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a b s t r a c t

The dairy goat is an important economic animal. Studies on in vitro differentiation of dairy goat sper-
matogonial stem cells (SSCs) could understand the molecular mechanisms for detecting mammalian
sperm generation and innovative transgenetics. This study established an in vitro differentiation system
for Saanen dairy goat SSCs. After 35 days incubation, single flagellum sperm-like cells with late round
spermatid (Sa2) morphologically and the ability to express sperm-specific protein acrosin is detected.
DNA ploid analysis showed that addition of testosterone to the culture system significantly improved the
differentiation efficiency (P < 0.05) of haploid cells, and stimulated the post-meiotic gene (Tnp1, Tnp2
and Prm1) expression. A green fluorescent protein expressed in the morula was observed after trans-
fection of the green fluorescent protein (GFP) vector with a round spermatid microinjection into the
oocyte at metaphase II-stage. This study optimized activated method of the goat oocytes injected with
round spermatids in vitro. This method increases the reconstructed embryonic development rate. These
results suggest that testosterone boosts the efficiency of haploid cell differentiation in Saanen dairy goat
testicular cells in the in vitro differentiation system. After optimization of activated and injection
methods, fertility and embryonic were improved.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

To generate functional sperm, male germline stem cells (mGCs)
involved in a complicated and unique cell proliferation and differ-
entiation process. Spermatogenesis, which includes self-renewal
and mitotic cell division in spermatogonia, meiotic cell division in
spermatocytes, and spermiogenesis in spermatids act sequentially
to produce spermatozoa. Interaction of spermatogonial stem cells
(SSCs) with the somatic testicular cell types, Sertoli cells, peri-
tubular myoid cells in vitro is especial important for the SSCs pro-
liferation and differentiation [1]. The somatic cells (e.g. Sertoli cells
and Leydig cells) provide essential nutrients (e.g. amino acids, vi-
tamins), reproductive hormones (testosterone), cytokine synergy,
and through the somatic cells to recieve follicle stimulating hor-
mone (FSH) and luteinizing hormone (LH) regulation [2].
.

Functional disorders of Sertoli cells and Leydig cells, along with
other abnormalities, such as local micro-environment imbalance,
could result in arrest of spermatogenesis. Recently, various in vitro
culture systems for germ cell differentiation research have been
established, including organ culture, seminiferous tubule fragment
culture, and mixed cell co-culture [3e6]. The spermatogenesis
in vitro testis cell culture model is different from in vivo that the
meiotic division and spermiogenesis are completed inside of the
blood-testis barrier (BTB) of the testicular tubles, a “micro-envi-
ronment”. The established in vitro culture system may also estab-
lish a similar microenvironment to in vivo spermatogenesis, but the
molecular mechanism and the signaling pathway are unclear. The
present results extend the previous reported in vitro survival time
of spermatogenic cells and improves sperm differentiation rate
[7,8]. Spermatogenic cell in vitro differentiation is hormone-
dependent. FSH can improve mRNA levels of the stem cell factor
(SCF) [9]. Increasing SCF in the culture could stimulate spermato-
gonial DNA synthesis, thus promoting spermatogonial proliferation
and differentiation [10]. Testosterone impacts the whole process
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from meiosis of spermatocytes to sperm maturation [11].
Round spermatids contain a complete haploid chromosome set

and possess the ability to fertilize metaphase II-stage oocytes [12].
However, the fertilization and birth rates following round sper-
matid injection (ROSI) are quite low. Sousa et al. [13] used an in vitro
mixed culture of spermatogonia and Sertoli cells from non-
obstructive azoospermia patients to collect sperm cells. After
microinjection, blastocysts were formed, but with low embryonic
development. Abnormal elongating and elongated spermatids
enabled 8.3% and 27.3% fertilization rates respectively, but none of
them reached to blastocyst stage. The main reason might be lack of
oocyte activation factor, leading to ineffective oocyte stimulation.
However, before or after ROSI, assisted oocyte activation (e.g.
electrical activation, chemical activation) significantly improved
round spermatid fertilization rate [14].

Researchers have completed the process of spermatogenesis
in vitro by using spermatogenic cells [15,16]. The obtained sper-
matids with tails are able to produce normal offspring after ROSI
[17,18]. In addition, human spermatogenic cells can differentiate
and mature in an in vitro culture system [19,20]. Addition of FSH
and testosterone into culture systems can promote SSC differenti-
ation [21]. In this study, testis cells and small fragments of semi-
niferous tubules of 2-month-old Saanen dairy goats were incubated
to induce SSC differentiation in the in vitro culture system.
Furthermore we investigated the effect of testosterone on in vitro
differentiation of SSCs and found that the steroid increases the
in vitro generation efficiency of the haploid sperm-like cells, and
optimizes the activation of ROSI to improve embryonic develop-
ment after injection of in vitro cultured spermatids into oocytes.

2. Materials and methods

2.1. Ethics statement

Surgical biopsy in goats was performed at the experimental
station of the China Agricultural University, and the whole pro-
cedure was carried out in strict accordance with the protocol
approved by the Animal Welfare Committee of China Agricultural
University.

2.2. Isolation of male testicular cells

Testis tissue was obtained from three 2-month-old Saanen dairy
goats. Some of the tissue was fixed in 4% paraformaldehyde,
embedded in paraffin wax, sectioned, and stained in hematoxylin
and eosin (H&E) to observe the morphology of the seminiferous
tubules. Another part of the testis was transported to the laboratory
in normal saline where it was washed thrice with phosphate
buffered solution (PBS) supplemented with 100 IU/mL penicillin
and 100 mg/mL streptomycin. After decapsulation, isolated cells
and small fragments of seminiferous tubules were dissociated by
the modified enzymatic digestion [22]. Briefly, the short seminif-
erous tubules were incubated with a tenfold (w/v) enzyme cocktail
containing 1 mg/mL collagenase type IV, hyaluronidase (Sigma)
1 mg/mL and 500 mg/mL DNaseI (Sigma) at 37 �C for 15 min, fol-
lowed by neutralisation with Dulbecco's modified Eagle medium
(DMEM) containing 10% foetal bovine serum (FBS) (Gibco, Grand
Island, NY, USA). The cell suspension was filtered using a 40 mesh
sieve. The dissociated cells and small fragments of seminiferous
tubules were washed twice with DMEM by 500�g centrifugation.

2.3. In vitro differentiation of SSCs

Thetestis somatic cells and the small fragments of seminiferous
tubules in suspension (containing SSCs, Sertoli cells, Leydig cells
and myoid cells) were seeded in 60-mm culture dishes and incu-
bated at 37.8 �C for 3 d. Then the temperature was maintained at
34 �C in 5% CO2/air. The cells were suspended in medium (M)
containing DMEM, 5% FBS, 1% non-essential amino acids, 10 ng/mL
SCF, 10 ng/mL fibroblast growth factor, 25 ng/mL epidermal growth
factor, l0 ng/mL insulin-like growth factor, 20 ng/mL glial derived
neurotrophic factor, 10 mg/mL transferrin, 10�4 M Vc, 4 M L-gluta-
mine, 0.05 IU/mL FSH, 0.05 IU/mL LH (Sigma) and 1% pen-
icillinestreptomycin (Gibico) [23,24]. Then, 10�6 M testosterone
was added to the experimental group (M1). In the culture systems,
half the medium was changed every 3 d. Cell growth was timing
observed. After 30-d culture, cells were transfected. The pIRES2-
GFP vector was transfected into culture cells using lipofectamine
TM2000 (Invitrogen, Carlsbad, CA, USA). Expression of green fluo-
rescent protein was observed by microscopy.

2.4. Immunofluorescence

The cells in the culture system were examined after 5 days for
vasa (Santacruz, sc-67185) and PGP9.5 (Bioss, bs-3806R), a marker
for the SSCs [25]. At 30 days they were examined for acrosin (Bioss,
bs-5151R), a marker for differentiated spermatozoa, by immuno-
fluorescence staining. Briefly, cells were fixed in 70% alcohol for 2 h,
and then washed twice in PBS. Slides were blocked with 1% bovine
serum albumin (BSA) for 1 h at room temperature, and the antibody
(final concentration 1:200) was added to the solution for 4 h. Slides
were rinsed twice and washed three times with PBS, for 5 min. The
secondary antibody (1:500) was used for 1 h at room temperature,
followed by the same washes, and nuclei were stained with DAPI.

2.5. Flow cytometric analyses

The DNA content of the mixed goat testes cells was examined by
flow cytometry. For flow cytometry, cultured cells were dissociated
with trypsin. In vitro cell suspensions adjusted to 1 � 106/mL were
collected at 5 d, 15 d and 35 d, and sperm from a mature goat was
used as a control. The cells and spermwere fixed in 70% ethanol for
4 h. After three washes in PBS, the cells were incubated at 37 �C for
10 min in PBS plus 200 mg/mL RNase I and 20 mg/mL propidium
iodide (PI). Finally, the DNA content of the cells was detected by
flow cytometry.

The 7-day-old cells in the culture system were examined for
PGP9.5 and vasa. Briefly, cells were fixed in 70% alcohol for 2 h,
washed twice in PBS, and then re-suspended in PBS with BSA for an
hour. Anti-PGP9.5 antibody (final concentration 1:200) and anti-
vasa antibody (final concentration 1:200) was added to the solu-
tion for an hour. After three washes in PBS by centrifugation at
500�g for 5 min, the secondary antibody was added and incubated
for 45 min. Finally, after three washes with PBS, the cells were re-
suspended in 0.5 mL PBS and analyzed by flow cytometry.

2.6. Reverse transcription-PCR

Five- and 30-day-old cells (including Sertoli cells, Leydig cells,
peritubular myoid cells and various spermatogenic cells) were
collected from the culture system. Total RNA of the mixed cells was
extracted (Invitrogen, Carlsbad, CA, USA) to produce complemen-
tary DNA (cDNA) via reverse transcription (Promega, Madison, WI,
USA). RNA from adult goat testis was used as a positive control.
Post-meiotic gene expression of sperm (Transition proteins 1
(Tnp1), Tnp2, protamine 1 (Prm1)) was detected by RT-PCR. The b-
actin was used as an internal control (for primer sequences see
Table 1). The PCR products were separated by 1% agarose gel
electrophoresis, and analyzed by gel imaging systems after staining
the gel with 0.01% ethidium bromide.



Table 1
Primer sequences.

Gene (accession no.) Primer sequence Product size (bp)

Tnp1 (XM_005676523.3) 50 ATCGGAAGAGCAGCCTGAAGA 30 172
50 CTGGCTTTGGTCTAACTTCAGGTC 30

Tnp2 (XM_005709693.1) 50 TTGCTGACTGCCCACCCAT 30 182
50 CTGCTTGCTCCTCTTGACCTG 30

Prm1 (HM773246.1) 50 AAGATGTCGCAGACGAAGGAG 30 112
50 GGTCTTGCTACTGTGCGGTTA 30

b-actin (AF481159.1) 50 CACGGTGCCCATCTACGAG 30 158
50 CCTTGATGTCACGGACGATTT 30
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2.7. Pre-microinjection preparations

Superovulation of the donor was induced by insertion of a
progesterone-releasing intravaginal controlled internal drug
releasing device (CIDR) and FSH (Pharmacia and Upjohn Company,
Rydalmere, Australia). Ovulated oocytes were collected 60 h post
sponge withdrawal. In vivo-matured goat oocytes were collected
surgically using a fallopian tube flushing method, and then placed
in the in vitro maturation (IVM) medium that included 10% FBS
TCM-199 (Gibco, Grand Island, NewYork, USA), 0.05 IU/mL FSH,
0.05 IU/mL LH, 1 mg/mL 17b-estradiol, 10 ng/mL EGF, and 2 mM
glutamine (Sigma). Oocytes extruding the first polar body were
selected for haploid cell injection. The early spermatid is round
without a flagellum. Later sperm cells have a single flagellum [26].
Spermatids obtained from adult goat testis by microdissection
method. Nuclear can be observed in the center of cell and sub-
stances are aggregated. Cultured spermatids with single flagella
used in microinjection were less than 10 mm in diameter. Micro-
manipulation was in TCM-199 that included 5 mg/mL cytochalasin
B, 3 mg/mL BSA, and 0.5 mM HEPES (Sigma).

2.8. Intracytoplasmic injections

The cell membrane of spermatids with a single flagellum were
destroyed by repeated blowing by an injection needle, and then
injected into the cytoplasm of oocytes. Two strategies for oocyte
activation were used. One was activation of the spermatid after
intracytoplasmic injection. Another was activation before and after
intracytoplasmic injection. The development of reconstructed
embryos was observed. The steps of activation after intra-
cytoplasmic injection were as follows. These ROSI zygotes were
transferred into IVC (in vitro culture (IVC), medium that included
modified synthetic oviduct fluid with amino acids, 0.2 mM gluta-
mine, 6 mg/mL BSA, 3% essential amino acids, 1% non-essential
amino acids, and 0.5 mg/mL inositol [Sigma]) for recovery at
38 �C and 5% CO2 for 30 min, subsequently activated with 5 mM
ionomycin for 5min, followed by 2mM6-dimethylaminopurine (6-
DMAP) for 4 h. After activation, reconstructed embryos were
cultured at 38 �C, in 5% CO2 for development, and cleavages of
reconstructed embryos were observed at 48 h. Oocytes without
injection for parthenogenetic were used as control. The steps of
activation before and after intracytoplasmic injection were as fol-
lows. Oocyteswere activatedwith 5-mM ionomycin for 5min before
injection. Intracytoplasmic injection was finished within 1 h after
activation. The remaining steps were the same as the steps of
activation after intracytoplasmic injection. The blastocysts were
observed on day 7.

2.9. Perivitelline spermatid injections

Goat metaphase II-stage oocytes were activated with 5 mM
ionomycin for 5 min before injection, and then spermatids were
microinjected into the zona pellucida. These recovered couplets
were transferred into IVC for recovery at 38 �C with 5% CO2 for
30 min. Recovered couplets were transferred to a fusion groove
(electrode weight, 1 mm), which covered the electric fusion liquid
(0.3 M mannitol, 0.05 mM Ca2þ, 0.1 mM Mg2þ, 0.5 mM HEPES, and
0.01% polyvinyl alcohol [Sigma]), and electrofused. Couplets were
fused with two direct current pulses (1.5 kV/cm for 60 ms) using a
fusion apparatus (BLS, CF-150/B, Budapest, Hungary). After elec-
trical fusion, recovered couplets were transferred to an IVC solution
at 38 �C with 5% CO2 for 30 min. Then the effectiveness of fusion
was checked. Recovered couplets were then activated with 5 mM
ionomycin for 5 min, followed by 2 mM 6-DMAP for 4 h. After
activation, reconstructed embryos were cultured at 38 �C and 5%
CO2 for development, and cleavages of reconstructed embryos were
observed at 48 h. The blastocysts were observed on day 7.

2.10. Blastocysts quality analyzed

To analysis blastocysts quality, 7-day blastocysts were trans-
ferred into staining mediumwhich contating 1% (v/v) Triton X-100
and 100 mg/mL PI for approximately 20 s, Then blastocysts were
incubated in 25 mg/mL bisbenzimide (Hoechst 33342) overnight at
4 �C in dark chamber. To cell counting, place stained blastocysts
ontomicroscope slide, and put a cover slide on it. Total cell number,
Trophectoderm cells (TE) and Inner cell mass (ICM) were counted
under fluorescence microscope.

2.11. Statistical analyses

The experiment was repeated three times. All data were sub-
jected to analysis of variance using the GLM procedures of the
Statistical Analysis System (SAS Institute, Cary, NC, USA). All data
were expressed as mean ± SEM. Differences were considered to be
significant when P < 0.05.

3. Results

3.1. Dairy goat SSC proliferation in in vitro culture system

In histological sections of testes only spermatogonia and Sertoli
cells were present within the seminiferous tubules of 2-month-old
goats (Fig. 1A). The testicular tubule digested mixed cells and the
seminiferous tubule fragments were seeded into petri dishes.
During early stage of incubation, Sertoli cells, germ cells and other
somatic cells grew in adherent culture. After 48 h, the Sertoli cells
were star-shaped, fusiform or triangular in form. Leydig cells were
polygonal with a round vesicular nucleus and lipid droplets. Peri-
tubular myoid cells grew in a single layer of flattened cells and
surrounded the Sertoli cells. The germline stem cells were scat-
tered, single and uniformally round. Seventy-two hours later, the
number of two conjoined cells increased, followed by triplet and
quadruplet cells. Chain clones with intercellular bridge connections
were visible (Fig. 1B). Immunofluorescence of 5-day-old cultured
cells showed conjoined cells expressing SSC vasa and PGP9.5



Fig. 1. Goat male germ-line stem cell culture. A) Goat testis tissue of 2-month-old goats stained with H&E. B) after 72-h culture, the SSCs are adhering to the testicular somatic
feeder cell layer, and chain clones with an intercellular bridge connection are visible. C) Immunofluorescence of cultured cells showing conjoined cells expressing SSC antibody vasa
and PGP9.5. D) SSCs growing in small colonies. E) Flow cytometry result of vasa and PGP9.5 proteins from goat SSCs.
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antibodies (Fig. 1C). Adherent Sertoli cells were woven into a single
layer. Seven days later, SSCs mainly grew in small colonies (Fig. 1D).
Flow cytometry revealed goat SSC antibody in the culture system
(Fig. 1E).

3.2. Testosterone promotes haploid spermatozoa in in vitro culture

Goat SSCs were differentiated into developmentally competent
sperm-like cells during culture at day 35 (Fig. 2A). Late round
spermatids (Sa2) or early elongating spermatids (Sb) with a single
flagellum and a diameter less than 10 mmwere observed [27]. In the
culture system, round spermatids in the free surface of adherent
cells only produced short or >1 flagella and apoptosis eventually
occurred, leaving the surface of adherent cells [28,29]. Spermatids
adhered to or embedded in Sertoli cells generated spermatozoa
with a single flagellum, which is similar to those formed during
in vivo spermatogenesis (to prevent centrosome duplication, only
one flagellum develops). Long fusiform spermatids were rare in this
system. Spermatids expressed the mature sperm protein acrosin
(Fig. 2B). Reverse transcription-PCR results showed no expression
of the meiosis-specific genes Prm1, Tnp1 and Tnp2 during the early
phase of cell culture. This lasted until the 35th day of in vitro dif-
ferentiation culture. Groups with additional testosterone had high-
expression levels of Prm1, Tnp1 and Tnp2 (Fig. 2C).

To investigate whether SSCs undergo differentiation in vitro, we
determined the DNA content of the cells by flow cytometry. As
shown in Fig. 2D, the DNA content of suspended cells showed three
peaks (including a haploid (1C), prominent diploid, and tetraploid
peaks). About 5.54% of the cells produced a haploid cell population
after 35 days induction. Haploid efficiency in the group with
additional testosterone was 9.18% and significantly higher than the
control group (P < 0.05) (Table 2). Therefore, adding testosterone
effectively promoted goat SSC differentiation in vitro. Forty days
later, the number of germ cells began to decrease.

3.3. Obtaining functional haploid spermatozoa by injection of
metaphase II-stage oocytes

Single-tailed spermatids were injected into goat metaphase II-
stage oocytes (Fig. 3A). Two methods of microinjection,
intracytoplasmic injection and perivitelline space injection, were
applied to improve developmental ability of spermatids (Fig. 3B
and C). After strategy optimization, the reconstructed embryos had
two pronulei (Fig. 3D) and the ability to further develop by cleavage
into a blastocyst (Fig. 3E and F). Thus, in vitro cultured spermatids
with a single tail had the potential for development in vitro.

3.3.1. Activation of oocytes before and after intracytoplasmic
injection promotes embryonic cleavage rate

Single flagellum spermatids obtained by in vitro differentiation
were injected into the cytoplasm of oocytes. In the case of a twice
activation strategy, before injection, oocytes were treated with
ionomycin. Once injection was finished, the activation procedure
was repeated. This method stimulated oocytes and improved the
embryonic cleavage rate (reached 68.73 ± 4.88%) when compared
with only one activation operation (P < 0.05) (Table 3).

3.3.2. Perivitelline spermatid injection boosts embryonic blastocyst
rate

After application of the optimized activation procedure, single
flagellum spermatids were injected into the perivitelline region and
fused reconstructed embryos were produced by an electric fusion
instrument. Round spermatids derived from mature testis pro-
cedure with Perivitelline spermatid injection. The reconstructed
embryo fused by electric fusion instrument was used as control. A
group with intracytoplasmic injection was used as a control, acti-
vation with optimized activation procedure. The embryonic cleav-
age rate and blastocyst ratewere calculated based on the number of
obtained reconstructed embryos. There was no difference in em-
bryonic cleavage rate (P > 0.05), even though it was slightly higher
with intracytoplasmic injection (Table 4). However, the blastocyst
rate in the perivitelline injection group (17.65 ± 2.17%) was signif-
icantly higher than the intracytoplasmic injection group
(11.56 ± 1.83%) (P < 0.05). But significantly lower than round
spermatids derived from mature testis groups (P < 0.05). Among
groups, Total cell number and ICM/TE ratio of goat reconstructed
blastocysts using different spermatid injection methods were not
statistical difference (Table 5). Therefore, perivitelline injection
combined with electrical fusion improved blastocyst rate in sper-
matid reconstructed embryos.



Fig. 2. Goat haploid spermatozoa obtained by in vitro culture. A) Observation of spermatid with a single flagellum after 35 days, adult goat sperm as control. B) The haploid cell
expressed the mature sperm protein acrosin (green), nuclei of the cells were stained by DAPI, adult goat sperm as control. C) Post-meiotic gene expression of sperm (Tnp1, Tnp2 and
Prm1) was detected by RT-PCR. 1) The mixed cells were cultured for 5 days. 2) (M) and 3) (M þ Testosterone), the mixed cells in vitro differentiated and cultured for 35 days. 4) Adult
testicular cells as a control. D) DNA contents of the suspended culture cells were analyzed by flow cytometry. 5-, 15- and 35-day-old cultured cells, respectively. M is basic induced
differentiation medium group, M1 is M medium group with added testosterone. Adult sperm cells were positive control. 1C is the peaks of haploids. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Ratio of haploid spermatozoa in suspended cells 5, 15, and 35 days after SSC
differentiation.

In vitro differentiation medium Haploid ratio (%)

5 days 15 days 35 days

M 1.02 ± 0.48 3.66 ± 0.89 5.54 ± 0.55b

M þ Testosterone 1.31 ± 0.78 3.89 ± 1.22 9.18 ± 1.03a

Note: a, b Difference between M and M þ Testosterone (P < 0.05).
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3.4. Oocytes injected with GFP-transfected spermatids develop
further

Plasmid containing GFP was transfected into 30-day-old culture
cells. The haploid spermatids expressed green fluorescent protein
(Fig. 4A). Round spermatids with GFP expression were then
microinjected into the zona pellucida of oocytes (Fig. 4B). Embryos
in the morulae stage expressed GFP protein through microinjected
positive haploid cells (Fig. 4C). Therefore oocytes injectedwith GFP-
transfected spermatids could develop further.

4. Discussion

Testicular somatic cells play an important role in the
proliferation and differentiation of SSCs [30e33]. Previous studies
have shown in vitro production of functional sperm was obtained
from cultured neonatal mouse testes via organ culture method.
These methods could successfully generate haploid germ cells,
through microinjection, these haploid sperm cells were functional
and able to fertilize oocytes and generate offspring [34]. And rat
spermatogonia differentiated into round spermatids in vitro in tis-
sue culture [35]. In our study, a mixed culture with dissociated cells
and small fragments of seminiferous tubules was applied for the
goat in vitro culture. Necessary hormones and cytokines during the
SSC proliferation and differentiation were added to the culture
system [36e38]. After 35 days culture, spermatids with a single
flagellum were formed, indicating that a much shorter time span
in vitro compared with the in vivo spermatogenesis (goat sper-
matogenesis period is 49e50 days) [39]. In the in vitro differenti-
ation system, addition of FSH and LH to the media could promote
the SSC differentiation into sperm [40,41]. Androgen-androgen
receptor signaling is crucial to regulate spermatogenesis. Testos-
terone, the main resource of androgens in the testis, is produced by
Leydig cells but regulated by Sertoli cells and germ cells via
numerous testicular factors. Testosterone is crucial for in vivo
spermatogenesis and can inhibit LH release and stimulate FSH
secretion. Adding an appropriate amount of testosterone can pro-
mote spermatogenic cell differentiation in vitro [42]. The present



Fig. 3. Goat functional haploid spermatozoa obtained. A) In vitro differentiation spermatid with single tail. B) and C) Intracytoplasmic injection and perivitelline injection of in-vitro
formed spermatid. D) Nucleus of reconstructed embryos. E) Reconstructed embryos developed to two-cell stage embryos. F) Reconstructed embryos developed to the blastocyst
stage.

Table 3
Cleavage rate of goat ROSI reconstructed embryos using different activation methods.*

Activation method Metaphase II-stage oocyte (N) Reconstructed embryos (N) Cleavage rate (%)

ROSI/Ionomycinþ6-DMAP 46 40 52.80 ± 2.45b

Ion/ROSI/Ionomycinþ6-DMAP 50 39 68.73 ± 4.88a

Ionomycinþ6-DMAP 72 e 75.51 ± 4.23a

Note: a, b Difference between ROSI after activation and ROSI before and after activation (P < 0.05). *Spermatid for ROSI were derived from in vitro culture.

Table 4
Development of goat reconstructed embryos using different spermatid injection methods.

Spermatid injection method Metaphase II-stage oocyte (N) Fusion rate (%) Reconstructed embryos (N) Cleavage rate (%) Blastocyst rate (%)

Intracytoplasmic injection (in vitro cultured) 91 e 77 61.57 ± 3.83 11.56 ± 1.83c

Perivitelline injection (in vitro cultured) 118 59.81 ± 1.83 70 52.95 ± 6.51 17.65 ± 2.17b

Perivitelline injection (in vivo separated) 98 66.33 ± 4.25 65 64.62 ± 7.37 23.08 ± 1.58a

Note: Different letters in the same column indicate a significant difference (P < 0.05).

Table 5
Total cell number and ICM/TE ratio of goat reconstructed blastocysts using different spermatid injection methods.

Spermatid injection method Blastocysts (N) Total cell number ICM cell number TE cell number Cell ratio of ICM/TE

Intracytoplasmic injection (in vitro cultured) 5 81.60 ± 3.58 20.20 ± 2.39 59.80 ± 3.19 0.34
Perivitelline injection (in vitro cultured) 6 85.17 ± 3.25 21.83 ± 2.48 60.83 ± 2.32 0.36
Perivitelline injection (in vivo separated) 6 88.83 ± 3.82 24.50 ± 2.59 65.59 ± 3.39 0.37

Note: Different letters in the same column indicate a significant difference (P < 0.05).
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study also proved that addition of the steroid to the culture system
significantly enhances the differentiation rate of haploid sperm-like
cells and expression of specific genes during meiotic anaphase.

During the mitotic phase of spermatogenesis, when the nuclear
membrane is broken, exogenous DNA can easily enter the nucleus
[43]. During meiosis, homologous chromosomes process DNA
recombination, thus the nuclear membrane temporarily
disappears. This not only increases the probability of genetic vari-
ation in offspring, but also the transfection efficiency of exogenous
genes [44]. Spermatogenesis is a process that spermatids differ-
entiation into sperm. After a complex morphological evolution
procedure, haploid-round-head spermatids turn into sperm with
head, neck and tail. By now, sperm cells are involved in chromo-
some assembly by Tnp. Arginine-rich protamine substitutes



Fig. 4. Oocyte that was injected with in-vitro formed spermatid expressing GFP has developmental ability. A) Green fluorescent protein expressed in goat haploid cell. B) After
perivitelline injection. C) GFP-haploid reconstructed embryos developed to the morula stage. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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histones in the sperm nucleus chromatin and eventually forms
mature sperm. Protamine contains a large amount of positive
charges, which attract negatively charged DNA; hence, an exoge-
nous gene is easily combined with the nuclear genome in this
period. However, some studies have shown that protamine for-
mation facilitated compactness between DNA and protamines,
which increases the difficulty of exogenous DNA insertion into
sperm DNA. By contrast, in round spermatids before protamine
formation, integration of exogenous DNA is easier [45]. Our results
indicated showed after 30 days culture, GFP observed in transfected
cells. Spermatogenic cells were at meiosis anaphase and the round
sperm phase. In differentiation culture system, Tnp1, Tnp2 and
Prm1 expressions were detected from cells which were culture for
35 days. This indicates round spermatid could integrate exogenous
DNA before protamine produced. Furthermore, GFP expressed in
round spermatids after injected into oocytes resulted in morula
stage embryos expressing the GFP protein.

Spermatid cell injection time and oocyte activation is essential
for nuclear development of reconstructed oocytes. Studies have
shown that round spermatids of mice could not activate oocytes;
instead, intracytoplasmic ROSI should activate oocytes first. Then,
when oocytes reach the end of phase II, injecting the sperm cell
nucleus with a supplement of Ca2þ significantly improves the ROSI
oocyte fertilization rate [46,47]. Currently the best procedure for
mouse ROSI is: oocyte treatment with 10 mM Sr2þ for 1.5 h; then
conduct ROSI and repeat oocyte treatment. The obtained ROSI
blastocyst rate and birth rate by this method is similar to that of ICSI
[48]. Ionomycin triggers Ca2þ influx and results in oocyte activa-
tion. 6-DMAP is a protein phosphorylation inhibitor with the ability
to inhibit maturation promoting factor (MPF) activity, so that
oocyte recovery and completion of the second round meiotic di-
vision is achieved [49]. Treating cattle oocytes with ionomycin
before and after ROSI injection resulted in a 13% blastocyst rate [50].
A similar method, but with additional cycloheximide (CHX) and 6-
DMAP treatment, used in rabbit ROSI injections improved the
embryonic development and birth rate [51]. However, combination
treatment with ionomycin and 6-DMAP enhanced cloned goat
embryonic development in vitro [52]. The combined activation of
7% ethanol for 6 min and 2 mmol/L 6-DMAP for 2 h are the optimal
protocols for chemical activation of mouse oocytes following ROSI
[53]. Previous studies have showed goat round spermatids was not
able to trigger intracellular Ca2þ rises, but artificial activation could
improved fertilization and development of ROSI goat oocytes. Most
oocytes formed pronuclei after ROSI which oocytes were treated
with ionomycin [54]. We used ionomycin and 6-DMAP to treat goat
oocytes, and optimized oocyte activation and significantly
improved the cleavage rate of reconstructed ooytes.

Direct intracytoplasmic injection of sperm cells into ooctyes
causes them physical damage. An indirect injection strategy
whereby the spermatid is injected into the subzonal region of the
oocyte, followed by electrofusion could reduce oocyte physical
damage [55]. Reconstructed embryos involving fused round sperm
still need a process of manual activation [56]. Our study injected
cultured single flagellum spermatids into the subzonal region of
oocytes, and obtained fertilized embryos by electric fusion and
oocyte activation, improving the reconstructed embryonic blasto-
cyst rate.

4.1. Conclusions

In this study, we obtained functional spermatids by in vitro
culture. This optimizes in vitro activated methods for goat oocytes
injected with round spermatids. Activation before and after ROSI
and electrofusion has the advantage of increasing the rate of
reconstructed embryonic development. Embryos in the morulae
stage expressed GFP protein throughmicroinjection of GFP-positive
haploid cells. This provides a new way for the production of
transgenic animals.
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