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Abstract Lines of mice selected for high (HF) or low 
(LF) 12-week epididymal fat pad weight as a percentage 
of body weight were used to investigate the effects of 
genotype, two cryoprotectants [glycerol (GLY) and 
propylene glycol (PG)] and genotype x cryoprotectant 
interaction on cryosurvival of four and eight-cell em- 
bryos. Embryos were collected from selection lines and 
reciprocal crosses of selection lines (HFLF and LFHF) 
and frozen by established slow-cool methods. Embryos 
were thawed for 40s at room temperature and then 
placed in a 37~ waterbath for 1 min. Cryoprotectant 
was diluted from embryos with either 0.5 M sucrose 
(GLY-treated) or 1.0 M sucrose (PG-treated). Post-thaw 
survival was measured as the percentage of embryos 
developing to 36 h (PTS36), 48 h (PTS48) and hatched 
blastocyst (PTSHB), respectively. Non-frozen controls 
were cultured concurrently with frozen embryos. No 
significant genotype or genotype x cryoprotectant inter- 
action effects were found. Results of the embryo freezing 
study indicated that selection for high or low fat content 
did not affect the ability of embryos to survive cryo- 
preservation. There was no indication of embryo hetero- 
sis for post-thaw survial. Embryos frozen with GLY 
survived the freeze-thaw stress significantly better than 
those frozen in PG (P < 0.05). In vitro development of 
non-frozen controls at 36 and 48 h did not vary signifi- 
cantly among lines, but in vitro development was signifi- 
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cantly different among lines at the hatched blastocyst 
stage (P < 0.05). Linear contrasts showed that the em- 
bryonic genome was responsible for differential in vitro 
development at the hatched blastocyst stage between 
these selected lines (HF > LF; P < 0.05); asymmetric 
response also occurred in that both HF and LF ex- 
ceeded the unselected control line (P < 0.05). 
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Introduction 

Cryopreservation of mammalian embryos has bene- 
fitted agricultural and biomedical research since the first 
live births from frozen-thawed mouse embryos were 
reported (Whittingham et al. 1972). Embryos of most 
livestock species have been successfully cryopreserved 
(Leibo 1985), and more recently attempts have been 
made to freeze embryos of non-domesticated species 
(Dresser et al. 1984). Currently, human fertility treat- 
ments are using cryopreservation to solve the moral 
issues concerned with excess embryos produced during 
treatment (Chen 1988; Testart 1988). Cryopreservation 
has affected the cattle breeding industry by allowing 
breeders to maximize the reproductive output of geneti- 
cally superior dams using superovulation and in vitro 
fertilization techniques in conjunction with embryo 
freezing (Leibo 1985). Possibly the most valuable aspect 
of embryo freezing is the ability to conserve unique 
genetic material which might otherwise be lost. Embryo 
banking of mouse embryos has allowed the preservation 
of mutant, inbred, and special genetic strains that would 
otherwise have been expensive to maintain (Mobraaten 
1986). 

While much progress has been made toward improv- 
ing post-thaw survival (PTS) of mammalian embryos by 
manipulating freezing and culturing procedures (Mazur 
1985, 1988), few studies have examined the influence of 
genetic variability on PTS (Whittingham and Whitten 
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1974; Whittingham et al. 1977; Schmidt et al. 1985, 1987; 
Pomp and Eisen 1990). Only the study by Pomp and 
Eisen (1990) examined PTS of embryos as a correlated 
response to selection for quantitative traits. Using lines 
of mice selected for increased litter size (L + ) and in- 
creased adult body weight (W + ) and crosses of selected 
lines with a randomly selected control line (K), they 
showed that the L + maternal source was superior to K 
in PTS but that L + embryo effects were inferior to K, 
whereas W + showed no correlated responses in PTS. 

Although Pomp and Eisen (1990) used glycerol 
(GLY) as a cryoprotectant, recent studies have evalu- 
ated the cryoprotective abilities of glycols such as 
propylene glycol (PG). Cryopreservation with PG is 
associated with PTS comparable to or superior to GLY 
for eight-cell mouse embryos (Renard and Babinet 1984; 
Hernandez-Ledezman et al. 1988), blastocysts in cattle 
(Suzuki et al. 1990) and sheep (Schiewe et al. 1991). 
However, other studies (Miyamoto and Ishibashi 1978; 
Voelkel and Hu 1992) have reported lower survival rates 
using PG as a cryoprotectant for murine and bovine 
embryos. These apparent discrepancies could be the 
result of confounding cryprotectant with thawing rate, 
dilution procedure or genotype-by-cryoprotectant in- 
teraction, i.e., a differential ranking of PTS of embryo 
genotypes with different cryoprotectants. 

The focus of the research presented here was to 
examine the role of genotype, cryoprotectant (glycerol 
vs propylene glycol) and genotype-by-cryoprotectant 
interaction on the post-thaw survival of mammalian 
embryos in lines selected divergently for body fat con- 
tent (Eisen 1987). The low fat line exceeds the high fat 
line in number of pups born, ovulation rate and preim- 
plantation and total embryos survival (Armbrust and 
Eisen 1994). One species where embryo freezing has not 
yet been successful is the pig, possibly due to the high 
lipid content of the embryos (Fahning and Garcia 1992). 
Although the lipid content of the mouse embryos from 
these lines is not known, it is possible that divergent 
selection for body fat content could modify embryo lipid 
content and consequently cause a correlated response in 
PTS. Specific objectives were to (1) test if differences in 
embryos cryosurvival arose as a correlated response to 
selection for body fat content in mice, (2) determine if 
differences in correlated responses occurred at the ma- 
ternal and/or at the embryo level, (3) determine if em- 
bryo heterosis is present and (4) test for interactions of 
cryoprotectant with the genetic effects described in (1) 
through (3). 

Materials and methods 

Experimental animals 

The lines of mice used in this study were selected within full-sib 
families in two replicates for high (HF) or low (LF) 12-week epi- 
didymal fat pad weight as a percentage of body weight, an indicator 
trait of body fat percentage (Eisen 1987). Randomly selected controls 

(RC) were maintained along with selection lines. Selection occurred 
over 12 generations followed by 7 generations of random selection. At 
generation 19 the two replicates of each selection treatment were 
reciprocally crossed to produce the final lines, HF, LF and RC, which 
were randomly mated in subsequent generations (Eisen and Pomp 
1990). This study was conducted with mice from generations 32 and 
33. Embryos from the following five populations were studied: HF, 
LF, reciprocal crosses (HFLF and LFHF; male line written first) and 
RC. 

Experimental mice were housed in a controlled environment at 
approximately 21~ and 55% humidity with lights on at 0700 hours 
and offat 1900 hours. Mice were reared in litters standardized at birth 
to ten pups. From weaning at 21 days to mating they were housed no 
more than four per cage and allowed free access to Purina Lab Chow 
5001 (Purina Mills, Richmond, Ind.) and tap water. 

Embryo collection 

Before mating, females were randomly assigned to one of two treat- 
ments. Females were mated with a male of the same genotype or, for 
reciprocal crosses, with a male of opposite genotype, between 1500 
and 1700 hours each afternoon. The following morning females were 
checked for the presence of a copulatory plug, weighed and assigned a 
sequential number. 

Approximately 50-54h after detection of a copulatory plug, 
females were killed by cervical dislocation and their oviducts excised 
into phosphate-buffered saline medium (PB1) (Whittingham 1974) 
supplemented with bovine serum albumin, fraction V (BSA) (Sigma 
Chemical, St. Louis, Mo.). Embryos were flushed from the oviducts 
with PB1 using a 30-gauge blunted needle inserted into the infun- 
dibulum. After flushing, the embryos were washed through three 
50-~tl drops of PB 1 and graded as either excellent or poor (Linder and 
Wright 1983). Excellent embryos were at the four-or-eight-cell stage, 
spherical and symmetrical with uniformaly sized blastomeres. Em- 
bryos which had degenerated blastomeres, cracked zona pellucidae 
or asymmetrical shape were considered poor and not frozen. All 
embryos from a donor female were collected, evaluated, frozen, 
thawed and assayed for survival separately from other donor females. 

Slow-cool freezing and rapid thawing 

After washing, all embryos from a single donor female were placed 
into a 75-~tl drop of one of two cryoprotectants, glycerol (Sigma 
Chemical, St. Louis, Mo.) or propylene glycol (Sigma Chemical, St. 
Louis, Mo.), in PB1-BSA and allowed to equilibrate 15 min. Embryos 
were loaded into a 25-cc insemination straw (Veterinary Concepts, 
Spring Valley, Wis.), which was then heat sealed at both ends and 
placed in a controlled rate methanol bath freezer (FTS Systems, Stone 
Ridge, N.Y.) at 0 ~ until all of the embryos had been collected for that 
day. Cooling proceeded at l~ to - 7 ~ at which time seeding 
was induced by touching a forceps precooled in liquid nitrogen to the 
columns of cryoprotectant, which were separated on either side by air 
bubbles from the 75-p.1 column of cryoprotectant containing the 
embryos. Seeding temperature was held for a total of 10 rain; then 
cooling continued at 0.5 ~ to - 35 ~ After holding for 10 min 
at - 35 ~ embryos were plunged directly into liquid nitrogen. They 
were stored for 1-4 months before thawing. 

To rapid thaw (approx. 20-25 ~ straws were held in air 
(20~ ~ for 40 s and then plunged into a 37 ~ waterbath for 1 rain 
(approx. 360 ~ Embryos were immediately expelled into a 10-x 
35-mm tissue culture dish (Falcon Becton-Dickinson Labware, Lin- 
coln Park, N.J.). The dilution of glycerol-treated embryos was accom- 
plished by pipetting embryos into a 75-gl drop of 0.5 M sucrose in 
PB1-BSA solution for 5 rain. For propylene glycol, embryos were 
placed in a 75-gl drop of 1.0M sucrose in PB1-BSA for 15 rain. 
Rehydration consisted of removing the embryos from the sucrose to a 
50-gl drop of PB1-BSA for 1 min and then washing them through two 
more 50-gl drops of PB1-BSA. The embryos were again graded by 
morphological appearance (Linder and Wright 1983), and the num- 



bers of good and poor embryos were recorded. Embryos were con- 
sidered good if they had at least half of their total number of 
blastomeres intact; poor embryos were those with less than half of 
their blastomeres intact. 

Culturing and survival assays 

Embryos were cultured in 75-gl drops of Whitten's medium (Whitten 
1971) supplemented with BSA and antibiotics under light-grade 
mineral oil (Fisher Scientific, Raleigh, N.C.) in a humidified atmos- 
phere at 37 ~ in 5 % CO 2. Embryos were evaluated morphologically 
under a 70 x dissecting microscope (Bosch and Lomb Stereozoom 
Series, Rochester, N.Y.), and post-thaw survival (PTS) was recorded 
at 36h (PTS36), 48 h (PTS48) and at 48 h for hatched blastocyst 
(PTSHB). At 36 h, embryos were considered good if the number of 
blastomeres had increased or if a blastocoel cavity was forming. All 
embryos with a blastocoel cavity at 48h were counted as good. 
Development to hatched blastocyst was recorded for generation 33 
only. Post-thaw survival at each stage was measured as the number of 
embryos developing to 36h, to 48h or to hatched blastocyst, as a 
percentage of the number of good embryos at initiation of culture, per 
donor fmaale (Renard and Babinet 1984). 

In vitro controls 

Nonfrozen control embryos for in vitro survival assays were re- 
covered, cultured and assayed using the same methods as those used 
for frozen embryos. Controls were used to test for genetic differences 
in development without cryostress and to monitor the culture system 
for any problems. In vitro development was observed three times for 
each donor female: development to 36h (IVD36), development to 
blastocyst at 48 h (IVD48) and development to hatched blastocyst at 
48 h (IVDHB). As for the frozen embryos, development to hatched 
btastocyst was measured for generation 33 only. 

Statistical analysis 

Individual donor females were considered as experimental units for 
PTS to account for donor female variation within lines-by-cryo- 
protectant-by-generation subclasses (Pomp and Eisen 1991). Due to 
the heterogeneity of the variances of measurements taken as percent- 
ages, a weighted arcsine transformation (Freeman and Tukey 1950) 
was performed on all post-thaw survival measurements prior to 
conducting least-squares analysis for unequal subclass numbers 
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(Harvey 1979). Analysis of PTS data was based on a randomized 
design according to the following linear model: 

Yijkt = }t - -  S i -r- C j + G k --  (SC)i  j + (SG)i  k -c- (CG) j  k ..a (SCG) i jk  __ e~j~ 

where p was the overall mean: S~, Cj and Gk were the fixed effects of 
selection line, cryoprotectant, and generation, respectively; (SC)~j, 
(SG)~, (CG)jk and (SCG)~j k were respective interaction effects; and e~jk~ 
was random residual effect. Age and weight at the presence of a 
copulatory plug were included in the model as covariates when they 
reached statistical significance. 

Planned linear contrasts were carried out on least-squares means 
of PTS traits as follows: 

Selection line divergence: [(HF) - (LF)~ measures the correlated 
response to selection as the difference between the upward- and 
downward-selected lines. 

Reciprocal cross (maternal) effects: [ ( L F H F ) - ( H F L F ) ]  esti- 
mates divergence due to the maternal genome. 

Direct (embryo) effects: [(HF) - (LF) - (LFHF) + (HFLF)] esti- 
mates divergence due to the embryonic genome. 
Asymmetry: [(HF) + (LF) - (2RC)] tests for difference in the magni- 
tude between upward-and downward-correlated response to selec- 
tion. 

Heterosis (embryo): 0.5 [(HFLF) + (LFHF) - (HF + LF)] esti- 
mates nonadditve genetic effects of the embryo. 

Results 

Least-square means of PTS at 36h culture (PTS36), 
adjusted for generation effects, are presented in Table 1. 
PTS36 was significantly greater (P < 0.05) for GLY then 
for PG. Analysis of variance detected no significant 
differences among lines (P > 0.05) or line x cryoprotec- 
tant interaction (P > 0.05). The covariates, age and 
weight at mating, were not significant for PTS36 
(P > 0.05). Least-square means of PTS to blastocyst 
(PTS48) are presented in Table 2. Results for PTS48 
were similar to those for PTS36. Again, GLY had higher 
PTS than PG (P < 0.05). Across cryoprotectants, lines 
did not differ significantly (P <0.05). Selected lines 
tended to survive better when frozen in PG whereas 
crosses had superior survival in GLY, but line-by- 
cryoprotectant interaction was not significant 
(P > 0.05). Age at mating was not significant, but weight 

Table 1 Least-squares means (arcsine + SE) of post-thaw survival to 36 h (PTS36) a of mouse embryos from selected lines and crosses frozen in 
propylene glycol or glycerol b 

Line Propylene glycol Glycerol 

No. No. % PTS36, % 
Ferny Fro. ~ Rec. ~ (arcsine 4- SE) 

No. No. % PTS36, % 
Fern. ~ Fro. c Rec. ~ (arcsine 4- SE) 

HF 29 338 98.2 41.9(40.0 _+ 3.4) e 
LF 34 408 97.3 34.8(35.3 4- 3.1) e 
RC 58 584 96.2 32.5(33.9 _+ 3.4) e 
HFLF d 29 350 96.0 31.6(32.6 4- 3.4) e 
LFHF d 36 418 98.6 30.3(32.3 _+ 3.2) e 

33 395 99.2 58.7(50.5 4- 3.3) f 
34 399 99.0 61.9(52.7 4- 3.2) f 
51 545 98.3 58.8(50.2 _+ 2.9) f 
30 347 99.4 64.6(53.7 __ 3.4) f 
31 354 99.2 66.5(55.5 4- 3.4) f 

a Percentage of embryos developing in vitro to 36 h per donor female; 
analyzed by least-squares procedures following arcsine transform- 
ation, adjusted for generation effects 
b Analysis of variance: P > 0.05 for line; P < 0.05 for cryoprotectant; 
P >0.05 for line by cryoprotectant; P > 0.05 for age at mating; 
P > 0.05 for weight at mating 

c No. Fern., Number of females; No. Fro., total number of embryos 
frozen per line; % Rec., percentage embryos recovered after thawing 
a Crosses of selected lines. Female genotype is listed second 
e.f Within columns and across rows; PTS36 means with no superscript 
in common are different (P < 0.05) 
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Table 2 Least-squares means (arcsine _+ SE) of post-thaw survival to blastocyst 
frozen in propylene glycol or glycerot b 

(PTS48)" of mouse embryos from selected lines and crosses 

Line Propylene glycol 

No. No. % PTS48, % 
Fem.~ Fro. c Rec. ~ (arcsine + SE) 

Glycerol 

No. No. % PTS48, % 
Fern. ~ Fro5 Rec5 (arcsine • SE) 

HF 29 338 98.2 40.8(39.8 __+ 3.5) ~ 
LF 34 408 97.3 37.0(36.4 q- 3.2) e 
RC 58 584 96.2 36.9(37.1 _ 2.8) e 
HFLF d 30 362 96.1 29.6(31.2 • 3.6) e 
LFHF a 36 418 98.6 32.4(33.2 • 3.3) e 

33 395 99.2 59.4(50.8 _+ 3.4) f 
34 399 99.0 60.1(51.0 • 3.3) f 
52 557 98.4 65.0(53.8 q- 3.0) f 
30 347 99.4 68.1(55.7 • 3.5) f 
32 367 99.2 67.3(56.0 + 3.5) ~ 

a Percentage of embryos developing in vitro to blastocyst per donor 
female analyzed by least-squares means procedures following arcs• 
transformation, adjusted for generation effects. Some line-by- 
cryopotectant means for PTS48 were slightly larger than those for 
PTS36 because a few females scored at 48 h were not scored at 36 h 
and vice versa 
b Analysis of variance: P > 0.05 for line; P < 0.05 for cryoprotectant; 

P > 0.05 for line by cryoprotectant; P > 0.05 for age at mating; 
P > 0.05 for weight at mating 

No. Fern., Number of females; No. Fro., total number of embryos 
frozen per line; % Rec., percentage embryos recovered after thawing 
a Crosses of selected lines. Female genotype is listed second 
e.f Within columns and across rows; PTS48 means with no superscript 
in common are different (P < 0.05) 

a t  m a t i n g  s i g n i f i c a n t l y  af fec ted  P T S 4 8  (P  < 0.05). L i n e a r  
c o n t r a s t s  p e r f o r m e d  o n  P T S 3 6  a n d  P T S 4 8  l e a s t - s q u a r e s  
m e a n s  for  gene t i c  effects o f  d ive rgence ,  m a t e r n a l  
source ,  he t e ros i s  a n d  a s y m m e t r y  were  n o t  s i gn i f i c an t  
( T a b l e  3). 

T a b l e  4 s u m m a r i z e s  l e a s t - s q u a r e  m e a n s  o f  P T S  to  
h a t c h e d  b l a s t o c y s t  ( P T S H B ) .  G L Y - t r e a t e d  e m b r y o s  
s u r v i v e d  b e t t e r  ove ra l l  t h a n  P G - t r e a t e d  e m b r y o s  
(P  < 0.05). Ac ros s  c r y o p r o t e c t a n t s ,  l ines  d i d  n o t  differ 

(P > 0.05), n o r  was  the re  a l ine  x c r y o p r o t e c t a n t  i n t e r a c -  
t i o n  (P > 0.05). H o w e v e r ,  L F H F  P G - t r e a t e d  e m b r y o s  
s u r v i v e d  as wel l  as all  the  o t h e r  l ines  in  G L Y  excep t  
L F H F .  H F  a n d  L F  e m b r y o s  f r o z e n  in  P G  h a d  c o m p a -  
r ab l e  s u r v i v a l  ra tes  to R C  e m b r y o s  f r o z e n  in  G L Y .  I n  
c o n t r a s t ,  R C  a n d  H F L F  e m b r y o s  t r e a t e d  w i t h  P G  h a d  
the  l owes t  s u r v i v a l  w h e n  c o m p a r e d  to  all  l ines  f r o z e n  in  
G L Y  a n d  P G ,  a n d  L F H F  h a d  the  g rea t e s t  su rv iva l .  Age  
at  m a t i n g  d id  n o t  affect s u r v i v a l  to h a t c h e d  b l a s t o c y s t  

Table 3 Linear contrasts a (arcsine _+ SE) (PTS) for post-thaw survival for three developmental stages 

Linear contrast PTS36 PTS48 PTSHB 

Divergence b 1.97(1.28 _ 3.32) 1.55(1.60 _ 3.45) - 3.09(-  2.83 _+ 3.62) 
Maternal c 0.31 (0.72 • 3.38) 0.98(1.13 - 3.51) 8.95(5.87 _+ 3.40) 
Direct d 1.66(0.56 • 4.63) 0.57(0.48 + 4.81) - 12.04( - 8.70 _+ 5.11) 
Asymmetry e 7.29(5.20 • 5.11) - 3.27(- 1.85 _+ 5.30) 13.44(8.03 +_ 6.11) 
Heterosis f - 1.06(- 1.09 • 2.31) 0 .03(-  0.48 • 2.40) 4.11(2.34 • 2.55) 

Linear contrasts were performed on least-squares means following 
arcsine transformation 
b Divergence: [(HF) - (LF)] 
c Maternal (reciprocal cross) effects: [(LFHF) - (HFLF)] 

d Direct (embryo) effects: [(HF) - (LF) - (LFHF) + (HFLF)]  
e Asymmetry: [(HF) + (LF) - (2RC)] 
f Heterosis: 0.5 [ (HFLF)  + (LFHF)  - (HF + LF)] 

Table 4 Least-squares means (arcsine _ SE) of post-thaw survival to hatched blastocyst (PTSHB) a of mouse embryos from selected lines and 
crosses frozen in propylene glycol and glycerol b 

Line Propylene glycol Glycerol 

No. No. % PTSHB, % 
Fern. c Fro. ~ Rec. c (arcs• _+ SE) 

HF 13 135 99.3 6.1(13.8 _+ 3.7) e 
LF 17 204 98.5 7.5(15.8 _+ 3.2) e 
RC 16 170 94.7 3.2(11.9 _+ 3.4) e 
HFLF d 13 161 95.0 3.2(12.1 _+ 3.8) e 
LFHF a 13 151 98.7 15.1(21.4 _+ 3.8) ~ 

No. No. % PTSHB, % 
Fem. c Fro. c Rec5 (arcsine _+ SE) 

13 166 100.0 21.1(26.6 _ 3.8) f 
18 217 99.5 26.0(30.2 _ 3.2) f 
14 158 99.4 13.8(23.3 _ 3.6) f 
12 152 100.0 26.5(30.0 • 3.9) f 
13 134 100.0 32.5(32.5 • 3.8) f 

aPercentage developing in vitro to hatched blastocyst per donor 
female analyzed by least-squares procedures following arcsine trans- 
formation 
b Analysis of variance: P <0.05 for treatment; P > 0.05 for line; 
P > 0.05 for line by treatment 

c No. Fern., Number of females; No. Fro., total number of embryos 
frozen per line; % Rec., percentage embryos recovered after thawing 
d Crosses of selected lines. Female genotype is listed second 
e.f Within columns and across rows: PTSHB means with no super- 
script in common are different (P < 0.05) 
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Table 5 Least-squares means of in vitro development a to 36 h (IVD36), 48 h (IVD48) and hatched blastocyst (IVDHB) of non-frozen control 
embryos from selected lines and crosses b 

Line Number of Number of IVD36, % IVD48, % IVDHB, % 
females embryos (arcsine ___ SE) (arcsine + SE) (arcsine _+ SE) 

HF 16 (6) d 203 (77) c 88.2(69.4 _-k 4.4) ~ 88.0(70.7 + 4.0) e 73.6(58.9 + 6.5) e'g 
LF 20 (11) 286 (157) 81.2(66.7 _+ 3.9) ~ 80.8(66.6 _+ 3.5) ~ 52.8(46.5 f 4.8) ~ 
RC 37 (13) 462 (161) 73.8(60.7 + 2.9) ~ 80.3(65.4 _+ 2.6) e 43.7(40.5 _+ 4.2) f 
HFLF e 17 (8) 243 (104) 83.6(67.5 f 4.3) e 86.8(69.9 +_ 3.9) e 82.9(66.4 + 5.6) g 
LFHF ~ 16 (6) 237 (83) 91.6(73.4 _+ 4.8) e 92.7(73.7 +_ 4.4) ~ 62.8(52.2 4- 7.0) es,g 

Percentage of embryos developing in vitro to specified stage per 
donor female, analyzed by least-squares procedures following arcsine 
transformation; adjusted for generation and weight at mating effects 
b Analysis of variance: IVD36 and IVD48: P > 0.05 for line; P > 0.05 
for generation; P > 0.05 for generation by line; P > 0.05 for weight at 
mating 

c Refers to genotype of embryo. Donor female genotype is listed second 
d Numbers in parentheses are for IVDHB, which was only measured 
in generation 33 
e'f'gWithin columns; means with no superscript in common are 
different (P < 0.05) 

Table 6 Linear contrasts" (arcsine _+ SE) for in vitro development (IVD) for all developmental stages 

Linear contrast IVD36 IVD48 IVDHB 

Divergence b 5.03(2.69 +_ 6.02) 7.20(4.10 _+ 5.48) 20.82(12.34 -t- 8.39) 
Maternal ~ 8.03(5.98 _+ 6.70) 5.95(3.86 _+ 6.10) - 20.09(- 14.18 _+ 9.56) 
Direct d - 3.00(-  3.28 _+ 8.44) 1.26(0.24 _+ 7.69) 40.91(26.53 +_ 11.24)* 
Asymmetry e 19.84(14.73 _+ 8.16) 8.23(6.44 _+ 7.43) 39.03(24.34 -+ 11.34)* 
Heterosis f 3.88(2.35 _+ 4.20) 5.34(3.20 + 3.82) 9.64(6.61 _+ 5.59) 

*P<0 .05  
Linear contrasts were performed on least-squares means following 

arcsine transformation 
u Divergence: [(HF) - (LF)] 

~ Maternal (reciprocal cross) effects: [ (LFHF) - (HFLF)]  
a Direct (embryo) effects: [(HF) - (LF) - (LFHF)  + (HFLF)]  
e Asymmetry: [(HF) + (LF) -- (2RC)] 
f Heterosis: 0.5 [ (HFLF)  + (LFHF)  - (HF + LF)] 

(P>0.05), but weight at mating was significant 
(P < 0.05). Linear contrasts showed no significance of 
specific genetic effects in PTS at the hatched blastocyst 
stage of development (Table 3). 

Line-by-generation and line-by-generation-by-cryo- 
protectant effects were not significant. Because of signifi- 
cant generation (P<0.05) and generation-by-cryo- 
protectant interactions (P < 0.05) for PTS36 and PTS48 
(data not shown), analyses of variance were conducted 
on a within-generation basis for PTS traits to determine 
if line or line-by-cryoprotectant-effects were being 
masked in the analysis across generations; in no case 
were these effects significant within generations 32 and 
33 (data not shown). 

Least-squares means of IVD36 and IVD48 of non- 
frozen control embryos are given in Table 5. In vitro 
development did not vary significantly between lines 
at either developmental stage (P > 0.05). Analysis of 
variance detected no significant generation or line-by- 
generation effects. Percent IVD was highest for LFHF 
embryos and lowest for RC embryos. As with PTS36 
and PTS48, linear contrasts of genetic effects were not 
significant (Table 6). 

There were significant differences between lines in 
IVDHB for non-frozen controls (P < 0.05) (Table 5). RC 
embryos developed less frequently to hatched blastocyst 
than HF or HFLF embryos. HFLF embryos had signifi- 
cantly higher IVD than LF and RC embryos. Linear 

contrasts performed on least-squares means (Table 6) 
showed a large, positive effect of asymmetry 
(24.3_+ 11.3) and direct embryo effects (26.5_+ 11.2) 
(HF > LF; P < 0.05). Although divergence was also 
positive (HF > LF), it did not reach statistical signifi- 
cance because of a nonsignificant negative (IIF < LF) 
maternal effect. Embryo heterosis was not significant for 
IVDHB. 

Discussion 

The results of this experiment indicate that selection for 
high or low fat content in mice did not result in signifi- 
cant embryo- or maternal-correlated responses in post- 
thaw embryo survival at three developmental stages. 
Therefore, the possibility that correlated responses in 
embryo cryosurvival might somehow have occurred 
because of a change in lipid content of the selected 
embryos must be rejected. The only previous report on 
the effects of selection on post-thaw embryo survival 
showed a positive maternal and a negative embryo effect 
on PTS following selection for high litter size (Pomp and 
Eisen 1990); in contrast, the same study found no corre- 
lated response in PTS in a line selected for large body 
weight. In the high litter size line, the embryo effects were 
cancelled by the maternal effects, demonstrating the 
need for using designs that can estimate both factors. 
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The reasons why correlated genetic responses occur in a 
population initially in genetic equilibrium are genetic 
drift and/or pleiotropy. Because no selection replicates 
were used in the litter size line, these two factors were 
confounded; although both consitituted genetic change, 
the direction for drift is random while that for pleiotropy 
is expected to be driven by the sign of the genetic 
correlation between PTS and the selected trait. 

The present study found no evidence of significant 
embryo heterosis for PTS in crosses between high- and 
low-fat selected lines. Reciprocal crosses between a line 
selected for high litter size and a randomly selected line 
and between those selected for large body weight and 
selected randomly also failed to yield embryo heterosis 
(Pomp and Eisen 1990). Further, crosses of inbred 
strains showed no heterosis (Schmidt et al. 1985), but 
failure to generate reciprocal crosses have confounded 
embryo heterosis with maternal effects (Pomp and Eisen 
1990). Thus, there is at present no evidence that PTS is 
affected by nonadditive genetic effects of the embryo. 
Estimates of maternal heterosis for PTS have not been 
reported. 

Genetic influences on cryosurvival in unselected 
inbred and crossbred lines also have not been widely 
investigated. Whittingham and Whitten (1974) noted a 
difference in survival between two inbred strains, but 
their sample sizes were small. They felt the difference 
could possibly be due to the freeze-thaw process or to a 
genotype-by-cryoprotectant interaction. Differences in 
PTS in mutant and inbred strains have been found 
although unfrozen control embryos were not concur- 
rently cultured, and it could not be determined if the 
differences were the result of freezing or culturing (Whit- 
tingham et al. 1977). Significant genotypic effects were 
found in PTS for three outbred and two inbred strains, 
and survival differences were independent of whether 
the strain was inbred or outbred (Schmidt et al. 1985, 
1987). 

Cryoprotectant type profoundly affected the ability 
of embryos to survive the freeze-thaw process in the 
present study. The freezing of embryos in GLY resulted 
in a greater percentage of embryos surviving to the 
blastocyst stage than freezing in PG. Although no sig- 
nificant genotype-by-cryoprotectant interactions were 
found for PTS, a cautionary note is issued because of the 
relatively low statistical power of detecting an interac- 
tion even in an experiment of the present magnitude 
(Wahlsten 1990). 

Considering the large array of freezing protocols that 
have been studied, few reports have addressed the im- 
portance of genotype-by-freezing variable interactions. 
Genotype-by-cryoprotectant [-GLY v s  dymethyl sul- 
foxide (DMSO)] interaction was found to be more 
important than genotype-by-container (ampule vs 
straw) interaction (Schmidt et al. 1987); no statistical 
tests of interactions were carried out, but the inference 
was made that interactions involving both freezing vari- 
ables were biologically important. Pomp and Eisen 
(1990) found no genotype-by-freezing method (slow- 

cool vs ultrarapid) interaction for PTS. Interactions are 
likely to be more important when dealing with large 
genetic and/or large freezing variable differences, but 
insufficient estimates of genotype-by-freezing variable 
interaction are available to draw any conclusions as to 
their general biological importance. 

Conflicting results on the significance of genotype on 
cryosurvival could be due to the failure to consider 
donor female variation. Most studies, including those of 
Schmidt et al. (1985, 1987), pooled the embryos of donor 
females, which could lead to increased risk of false 
rejection of the null hypothesis of no genetic effect 
(Pomp and Eisen 1991). Pomp and Eisen (1990) ac- 
counted for donor female variation in their cryropreser- 
vation study, which led to a more conservative test of the 
genotypic influence on cryosurvival. The same argu- 
ment can be made in testing effects of freezing variable 
and genotype-by-freezing variable interactions. The 
present study used the statistical methodology recom- 
mended by Pomp and Eisen (1990, 1991), taking into 
account donor female variation. To our knowledge, no 
investigations have attempted to partition the 
phenotypic donor female variance in PTS into genetic 
and environmental components within a randombred 
population. 

The present study demonstrated significant genetic 
effects for IVD to hatched blastocyst, indicating differ- 
ential survival at this stage of development. The results 
suggest that selection for high fat content has improved 
the ability of embryos to survive in vitro to the hatched 
blastocyst compared to selection for low fat. The embry- 
onic genome seems to influence in vitro survival at later 
stages of development because lines were not significant- 
ly different at IVD36 and IVD48. Asymmetry was posi- 
tive and large; HF and LF had greater IVD rates than 
RC, although HF reponded to a greater extent than LF. 
Thus, selection for both high fat and low fat content 
resulted in improved IVD rates over controls. It remains 
to be determined, however, whether this phenomenon 
also occurs in normal development or is strictly an in 
vitro occurrence. 

In an attempt to replicate, in part, the experiment of 
Renard and Babinet (1984), four- and eight-cell mouse 
embryos were frozen in 1.5 M GLY or PG. The results of 
the present investigation clearly show that PG is a much 
poorer cryoprotectant than GLY. The reason for the 
lower survival rate with PG is unclear. Differences in the 
freeze-thaw protocol may account for some of the differ- 
ence in survival. Renard and Babinet (1984) cooled 
embryos at 2 ~ to - 7 ~ seeded, and then further 
cooled embryos at 0.30~ to a temperature of 
- 30 ~ before plunging the embryos into liquid nitro- 
gen. Although their freezing protocol varied slightly 
from the protocol used here, freezing rates and plunge 
temperature were well within the demonstrated rates 
needed for survival of mouse embryos (Schneider et al. 
1983). 

In summary, these studies have further tested the 
hypothesis that cryosurvival is affected by genotype. No 
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significant genotype or genotype x cryoprotectant inter- 
actions were found. Results recorded in the literature 
have been variable, and only two studies have inves- 
tigated the importance of genetic effects and their inter- 
action with cryoprotectants after taking into account 
donor female variation. Cryoprotectant type played a 
significant role in cryosurvival. Their effects can be wide 
and varied depending upon freeze-thaw conditions and 
cell characteristics as evidenced in this study by the 
existence of possible interactions between thawing and 
dilution conditions. The study of interactions between 
plasma membranes and cryoprotectants may allow a 
greater understanding of the protective action of the 
latter and possibly lead to the discovery or design of 
better cryoprotectants. In order to extend cryopreserva- 
tion to many animal species, increase efficiency and 
reduce costs, the role of genetic variables among 
families, lines and species needs further investigation. 
Further studies should also concentrate on genetically 
determined plasma membrane characteristics and 
cytoplasmic components like lipid content, which could 
affect cryosurvival. 
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