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Normal Calves Obtained after Direct Transfer of Vitrified Bovine Embryos
Using Ethylene Glycol, Trehalose, and Polyvinylpyrrolidone

S. SAHA,1 T. OTOI, M. TAKAGI, A. BOEDIONO, C. SUMANTRI, AND T. SUZUKI
United Graduate School of Veterinary Science, Yamaguchi University, Yamaguchi 753, Japan

In the present study, IVF bovine embryos were vitrified using as the cryoprotectants, ethylene glycol
plus trehalose plus the polymer, polyvinylpyrrolidone (PVP). In Experiment I, toxicity of the vitrification
solution (VS) containing 20% PVP was tested in relation to temperature and exposure time. One hundred
percent embryo development was observed with treatment at 57C for 5 min, whereas only 55.5% embryos
were developed when the treatment was carried out at 207C for 5 min. In Experiment II, embryos were
vitrified using one of the three treatments (Treatment A, 40% ethylene glycol (EG); treatment B, 40% EG
/ 11.3% trehalose; and treatment C, 40% EG / 11.3% trehalose / 20% PVP and rehydrations) was
performed directly in mPBS. Highest development (84.1%) and hatching rate (68.2%) were obtained when
embryos were vitrified with the vitrification solution used in treatment C. In Experiment III, embryos were
vitrified as in Experiment II (treatment C). The development and hatching rates were compared after
rehydration in different rehydration solutions. No significant difference was observed among the develop-
ment and hatching rates when rehydration was carried out in different concentrations of trehalose. Five
vitrified–warmed bovine embryos were transferred directly to five recipients and three recipients gave birth
to three normal calves. q 1996 Academic Press, Inc.

Vitrification has attracted attention as an Age and time of blastocyst formation are
important factors for successful freezing ofembryo cryopreservation technique because it

is easy, quick, and economical (36). This pro- bovine IVMFC embryos. The reduced sur-
vival rates for Day 9 to 10 blastocysts havecedure offers considerable promise for simpli-

fying and improving the cryopreservation of been shown to be accompanied by a lower
cell number. The most appropriate age andcells because controlled-rate freezing equip-

ment is not required and potential injury asso- developmental stages for freezing of IVMFC
bovine embryos in ethylene glycol were theciated with formation of ice in the suspension

is eliminated (35). Leibo (24) suggested that Day 7 and 8 blastocysts (7, 8, 13, 18, 21, 43).
Saha et al. (42) reported that Day 7 IVF bo-vitrification procedures will have important

practical as well as fundamental implications vine blastocysts survive vitrification and direct
dilution after warming.for embryo preservation. Niemann (34) con-

curred, saying that vitrification is reliable un- Sucrose as well as other carbohydrates such
as trehalose are effective in preserving theder field or laboratory conditions. The vitrifi-

cation procedure is effective not only as a sim- structural and functional integrity of mem-
branes at low water activities (28). Duringplification of the freezing protocol but also

because it yields high survival of in vitro ma- gradual equilibration of embryos in the cryo-
protectant solution, water is withdrawn andtured, fertilized, and cultured (IVMFC) bovine

embryos after thawing (21). The first success- substantial amounts of cryoprotectant enter
the embryonic cells; at the same time nonper-ful vitrification of bovine embryos was

achieved by Massip et al. (27). meating carbohydrates such as trehalose or su-
crose also dehydrate the embryonic cells, a
process which is very important for successful
vitrification (41). In the ultrarapid freezingReceived June 5, 1995; accepted December 21, 1995.
technique involving vitrification, the addition1 To whom correspondence should be addressed. Fax:

(0839) 33-5938. E-mail: suzuki@agr.yamaguchi-u.ac.jp. of trehalose to dimethyl sulfoxide (DMSO,
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Me2SO) offers significantly better results than supplemented with penicillin G (100 IU/ml)
and streptomycin (0.2 mg/ml) at 30–327C. Cu-the addition of sucrose (38). Trehalose has a

greater stabilizing effect on cell membranes mulus–oocyte complexes (COCs) were aspi-
rated from small antral follicles (õ5 mm inthan sucrose (45). In vitro produced embryos

can be successfully cryopreserved using ethyl- diameter) with an 18-gauge needle attached to
a 5-ml syringe containing modified PBS. Afterene glycol and trehalose or sucrose as a cryo-

protectant (29). collection, COCs were washed twice with the
maturation medium (TCM 199, Earle’s salts,Ethylene glycol and other glycols were first

shown to protect mouse and rat embryos from L-glutamine, 2200 mg/liter sodium bicarbonate,
25 mM Hepes buffer, Gibco, Grand Island, NY)freezing damage by Miyamoto and Ishibashi

(31, 32). Glycol derivatives have strong and supplemented with 5% superovulated cow se-
rum (SCS), 0.01 mg/ml follicle-stimulatingnumerous hydrogen-bonding sites (11). Poly-

vinylpyrrolidone (PVP) was first introduced hormone (FSH, Denka Pharmaceutical Co.,
Kawasaki, Japan) and 50 mg/ml gentamycinas a cryoprotectant by Bricka and Bessis in

1955 (6) and the successful freezing of mouse sulfate (Sigma Chemical., St. Louis, MO) in a
culture dish (35 mm diameter, Falcon, Bectonembryos by using PVP was reported in 1971,

although the embryos did not survive if they Dickinson Co., Ltd., Oxnard, CA). Thereafter,
the COCs were placed in the maturation me-were held at 0797C for more than 30 min

(48). One year later, Whittingham et al. were dium, covered with mineral oil (Squibb, E.R.
Squibb and Sons, Inc: Princeton, NJ), and cul-able to explain the limitations of the previous

report (49). No survival was obtained with tured for 21–22 h at 38.57C in 5% CO2 in air.
rabbit embryos frozen in the presence of PVP,
glycerol, or sodium acetate (2). Recently, In Vitro Fertilization and Culture
Leibo and Oda (25) observed that it was possi-

Samples of frozen semen from a single bullble to freeze mouse zygotes and embryos
were thawed in a water bath at 30 to 357C,slowly or rapidly using ethylene glycol plus
washed by centrifugation at 500g for 5 minPVP, the actual result being dependent on the
with the medium of Brackett and Oliphantethylene glycol concentration, the warming
(BO medium; 5) supplemented with 5 mMrate, and the dilution method. Saha et al. (39,
caffeine (caff-BO). The sperm pellet was re-40) used PVP (0, 5, 10, and 20%) with 40%
suspended in caff-BO supplemented with 1%EG and 0.3 M trehalose to vitrify IVF, bovine,
bovine serum albumin (BSA, Initial Fraction-Day 7–9 blastocysts and expanded blasto-
ation by Cold Alcohol Precipitation, Sigma)cysts. Kobayashi et al. (18, 19) used PVP to
and 20 mg/ml heparin to give a sperm concen-freeze bovine and porcine embryos.
tration of 5 1 106/ml. A 100-ml droplet of theIn this study, our objectives were, first, to
sperm suspension was incubated under min-vitrify IVF bovine embryos very simply with
eral oil for 1 h at 38.57C with 5% CO2 in aironly one type of cryoprotectant, second, to
prior to insemination. Oocytes matured indetermine the efficacy of trehalose as a non-
vitro were transferred into sperm dropletspermeating cryoprotectant and polyvinylpyr-
(20–30 oocytes/droplet) for insemination.rolidone as a macromolecular component, and
After a sperm–oocyte incubation of 5 h, thethird, to assess the survival of vitrified em-
oocytes were washed two to three times andbryos after direct transfer to recipients.
transferred to the culture medium (TCM 199,

MATERIALS AND METHODS
Earle’s salts, L-glutamine, 2200 mg/liter so-

Oocyte Collection and In Vitro Maturation dium bicarbonate, 25 mM HEPES buffer,
Gibco) supplemented with 5% SCS, 5 mg/mlOvaries were obtained from a local slaugh-
insulin, and 50 mg/ml gentamycin for develop-ter house and were brought to the laboratory

within 3 h of collection in Ringer’s solution ment.
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Embryo Evaluation for 5 min at room temperature. Then the em-
bryos were placed in one of the vitrificationAfter 48 h of insemination, the culture me-
solutions, which was kept on an ice block, fordium was changed and the embryos were cul-
1 min. They were then introduced into 0.25-tured in the same plate until Day 7. Only ex-
ml plastic straws (Fig. 1) and plunged in acellent and good quality embryos which had
horizontal orientation directly into LN2 fordeveloped into blastocysts and expanded blas-
storage. For warming, the straws were placedtocysts (diameter, approximately 200–230
in a water bath at 307C. The embryos weremm) on Day 7 (IVF Å Day 0) were used for
transferred to the rehydration solution for 2–the experiments.
3 min depending on experiment, washed with

Preparation of Vitrification Media mPBS two to three times, and finally put into
culture medium and placed in the CO2 incu-First, modified phosphate-buffered saline
bator.(mPBS) was prepared by adding 10% (v/v)

superovulated cow serum, 0.3% (w/v) BSA, Evaluation of Warmed Embryo
and 50 mg/ml gentamycin to simple Dulbecco’s

The appearance of the embryos was evalu-phosphate-buffered saline (DPBS, Gibco). Be-
ated once immediately after warming and thenfore being placed in the final vitrification solu-
at 24-h intervals for at least 3 days. The devel-tion, the embryos were put into two other me-
opment rate was assessed by the reexpansiondia. The first was made up of mPBS supple-
of the blastocoel.mented with 10% EG and the second was

The experiments were divided into fourmade up of 10% ethylene glycol with addi-
parts:tional 11.3% trehalose. Three vitrification so-

Experiment I. Embryos were suspended inlutions (VS) were prepared by adding 40%
the vitrification solution containing 40% EGEG alone or 40% EG / 11.3% trehalose or
in 11.3% trehalose and 20% PVP. After being40% EG / 11.3% trehalose / 20% PVP
held for 5, 10, 15, and 20 min at 5 or 207C,(PVP, Denka Pharmaceutical Co., Kawasaki,
embryos in the vitrification solution wereJapan) in DPBS.
transferred to 34.0% trehalose for 2 min,

Vitrification Test of Media washed in mPBS and culture medium, and
then cultured. The development of the em-The vitrification solutions were tested for
bryos was assessed by their ability to developvisual evidence of vitrification. Three differ-
into expanded and hatched blastocysts duringent types of solutions were put into separate
72 h of culture.0.25-ml plastic straws and plunged directly

Experiment II. After having assessed theinto liquid nitrogen (LN2). After 5 min the
toxicity of the vitrification solution, we pro-straws were put in a 307C water bath.
ceeded to the next step. First, the embryosThroughout cooling and warming, the me-
were put in 10% EG and 10% EG / 11.3%dium inside the straws remained glassy and
trehalose for 5 min at room temperature. Thentransparent.
embryos were placed in three different types

Preparation of Rehydration Solutions of the vitrification solution, namely, solutions
containing 40% EG (treatment A), 40% EGFour solutions were used to dilute the cryo-
/ 11.3% trehalose (treatment B), or 40% EGprotectant solutions after the embryos had
/ 11.3% trehalose / 20% PVP (treatmentbeen exposed to them; these contained 0, 11.3,
C), each for 1 min. The embryos were then22.7, and 34.0% trehalose in mPBS.
introduced into 0.25-ml plastic straws and

Vitrification of Embryos plunged directly into LN2 for storage. Warm-
ing was carried out in a 307C water bath andThe embryos were put into 10% EG for 5

min and then into 10% EG / 11.3% trehalose the contents were drained directly into mPBS
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FIG. 1. Configuration of the solution in a 0.25-ml plastic straw loaded with embryos before cooling.
Columns of mPBS, small volume of vitrification solution, vitrification solution with embryo, and mPBS
were sequentially aspirated into the straw to yield four liquid chambers separated by 5-mm air bubbles.

for rehydration. After rehydration, the em- from Experiments II and III were analyzed by
the x2 test.bryos were washed and cultured.

Experiment III. In this experiment, the em-
RESULTSbryos were transferred sequentially into 10%

The data in Table 1 show that the develop-EG and then 10% EG / 11.3% trehalose, for
ment of embryos exposed to EG / trehalose5 min each, at room temperature (22–257C).
/ PVP decreased both with increased temper-The embryos were then put into the precooled
ature of exposure and increased duration ofvitrification solution containing 20% PVP,

loaded into straws, and finally cooled in LN2

as in experiment II (treatment C). Warming
was carried out in a 307C water bath and the TABLE 1
contents were drained into 11.3, 22.7, and Development (at 24–48 h) of IVF Bovine Blastocysts

Exposed to the Vitrification Solution Containing 40% EG34.0% trehalose solution and also directly into
/ 11.3% Trehalose / 20% PVP at 5 and 207C for 5, 10,mPBS for rehydration. Finally, all the em-
15, and 20 min

bryos were washed and cultured.
Experiment IV. Five vitrified and rewarmed Temperature Development

(7C) Time (min) (%)compacted bovine morulae (in vivo derived,
Day 7), using 40% EG / 11.3% trehalose /

5 5 18/18 (100.0)e20% PVP, were transferred directly to five
10 20/24 (83.3)d

recipients (one embryo per recipient) without 15 20/27 (74.0)cd
removing the embryos from the straws in 20 14/22 (63.6)bc

20 5 10/18 (55.5)bwhich they were cryopreserved. It should be
10 12/23 (52.1)bnoted that whereas we used in vitro derived
15 13/29 (44.8)b

embryos to define ‘‘optimum conditions’’ for 20 3/29 (10.3)a
vitrification, we used in vivo derived embryos ANOVA Temperature **

Time **to test ultimate developmental capability of
Temperature 1 Time *embryos cryopreserved by vitrification in EG

/ trehalose / PVP.
Note. Mean separation within columns by Duncan’s

The data from Experiment I was analyzed multiple range test at P õ 0.05 (Significant at *P õ 0.05,
**P õ 0.01, respectively).by Duncan’s multiple range test and the data
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TABLE 2
Vitrification of IVF Bovine Embryos Using Three Types of Vitrification Solutions

and Direct Rehydration in mPBS

No. of embryos No. developed No. hatched
Treatment (n) (%) (%)

40% EG 51 27 (52.9)a,A 10 (19.6)a,A
40% EG / 11.3% trehalose 40 30 (75.0)b 17 (42.5)b
40% EG / 11.3% trehalose / 20% PVP 82 69 (84.1)B 56 (68.2)B

Note. Values within columns with different letters differ significantly (a,b, P õ 0.05; A,B, P õ 0.01; x2 test).

exposure. The rate of decrease (development solutions contained 0, 34.0, and 11.3% treha-
lose, respectively. But a higher rate of hatch-vs time) was higher at 20 than at 57C. The

results are significantly different between 5 ing of blastocysts was observed when rehydra-
tion solutions contained 0% trehalose fol-and 207C within each group of time of expo-

sure (P õ 0.05). lowed by 34.0, 22.7, and 11.3% trehalose,
respectively. Statistical analysis showed noIn Table 2, the results are shown for the

experiment in which rehydration was per- significant difference (x2 test) among the em-
bryo development and hatching rates.formed directly in mPBS; the highest embryo

development (84.1%) was achieved by treat- Five vitrified and rewarmed in vivo bovine
embryos were transferred to five recipientsment C, followed by treatment B (75.0%) and

treatment A (52.9%). Again, the hatching rate and three recipients gave birth to three normal
calves.was highest (68.2%) with treatment C. With

treatments A and B, the hatching rates were DISCUSSION
19.6 and 42.5%, respectively. The embryo de-

In this study, vitrification of bovine embryosvelopment and hatching rates were signifi-
was performed in a very simple way with acantly different (P õ 0.05, P õ 0.01).
single type of cryoprotectant. The cryoprotec-According to the results shown in Table
tant used was ethylene glycol, which has the3, 82.9% embryo development was obtained
advantage compared to other cryoprotectantswhen rehydration was performed in 22.7% tre-
of having higher permeability and lower toxic-halose followed by embryo development rates
ity to embryos (16, 17). In this experiment,of 80.0, 79.3, and 75.0% when the rehydration
trehalose was chosen in place of sucrose as a
nonpermeating agent because of its reported
improved effectiveness (20, 38, 45). The con-

TABLE 3 centration of trehalose used was 11.3% (0.3
Development and Hatching Rates of Vitrified IVF

M), a concentration reported to yield better re-Bovine Embryos Using 40% EG / 11.3% Trehalose /
sults than other concentrations (10).20% PVP and Rehydrations by Different Concentration

of Trehalose Solutions It was clear that embryo development de-
creased with both increased temperature and

No. of No. No. increased duration of exposure (Table 1). Ka-
Percentage embryos developed hatched

sai et al. (17) observed 98% embryo develop-trehalose (n) (%) (%)
ment of mouse embryos with EFS (EG / Fi-

0 20 16 (80.0) 14 (70.0) coll / sucrose) solution at 207C for 5 min. In
11.3 28 21 (75.0) 18 (64.3) this experiment, we obtained 100.0, 83.3,
22.7 41 34 (82.9) 27 (65.9) 74.0, and 63.9% embryo development with
34.0 29 23 (79.3) 20 (69.0)

the vitrification solution (40% EG / 11.3%
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trehalose / 20% PVP) at 57C for 5, 10, 15, nonpermeating agent is involved in active ion
transport through the trophectoderm (4). Thisand 20 min, respectively. These results are

significantly better than those obtained when active transport is controlled by the
Na/K/ATP-ase system which is inhibited bysimilar treatments were done at 207C (55.5,

52.1, 44.8, and 10.3%, respectively). Perhaps some cryoprotectants (3).
In this study, a macromolecular componentthe increased permeability of the embryo

membrane to the cryoprotectant at the higher had been added to ethylene glycol (cryopro-
tectant) and trehalose (sugar) in a vitrificationtemperature and the prolonged exposure to the

cryoprotectant caused more cryoprotectant to mixture. The macromolecule was polyvinyl-
pyrrolidone (Mr average 30,000). PVP is aenter and thereby cause damage (16, 23).

When embryos were vitrified with three large, interface-seeking molecule. Many years
ago, it was suggested that PVP coats the cellstypes of solution in treatments A, B, and C,

and rehydrations were carried out directly in immediately following thawing, giving them
mechanical protection and stability against os-mPBS, only embryos that had been vitrified by

treatment C exhibited a higher development motic stresses (30). The mechanism of protec-
tion of the large polymer is not clear; perhapsand hatching rate (Table 2). Ishimori et al. (15)

observed 20, 73, or 85% development (at 24 it prevents osmotic injury during the rapid re-
moval of extracellular water (6, 37). It mayh) using Day 7 in vivo bovine blastocysts that

were vitrified after exposure in a mixture of coat the cells and protect the cell membrane
from denaturation (33). Loss of lipoproteinEG / DMSO in PBS. In this experiment,we

obtained 84.1% development using Day 7 IVF from the membrane makes it permeable to cat-
ions and therefore liable to osmotic lysis onbovine blastocysts and expanded blastocysts

with 1 min in 40% EG / 11.3% trehalose / thawing. A coating of polymer may either pre-
vent the denaturation or stabilize the mem-20% PVP in DPBS. Using this technique, the

development and hatching rates were very high brane against subsequent osmotic stress (26).
It has been shown that the inclusion of a mac-even after direct rehydration in mPBS. The

gradual addition of 11.3% trehalose (treatment romolecule in solutions facilitates vitrification
(12) by increase the tendency of the solutionsB) and 20% PVP (treatment C) with 40% EG

(treatment A) increased the percentage of de- to supercool. The presence of high concentra-
tions of endogenous macromolecules in theveloped and hatched embryos.

The nonpermeating carbohydrate may re- dehydrated cytoplasm of the embryos ought
to facilitate intracellular glass (35). Macro-duce toxicity that is associated with the mac-

romolecular component by causing the em- molecules may also preventing devitrification
during warming (17).bryos to shrink rapidly and thereby reducing

the amount of cryoprotectant in the cells (17). The development rates varied between 75.0
and 82.9% with rehydration in different con-The addition of nonpermeating agents reduces

cryoprotectant permeation (17, 46). When the centrations of trehalose (Table 3). Dobrinsky
et al. (10) observed a maximum 71% of IVM-embryos are exposed to the cryoprotectant

plus a nonpermeating carbohydrate solution, IVF Day 6 bovine morulae/early blastocysts
developing to blastocysts after vitrificationonly the cryoprotectant itself permeates the

cells. The extra osmolality created by the non- (25% glycerol / 25% propylene glycol /
0.4% BSA) with dilution in 0.3 M sucrose.permeating carbohydrate causes dehydration,

which reduces the formation of intracellular Yang et al. (51) vitrified Day 7 IVF bovine
blastocysts using ethylene glycol or propyleneice (46). On thawing, the presence of a non-

permeating agent in the medium restricts wa- glycol in combination with glycerol. They ob-
tained hatching rates ranging from 51 to 80%.ter movement across the membranes, pre-

venting cell lysis during diffusion of the cryo- In the present experiments, hatching rates
ranged from 64.3 to 70.0% using only oneprotectant out of the embryo (28). Also, the
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bovine IVF embryos. Theriogenology 43, 153type of cryoprotectant (ethylene glycol) with
(1995). [Abstract]Day 7 IVF bovine blastocysts and expanded

2. Bank, H., and Maurer, R. R. Survival of frozen rabbitblastocysts. However, in this case, even after embryos. Exp. Cell Res. 89, 188–196 (1974).
direct rehydration of vitrified embryos in 3. Barnet, R. E. The effect of dimethylsulfoxide and
mPBS, the development rate (80.0%) and the glycerol on Na/K/ ATP-ase and membrane struc-

ture. Cryobiology 15, 227–229 (1978).hatching rate (70.0%) did not differ signifi-
4. Borland, R. M., Biggers, J. D., and Lechene, C. P.cantly from the other rehydration solutions;

Kinetic aspects of rabbit blastocoel fluid accumu-perhaps, the high concentration of PVP was
lation: An application of electron probe microanal-

helping to prevent osmotic stress on the em- ysis. Dev. Biol. 50, 201–211 (1976).
bryo during rehydration. Based on this obser- 5. Brackett, B. G., and Oliphant, G. Capacitation of

rabbit spermatozoa in vitro. Biol. Reprod. 12, 260–vation we suggest from that PVP is very useful
274 (1975).for direct rehydration.

6. Bricka, M., and Bessis, M. Sur la conservation desFinally, to prove the effectiveness of PVP
erythrocytes par congelation a basse temperature

in practice, five vitrified embryos were trans- en presence de polyvinyl–pyrrolidone et de dex-
ferred directly to five recipients; three preg- tran. C.R. Sciences Biol. 149, 875 (1955).
nancies (60%) were achieved. There are other 7. Carvalho, R. V., Del Campo, M. R., Plante, Y., and

Mapletoft, R. J. Effects of stage of developmentreports in which pregnancy rates of 40% (14),
on sex ratio and survival after freezing of day31% (15), and 44.5% (22) were obtained in
7 bovine IVF embryos. Theriogenology 43, 183similar experiments. From our experiments (1995). [Abstract]

we conclude that it is possible to vitrify IVF 8. Cseh, S., Kreysing, U., Lucas-Hahn, A., and Nie-
bovine blastocysts very simply, effectively, mann, H. Direct rehydration of IVM and IVC bo-

vine embryos frozen in ethylene-glycol. Therio-and successfully using only one type of cryo-
genology 43, 190 (1995). [Abstract]protectant (ethylene glycol) with trehalose as

9. Dinnyes, A., Carolan, C., Loneragan, P., Solti, L.,a nonpermeating cryoprotectant and PVP as a
Massip, A., and Mermillod, P. In vitro survival of

macromolecule. By this technique it is possi- in vitro produced (IVP) bovine embryos frozen or
ble to rehydrate the vitrified embryo directly vitrified by techniques suitable for direct transfer.

Theriogenology 43, 197 (1995). [Abstract]in mPBS in the laboratory and it is also possi-
10. Dobrinsky, J. R., Stice, S. L., Phillips, P. E., Duby,ble to transfer directly to the recipient under

R. T., and Robl, J. M. Development of IVM-IVFfield conditions.
bovine embryos following vitrification dilution

Developments continue in the in vitro matu- treatments. Theriogenology 37, 202 (1992). [Ab-
ration, culture, freezing, and vitrification of stract]

11. Doebbler, G. F. Cryoprotective compounds: Reviewbovine oocytes and embryos (1, 7, 9, 43, 44,
and discussion of structure and function. Cryobiol-47, 50). Additional research is needed to de-
ogy 3, 2–11 (1966).sign IVC system that will reduce problems

12. Fahy, G. M., McFarlane, D. R., Angell, C. A., andthat appear to exist in some IVF systems (13) Meryman, H. T. Vitrification as an approach to
and to achieve success after one-step addition cryopreservation. Cryobiology 21, 407–426
and one-step dilution methods of vitrification. (1984).

13. Hasler, J. F., Henderson, W. B., Hurtgen, P. J., Jin,
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