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Ultrastructural observation of the mule testis indicates normal function
of somatic cells
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Abstract
The mule (Equus mulus mulus) is a domestic
animal that results from the breeding of a male donkey
(Equus asinus) to a female horse (Equus caballus). The
number of metacentric and acrocentric autosomal
chromosomes in horses and donkeys differs
approximately by one-third, resulting in pairing failure
of homologous chromosomes during meiosis. Probably
for this reason, spermatogenesis in mules rarely
advances beyond spermatocytes and leads to sterility in
this hybrid equid. The results found in a recent study
developed in our laboratory, comparing testis structure
and function by using light microscopy in donkeys and
mules, suggested that mules’ seminiferous tubules are
probably able to sustain complete spermatogenesis. In
order to further investigate this hypothesis, we
performed an ultrastructural analysis of Sertoli and
Leydig cells in both mules and donkeys. The Sertoli cell
tight-junction morphology and the morphofunctional
integrity of the Sertoli cell barrier were also investigated
in these species utilizing lanthanum as a tracer. The
results showed that somatic cells of both donkeys and
mules had similar structure and organelle morphology.
This indicated that Sertoli and Leydig cell structure and
function in mules were apparently normal and
functional. The same was observed for Sertoli cell tight
junctions and the integrity of the Sertoli cell barrier.
Taken together, our results support the light microscopy
data already obtained indicating that mules are potential
viable candidates for transplantation of germ cells
originated from donkeys, horses, and other equids.
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Introduction
The male mule (Equus mulus mulus, 63
chromosomes) is a sterile hybrid domestic animal that
results from the breeding of a male donkey (Equus
asinus, 62 chromosomes) to a female horse (Equus
caballus, 64 chromosomes; Benirschke et al., 1962).
The main cause of sterility in mules is related to the
pairing failure of homologous chromosomes that occurs

during meiosis, probably because the number of
metacentric and acrocentric autosomal chromosomes in
horses and donkeys diverges approximately by one-third
(Chandley et al., 1974; 1975).
Early during development and before sexual
differentiation, primordial germ cells, which are
bipotential cells, migrate from the base of the allantois
via the gut mesentery and populate the genital ridge,
becoming gonocytes in this anlage where the primitive,
undifferentiated gonads are beginning to form (Capel,
2000; de Rooij and Russell, 2000). At this time, the
Sertoli cell, which presumably originated from the
coelomic epithelium, expresses the male sex
determining gene Sry in the short arm of the Y
chromosome, thus playing a crucial role in directing
testis differentiation. The other somatic cells of the
testis (Leydig cells, peritubular myoid cells, endothelial
cells, and fibroblasts) are thought to penetrate the
genital ridge from the mesonephric region probably
under the influence of factors produced by Sertoli cell
precursors (Merchant-Larios and Moreno-Mendoza,
2001). Also important are the morphological
interactions observed between germ cells, Sertoli cell
precursors, and peritubular myoid cells that result in the
formation of the seminiferous cords and represent the
events necessary for the normal development of
spermatogenesis (Yao et al., 2002). In this regard,
Sertoli cells in mammals and probably in all other
vertebrates play a pivotal role in the differentiation and
development of a functional testis. However, it should
be mentioned that although the basic structure of the
testis is highly conserved among vertebrates (Capel,
2000), specific characteristics of the testis structure
might be found for a particular species. This aspect
makes the mule and donkey an interesting model to
perform comparative studies related to testis structure
and function in both species, especially because Sry is
considered to show great interspecific variability (Short,
1997).
Germ cell transplantion is a fascinating and
powerful technique that has been largely utilized in the
past decade in mammals for the purpose of investigating
spermatogenesis and stem cell biology (Brinster, 2002;
Dobrinski, 2005a; b; Khaira et al., 2005; McLean,
2005). This technique also offers great potential for
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studies involving biotechnology, transgenic animals,
and the preservation of the genetic stock of valuable
animals or endangered species (Brinster, 2002;
Dobrinski, 2005a; b; Khaira et al., 2005; McLean,
2005). However, the success and efficiency of germ cell
transplantation depends on a recipient animal in which
endogenous spermatogenesis is naturally absent or
experimentally deprived (Brinster, 2002; Dobrinski,
2005a; b; Honaramooz et al., 2005; McLean, 2005).
Recently, we performed an extensive study comparing
testis structure and function in donkeys and mules
(Neves et al., 2002) in which it was suggested that the
seminiferous tubules in mules might be able to sustain
complete spermatogenesis. Therefore, this species could
be a potential candidate for transplantation of germ cells
originating from donkeys and horses. In order to further
investigate this hypothesis, we performed a careful and
comparative ultrastructural analysis of Sertoli and
Leydig cells in both mules and donkeys.
Materials and methods
Animals
Three sexually-mature donkeys (Equus asinus;
4-8 years of age) and 4 young adult mules (Equus mulus
mulus; 3-3.5 years of age) were utilized in the present
study. The donkeys belonged to the Pêga breed. They
were donated by the Brazilian Pêga Donkey Association
and were being utilized as breeders. Reproduction in
this species is not seasonal (Gastal et al., 1996);
however, the animals were orchiectomized during the
equine-breeding period, which is from September to
February in the south hemisphere. All mules were
offspring of Pêga donkeys. Before surgery, all animals
received a 0.8 ml, i.v. injection of Sedivet® (Boehringer
De Angell) per 100 kg of body weight. All surgical
procedures were performed by a veterinarian who
followed approved guidelines for the ethical treatment
of animals.
Tissue preparation
After the testes and epididymides were
removed, blood was cleared from the testes by
introducing 0.9% saline solution with heparin (125
IU/L) via a needle through the testicular artery.
Subsequently, the testes were perfused-fixed by gravityfed perfusion with 4% buffered glutaraldehyde for 2530 minutes. After perfusion, testes were trimmed out
from the epididymis and weighed and cut longitudinally
by hand with a sharp knife. Tissue samples, measuring
1-3 mm in thickness, were taken near the tunica
albuginea. Following glutaraldehyde fixation, the testes
were diced into small pieces, placed into the same
fixative for an additional hour, washed in phosphate
buffer overnight, post-fixed with 1% osmium:1.25%
potassium ferrocyanide mixture, dehydrated in ethanol,
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and embedded in Epon 812-Araldite 502. Thin sections
were then routinely prepared for light microscopy
analysis. Ultra-thin sections from the previously
selected areas of the testis were mounted on 200-mesh
grids, stained with uranyl acetate and lead citrate, and
examined using an EM-10 electron microscope (Zeiss,
Oberkochen, Germany).
Study of the Sertoli cell barrier permeability
The protocol utilized to prepare the testis tissue
was similar to that described in the literature (Neaves,
1973; Lewis and Knight, 1988; Hayat, 1993) with some
modifications. Briefly, the testis was perfused-fixed
with 4% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4) containing 1% lanthanum hydroxide. After being
fixed, the testis tissue fragments, measuring 1-3 mm in
thickness and taken near the tunica albuginea, were
immersed in the same fixative for approximately 5
hours and then stored at 5ºC in the buffer described
above. Subsequently, these fragments were post-fixed
with 1% buffered osmium containing 1% lanthanum
hydroxide for 8 hours, washed in buffer, and then
immersed in 0.5% aquous uranyl acetate for 12 hours.
Finally, the testis fragments were routinely prepared for
transmission electron microscopic investigation as
previously mentioned.
Results
Biometric data
The mean (± SEM) body weights of donkeys
(249 ± 22 kg) and mules (262 ± 12 kg) investigated
were similar. However, testis weight (± SEM) in mules
(39 ± 7 grams) was nearly 5-fold lower than in donkeys
(206 ± 9 grams).
Light microscopy evaluation of the testis
Figure 1 shows a panoramic view of the testis
compartments in the donkey (Fig. 1A) and mule (Fig.
1B). Compared with donkeys (Fig. 1C), few germ cells
were present in the seminiferous tubules of mule testes
(Fig. 1D-E). A more careful histological evaluation
showed that most of the seminiferous tubules in mules
had a patent lumen, and in almost all of these tubules,
spermatogonia and spermatocytes were present (Fig.
1D). Meiotic figures and/or secondary spermatocytes were
eventually observed in these tubules, and early spermatids
were rarely seen. In approximately one-third of the
seminiferous tubules, only vacuoles of different sizes and
shapes were observed in the seminiferous epithelium
lined only by Sertoli cells and spermatogonia (Fig. 1E).
Few tubular profiles presented only Sertoli cells (Fig. 1F),
and in some, no lumen or vacuoles were observed
(figure not shown). Almost half of the seminiferous tubules
observed had apoptotic cells (presumably germ cells) in the
epithelium (inset in Fig. 1E).
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Figure 1. Light microscopy of the donkey and mule testis. Figure 1A and B shows a
panoramic view of the testis compartments in the donkey and mule, respectively.
Compared with donkeys (Fig. 1C), few germ cells were present in the seminiferous
tubules of mule testes (Fig. 1D-E), and some tubules (Sertoli cell-only) were totally
devoid of germ cells (Fig. 1F). Apoptosis was common in the seminiferous epithelim of
mules (inset in Fig. 1E). Seminiferous tubules (ST); intertubular compartment (I); lumen
(Lu); vacuoles (V); elongate spermatids (E); round spermatids (R); pachytene
spermatocytes (P); spermatogonia (G); apoptosis (Ap); Sertoli cells (S). Bar = A and B,
150µm; C-F, 15µm; inset, 12µm.

Ultrastructure of Sertoli and Leydig cells
In both species investigated, Sertoli cells had a
high number of organelles, predominantly mitochondria
and smooth and rough endoplasmic reticulum.
Mitochondria were elongated and showed few tubular
cristae. In contrast with donkeys (Fig. 2A), Sertoli cells
in mules (Fig. 2B) had a more heterochromatic nucleus
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and a smaller and more condensed nucleolus.
Leydig cell ultrastructure in donkeys and mules
is depicted in Fig. 3. Leydig cell morphology in both
species was similar. In this regard, these cells had a round
or oval shaped nucleus and a relatively large amount of
smooth endoplasmic reticulum and mitochondria. This
latter organelle was usually elongated, having tubular
cristae and dense granules in the mitochondrial matrix.
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Figure 2. Sertoli cells ultrastructure investigated by transmission electron microscopy in the
adult donkey (A) and mule (B). Observe that the Sertoli cell in the donkey has an euchromatic
nucleus (N) and a conspicuous nucleolus (Nu). Smooth endoplasmic reticulum (SER),
elongated mitochondria (M), Golgi (G), and lipid droplet (L) are commonly observed in the
cytoplasm. In the mule, except for the presence of a relatively heterochromatic nucleus (N) and
a smaller and more condensed nucleolus (Nu), the general morphology of the organelles such
as smooth endoplasmic reticulum (SER), and mitochondria (M), and Golgi are similar to those
described for the donkey. Bar = 0.5µm.
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Figure 3. Leydig cell ultrastructure investigated by transmission electron microscopy in the
adult donkey (A) and mule (B). The Leydig cell in the donkey has a relatively heterochromatic
and round to oval-shaped nucleus (N). In the cytoplasm, elongated mitochondria (M)
containing tubular cristae and a large amount of smooth endoplasmic reticulum (SER) are
observed. Golgi (G) and electron-dense granules in the mitochondrial matrix (arrow) are also
indicated. The general morphology of the Leydig cell in the mule is very similar to that
described above for the donkey. In this regard, except for a conspicuous nucleolus (Nu), all
other cell components mentioned for the donkey are present in the mule. Bar = 0.5µm.
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Figure 4. Sertoli cell (SC) ultrastructure investigated by transmission electron microscopy in
the adult donkey (A) and mule (B). This figure depicts a Sertoli cell tight junction formed by
the plasma membranes of two adjacent Sertoli cells (1 and 2) and actin filaments (3)
surrounded or delimited by smooth endoplasmic reticulum (4). Germ cells (GC), near the
Sertoli cells, are also indicated. Bar = 0.5µm.
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Figure 5. Sertoli cell ultrastructure investigated by transmission electron microscopy in the adult mule.
Lanthanum was used as a tracer in order to investigate the Sertoli cell barrier functional integrity. The
arrowheads indicate the presence of lanthanum in the intercellular space delimited by the Sertoli cell
(SC) plasma membrane and the type A spermatogonia (SpgA) located in the seminiferous epithelium
basal compartment. The arrows show the interruption of lanthanum progression (see also the inset at
higher magnification), probably due to the Sertoli cell barrier (tight junctions). The Sertoli cell nucleus
(N) and tunica propria basal membrane (BM) are also indicated. Bar = 1µm; inset, 0.5µm.
Sertoli cell barrier
As observed in Fig. 4, the tight junctions that
are considered the morphofunctional basis of the Sertoli
cell barrier were apparently normal in both donkeys and
mules. The permeability and functional integrity of tight
junctions were also investigated in adult mules utilizing
lanthanum as a tracer. According to Fig. 5, the
progression of this tracer between Sertoli cell plasma
membranes was interrupted at the level of the tight
junctions. This result strongly suggests that this very
important aspect of the seminiferous epithelium was
probably not altered in mules, providing an adequate
environment for the development of germ cells.
Discussion
Testis structure and function in donkeys and
mules were comparatively investigated in a recent study
performed in our laboratory (Neves et al., 2002). In this
study, we showed that the percentage of seminiferous
tubules containing spermatogonia and spermatocytes in
mules was approximately 95%, and that in spite of
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similar individual Leydig cell size, the total number of
these cells in mules was only one-third of that observed
in donkeys. However, the total number of Sertoli cells
per testis, pachytene spermatocyte nuclear volume, and
spermatogenic cycle length found for these two species
were very similar. These results found for testis
structure and function in mules, utilizing light
microscopy investigation, suggested that the
seminiferous tubules in this hybrid might be able to
sustain complete spermatogenesis, thus making the
mule a potential candidate for transplantation of germ
cells originated from donkeys, horses, or other equids.
In the present study, we performed a careful
ultrastructural investigation of Sertoli and Leydig cells.
In particular, the ultrastructure of Sertoli cell tight
junctions, as well as the functional integrity of Sertoli
cell barrier, was investigated utilizing lanthanum as a
tracer. The general morphological and ultrastructural
characteristics of Leydig cells in mammals show great
species variation (Russell, 1996). However, our results
showed that Leydig cell ultrastructure in mules and
donkeys were very similar. Specifically for mules, our
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results are similar to studies developed by HernándezJáuregui and Monter (1977), suggesting that Leydig cell
steroidogenic capacity is probably not affected in this
species. This finding is of particular interest because it
corroborates that the lack of complete spermatogenesis
in mules is mainly due to the homologous chromosome
pairing failure (Chandley et al., 1974; 1975). In fact,
although to our knowledge there is no scientific
evidence for that in the literature, adult mules are well
known for their very high libido.
Following the same trend found for Leydig
cells, our data showed that Sertoli cell ultrastructure was
very similar in mules and donkeys, and not altered in
mules (Alvarenga, 1990). The same results were found
for Sertoli cell tight junctions in donkeys and mules and
for the Sertoli cell barrier integrity investigated in
mules. Although some specific characteristics of Sertoli
cell organelles might be found for different mammalian
species (Russell, 1993; Russell and Brinster, 1996; Hess
and França, 2005), Sertoli cell ultrastructural
characteristics observed in the present study for mules
and donkeys were similar to those generally described
for mammals (Ross, 1977; Vogl et al., 1993; Hess and
França, 2005). Also, our findings corroborate what is
suggested in the literature for hybrids that usually have
a functional Sertoli cell barrier (Andersen-Berg, 1984).
All of the ultrastructural findings obtained in
the present work reinforce that sterility in mules is
probably caused by problems in the germ cell
components of the seminiferous epithelium and not due
to the somatic elements (i.e. Sertoli and Leydig cells) of
the testis. The fact that Sertoli cells had more
heterochromatic nuclei and smaller nucleoli in mules
compared to donkeys is probably related to the
functional status of these cells that are involved with
much fewer germ cells. Also, the similar cytoarchitecture found for Sertoli and Leydig cells in
donkeys and mules in the present investigation suggest a
possible role of the donkey Y chromosome in
determining important structural and functional aspects
of the mule testis (Neves et al., 2002).
In summary, the ultrastructural results found
for mules confirm our light microscopic findings,
suggesting strongly that mule seminiferous tubules are
able to sustain complete spermatogenesis. In this regard,
mules are potential candidates for transplants of germ
cells originated from donkeys, horses, or other equids
and even other large animals. However, this possibility
could only be confirmed or tested with the development
of functional studies in which early germ cells are
experimentally depleted, once in mules investigated in
the present study most of the available niches are still
occupied by spermatogonia.
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