
hemoprotein reductase activity therefore 
indicates that all the components necessary 
for squalene epoxidation are assembled on 
the hemoglobin molecule. It is not yet clear 
whether an additional oxidase is required 
for epoxidation, or whether this hemoglo-
bin carries oxygen for use in the many other 
oxygen-requiring reactions involved in the 
conversion of squalene to cholesterol. 

A clue to the physiologic role of this 
unusual molecule is the observation that 
female Ascaris worms have an order of 
magnitude more hemoglobin in their peri-
enteric hemolvmoh than do males. Females , & 

each produce about 0.5 g of eggs (about 
10% of total body weight) per day (23). 
The eggs are rich in sterols for use in the 
membranes of the developing larvae [sterols 
comprise approximately 2.4% of the dry 
weight of Ascuris eggs (24) ,  comparable to 
the proportions found in ovine eggs (25)l. 
Thus, the female worms must synthesize 
large amounts of sterol, by a pathway that 
requires molecular oxygen, even though 
they live in the oxygen-poor intestinal 
folds. The parasites appear to have solved 
the problem by elaborating a hemoglobin 
that can sequester any available oxygen and 
channel it directly into cholesterol biosyn-
thesis. Several related parasitic nematodes 
also have oxygen-avid hemoglobins (22, 
26), which may therefore represent a spe-
cial adaptation for intestinal helminths, or 
perhaps a more general feature of mi-
croaerophilic eukaryotes. 
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Cryobiological Preservation of Drasophila Embryos 

Peter Mazur,* Kenneth W. Cole, Jerry W. Hall, 
Paul D. Schreuders, Anthony P. Mahowald 

The inability to cryobiologically preserve the fruit fly Drosophila melanogaster has 
required that fly stocks be maintained by frequent transfer of adults. This method is costly 
in terms of time and can lead to loss of stocks. Traditional slow freezing methods do not 
succeed because the embryos are highly sensitive to chilling. With the procedures 
described here, 68 percent of precisely staged 15-hour Oregon R (wild-type) embryos 
hatch after vitrification at -205"C, and 40 percent of the resulting larvae develop into 
normal adult flies. These embryos are among the most complex organisms successfuIly 
preserved by cryobiology. 

Worldwide, some 10,000 to 20,000 lines 
of mutant Drosophila are maintained by 
frequent and costly transfer of breeding 
stocks. Such stock maintenance can result 
in genetic drift or the loss of stocks because 
of poor reproductive capacity, accident, 
mix-up, or contamination. Consequently, 
the ability to cryobiologically preserve such 
stocks indefinitely, as is done with stocks of 
other organisms such as the mouse and 
nematode Caenorhabditis ele~ans.would be" ,  

of substantial value. A priori, one might 
consider embrvos at the earlv staees better, -
candidates for preservation than those at 
the later stages because of their simpler 
structure. We and Steponkus and co-work-
ers found independently, however, that 
early embryonic stages of Drosobhila were far 
poorer candidates for cryopreservation than 
12- to 13-hour embryos, even though the 
latter contain about 50,000 cells (1) that 
are well differentiated into organ systems 
(hatching occurs at -21 hours at 24°C). In 
contrast, mouse embryos are generally fro-
zen at the 8-cell stage (2), and C. elegans 
larvae at the 558-cell stage (3). 

The survival of cells exposed to cryogen-
ic temperatures is critically dependent on 
(i) the avoidance of intracellular ice and 

P Mazur and P D Schreuders B~ologyDIVISIO~and 
the Un~vers~tyof Tennessee-Oak R~dgeGraduate 
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(ii) the presence of intracellular molar con-
centrations of protective solutes. To fulfill 
these two criteria, cells must be permeable 
both to water and the crvoorotectant. Un-, k 

fortunately, Drosobhila are permeable to 
neither. The embrvos are surrounded bv a 
vitelline membrane' that is rendered imper-
meable by waxes (4), and the larvae and 
adults possess a cuticle that is impregnated 
with lipids (5). To achieve cryobiological 
preservation, these barrier compounds must 
be removed without injury. Following the 
approach of Limbourg and Zalokar (4), 
Lynch et al. (6) and subsequently our group 
(7) developed methods for permeabilizing 
the vitelline membrane of 12- to 14-hour 
embryos. Our protocol exposes embryos for 
precise times (90 to 110 s) to heptane 
containing low (0.3 or 0.4%) and precise 
concentrations of alcohol (I-butanol).Our 
operational criterion of permeabilization is 
that the embryos stain ruby red or dark pink 
after 5 min in a 0.1% solution of the dye 
rhodamine B. The functional criteria are 
that they shrink in hyperosmotic (0.75 M) 
sucrose in D-20 Drosobhila medium (8) in a 
few minutes (indicating permeability to wa-
ter) and that they initially shrink and sub-
sequently return to normal volume in about 
20 min in 2 M solutions of ethylene glycol 
in D-20 (indicating permeability to that 
cryoprotective solute). On the basis of the 
staining criterion, the heptane-butanol pro-

K W ole and J W. -H~ I I ,B~ologyDivsion, Oak Rdge cedurepermeabilizes 90% of 12-hour 
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cryopreservation is to cool cells slowly 
enough so that intracellular water flows 
osmotically to the exterior and freezes there 
rather than intracellularly (9). Myers et al. 
(10) have calculated that such a rate for 
Drosophilu embryos is <1°C per minute. 
However, such a slow cooling approach is 
not feasible for Drosophilu because of the 
second formidable barrier to their cryopres-
ervation: The embryos are highly chill sen-
sitive even in the absence of ice and be-
come increasingly so as the temperature 
falls toward -25°C (11, 12). Indeed, if 
unpermeabilized 12-hour embryos are 
cooled at c:1°C per minute, nearly all of 
them are killed before reaching that tem-
perature. Three- to 6-hour embryos are 
even more chill sensitive, at least at O°C 
(11)-

The  acceleration in chilling injury with 
lowered temperature, if maintained below 
-25"C, suggested that the only way to 
avoid such lethal consequences is to outrace 
them by cooling (and warming) the embry-
os at 20,000°C per minute (I I ) .  Unfortu-
nately, at the usual concentrations (1 to 1.5 
M) of cryoprotectants, such cooling rates 
would guarantee lethal intracellular freez-
ing. The  only way to avoid such intracellu-
lar freezing is to introduce very high con-
centrations ( 2 5 0  wt%) of glass-inducing 
solutes in  and around the embryos, concen-
trations that are high enough both to in-
duce vitrification during cooling and to 
prevent devitrification (crystallization) dur-
ing warming and yet not be toxic. Ste-
ponkus et al. (13) reported that ethylene 
glycol can act as the glass-inducing solute 
when added in two steps in  a manner 
similar to Rall's approach for mouse embry-
os (14). In Steponkus' procedure: (i) The  
embryos are first fully permeated by 2.1 M 
ethylene glycol at 22°C. (ii) The intracel-
lular concentration of ethylene glycol is 
then raised to high levels by osmotically 
dehydrating the embryos by a 5- to 8-min 
exposure to 8.5 M ethylene glycol at 0°C. 
After this dehydration step, the embryos 
were cooled at -25,000°C per minute to 
-205°C in nitrogen slush (which is ob-
tained by applying a vacuum to liquid ni-
trogen). Upon rapid warming, 18% of 13-
hour embryos hatched; however, only 3% 
of the resulting larvae developed into adult 
flies (13). 

W e  have subsequently confirmed these 
results (15). Our hatching rate for 12-hour 
embryos averaged 12%, and 5% of the 
resulting larvae developed into adults. 
With respect to the cause of injury, we have 
found survival to be far more sensitive to 
the warming rate than to the cooling rate. 
Thus, decreasing the warming rate from 
100,000" to 2,000°C per minute dropped 
the survival from 12 to 0%, whereas a 
similar lowering of the cooling rate had 

much less effect. This asymmetry strongly 
suggests that chilling injury is less a contrib-
utor to loss in  viability than is damage from 
the devitrification of critical portions of 
vitrified cytoplasm during warming, proba-
bly because those compartments contain 
insufficient ethylene glycol. Measurements 
by differential-scanning calorimetry lend 
support to this view (16). 

W e  (7, 11) originally selected 12-hour 
embryos (stage 14) [figure 8 in (17)] for 
study because a new permeability barrier 
that is refractory to butanol-heptane (prob-
ably lipids in  the cuticle) appears between 
14 and 16 hours of development. The 
consequence of this barrier is that fear (or 
no) older embryos survive exposure to 
-200°C (7, 11). However, recently both 
we (15) and Steponkus and Caldwell (18) 
have found that as embryos age from 12 to 
15 hours, hatching survivals after cryogenic 
treatment increase substantially, in  our case 
from 12 to about 30% and in their case from 
18% to 49 to 55%. They also reported that 
with minor changes in  permeabilization 
procedure, 11% of the larvae from cryogen-
ically treated embryos developed into 
adults. 

Previously we controlled the develop-
mental stage of the embryos at the time of 
the experiment by controlling the time and 
temperature at which they were held after a 
1-hour collection period at 24°C in late 
morning (7, 15). T o  obtain stage 14 em-
bryos early the following morning, the eggs 
were held 20 hours at  17.5"C. W e  comput-
ed the developmental age of the embryos at 
that time to be 12 hours, based on  the data 
in  (19) showing the developmental rates at 
17.5"C to be half of that at 24°C. T o  obtain 
older embryos, we continued the incuba-
tion at either 17.5" or 24°C and calculated 
the age on  the basis of the same relative 
developmental rates. Steponkus et al. 
equated developmental stage with the num-
ber of hours elapsing at 25°C between 
collection and the onset of an experiment 
(13). A problem with this method is that 
slight experiment-to-experiment differences 
in  temperature may result in  cryobiologi-
cally significant differences in  developmen-
tal stage at the time of the onset of freezing. 
For example, a 1°C shift in  temperature 
from 18°C will change the rate of develop-
ment by 15%. 

W e  report here that with a developmen-
tally more precise way of staging the embry-
os and modifications in  the posttreatment 
culture techniques, 60 to 75% of vitrified 
embryos hatched, and a mean of 40% of the 
resulting larvae developed into fertile 
adults. The  overall efficiency (number of 
adults per number of embryos vitrified) was 
thus increased to 25%: a 50-fold increase 
over the previous 50.5% figure (13, 15). 
Such a survival percentage is equivalent to 
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that obtained with mouse embryos cryobi-
ologically preserved under optimal condi-
tions (2). The  greater precision for staging 
the embrvos was achieved bv altering the 
procedure' from one based on'the timeY and 
temperature of incubation after embryo col-
lection (15) to one based on  time at a fixed 
temperature (24.5" ? 0.5"C) from a clearly 
identifiable later developmental stage; spe-
cifically, the point at which 50% of the 
embryos are at stage 14 and 50% are at stage 
15 [as defined by figure 8 in (17)] ,  At  x 2 5  
magnification, stage 14 embryos contain a 
central spherical dark mass (the gut), which 
is transformed in stage 15 to resemble three-
coils of a helical spring. In our new proce-
dure, samples of freshly layered embryos 
were incubated for 20 hours at 17.5"C as 
before (at which time 90% or more are 
generally at stage 14); then the outer ob-
scuring chorion was removed from one sam-
ple by standard treatment with 2.5% hy-
pochlorite (usually followed by permeabili-
zation in butanol-heptane). All samples 
were held at 24.5" + 0.5"C until there was 
close to a 1:1 ratio of stage 14 and stage 15 
embryos in the dechorionated sample (a 
uoint that can be determined within P5 
min). That point was defined as zero time. 
Successive samples were then dechorion-
ated and permeabilized at precise times 
from zero. After permeabilization, the sam-
ples were incubated on D-20 for 45 min at 
24°C (in order to permit recovery from 
permeabilization stress), exposed to 2 M 
and 8.5 M ethylene glycol, and then cooled 
at -100,000"C per minute to approximate-
ly -205°C. The  embryos were warmed at 
similar rates a few seconds later and 
checked for survival. (In other frozen cells 
or organisms, including mouse embryos, the 
time the organism is maintained at -200°C 
is irrelevant.) 

Figure 1 shows the survival of the treated-
embryos as a function of time from zero at 
the completion of permeabilization and the 
45-min recovery period, when zero is de-
fined as indicated above. The time -1.0 
hours corresponds to the 12-hour embryos 
used in our previous studies (7, 11, 15). 
Hatching percentages rose dramatically 
from 12% at -1.0 hours to 68% at +2.4 
hours and then fell equally dramatically to 
10% by +3.9 hours. In a separate experi-
ment, we determined that when embryos 
were incubated at 24.5" ? 0.5"C after 
collection, the time defined as zero oc-
curred 12.5 hours from the midpoint of the 
1-hour collection. That is the basis for the 
second abscissa in Fig. 1. Development 
times cited henceforth refer to these two 
abscissas. 

The two sets of time in Fig. 1 are the 
times after the completion of permeabiliza-
tion and the 45-min incubation but before 
the subsequent exposure to ethylene glycol 



Fig. 1. Relation between the developmental loo - to 37% in +2.4- (14.9-) hour embryos and 
stage of Drosophila rnelanogaster Oregon to 18% in +3.3- (15.8-) hour embryos.
R-P2 embryos and (i) the percentage that are The developmental time producing the
permeabilized by heptane-butanol (dashed 
curve) and (ii) the percentage that survive peak percentage of adults appears to be 0.7 

subsequent very rapid cooling to -205°C and 80 - hours earlier than that producing peak 

very rapid warming (solid curves). Zero hours hatching. In both cases, the overall effi-
on the upper abcissa is the time at which about 8 -

ciency (percentage of cryopreserved embry-
half the embryos are stage 14 and half are 2 os developing to adult flies, that is, the 
stage 15. At 24°C that time occurs about 12.5 5 60 - product of the hatching and adult curves) is 
hours after egg laying (lower abscissa). The 25%. In five replicates to date, males con-
times plotted include the -30 min to effect : - stituted 49.8 2 5% of the 162 adults de-
permeabilization and the 45-min recovery peri- ,E rived from embryos vitrified at +1.8 and 
od. Procedural details are given in (21).The ,x +2.4 hours (the developmental stages
middle (solid) curve gives the percent hatching 'i40 -

of samples after ultrarapid cooling to -205°C yielding the highest survivals). To date, 58 

and warming in five replicate experimental k' - out of 62 individually tested females were 
samples (three experiments for zero time). The fertile, and each fertile female produced an 
leftmost and rightmost solid points are from average of 50.3 second-generation adults in 
(15).The percent hatching of controls subject- 12 days, of which 49.4% were female. 
ed to dechorionation only and to dechorion- We ascribe most of the improvement in 
ation plus permeabilization prior to +I.6 (14) : adult survival over that in (13) and (15) to 
hours were 96 * 1 and 95 + 1%, respectively. A the three- to sixfold increase in hatching
The percent hatching of +I.€-and 2.4-hour o 

. i h A survival at the optimal stage. That is, the(14.3- and 14.9-hour) embryos after exposure 11.5 12.5 13.5 14.5 15.5 16.5 17.5 factors that cause hatching percentages to 
to ethylene glycol but not vitrified was 85 + 3%. Developmental stage (hours)
The bottom (solid) curve shows the percentage be low inflict damage on most larvae, and 

of larvae from vitrified embryos that developed into adults. The percentage of larvae from such damage prevents subsequent 
permeabilized control embryos that developed into adults was 90 ? 4% (n = 3), n = number of ment to Some of the 
trials. Error bars are standard errors with n = 5 (n = 3 for zero time). ment in survival rates observed here may be 

due to slight modifications in culture pro-
cedures from (15). To determine the hatch 

and rapid cooling to -205°C. Table 1 15) hours of development. Consequently, rate, each Nuclepore filter used to support 
shows the distribution of morphological compartments in the embryo do not attain embryos during processing was placed on I 
stages at the various times from zero both sufficiently high concentrations of ethylene ml of 3% agar in D-20 in a 35-mm Falcon 
before and after the incubation. Develop- glycol to maintain the vitreous state during (3001) dish to which had been added 0.06 
ment continues during that 45-min recov- cooling and warming. Because the inability mg of yeast [previously filters were floated 
ery period. Peak hatching percentages after to survive cryogenic exposure occurs at an on liquid D-20 without yeast (15)l. Then, 
cryogenic exposure occurred when the ratio earlier developmental stage than the com- as in (15), the dishes were incubated -24 
of early and mid-stage 16 embryos was plete loss of staining, it appears that only hours in a sealed box at 24" to 25OC in near 
about 1:1 at the completion of permeabili- part of the cuticle has failed to permeabilize 100% relative humidity. 
zation. We define early stage 16 as that to result in poor survival. To determine the percentage of larvae 
depicted in figure 7 of (17). Mid-stage 16 The bottom curve in Fig. 1 shows the that developed into adult flies, the portions 
lies between that point and the appearance percentage of the resulting larvae that de- of agar that held larvae often along with the 
of air-filled trachea. veloped into adult flies as a function of the support filter were transferred to a 15 by 95 

The dashed curve in Fig. 1 shows the developmental stage prior to the initiation mm shell vial containing a 1:3 (wlw) mix-
percentages of permeabilized embryos (per- of glycol treatment and cooling to -205OC. ture of Carolina Biological Supply 4-24 
cent staining ruby red or dark pink with The curve parallels the hatching curve. As Drosophila medium and water. Additional 
rhodamine B) as a function of time from development progressed from -1 (11.5) to yeast suspension was added then and 2 days 
time zero. (Staining was carried out after +1.8 (14.3) hours, the percentage of adults later as in (15) ,  and the vials were incubat-
the 45-min incubation.) The fraction stain- increased from 5 to 43% and then decreased ed at 24' to 25°C at 60 to 65% relative 
ing red or dark pink dropped from 90% at 
zero time to about 80% at +2.4 hours, the 
time yielding the peak hatching survival of Table 1. Distribution of Drosophila embryo developmental stages. 
68%. By +3.9 hours, the percentage per-
meabilized dropped to 58% and became Embryo age Before or Percentage in stage 
more variable; the percentage hatching Run from time zero* after 45-min 
dropped to 10%. After another hour of (hours) incubationt 14 15 Early 16 Mid 16 
development, both the percentage of em- o = 12.5f After 54 4 4 5 + 4  1 2 1 0 
bryos that become permeabilized and the 1 0 + 1.0 Before 2 + 2  39 2 27 50 + 26 9 2 5  
percentage that survive cryogenic exposure 0 + 1.8* After 0 3 + 2  62 2 1 3  35 1 4  
drop to or near zero (15). 2 0 + 1 6  Before 0.5 + 0.5 2 +I 50 2 1 5  47 + 1 6  

Because permeabilization was initiated 0 + 2.4f After 0 0 21 + 13 79 2 1 3  
1.2 hours prior to rhodamine staining (-30 3 0 + 2.6 Before 0 0 8 2 2  92 2 2 

0 + 3.3f After 0 0 2 +I 98 + I
min to permeabilize plus a 45-min incuba- 0 + 3.2 Before 0 0 2 2 1  98 1 9  
tion), we interpret these data to mean that 0 + 3.9f After 0 0 0.3 + 0.3 99.89 
portions of the cuticle begin to become 

*See text t A  45-m~nrecovery period at 24°C after permeabilization. *Developmental stage times plottedrefractory to pemeabilization by butan''- n F ig  1 §Includes a small percentage of late stage 16 embryos defined as these exhibiting air-filled tracheal 
heptane between +1.5 and f 2 . 5  (14 and tubes. 
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humidity for 12 to 14 days [I  to 2 days 
longer than in (15)) or until no additional 
flies emerged. 

The current optimal procedures produce 
overall survivals that constitute effective 
and practical cryobiological preservation of 
the Oregon R strain. Although it remains 
to be determined whether they will also be 
effective in preserving embryos from mutant 
lines, the major developmental processes 
are completed by stage 16, and consequent- 
ly we expect that most laboratory strains 
will tolerate these vitrification procedures 
as well as Oregon R does. An advantage of 
defining the optimum developmental time 
for cryopreservation in relation to the time 
at which the ratio of stages 14 to 15 is 1:1 
is that it will automatically compensate for 
any strain-to-strain differences in develop- 
tnent rate. The approach may also be ap- 
plicable to the cryopreservation of embryos 
from other diptera like the housefly or 
mosquito, which have developmental rates 
very different from that of Drosophila (20). 

We believe our findings have more gen- 
eral implications for cryobiology. The opti- 
mal developmental stages being frozen are 
probably the most complex systems that 
have been cryobiologically preserved. The 
embryos are highly differentiated into tis- 
sues and organs including muscle and 
nerve, which indicates that differentiated 
multicellularitv is not a barrier to crvoures- , 	. 
ervation per se. The findings also represent 
perhaps the first case in which vitrification 
procedures are required to obtain survival. 
From the mechanistic point of view there 
remains the question of why Drosophila 
survival is so critically dependent on devel- 
opmental stage. Older embryos may vitrify 
more readily than younger embryos, or pos- 
sibly they tolerate the presence of ethylene 
glycol or small amounts of ice better than 
younger embryos, perhaps because the crit- 
ical steps of dorsal closure and head invo- 
lution are completed. The answers could be 
important in determining the extent to 
which the general strategies described prove 
applicable to other non-mammalian eggs 
and embryos, most of which have not been 
successfully cryobiologically preserved. 
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ics polycarbonate filters to 2.5% hypochlorite to 
remove the chorion, a thorough water wash, iso- 
propanol treatment, air-drying for 2 min to remove 
the isopropanol, and a mixture of 0.3% 1-butanol 

In n-heptane for 90 s, followed by a brief chase 
with pure heptane. Details are given in (7) and 
(15). The duration of the air-drying and the buta- 
nollheptane steps are critical. The filters were 
rinsed several times in D-20 and then incubated 
45 min at 24" to 25°C. The percentage of perme- 
abilized embryos was defined as the percentage 
that stained red or dark pink after a 5-min expo- 
sure at 23°C to 0.1% rhodamine B in D-20. [The 
leftmost and rightmost points of the dashed curve 
are from (15).] The embryos on the filters were 
then exposed to 2 M ethylene glycol at room 
temperature (23°C) for 30 min and then to 8.5 M 
ethylene glycol plus 10% (wlv) polyvinyl pyrroli- 
done (Plasdone C-30) for 4.5 to 5.5 min at 5°C. 
The next step was to abruptly plunge the filters 
into a mixture of solid and liquid nitrogen (nitrogen 
slush) at approximately -205°C and then 10 to 30 
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sucrose in D-20 at 23"C, hold them in that solution 
for 2 min. and then transfer them into D-20. Details 
of and reasons for these various steps are glven in 
(15). 
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Cellular proteins associated with immunodeficiency viruses were identified by determina- 
tion of the amino acid sequence of the proteins and peptides present in sucrose density 
gradient-purified human immunodeficiency virus (HIV)-1, HIV-2, and simian immunode- 
ficiency virus (SIV). p2 microglobulin (p,m) and the a and p chains of human lymphocyte 
antigen (HLA) DR were present in virus preparations at one-fifth the concentration of Gag 
on a molar basis. Antisera to H IA  DR, p,m, as well as H IA  class I precipitated intact viral 
particles, suggesting that these cellular proteins were physically associated with the sur- 
face of the virus. Antisera to class I, p,m, and H IA  DR also inhibited infection of cultured 
cells by both HIV-1 and SIV. The specific, selective association of these cellular proteins 
in a physiologically relevant manner has major implications for our understanding of the 
infection process and the pathogenesis of immunodeficiency viruses and should be con- 
sidered in the design of vaccines. 

Studies with subunit vaccines have shown 
that immunizations with viral envelope an- 
tigens alone are sufficient to elicit protec- 
tive immunity against SIV or HIV (I). The 
recent observation (2) that macaques immu- 
nized with uninfected human cells were 
protected against challenge with SIV grown 
in human cells raised the possibility that 
immune responses to cellular antigens might 
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also be involved in protection. However, 
the putative cellular antigens that may be 
stimulating the protective response have not 
been identified, and the mechanism of pro- 
tection is unclear. 

To identify the specific cellular antigens 
associated with immunodeficiencv viruses. 
we purified and sequenced protiins from 
preparations of HIV-1, HIV-2, and SIV. 
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