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Abstract
The donkey (Equus asinus) is a domesticated
species from the Equidae family that is economically
important and very well adapted to the arid regions of
South America, Africa and Asia. However, except for a
few studies in the literature related to testis structure and
function in donkeys, to our knowledge there is no report
regarding spermatogenic and Sertoli cell efficiencies in
this equid species. Therefore, in the present study our
main aims were to study these important parameters in
Pêga donkeys. For this purpose, five sexually mature
donkeys that had their testis perfused-fixed with
buffered glutaraldehyde and routinely prepared for
histological and stereological evaluations were
investigated during the equine breeding period, which is
from September to February in the South Hemisphere.
The results found showed that, similar to most
mammalian species already investigated, from the
theoretical expected number, expressive germ cell loss
occurred during the spermatogonial (~75%) and meiotic
(~25%) phases of spermatogenesis, in such a way that,
from each 10 spermatozoa expected to be formed from
initial type A differentiated spermatogonia, only around
2 would be formed. However, mainly due to the higher
Sertoli cell efficiency found for Pêga donkeys (~15
spermatids per Sertoli cell), spermatogenic efficiency
(daily sperm production per testis gram) observed for
this species (~42 million) is the highest observed for the
domestic mammals already investigated, being ~110%
higher than the value described in the literature for
stallions.
Keywords: daily sperm production, morphometry,
Sertoli cells, spermatogenesis, testis.
Introduction
The donkey (Equus asinus) is a domesticated
species from the Equidae family. Because it easily
adapts to the arid regions (Gastal et al., 1996), this
species is economically very important in South
America, Africa and Asia. Particularly in Brazil, the
Pêga donkey is a valuable breed and its hybrids (mules)
are frequently used to herd cattle, as a means of
transportation, for equid sports and for pleasure (Gastal
et al., 1996; Canisso et al., 2010). In the last three
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decades, several studies involving the reproductive
physiology in donkeys have been performed, including
those related to oestrus cycle (Henry et al., 1987),
sexual behavior under different management systems
(Henry et al., 1991, 1998; Lodi et al., 1995; Gastal et
al., 1996; McDonnell, 1998, 2000), andrologic
evaluations (Costa, 1991; Canisso et al., 2008) and
seminal characteristics (Morais et al., 1994; Dowsett
and Knott, 1996; Gastal et al., 1997; Canisso, 2008).
Aiming mainly to perform studies related to
germ cells transplantation from fertile equid species
(donors) to mules (natural infertile recipient), our
research group has been doing comparative and accurate
testicular morphometric analysis in donkeys and mules
(Neves et al., 2002); including ultrastructural evaluation
of Sertoli and Leydig cells (Neves et al., 2005),
estimation of the spermatogenic cycle length (Neves et
al., 2002) and, more recently, the characterization of
spermatogonial stem cells (SSCs) phenotype (Costa et
al., 2012). The ultrastructural results obtained for mules
and donkeys indicated that both Leydig and Sertoli cells
(including the Sertoli cell barrier) were functionally
normal in mules, strongly suggesting that mule
seminiferous tubules are able to sustain complete
development of spermatogenesis. Therefore, mules were
considered potential candidates for transplants of SSCs
originated from donkeys, horses, or other equid and
even other large animals (Neves et al., 2005).
Daily sperm production (DSP) per gram of
testicular parenchyma, which is a measure of
spermatogenic efficiency in sexually mature animals, is
very useful for species comparisons (Hess and França,
2007). In mammalian species investigated up to date,
four to eighty million spermatozoa are produced daily
per gram of testis tissue and usually species that have
shorter spermatogenic cycle lengths have higher
spermatogenic efficiency (Hess and França, 2007; Costa
et al., 2010). However, the higher efficiency of
spermatogenesis observed in most mammalian species
results mainly from the combination of higher Sertoli
cell support capacity for germ cells (Sertoli cell
efficiency) and greater number of Sertoli cells per gram
of testis (Hess and França, 2007).
Although there are already important
information in the literature about the testis structure
and function in donkeys (Neves et al., 2002, 2005;
Costa et al., 2012), to our knowledge there is no report
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about spermatogenic and Sertoli cell efficiencies in this
equid species. In this regard, our main objectives in the
present study were to estimate these important
parameters in sexually mature Pêga donkeys.
Material and Methods
Animals
Five sexually mature donkeys (Equus asinus;
4-11 years of age) from the Pêga breed were utilized in
the present study. They were donated by the Brazilian
Pêga Donkey Association and were being used as
breeders. Although reproduction in this species is not
seasonal in Brazil (Kreuchauf, 1984; Gastal et al.,
1996), the animals were orchiectomized during the
equine breeding period, which is from September to
February in the southern hemisphere. Before surgery, all
animals received i.v. injections of 0.8 mL of Sedivet
(Boehringer De Angell, U.K.) per 100 kg of body
weight. All surgical procedures were performed by a
veterinarian and followed approved guidelines for the
ethical treatment of animals. The protocol was approved
by the Committee on Animal Experimentation-CETEA,
Federal University of Minas Gerais (Permit Number:
056/11).

differentiated type A spermatogonia (A1, A2, and A3);
type B spermatogonia (B1 and B2); preleptotene (Pl),
leptotene (L), zygotene (Z), pachytene (P), and
diplotene (D) spermatocytes; and round (R) spermatids.
Germ cell nuclear volume was expressed in
µm3 and was obtained by the formula (4/3)πr3, where r
= nuclear diameter/2. The germ cells counts were
corrected for section thickness and nucleus or nucleolus
diameter according to Abercrombie (1946), as modified
by Amann (1962). For this purpose, ten nuclear
diameters per animal were measured for each cell type
analyzed and cell ratios were obtained from the
corrected cell counts done.
Sertoli cell number per seminiferous tubules crosssections and Sertoli cell efficiency
For each animal, Sertoli cells nucleoli were
counted in 10 round or nearly round seminiferous tubule
cross-sections from the eight different stages of the
seminiferous epithelium cycle. These counts were also
corrected for section thickness and nucleolus diameter
(Abercrombie, 1946; Amann, 1962). Twenty Sertoli cell
nucleoli diameter were measured per stage and for each
animal.
Daily sperm production

Tissue preparation
After the testes and epididymides were
removed, the blood was cleared by introducing 0.9%
saline with heparin (125 IU/L) via a needle through the
testicular artery. Subsequently, they were perfused-fixed
by gravity-fed perfusion with 4% buffered
glutaraldehyde for 25-30 min. After perfusion, testes
were trimmed out from the epididymides and weighed
and cut longitudinally by hand with a sharp knife. Testis
fragments were routinely processed and embedded in
plastic (glycol methacrylate). Sections of 4 μm
thickness were obtained and subsequently placed on
glass slides and stained with toluidine blue for light
microscopic investigations (Fig. 1).
Germ cell nuclear volume and number
Aiming to evaluate germ cells nuclear volume
and number through the eight stages of the seminiferous
epithelium cycle in donkeys, characterized according to
the tubular morphology system (Neves et al., 2002), for
each animal, they had their diameter measured and the
number counted in ten round or nearly round
seminiferous tubule cross-sections from each of the
eight different stages of the seminiferous epithelium
cycle. The following germ cell types were analyzed:
type A undifferentiated spermatogonia (Aund);
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The DSP per testis and per gram of testis
parenchyma (spermatogenic efficiency) was obtained
according to the following formula: DSP = total number
of Sertoli cells per testis x the ratio of round spermatids
to Sertoli cells in stage 1 x stage 1 relative frequency
(%)/stage 1 duration (days; França, 1992). This
calculation was based on the assumption that there are
no significant germ cell losses during spermiogenesis,
particularly after spermatid nuclear elongation (Russell
and Clermont, 1977). Therefore, the number of round
spermatids counted at stage 1 of the seminiferous
epithelium cycle in this species (Fig. 1C), just before
they were elongating, was considered the number of
potential spermatozoa released in the tubular lumen.
The data related to the testis weight, total number of
Sertoli cells per testis, the stage 1 relative frequency and
stage 1 duration (days) were those already published
from studies developed in our laboratory by Neves and
colleagues (Neves et al., 2002).
Statistical analysis
All data are presented as the mean ± SEM.
Analysis of variance (Newman-Keuls test) was done
using the program Statistica 3.11 for Windows
(StatSoft, Inc., Tulsa, OK). The significance level
considered was P < 0.05.
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Figure 1. Donkey (A, C, E) and horse (B, D, F) testis parenchyma. Observe, at low magnification, the testis
cytoarchitecture in donkey (A) and horse (B), illustrating the presence of tubular (TC) and intertubular (IC)
compartment where Leydig cells (L) are located. The daily sperm production (DSP) was estimated counting the
number of round spermatids (R) per Sertoli cell (SC) at the stage 1 of the seminiferous epithelium cycle (C, D). The
number of elongated spermatids (El) per Sertoli cell, which is higher in donkeys (E) when compared to horses (F,
Johnson and Thompson Jr, 1983; Johnson et al., 2000), is also illustrated in this figure. Scale bars = 25 µm.

Results
Germ cell nuclear volume and number
Germ cell nuclear volumes from type A
undifferentiated spermatogonia to round spermatids
are shown in Fig. 2A. Among the different
spermatogonial types (type A and type B), the biggest
volume (~700 µm3) is observed in type A1
spermatogonia that gradually decreases its volume
until type B2 (~310 µm3) and preleptotene
spermatocytes (~310 µm3). In the meiotic phase, a
substantial increase (~110%) occurs from preleptotene
to diplotene spermatocytes. After the two successive
meiotic divisions, a drastic nuclear volume reduction
was noticed and round spermatids presented a nuclear
volume approximately 6 fold smaller (~110 µm3) than
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diplotene (Fig. 2A).The nuclear volume was very
similar from early to late round spermatids (data not
shown).
Due to four mitotic divisions, during the
spermatogonial phase the number of spermatogonia per
seminiferous
tubules
cross-sections
increased
approximately 4-fold (~3 to ~12) from type A1 to B2
(Fig. 2B). Considering that an 8 fold increase would be
expected, very high germ cell loss occurred during this
initial phase of spermatogenesis. Differently, in the
meiotic prophase I (from preleptotene to diplotene), the
germ cell number was rather constant (Fig. 2B).
However, from the four theoretically expected
spermatids to be formed per primary spermatocytes only
approximately three were found, which means that
about 25% of germ cells loss took place during the
meiotic divisions (Table 1).

519

Neves et al. Daily sperm production in donkeys.

(A) Germ cell nuclear volume (µm3)
800

µm3

600

400

200

0

(B) Germ cell number per seminiferous tubule
cross-sections

Cell number / cross-sections

100

80

60

40

20

0

Figure 2. Nuclear volume (A) and number (B) of different germ cell types in donkeys. Aund, type A
undifferentiated spermatogonia; A1, A2, A3, B1 and B2, type A and type B spermatogonia; Pl/L, preleptotene to
leptotene primary spermatocyte, Z, zygotene spermatocyte; P, pachytene spermatocyte; D, diplotene spermatocyte;
R, round spermatids.

Sertoli cell number and cell ratios
As observed in Fig. 3, the number of Sertoli
cell nucleoli per seminiferous tubules cross-sections
along the eight different stages of the seminiferous
epithelium cycle was very similar, and this quite stable
value confirms that the Sertoli cell is a reliable
parameter to quantify and normalize germ cells counts
(Fig. 3). The Sertoli cell efficiency in donkeys,
520

estimated from the total number of spermatids per
Sertoli cell at stage 1 of the seminiferous epithelium
cycle, was 15.1 ± 2 (Table 1). From the cell counts at
stage 1, Table 1 also shows that approximately 8
preleptotene spermatocytes were formed from type A
spermatogonia
(coefficient
of
efficiency
of
spermatogonial mitosis), whereas 26 spermatids resulted
from each type A spermatogonia (overall rate of
spermatogenesis).
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Figure 3. Number of Sertoli cell nucleoli across the eight different stages of the seminiferous epithelium cycle
characterized according to the tubular morphology system (Mean ± SEM). Observe that the number of Sertoli cells
along the eight stages is very similar (P > 0.05).
Table 1. Cell ratios and daily sperm production in Pêga donkeys (Mean ± SEM).
Parameters
Preleptotene spermatocyte per type A spermatogonia1
8.2 ± 0.9
Round spermatids per pachytene spermatocyte (meiotic index)
3.0 ± 0.2
Overall rate of spermatogenesis2
26 ± 3.2
Round spermatids per Sertoli cell nucleoli (Sertoli cell efficiency)
15.1 ± 1.4
6
Daily sperm production per gram of testis (x10 )
41.7 ± 5.0
Daily sperm production per testis (x109)
7.2 ± 0.9
1
Coefficient of efficiency of spermatogonial mitosis.2Ratio of round spermatids per type A spermatogonia at stage 1
of the seminiferous epithelium cycle.
Daily sperm production
Table 1 also displays the data related to the
number of sperm produced. As observed in this table,
the daily sperm production per testis and per gram of
testis in donkeys was approximately 7 billion and 42
million, respectively.
Discussion
To our knowledge, this is the first report
describing the Sertoli cell and spermatogenic
efficiencies in donkeys. Based on the number of
spermatids found per Sertoli cell in this species, this cell
can be considered one of the most efficient among
mammals so far studied (Hess and França, 2007) . The
association of this data obtained in the present work
with the values previously found in donkeys for
Anim. Reprod., v.11, n.4, p.517-525, Oct./Dec. 2014

seminiferous tubules volume density in the testis
parenchyma and for the cycle length (Neves et al.,
2002), resulted in a very high spermatogenic efficiency
for this species, this efficiency being the highest
observed for domestic mammals already investigated
(Hess and França, 2007).
Except for horses, in which the rate of germ
cell apoptosis, Sertoli cell number and efficiency and
daily sperm production are already available (Gebauer
et al., 1974; Johnson and Neaves, 1981; Johnson and
Thompson Jr, 1983; Johnson and Nguyen, 1986; Jones
and Berndtson, 1986; Johnson and Tatum, 1989;
Rodriguez-Martinez, 1992; Johnson et al., 1994, 2000;
Blanchard and Johnson, 1997); there are few
quantitative data in the literature related to testis
structure and spermatogenesis for other members of the
Equidae family (Trujillo et al, 1969; HernándezJáuregui and Márquez Monter, 1977; Nipken and
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Wrobel, 1997; Neves et al., 2002, 2005). For instance,
although Penzhorn and van der Merwe (1988) showed
data related to the testis size and the onset of
spermatogenesis in cape mountain zebra (Equus zebra
zebra), there is no further description of the
spermatogenic process in this species. In this context, in
order to have a more comprehensive discussion, a table
(see Table 2) compiling the data available in the
literature for several important testis and spermatogenic
parameters is shown for donkeys and horses, which are
now the two better investigated domestic Equidae
species in this regard.
The balance between proliferation and
apoptosis plays a very important role in regulating the
spermatogenic cells population in the seminiferous
epithelium. Particularly, during the spermatogonial
phase, the homeostatic mechanism that regulates
apoptosis is considered density-dependent (a
mechanism to limit germ cells to the number that can be
supported by available Sertoli cells), limiting the amount
of germ cells that enter in the meiotic phase (Huckins,
1978; De Rooij and Lok, 1987; Sharpe, 1994; De Rooij,
1998). In Pêga donkeys, analyses of the different types of
spermatogonia numbers showed that, based on the
theoretical final number expected for these cells,
significant germ cells loss occurred during the
spermatogonial phase. In this regard, only about eight
primary spermatocytes in preleptotene were formed for
each type A spermatogonia counted at stage 1. This value
is very close to the one observed for adult horses (Jones
and Berndtson, 1986, Costa et al., 2012). Considering
that these donkeys and horses have five generations of
differentiated spermatogonia (Amann, 1981; ChiariniGarcia et al., 2009; Costa et al., 2012), the theoretical

number expected of primary spermatocytes per each type
A spermatogonia would be 32 cells. Therefore,
confirming the assumption stated above, approximately
75% of germ cell loss was observed during
spermatogonial phase in both donkeys and horses.
In order to eliminate cells with abnormal or
aberrant chromosomes (Roosen-Runge, 1973; Sharpe,
1994), in a process now named checkpoints (BlancoRodríguez, 2001), at least one of four spermatids
originated from a primary spermatocyte is expected to
undergo apoptosis (França and Russell, 1998).
Therefore, for most mammalian species already
investigated, approximately 20-25% of germ cells loss
occurs during the meiotic divisions (Roosen-Runge,
1973; França and Russell, 1998; Hess and França,
2007). In this regard, the values found in the present
study for the meiotic index in Pêga donkeys are similar
to other mammals, including horses (Berndtson et al.,
1983; Jones and Berndtson, 1986; Johnson et al., 1994).
In the Pêga donkey, the overall yield of spermatogenesis
was approximately 26 round spermatids for each type A
spermatogonia. This indicates that only approximately
20% of the theoretical number of spermatids (128) was
produced; therefore, ~80% of germ cells loss occurs
during the entire spermatogenic process in donkeys,
which is very similar to horses (Jones and Berndtson,
1986). Once again and suggesting that spermatogenesis
may be a very tightly regulated homeostatic process
during phylogenesis, the data obtained for equids
confirm those found in the literature for most mammals
investigated so far (Huckins, 1978; França and Russell,
1998), where from each 10 spermatozoa expected to be
formed from initial type A differentiated spermatogonia
only 2-3 spermatozoa are produced.

Table 2. Comparison of several testis parameters in sexually mature donkeys and horses.
Donkeya
Parameters
Testis weight (g)
166-219
c
Gonadosomatic index (%)
0.15
Seminiferous tubule percentage
85
Coefficient of efficiency of spermatogonial mitosisd
1 : 8.2 (75)
Meiotic indexe
3.1(25)
Overall rate of spermatogenesisf
1 : 26 (80)
Sertoli cell efficiency (spermatids per Sertoli cell)
15.1
Sertoli cells per gram of testis (million)
30
Spermatogenic cycle length (days)
10.5
Total duration of spermatogenesis (days)
47.2
Daily sperm production per gram of testis (million)
42

Horseb
117-213
0.12
72
1 : 8.3 (75)
3 (25)
1 : 26 (80)
8.7
28
12.2
54.9
20

a

Data obtained from Neves, 2001 and Neves et al., 2002.bData obtained from several publications: Swierstra et al.,
1974; Berndtson et al. 1983; Johnson and Thompson Jr, 1983; Jones and Berndtson, 1986; Setchell, 1991; Johnson
et al., 1994, 2000.cCalculation of the gonad mass as a proportion of the total body mass. dRatio of early primary
spermatocytes per type A spermatogonia at stage 1of the SEC (percentage of presumptive germ cell loss during the
spermatogonial phase in parenthesis).eRatio of spermatids per primary spermatocytes (percentage of germ cell loss
during meiosis in parenthesis).fRatio of round spermatids per type A spermatogonia at stage 1 of the SEC
(percentage of presumptive germ cell loss during spermatogenesis in parenthesis).
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The number of spermatids per Sertoli cell is
considered an accurate index to evaluate the Sertoli cell
efficiency and function, being crucial in determining the
magnitude of sperm production (Russell and Peterson,
1984; Sharpe, 1994; França and Russell, 1998; Hess and
França, 2007). In Pêga donkeys, the number of
spermatids per Sertoli cell (~15) is one of the highest
obtained for mammals (Russell and Peterson, 1984;
Sharpe, 1994; França and Russell, 1998; Hess and
França, 2007). In comparison to horses (Fig. 1), the
number of spermatids per Sertoli cell in donkeys is 60%
higher (Johnson and Thompson Jr, 1983, Johnson et al.,
2000). Besides that, the germ cell pace (as expressed by
the seminiferous epithelium cycle duration) in Pêga
donkeys (Neves et al., 2002) is approximately 15%
faster than the value observed for horses (Swierstra et
al., 1974). According to the literature, the combination
of short duration of spermatogenesis, high number of
Sertoli cells per testis gram; high Sertoli cells support
capacity, high seminiferous tubules volume density (%),
and low germ cell loss during spermatogenesis results in
a more efficient sperm production (Johnson, 1991;
França and Russell, 1998; Hess and França, 2007).
Therefore, taking into consideration all these
aforementioned parameters (see Table 2), the DSP per
gram of testicular parenchyma found in Pêga donkeys
(42 million) was very high and about 100% larger than
that observed for stallions (Johnson et al., 2000).
In summary, as shown in Table 2, several testis
and spermatogenic parameters are very similar when
donkeys investigated in the present study are compared
to horses. However, confirming the literature, the
noticeably higher spermatogenic efficiency found for
donkeys resulted mainly from the higher number of
spermatids per Sertoli cell (Sertoli cell efficiency) and,
to a lesser degree, from the shorter duration of
spermatogenesis and higher percentage of seminiferous
tubules observed for this species.
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