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Fli.RTBER STUDIES ON STBRILITr PRODOOID Dl 

MALE MICE BY D.EtlfE.RIUM OXIDE 

, .AxJ.n M. H"U.~Sbee, Edward., L. Bennett, and Melvin Ca.lv1n* 
La1aence Radiation Laboratory and Department of Chemistry, 
University of California, Berkeley, California 

Introduction 

June 1960 

We have previously reported that deuterium oxide ill th$ drinking water 
. . . 1,a_,t . 

ot either male or .female m.1c.e produces sterility. An investigation of some 

of 'the conditions •• 'With partioular reference to time ... of deuterium oxide 

tre~tment to prod11ce sterile c57 male m11:o Uldlcated thflt the sensitive pwue 

of sperm production ccntere<.l around the late prophD.se or :meiosis. In 60l31e 

experiments., although n2o was almost completely absent durin, ma.t.urat!on of 

the Sl'if!l"mll., and when the m.ie!e mated, these Bperm exhibited the e-tfects ot their 

much earlier eonta.et with n2o. No viable ott'sprin;g were obt~ined from these 

ma.t1nJ};s. We concluded that the presence of DgO during the late propbt.lse and 

me.tot.tc divisions inte1•fered Witb. tb.e no:rmt.tl eonGtruction or division (or both) 

of genetic ma.terie.l.. .tt wr:u; suggested that cha.~os in the forces, pr1nc1po.lly 

The o'bjl!;Tetive of the ~xperinlents reported here was to determine tb.e phases 

of em'bl")''Onie devel~~nt ot the mouse at Which the lethal aation of deu.terium. 

by eperm developed. l.n D20 ho.ve y:telded Bddi t.iona.l ov1denca that D2o severely 

~es the genetic material .ox' developing sperm, with resulting sterility ot 

the niale ll'lOuse • 

* The work described. in this paper waa sponsored by the u.s. Atomic Energy 
Commisa1on. 

f It in shown 11~ this p~per that tlw term "steJrility" a.courately connotes the 
uf'feot in the male mouse.. CzaJka and F1xllt.el3 nave SUafiested the term .. loss 
ot X'eproduct1ve pote'nt1alu to describe the et:feot of D2o upon the tortility 
ot W.<:e. This term is mo.re descriptive of the etteot ot ~ in tho .female 
mouse. · 



. . } 

-3-

·No increase in the n\Uilbe.r ot_ M31'eaa1o11•.:~_ observed. (The hish »ercentqe 

ot reg:oeaaions obtained att.er 6 weka ot D.aO· trea't.11lel:'lt .1a c1ue ~_one temale llOUM 

which ba4 seven regreaetona.) Att$r 2 weeks ot treataen~ w1 th n2o, no e1p1t1• 
. . -~ . . 

cant clecrease 1n the pe.r~:entage o.t p.regwt.llt taales, or the 11ttel> size, was 

r.>lJted. However;, beg1nn1llii 3 week.G atteto lldm.ini•tration t)t D20 a progressive de-
-· . 

area.se in both! . · . · · , the percentage of pregnancies and the embryos per pregnancy_, was. 

obse:rved, until after 6 weeks of t.reatment W1 th Df!J, only 121> ot tb.e temal.es be• 

came· prepant and the &VVII.$& numbe.r of embryos pctr' pregnane1 va.a 3.4.. This 

co•• 'With tile _over-all_~1 ratio·ot 80; and 9·4 e:ab~oa ·per· presnanor 

. ob.aer;rea.· in ':f. controlm.tee. Enib~eyoa per ~~&ting. Witb the n2o•treated. mice bad.· 

ctropped to 51t.i\tb.at: of the cont.rols fitter 6 w'eeks {0•4 embl';yO per· matil:lg cot~Q)ared · 

to 7 .s embryo& per meting .:for the cOlltrol). 

Since each lll8lA mouse ·Wlll.$ ated with tbree (or tour) temal.e mice, the number 

ot pHgnant . te.lea :obt;a.ined each week from each i!ldiv14ue.1. male can also ·be 

4etendne4•. This ia shown ill Table II •. After 2 wek8 ot administration ot 'Da0-,. 

13 ot the, 15 exper!Diental. mice had. either ~ or 3 fertile ma.tin$8 ( ®t of 3 

possible) J and only one mta.e mouse had .no fertile 'ma tinge (the follow!~ w~lt 

"- he was fertile}. This may be ao~ witbtbe observatio~a made at e veekSj 

when only two ot the l.$ mlee h$4 a 'tertile !Qat1ngs (out ot 4 possible) and tfnl 

ot the males <tid n.ot he.ve a tertUe mating. 

The re!Nl.ta ot this experiJaent stroJa6li 8\l.{t;gf)&t that sperm produced in the 

presence of D20 are either- so d$fective that they are 'l.lllable to penetrate th.S 

•&I* or. that upon entering the 'egg tertU1zat1on ooou.ra, but c:\omaged ee.uetio 

• • ma.teJ<ial leads to early deatll ot ·the. :fertilized mouse ess• 

I 

·' ~· * The presence or vas1nal. pluss indicates that copulation. occurred, by D20•treated 
Wlimal.S• Sperm motility 1s presumably not u ilU.Dorta.nt taetor in the transport 
ot sperm tbrousb the uteru.s $.nd. ovarUln tube$.~-. · 

~ ' 

I 
I 



Observations ot Development ot Mouse !ggs Fertilized by DaO~eated Males 

Eight male Swiss mice three months of age from the Lawrence Radiation Labora

tory colony were provided with drinking water containing 30~ n2o in lieu or tap 

water for 5·1/2 to 6 weeks. The male mice were placed at midnight in cages with 

virgin female mice in estrus. At 10:00 a.m. the following day, the f~es 

were removed a.nd the presence or vagine.l plugs determined. Thus the time of 

tertil1zs.t1on was known within 10 hours. Normal control mice were mated in the 

same fashion. At the desired time after copubtion, the female mice were aaer1· 

ficed, and the eggs flushed frqm each oviduct with 0.9~ NSCl and observed under 

magnification up to 250 X after staining With acridine orange (1 to 40,000 in 

0. 91> Nacl and 0. 01 ! phospha. te buffer·, pH 7. 4). The results are eumma.ri~ed in 

Table III. 

In general, 55 to 65 hours after fertilization, most control mice had numer

ous eggs in the mul.ticell stage (8 to 18 cells). Relatively few two• or four-

cell eggs, or disintegrating. eg~e, were observed. However, ~ high frequency 

ot abnormal e~gs wae obtained from females mated with n2o-treated mice; many 

were one, two, or :tour calls. The cells were often. not of unifol~ size, and in 

many instances they were not congruent. A few o:t' the aberrant cell types are 

shown. ill Fig. 1. These aberrant cells ea.n 'be oompai"ed with examples of degenere.t• 

ing cells found in a study by LewiS a.nd Wright, 6 

After the experimental males had 'been provicled ·d th 30% n2o fo:..4 7 weeks, 

they were returned to ordinary vater. Two '-teeks later these mlce vera again l!lated 

with normal fema.les, and the eggs were examined. approximately 60 hours after 

copulation. Again, a high treq·uency o:t' degenerating eg6s was observed. 

Discussion 

A reduced n·umber of 11 tters and fewer mice. per 11 ttei" are obtained when 

male Swiss mice which have been ma1uta1ned on 30~ n2o in iieu of tap water are · 
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mated with normal female Swiss mice. Nearly complete sterility is obtained when 

y Swiss mal.e mice are maintair!ed on 30<fo n2o tor 6 weeks. At this time, although 

many broken and nonmotile sperm are present in the !!! deferens, 201 000 to 

' ' 

30,000 motile sperm were observed · 1n each !!,!_ deferens of two sterile ma.le mice 

which were examined, confirzni.ng a similar c>"'tu:~erva.tion on c57 mice. 2 It is 

extremely uxu1kely that the degeneration of the eggs could have resulted from 

the mere presence of 20, to 3Q1', n2o in the sperm, since a sperm constitutes an 

ex.trer.aely small fraotion (mU;ch less than 0.1'1>) of ·!;he total mass of ·~ fertilized 

egg. In addition, the gross sterility observations have shown that sterile 

matings result from male mice which have been returned to normal water for at 
-? 

least 2 weeks e,fter a a-week treatment with.30% D20.~ In the present study we 

.found degenerating eggs when male .mice that had been on D20 for 7 weeks and then 

returned to normal water for 2 weeks were mated with nol"llll!!l fenu:ues. •rhe sperm 

ot mice returned to nonna.l water for 2 weeks oertaill.l;y hav~ very 11 ttle deuterium 

111 them. 

Our experiments have not show that the sperm ba.ve entered the eggs" The 

ob.servatio:n. of motile .sperm would suggest ttmt the sperm would be capable Of 

entering the eggs. Such sperm, it e,;bnormal in gene·tic complement, could lead to 

aubsequen·t divisions which would be abnormal and. which in many irua"canl.'!es would 

not proceed past the one- to four .. cell stage. .Experiments to de·cermine wtJ.ethel" 

the sperm do enter the egg and whetner fusion of the pronuclei does occur are 

1n progress. 

Ot.tr experiments indicate no increase in embryonic deaths a.t'ter implantation. 

This is in ma.rk.ed contrast to the ef'.t'ects of rad.ia:tion in which a large increase 
. 4 

in euch deaths, termed "dominant let..ba.l m:uta:t.ion," occurs. This sug~~sts that 

the dfl.111a.3e to the getletio material causecl oy D20 differs from damage caus~d by 

ra.d.ia.tiono 
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Hermans)_ .!! !:!.· 7 ,B and ScherStJ!. J have shown that the substitution of D 

tor H 1n macromolecules affects the thermodynamics of the helix-coil transforma-

tion. With ribonuclease the temperature required tor the hel1x .. eoil transition 
lO 

is raised by d.euteration. Crespi !! !:!.· have reported that elevated tempera-

tures are necessary tor growth of certain microorganisms in n2o, which ts con

sistent vi th the hypothesis that the presence of D0 0 leads to an increased 
' . 11 12 

~tabili ty of the helix. Gross and Spindel 1 have shown tha.t D2o causes a 

reversible inhib1. tion of mitosis of Arba.cia punctulata.. In addition, they have 

demonstrated an increased ,f1scos1 ty of gelatin solutions e.s well as a higher 

liquefaction temperature in the presence of n2o.12 Previous experiments indicated 

that the phase of sperm production most sensitive to D20 is the meiotic phase, 

Sperm that have undergone meiotic division in the presence of D20 during their 

gene&is are lJ.Ot capable of' producing of'fspr1r..g even though the animal is not 

subsequently supplied with o2o. 

At this stage of sperm. produc-tion; chromosomal reor()anization occurs. It 

is suggested tbat the presence of deuterium markedly affects this process, princi• 

pal.ly by changes in the fore~s of association of r.t'JA4romolecu.les. Motile sperm 

are obtained, but the genetic material is so abnormal that although fert.iliza.tion 

of the egg may oacur, its death soon follows. Expertments are in progress to tur• 

ther characterize changefJ in the genetic material of spe.rm resulting from the 

presence of :o2o. 
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Summary 

Thirty percent D20 in the drinking water of' male SWiss mice produces 

s.terility. Both a decrease in litter eize and a decreased percentage of fertile 

m.at1ngs were observed When treated maJ.es were mated with normal females. No 

increane in regressions was obtained. The development of mouse eg_;;s in a female 

mated with a n2o-treated. male is generally abnormal; few irl.ulthcelled eggs are 

obtained 2 to 2 1/2 days after copulation. It is suggested that changes in 

physical forces that bind macromolecules are produced by the substt tution of 

deuterium tor hydrogen. These changes may result in abnormal genetic material 

in developing sperm. 



. Aals:novledgement 
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We are #a.teful to Dr. T.P. U.n., Dept. ot Anatolii.Y, University of 

California. Medical. S<.lbOOl.; San Frenc1seo, Calif., tor de.monstratin& the 

tecllnique for flushing the mouse eggs from the oviducts.· Dr. Lin and Dr. 

Laurel GlassA, (ot the a.a.me department) also assiSted us in interpreting 
~·. \ 

the phOtomicrographs ~f the eu$. 
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Table I 

Effect of 3(1/, D2o 1n drinking w.ter on fertility of' male mice 

Time Of. treatment prior to mating (weeks) 

D
2
0-treated males (1.5} control males ( 10) 

Totals 
2 .L 4" 6* 2 _L Jv 6* 2"'-to 6 

Mice vi th vaginal E1~s - - - ·-
Wo. of females 24 23 23 17 16 ll ll 8 ~ 
Bo. pregnant 23 16 ll 4 15 9 11 8 43 
lfo. embryos 246 107 66 19 148 75 132 87 442 
No .. regressions 15 l2 6 0 15 16 9 10 50 
j regressions 5·7 10.1. 8.3 0 9-2 17.6 6.4 10.3 10.2 
Embryos/pregnancy 10.7 6.7 6.0 4.8 9·9 8-3 1.2.0 10.9 10.3 

Mice vi tbout vaginal :21ugs 
l'fo o of females 21. 22 21. 43 1.4 19 19 30 82 
llo. pregnant ll 12 6 3 10 15 l.2 23 60 
lfo. embeyoe 84 76 42 5 77 138 119 197 531 
llo. regressions ll l2 7 8 12 15 6 19 52 
rf, regressions 11.6. 1.3.6 14.3 75 13.5 9-8 4.8 8.8 8.9 
Embryos/pregnancy 7-6 6-3 7-0 1.7 1·1 9·2 9-9 8.6 8.9 

Combined 
No. of females i 45 -- 45 44 60 30 30 30 38 128 
·Nta:r-10-~--pre~ant 34 28 17 7 25 24 23 31 103 
;, pregnant 76 62 39 12 83. :; .80 1fl· :' 82 80 
Total. No .. embryos 330 183 lo8 24 225 213 251 284 973 
Total No. regressions 26 24 1.3 8 2T 31 15 29 102 
j regressions 1·3 ll.6 10.7 25 10.7 12-7 5-6 9-3 9-5 
Embryos/pregnancy 9·1 6 .. 5 6.4 J.4 9.0 8.9 10.9 9-2 9.4 
Embryos/mating - 1·3 4 .. 1. 2-5 0.4 7-5 7-l 8.4 7-5 7-6 

* Four femal.es/male 
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Table II 

No. ot males associated w1 tb N pregnant tenull.es 

M<:>. ~gnant 
Coutrol male mice (10 total) 

Du.ro.tion ot 
Treatment females/male 

(weeks) (N) = 4 ..L 2 l 0 - -· - -H20 
2.' • 5 s 0 0 

3 ... 4 6 0 0 

4 .. 4 ; 1 0 

6 4 4 0 1 0 

DatJ 
1>20 ~ ait:e (15 total) 

2 - 7 6 l 1 

3 ... 4 e 3 a 
4 .. 2 ; 2 6 

e 0 0 2 3 10 

* Tb;ree female mica were mated Vi th each male except at 8 weeke, When 4 temie m.tee 
were mated Vi th each male. 
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Table III 

Stage and condition of' eggs from mice :fertilized by normal or D20-treated males 

Time after Females Stage of Eggs 
No. copulation without. Condition (mo. of cells) 8 or Total 

females (days) eggs of_ e§Ws 1 g ~ 4 more eggs -
Control males 5 l 1/2. to 2 l ff- 3 .}j. 3 2 25 37 

na. 0 0 0 0 0 0 

D20 treated mal.es 3 1 1/2 to 2 0 N 23 4 1 0 ·"o 28 
D 1 l 0 0 0 2 

·-

Control males 5 2 1/2 to_ 3 1 w Q: 0 o~ 0 28 28 
D l. 1 0 0 0 2 

D20 treated mal.es 9 2 1/2 to 3 2 N 9 4 0 0 4 17 
D 1 6 2 l 33 43 

a N • normal, D = degeneratin:g 



.... 

r ig. l !'botoaie.rographs (X 250) of e"e obtained 2 ·t.o a ·-1/ 2 da)'1l afw.r 
copulation. Uppe.r lett ia an exaaple ot a. normal 8 ~ell esg. 
Op)er ui.ght t.Wt both l()ver pi c:'Wre& are $X&a~:plea ot: abt1o:nlllt.l cell 
typee reaultias trom at1tt.\; ot D20-treated male• vith noll'llal 
:fGliS8l.e aice. 
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This report wBs prepared as an account of Government 
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