be species dependent. On the other hand, previous
research in tissue freezing indicates that the use of trehalose
confers greater cellular vitality (75), consistently with our
results, as trehalose was better than sucrose for freezing of
testicular tissue.

Moreover, antioxidants can improve the cryopreservation
process (13, 76, 77), and maca is considered a natural antioxidant
because it can help maintain DNA integrity. In particular,
some derivatives of maca can protect cells against oxidative
stress (31, 33), due to the presence of phytochemicals capable
of scavenging free radicals, and thus can help fight chronic
inflammation (33). In the current study, we observed that
the presence of black maca helps alpaca isolated SSC to
retain efficient mitochondrial activity, suggesting the presence
of maca metabolites with antioxidant properties that protect
the mitochondria as observed in isolated cell of good (>30%
sMitoSense+) and regular (<30% sMitoSense+) quality of
samples (Tables 3, 4). In addition to the antioxidant activity
of maca, high concentrations of sucrose may play a key role
in cryoprotection (45, 47, 49), since, as previously stated,
the presence of sucrose as a cryoprotectant improves post-
thaw cell viability (MSDB medium). Therefore, antioxidants
and cryoprotectant components of maca can be useful for
cryopreservation; this phenomenon could be explained by the
fact that maca belongs to the Brassicaceae family, which easily
adapts to heat and hydric stress conditions at the heights of the
Andes (78). The phytochemicals of maca allow its survival in
the difficult conditions of its habitat, and this could explain their
protective effect in cryopreservation.

In the present study, DBA staining, together with the
FlowCellect MitoPotential Red kit, allowed to identify
intact mitochondrial membrane activity (sMitoSense+), early
apoptosis (wMitoSense+), and necrosis (7AAD+) in SSC. This
analysis, carried out by FC, makes it possible to better recognize
the events and damages generated by the cryopreservation
process and the degree of effective conservation through this
process, compensating the insufficient indications provided by
trypan blue staining alone.

In conclusion, our study showed that the supplementation of
natural atomized black maca in the cryopreservation medium
improves survival and preserves intact mitochondrial membrane
activity in alpaca SSC. Furthermore, another CPA, trehalose,
was found to be a better cryoprotectant for testicular fragments,
whereas sucrose would be more effective for cryopreserving
isolated SSC. We conclude that it is possible to cryopreserve
alpaca SSC collected after 24 h from death in the form of biopsies
or isolated cells in the presence of DMSO and natural supplement
of black maca in the freezing media for cryopreserved good and
regular quality samples. Furthermore, we recommend the use of
these MSDB media for the cryopreservation of isolated SSC after
in vitro proliferation.
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