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a b s t r a c t

Stress at the end of sheep gestation can damage the reproductive development of young males. The aim
of the present study was to evaluate the effects of LPS administration in the last third of sheep pregnancy
on the reproductive parameters of prepubertal rams. Thirty-six pregnant nulliparous ewes (12± 2
months old; 45± 6 kg) were assigned to two treatments, LPS (E. coli; 0.8 mg kg�1) and control (placebo/
saline) administered in late pregnancy (120 days post-conception). The animals gave birth to 17 male
lambs (11 LPS; 8 control). Reproductive development of the young rams was analyzed from 5 to 12
months of age. A completely randomized design in double factorial scheme was used. The data were
analyzed by analysis of variance. The model included treatment (LPS; control), age as main effects and
their interactions, and the animal as a repeated measure. Means were compared by the PDIFF-SAS (Pr> |
t|) at P < 0.05. An effect of age was observed for scrotal circumference, testicular consistency, homoge-
neity of testicular parenchyma, vascularization, semen quantity and quality, and blood testosterone
concentration (P< 0.05). LPS increased sperm defects (P < 0.05) but an interaction with age was not
observed (P> 0.05) with higher abnormalities only during months 8 and 9 (P < 0.05) and not thereafter.
In summary, LPS did not cause long-term damage to testicular morphology analyzed from the onset of
puberty to sexual maturity. However, LPS treatment affected sperm morphology during early puberty of
the offspring.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Prenatal stress is an adverse event experienced by the mother
during pregnancy [1,2] that can influence epigenetic transgenera-
tional activity according to the type of trauma, intensity, duration,
consecutive exposure, age, and sex [3]. Lipopolysaccharide (LPS) is a
molecule found in the outer membrane of gram-negative bacteria
that elicits immune responses and is widely used in animal ex-
periments to simulate stress or disease. In late pregnancy, LPS can
affect the stress axis and alter fetal development programming,
causing residual damage throughout the animal’s life [4].

In sheep, similar to laminitis, systemic challenges such as
inflammation caused by gram-negative bacteria can act as a major
stressor depending on the stage of pregnancy [4]. As the frequency
of this infection in sheep flocks is extremely high [5,6], the in-
fections caused by these microorganisms can trigger the activation
of the immune system,which results in the release of the endotoxin
LPS from the outer membrane [7e9].

However, little is known so far about the effects of prenatal
stress on the development of the fetal reproductive system [10,11].
In specific stages of pregnancy, prenatal stress can negatively in-
fluence the formation of the neuroendocrine system which, in
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males, can cause demasculinization and a reduction in the inci-
dence of copulatory behavior [10,12e14]. Moreover, modifications
in testicular development, steroidogenesis and spermatogenesis
and abnormal aggregation of some testicular cells have been re-
ported [15e18].

In lambs, infantile behaviors, such as playing behavior, or late
sexual maturity were very common when the animals were
exposed to prenatal stress, even if no changes in testosterone levels
were observed [11]. Furthermore, stress during late gestation had
an influence on testicular morphology, histology, and seminal,
hormonal and behavioral parameters when evaluated from pre-
puberty to sexual maturity to classify the capacity and reproduc-
tive potential of these animals [10,16,19e25].

Although there is evidence that maternal stress during late
pregnancy alters the behavior of the offspring and their repro-
ductive potential in other species, in sheep, little is known about
the effect of maternal stress induced by LPS on reproductive traits
of male lambs. Thus, the aim of the present study was to evaluate in
sheep the effects of LPS administration in the last third of preg-
nancy on the reproductive characteristics of prepubertal rams.

2. Material and methods

2.1. Study place

The experiment was carried out at the Experimental Sheep
Behavior Unit of the Laboratory of Biometeorology and Ethology,
Faculdade de Zootecnia e Engenharia de Alimentos, Universidade
de S~ao Paulo, Pirassununga, SP, Brazil. The study was approved by
the local Ethics Committee (Approval No. 2296210915).

2.2. Animals and experimental design

Thirty-six crossbred nulliparous Santa Ines ewes, with an
average age of 12± 2 months and 45 ± 6 kg of live weight, were
used to obtain the experimental lambs for the reproductive per-
formance trial. The ewes were kept in paddocks with Coast cross
pasture (Cynodon dactylon (L.) Pers.), with free access to shade,
water andmineral supplementation. Estrus was synchronized in all
experimental females using a 9-day protocol (Progespon®,
Intervet/Schering-Plough Animal Health, Brazil). Immediately after
removal of the intravaginal sponge on day 9, each animal received
an intramuscular application of 300 IU of equine chorionic
gonadotrophin (eCG; Novormon®, Intervet/Schering-Plough Ani-
mal Health, Brazil). Twelve, 24, 36 and 48 h after the application of
eCG, stimuli and identification of estrus were performed by male
effect. The sequence of artificial insemination was determined by
the identification of estrus, with an interval of approximately 10 h
between the first and last inseminated sheep. The artificial
insemination procedure was performed 12 h after the observation
of estrus using the laparoscopy method. Artificial inseminationwas
performed using fresh semen obtained from a single White Dorper
ram. Pregnancy was confirmed by ultrasonography 60 days after
insemination.

The pregnant ewes were randomly assigned to two treatments:
18 ewes were challenged with intravenous injection of 0.8 mg kg�1

of LPS (E. coli 0127: B8, Sigma Aldrich, USA) per animal (LPS treat-
ment) and 18 ewes were injected with 5ml saline solution (control
treatment), both at 120 days post-conception. The presence or
absence of stress was demonstrated by a cortisol peak (LPS:
9.75 mg dL�1; control: 1.34 mg dL�1; P< 0.05) after 60min compared
to baseline levels (LPS: 1.66 mg dL�1; control: 1.04 mg dL�1; P> 0.05)
and by rectal temperature after 120min (LPS: 39.8 �C; control:
39.1 �C; P< 0.05) compared to baseline (LPS: 38.86 �C; control:
38.97 �C; P> 0.05). After birth, eleven (11) lambs from the LPS
treatment and eight (8) from the control treatment (only male
lambs born through simple eutocic delivery) were used in the
evaluations.

2.3. Reproductive and ultrasonography evaluation

The animals were submitted to reproductive evaluation from 5
to 12 months of age at intervals of 30 days. Eight reproductive
evaluations per male were performed. The reproductive evaluation
consisted of clinical and ultrasonography examinations of the tes-
ticles and pampiniform plexus, followed by seminal sampling and
evaluation. The testicles were first evaluated for consistency [score
ranging from 1 (very flaccid) to 5 (very firm/hard)], scrotal
circumference (cm), and ultrasonographic characteristics. The ul-
trasonographic characteristics of the pampiniform plexus were also
evaluated. Next, semen was collected [26] and analyzed regarding
sperm motility and abnormalities. All reproductive analyses were
conducted by a single investigator blinded to the treatment groups.

2.3.1. Ultrasonography evaluation
Ultrasound was performed with a M5VET apparatus (Mindray,

China) in the B, color Doppler and spectral modes using a semi-
convex probe (Mindray, model 6LE5Vs Vet). All analyses were
performed keeping the gain, filter and velocity constant. A fre-
quency of 7.5 Hz was used for B-mode analysis and of 10 Hz for
color and spectral ultrasound.

For ultrasound scanning, trichotomy of the skin surfaces corre-
sponding to the area of each testis was performed [27]. The same
procedure was adopted for the pampiniform plexus area. To obtain
the ultrasound images and videos, the right and left scrotal surfaces
corresponding to testicle size were scanned angulating the probe in
such away to obtain a cross-sectional image of all testicular tissues.
The right and the left skin surfaces corresponding to the pampi-
niform plexus were also scanned but only maintaining the probe in
such a way to obtain a cross-sectional image.

In the B-mode, the characteristics of parenchyma homogeneity
and the presence of hyperechoic foci (indicative of calcification)
were analyzed (Table 1, Figs. 1 and 2).

In the color Doppler analysis, video recordings were obtained
during examination for further analysis. This mode provides in-
formation about vascular architecture and the direction and ve-
locity of blood flow. The pampiniform plexus was evaluated by
assigning a score from 1 to 5 (Table 2, Fig. 3). For classification of the
vascularization scores (1e4), the techniques proposed by Batissaco
et al. [27] and Silva et al. [28] were adapted (Table 2, Fig. 4). The
ultrasonography scores were assigned by two evaluators and mean
data were used [27,28].

In addition to the B-mode and color Doppler analyses, the
resistance index of the pampiniform plexus vessels was determined
according to Batissaco et al. [27] using the spectral mode in order to
observe possible changes in the blood flow of vessels that irrigate
the testicles. For this purpose, three non-consecutive waves with
symmetric and distinct systolic and diastolic curves (Fig. 5) were
selected within the heart wave profile and the resistance indexes
were recorded for their use in a final mean of each testicle [27].

2.3.2. Semen evaluation
Semen was collected into a pre-warmed tube (37 �C) by elec-

troejaculation following procedures described for sheep [26] using
a probe for rams, avoiding any discomfort. Just after collection,
semen was evaluated for the total volume (graduated collection
tube) and visual density (1e3: 1 e low density/aqueous, 2 e me-
dium density/milky, and 3 e high density/creamy). In addition,
semen quality was evaluated by assessing sperm concentration,
motility, vigor, and abnormalities. Sperm concentration was



Fig. 1. Ultrasonographic images of the testicular parenchyma of sheep. A: Score
0 characterized by homogeneous distribution of the seminiferous tubules in the
absence of vacuoles and by intact mediastinum. B: Score 2 characterized by hetero-
geneous distribution of the seminiferous tubules and disorganized mediastinum.
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determined by counting the number of sperm cells in semen
diluted in 4% formaldehyde in phosphate-buffered saline (1:400) in
a Neubauer chamber under a contrast microscope (model 80i,
Nikon, Tokyo, Japan) at 400x magnification. For subjective analysis
of sperm motility and vigor, semen samples were pre-diluted in
TALP sperm medium [29] and evaluated in a wet-mount prepara-
tion under a contrast microscope (model 80i, Nikon, Tokyo, Japan)
at 100x magnification. Subjective sperm motility was expressed as
percentage of motile sperm cells. Vigor was evaluated based on the
movement characteristics of sperm cells and was scored from 1 to
5, where 5 denotes motile sperm cells with a progressive and fast
movement track. For the analysis of sperm abnormalities, semen
was fixed in pre-warmed (37 �C) 4% formaldehyde in phosphate-
buffered saline and wet preparations were mounted. Abnormal-
ities were evaluated in 200 cells and classified as major, minor and
total defects [30e32] under a differential interference contrast
microscope (model 80i, Nikon, Tokyo, Japan) at 1000x magnifica-
tion. All semen quality analyses were performed by a single
investigator blinded to the treatment groups.

2.4. Testosterone evaluation

Blood samples were collected by puncture of the jugular vein
into a vacuum tube (10-ml sodium heparin tubes, for plasma and
needle extraction in the size of 25� 8mm, BD Vacutainer) from
prepubertal rams between 5 and 12 months of age, always at
13:00 h, every 30 days. Plasma testosterone concentration was
determined using an electrochemiluminescence immunoassay kit
(Cobas Testosterone Assay, Roche Diagnostics, Switzerland). All
samples were retested if the duplicates showed a difference of
more than 10%. The kits were validated by demonstrating parallel
curves between standard concentrations and serially diluted
samples.

2.5. Histopathological analysis

At the end of the experimental period, the animals were
slaughtered following Brazilian standards and lslation in an
inspected slaughterhouse certified for the compulsory practices of
slaughter, and a sample of testicular tissue was removed. The
testicular tissue samples were processed and analyzed in the Lab-
oratory of Pathology, FZEA/USP.

Fragments of the middle portion of the testis were fixed in 10%
buffered formalin solution for 48 h and processed for histopathol-
ogy following routine techniques for paraffin embedding. Approx-
imately 4-mm thick sections were stained with hematoxylin and
eosin for histomorphometric evaluation [30].

Five images of each histological section were recorded at 400x
magnification, the first in the center of the section and the others
around the centers at intervals of 45�. The images were then
transformed into binary images (white and black) for morpho-
metric analysis of the percent area occupied by tissue (ratio
Table 1
Score, classification and description of B-mode ultrasonography analyzes for homogenei
rams.

Score Ranking De

Homogeneity (based on the presence of anechoic areas) 0 Ho
1 Lit
2 Ve

Hyperechoic points 0 Ab
1 Pr
2 Pr
3 Pr
between seminiferous tubules and lumen area) (Fig. 6). The mean
values obtained for each animal were considered the testicular
tissue index [30]. The analyses were performedwith a Leica DM500
microscope equipped with a high-definition digital ICC50-HD
camera (Leica) using the Image J image analysis software (version
1.49, National Institutes of Health, USA).

2.6. Statistical analysis

A completely randomized design in double factorial scheme
consisting of two treatments (LPS, control) and along age (5e12
months) was used (treatment x age). Data were tested for
normality by the Kolmogorov-Smirnov test and it had normal dis-
tribution, so no transformation was needed. Data analysis was
performed by analysis of variance (Mixed-SAS). Themodel included
treatment, age as main effects and their interactions, and the
random effects of the animals. Means were compared by the PDIFF-
SAS (Pr> |t|). Significance was set at P� 0.05 and all values are
reported as the mean and one standard error of the mean (SEM).
Simple correlation coefficients were estimated between the hor-
monal and reproductive performance parameters. The SAS 9.3
software (2012) was used for analysis.

3. Results

Scrotal circumference was higher in the LPS group
(26.6± 0.33 cm) than in the control group
(24.1± 0.38 cm) (P< 0.05), regardless of age. In addition, scrotal
ty and presence of hyperechoic points in the testicular parenchyma of pre-pubertal

scription

mogeneous (no anechoic area present)
tle heterogeneous (few anechoic areas)
ry heterogeneous (a lot of anechoic areas)

sence of hyperechoic points
esence of up to five hyperechoic points
esence of more than five hyperechoic points near the mediastinum
esence of more than five diffuse hyperechoic points in the testicular parenchyma



Fig. 2. Ultrasonographic images of the testicular parenchyma of sheep showing the complete absence of hyperechoic point (A) and the presence of hyperechoic point (B).
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circumference increased gradually with age (Fig. 7), with observa-
tion of the lowest value at 5 months of age (20.4± 0.72 cm) and the
highest value in the last measurement at 12 months of age
(29.6± 0.72 cm) (P< 0.05).

Testicular consistency, homogeneity of testicular parenchyma
and presence of hyperechoic foci were not influenced by LPS
administration during pregnancy (P> 0.05). Testicular consistency
and homogeneity of testicular parenchyma were influenced by the
age of the lambs, increasing over time (P< 0.05) (Table 3).

Color Doppler ultrasonography (Table 4) revealed an increase in
the vascularization of the testicular parenchyma and pampiniform
plexus and in the resistance index of the supratesticular arteries of
the pampiniform plexus with increasing age. The first two pa-
rameters were higher (P< 0.05) after 9 months of age and, in
agreement, the resistance index was lower (P< 0.05) after this age.

Semen concentration, visual density, semen volume, and sperm
motility and vigor increased with age (P< 0.01), with no difference
within treatments (P> 0.05) (Tables 5 and 6). In addition, motility
and vigor were higher (P< 0.01) after 9 months of age. Regarding
sperm defects (Table 7), no interaction effect between treatment
Table 2
Score, classification and description of color Doppler ultrasound analyzes for the analysi
niform plexus of pre-pubertal rams.

Score Ranking Descrip

Testicular vascularization 0 Absenc
1 Presenc
2 Presenc
3 More th
4 More th

Vascularization of the pampiniform plexus 1 0e20%
2 21e40%
3 41e60%
4 61e80%
5 81e100
and age was found (P> 0.05). The LPS group had a higher (P< 0.05)
percentage of total, major and minor defects compared to the
control group. In addition, major and minor defects were influ-
enced (P< 0.05) by age, with higher abnormalities only during
months 8 and 9 and not thereafter. At 7 months, only 42.1% of males
had enough sperm concentration for analysis (5 from the LPS
group; 3 from the control group) and the data were therefore
excluded from the analysis.

Blood testosterone concentration did not differ between treat-
ments (P> 0.05), but differences were observed between ages
(P< 0.05) (Table 8). Although testosterone concentration increased
(P< 0.05) after 7 months of age, a peak concentration was reached
at 10 months.

The histopathological parameters of testicular tissue did not
differ between treatments (P> 0.05). The area occupied by the
seminiferous tubules was 46.1% in the LPS group and 47.1% in the
control group. There was also no difference in the body weight of
the animals at 12months of age, whichwas 43.6 kg in the LPS group
and 45.7 kg in the control group (P> 0.05).
s of vascularization of the testicular parenchyma and vascularization of the pampi-

tion

e of vascularization
e of 1 or 2 points of small caliber vascularization
e of 2e4 points of small caliber vascularization
an 2 points of highest caliber vascularity that appear in at least 1/3 of the video
an 2 points of greatest caliber vascularity that appear in at least 2/3 of the video

of the pampiniform plexus filled by vascularization
of the pampiniform plexus filled by vascularization
of the pampiniform plexus filled by vascularization
of the pampiniform plexus filled by vascularization
% of the pampiniform plexus filled by vascularization



A         B

Fig. 3. Images of testicular parenchyma blood flow in prepubertal rams measured by
color Doppler ultrasonography (M5vet, Mindray). A: score 1 (0e4), B: score 4 (0e4).

Fig. 4. Images of pampiniform plexus blood flow in prepubertal rams (5e12 months old) me
(1e5).

Fig. 5. Ultrasonographic image of the pampiniform plexus of prepubertal rams (5e12 mont
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4. Discussion

LPS challenge during pregnancy increased major and minor
sperm defects, regardless of age. The alterations observed were
largely expected because of sexual maturation over time.

Our results differ from those observed for rats exposed to LPS
during gestation in terms of the scrotal circumference measure-
ments, which are used to assess testicular development [16,18].
Regarding age, the evolution of testicular size is gradual, following
the body growth of the animal. Testicular size was significantly
correlated with the body weight of the lambs when they were not
exposed to the LPS challenge (R¼ 0.98, P< 0.01) [15,17].

Evaluation of testicular consistency showed a small variation in
sagging or stiffness with increasing age. The present data, although
statistically different, are very close to the average in the scale
proposed to classify the score of consistency (1e5). The results are
similar to those of the control group presented by Alves et al. [30]
who compared rams that had testicular degeneration or not.

The use of ultrasonography and validations of the techniques
permits the demonstration of possible testicular evolution or
asured by color Doppler ultrasonography (M5vet, Mindray). A: score 2 (1e5). B: score 5

hs old) used to obtain the resistance index (RI) in the spectral mode (M5Vet, Mindray).



Fig. 6. Images of histological sections of the testicles of prepubertal rams exposed or not to prenatal stress induced by LPS administration in the last third of gestation evaluated at
12 months of age. The images were transformed into binary images (white and black). A: Histological section showing a higher percentage of area occupied by tissue. B: Histological
section showing a smaller area occupied by tissue.
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regression when the lambs are exposed to some challenge, for
example, homogeneity or vascularization of testicles [23,24]. Low
calcification scoresmeasured by the presence of hyperechoic points
also indicated the absence of testicular degeneration over time,
similar to the findings of other studies [21,23].

Vascularization of the testicular parenchyma and pampiniform
plexus increased with the age of the animals, demonstrating an
increase in testicular irrigation according to the size of the testis,
regardless of treatment. The resistance of the supratesticular ar-
teries was lower in the last months of the experiment, but the
variation was homogenous over time. Batissaco et al [27], who also
evaluated testicular vascularization using spectral and color
Doppler ultrasonography, observed a positive correlation between
testicular vascularization and increased sperm defects.
Fig. 7. Scrotal circumference (cm) of prepubertal rams exposed or not to prenatal
stress induced by LPS administration in the last third of gestation evaluated between 5
and 12 months of age. Lowercase letters indicate a significant difference between ages
by the Student t-test and F test at the 5% level of significance.
In this study, the higher testicular vascularization during pu-
berty was followed by an increase in pampiniform plexus vascu-
larization and a decrease in vascular resistance index. Moreover, in
the sperm evaluations, this alteration was followed by reduced
sperm defects and increased sperm motility and plasma testos-
terone concentration. Thus, it can be concluded that the testicular
vascularization increase during puberty is physiologically expected.
However, the pathological changes that were observed during adult
life can damage sperm production, as reported by Batissaco et al.
[27].

There was an increase in testosterone concentration close to
puberty. Its concentration increased constantly until 7 months of
age and remained stable during the other blood samplings, with
the testosterone peak being reached at 10 months of age [17,25],
corresponding to sexual maturity [33]. In this case, the LPS chal-
lenge imposed during fetal development did not alter circulating
testosterone in later life of the rams.

Similar testosterone concentrations were observed by other
authors [34], who studied different diets for lambs and showed an
increase in this hormone between pre- and post-pubertal ages,
with a pronounced increase after the 6thmonth of age compared to
the previous months in an ascending curve. Regarding the effect of
testosterone on sexual maturity, the concentrations of testosterone
were related to age pattern in both the LPS and control groups and
increased until the animals reached sexual maturity [30]. It is
possible that the photoperiod may have negatively influenced the
testosterone concentrations over time. However, we know that
animals adapted to tropical conditions have lost the seasonality
characteristic [34e36].

Sperm concentration, volume, motility and vigor increased with
age, with the best values being observed in the last months of the



Table 3
Mean± standard error (SEM) of the reproductive clinical analyzes of the testicles of prepubertal rams exposed or not to prenatal stress induced by LPS administration in the last
third of gestation that had undergone or not through the induction of prenatal stress induced by LPS administration in the last third of gestation evaluated between 5 and 12
months of age by B-mode ultrasonography.

Age TC HyP PHo

LPS CON Age LPS CON Age LPS CON Age
5 3.2± 0,21 3.4± 0.21 3.3± 0.14ab 0.08± 0.05 0.14± 0.10 0.11± 0.07 0.94± 0.19 1.03± 0.11 0.99± 0.12a

6 3.5± 0.15 2.9± 0.28 3.2± 0.16bc 0.14± 0.11 0.07± 0.04 0.10± 0.07 0.86± 0.08 0.92± 0.20 0.89± 0.09ab

7 2.8± 0.08 2.6± 0.21 2.7± 0.10d 0.05± 0.05 0.07± 0.04 0.06± 0.04 0.72± 0.17 0.71± 0.14 0.71± 0.12ab

8 2.5± 0.14 2.8± 0.21 2.7± 0.13d 0.05± 0.03 0.07± 0.04 0.06± 0.03 0.44± 0.21 0.85± 0.23 0.65± 0.16bc

9 2.7± 0.17 3.1± 0.23 2.9± 0.14cd 0.27± 0.16 0.21± 0.13 0.24± 0.11 0.19± 0.10 0.36± 0.20 0.27± 0.10d

10 3.3± 0.15 3.3± 0.28 3.3± 0.14ab 0.25± 0.11 0.17± 0.11 0.21± 0.08 0.33± 0.12 0.32± 024 0.32± 0.12cd

11 3.2± 0.19 3.5± 0.22 3.4± 0.14ab 0.33± 0.16 0.21± 0.10 0.27± 0.09 0.19± 0.11 0.35± 0.15 0.27± 0.09d

12 3.8± 0.25 3.6± 0.29 3.7± 0.19a 0.65± 0.31 0.14± 0.10 0.39± 0.16 0.15± 0.10 0.57± 0.28 0.36± 0.17cd

Treat. 3.1± 0.05 3.2± 0.04 0.21± 0.03 0.13± 0.02 0.48± 0.05 0.65± 0.07

Means followed by lowercase letters differ in the columns (between ages) and uppercase letters differ in the rows (between treatments) at 5% significance. TC - testicular
consistency; HyP - Hyperechoic Points; Pho - Homogeneity of testicular parenchyma; Treat. e Treatment LPS or CON.

Table 4
Mean± standard error (SEM) of the reproductive clinical analyzes of the testicles of prepubertal rams exposed (LPS) or not (CON) to prenatal stress induced by LPS admin-
istration in the last third of gestation that had undergone or not through the induction of prenatal stress induced by LPS administration in the last third of gestation evaluated
between 5 and 12 months of age by color-Doppler ultrasonography.

Age VTP VPP RI

LPS CON Age LPS CON Age LPS CON Age
5 1.4± 0.31 1.4± 0.13 1.41± 0.18cd 3.6± 0.29 3.0± 0.27 3.26± 0.21e 0.57± 0.04 0.50± 0.07 0.53± 0.03ab

6 1.4± 0.23 1.7± 0.39 1.26± 0.21d 3.6± 0.19 3.1± 0.34 3.35± 0.18de 0.54± 0.03 0.53± 0.02 0.53± 0.02ab

7 2.0± 0.31 2.1± 0.69 2.03± 0.33bc 4.1± 0.14 3.3± 0.21 3.67± 0.17cd 0.52± 0.03 0.62± 0.03 0.57± 0.02a

8 2.2± 0.31 1.7± 0.28 1.96± 0.21c 4.2± 0.18 3.7± 0.23 3.95± 0.15c 0.47± 0.03 0.57± 0.02 0.52± 0.02ab

9 2.9± 0.25 2.8± 0.43 2.9± 0.23a 4.6± 0.14 4.5± 0.18 4.52± 0.11ab 0.47± 0.03 0.41± 0.02 0.44± 0.02c

10 2.8± 0.30 2.7± 0.26 2.76± 0.19a 4.4± 0.19 4.4± 0.13 4.41± 0.12ab 0.54± 0.03 0.45± 0.04 0.50± 0.03b

11 2.8± 0.29 2.3± 0.19 2.56± 0.19 ab 4.4± 0.17 4.1± 0.22 4.26± 0.14bc 0.49± 0.05 0.42± 0.03 0.45± 0.03c
12 2.9± 0.32 3.2± 0.24 3.03± 0.19a 4.7± 0.14 4.7± 0.14 4.68± 0.09a 0.38± 0.03 0.44± 0.03 0.41± 0.02c

Treat. 2.3± 0.11 2.2± 0.12 4.2± 0.07 4.0± 0.08 0.50± 0.01 0.49± 0.02

Means followed by lowercase letters differ in the columns (between ages) and uppercase letters differ in the rows (between treatments) at 5% significance. VTP - Vascu-
larization of the testicular parenchyma (0e4); VPP - Vascularization of the pampiniform plexus (1e5); RI - Index of resistance of the supratesticular arteries; Treat. e
Treatment LPS or CON.

Table 5
Mean± standard error (SEM) of the semen characteristics of prepubertal rams exposed (LPS) or not (CON) to prenatal stress induced by LPS administration in the last third of
gestation that had undergone or not through the induction of prenatal stress induced by LPS administration in the last third of gestation evaluated between 7 and 12months of
age.

Age Concentration (x10^6) Visual density (1e3) Volume (mL)

LPS CON Age LPS CON Age LPS CON Age
7 131.1± 29.4 44.2± 33.9 109.4± 25.4b 1.6± 0.2 1.7± 0.3 1.6± 0.19c 0.7± 0.10 1.0± 0.13 0.85± 0.08c

8 171.43± 15.2 65.0± 43.1 118.21± 24.7b 2.2± 0.27 2.2± 0.4 2.2± 0.22b 1.1± 0.10 1.0± 0.13 1.02± 0.07bc

9 379.44± 18.5 205.4± 55.6 292.43± 27.3b 2.3± 0.29 2.5± 0.34 2.4± 0.21ab 1.1± 0.14 1.3± 0.21 0.93± 0.11bc

10 645.5± 88.7 421.7± 71.8 533.58± 72.9a 2.7± 0.17 2.3± 0.33 2.5± 0.16ab 0.9± 0.14 1.0± 013 1.22± 0.09ab

11 465.0± 66.7 624.6± 126.5 544.82± 68.6a 2.8± 0.14 2.5± 0.22 2.6± 0.13ab 1.2± 0.14 1.3± 0.17 1.24± 0.10ab

12 830.6± 86.3 791.4± 47.2 810.99± 86.9a 2.9± 0.1 2.7± 0.21 2.8± 0.11a 1.5± 0.25 1.3± 0.21 1.37± 0.17a

Treat. 437.2± 40.5 358.7± 56.0 2.4± 0.09 2.3± 0.11 1.1± 0.06 1.1± 0.07

Means followed by lowercase letters differ in the columns (between ages) and uppercase letters differ in the rows (between treatments) at 5% significance. Treat.e Treatment
LPS or CON.

Table 6
Mean± standard error (SEM) of semen characteristics of prepubertal rams exposed (LPS) or not (CON) to prenatal stress induced by LPS administration in the last third of
gestation that had undergone or not through the induction of prenatal stress induced by LPS administration in the last third of gestation evaluated between 7 and 12months of
age.

Age Motility (%) Vigor (1e5)

LPS CON Age LPS CON Age
7 55.00± 8.38 44.16± 12.9 49.58± 7.31c 3.28± 0.32 2.41± 0.59 2.85± 0.34c

8 53.88± 10.69 76.66± 2.11 70.555± 6.98b 3.05± 0.59 3.66± 0.25 3.35± 0.36bc

9 79.44± 3.17 75± 4.28 77.22± 2.53a 3.94± 0.13 3.68± 0.31 3.81± 0.14a

10 77.77± 3.55 76.66± 4.22 75.135± 2.62a 3.66± 0.20 3.75± 0.17 3.70± 0.14a

11 76.11± 3.20 80.00± 1.82 78.05± 2.06a 3.88± 0.18 4.25± 0.13 4.06± 0.12a

12 67.2± 3.54 80.83± 3.00 74.35± 2.96ab 3.5± 0.18 3.75± 0.30 3.62± 0.16ab

Treatment 68.2± 2.3 72.21± 2.7 3.55± 0.12 3.58± 0.14

Means followed by lowercase letters differ in the columns (between ages) and uppercase letters differ in the rows (between treatments) at 5% significance.
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Table 7
Mean± standard error (SEM) of major (%), minor (%) and total sperm defects of prepubertal rams exposed (LPS) or not (CON) to prenatal stress induced by LPS administration in
the last third of gestation that had undergone or not through the induction of prenatal stress induced by LPS administration in the last third of gestation evaluated between 7
and 12 months of age.

Age Major Defects Minor Defects Total Defects

LPS CON Age LPS CON Age LPS CON Age
7 # # # # # # # # #
8 72.7± 19.5 46.7± 12.4 59.6± 8.9a 8.22± 1.7 6.9± 2.3 7.53± 2.0a 80.9± 20.2 53.6± 14.6 67.23± 9.6a
9 87.1± 10.9 47.0± 15.2 67± 8.9a 17.44± 3.2 5.0± 2.4 11.22± 2.0a 104.5± 10.6 52.0± 16.6 78.27± 9.6a
10 19.5± 7.0 11.6± 3.2 15.5± 8.9b 16.11± 2.8 8.3± 2.5 12.19± 2.0a 35.7± 6.4 19.8± 5.2 27.76± 9.6b
11 13.1± 5.3 9.3± 3.2 11.17± 8.9b 12.38± 1.8 10.6± 2.1 11.48± 2.0a 25.4± 5.1 19.8± 4.7 22.65± 9.6b
12 14.1± 5.8 15.7± 4.9 14.91± 8.9b 11.33± 2.1 11.4± 1.4 11.38± 2.0a 25.4± 6.8 27.1± 6.0 26.29± 9.6b
Treatment 40.8± 4.8A 25.1± 4.8B 11.4± 1.1A 7.08± 1.2B 52.24± 5.2A 32.25± 5.9B

# low sperm concentration; Means followed by lowercase letters differ in the columns between ages and uppercase letters differ in the rows between treatments at 5%
significance.

Table 8
Testosterone values (ng.mL�1) of prepubertal rams exposed (LPS) or not (CON) to
prenatal stress induced by LPS administration in the last third of gestation that had
undergone or not through the induction of prenatal stress induced by LPS admin-
istration in the last third of gestation evaluated between 5 and 12 months of age.

Age Testosterone (ng.mL�1)

LPS CON Age
5 1.99± 0.55 2.30± 0.35 2.14± 0.34c

6 3.07± 0.88 2.73± 0.68 2.90± 0.56bc

7 4.17± 0.74 3.71± 0.98 3.94± 0.58ab

8 3.91± 0.89 3.92± 0.85 3.91± 0.71ab

9 4.52± 0.30 4.90± 1.42 4.71± 0.62ab

10 5.42± 0.95 4.59± 1.03 5.00± 0.70a

11 4.85± 0.93 4.84± 0.89 4.84± 0.62ab

12 4.18± 1.22 3.94± 1.18 4.06± 0.82ab

Means followed by lowercase letters differ in the columns between ages at 5%
significance.
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experimental period, close to puberty. Thus, these parameters were
not altered by the LPS treatment. The stress induced by LPS and
immune response stimulation by inflammatory cytokines have
been shown to be important determinants of semen quality and
fertility in rabbits injected with LPS during the reproductive period.
In addition, the presence of macrophages in semen was negatively
associated with semen quality in these animals [37e39].

Stress can influence the characteristics and quality of semen
depending on its duration and when imposed as a challenge dur-
ing the male’s life [40e43]. In the present study, sperm
morphology was influenced by LPS treatment: the percentage of
major, minor and total sperm defects was higher in lambs chal-
lenged with LPS during pregnancy. The defects found may
decrease fertility, since the germ cell quality potential of these
males is affected due to the alteration in their morphology and in
their normal function [41,44].

Although there was no significant difference in testicular his-
tology between treatments, a numerical variation was observed in
animals treated with LPS compared to the general average area
occupied by seminiferous tubules in these animals. Although
testicular cell counts were not performed, it can be assumed that
there is some impairment in sperm production capacity, mainly
related to Sertoli cell functions [21,45], since there was a consid-
erable difference in sperm morphology, considering the defects
found in the spermatogenesis from the LPS rams. Hence, LPS
treatment alters sperm quality by changing the incidence of major
and minor defects, probably due to previous changes in germ cells
that are being allocated, organized and specialized in testis tissue
during the progression of pregnancy and fetal development.
Further studies are needed to clarify the mechanisms whereby
prenatal stress influences overall postnatal performance not only in
small ruminants [46e48].
5. Conclusion

This study showed that LPS injection induces stress during late
pregnancy and affects sperm morphology during early puberty of
the offspring. Nonetheless, testicular morphology and histology
weremaintained, as expected with the progression from puberty to
sexual maturity.
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