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Organophosphorus (OP) and methylcarbamate (MC) 
insecticides are designed to inhibit acetylcholinester- 
ase in the insect central nervous system. Their toxic 
effects in higher animals and man are also generally 
attributable to action on the cholinergic system [I. 21. 
However, cholinesterase and the cholinergic system 
do not appear to be invohed in the induction of tcra- 
togenesis in chicken embryos by a variety of OP and 
MC compounds [3-51. It is therefore important to 
define the nature of the biochemical lesion leading 
to developmental defects (particularly since these in- 
secticides are now the major weapons for insect con- 
trol and therefore environmental contamination and 
human exposure are inevitable). 

Several features of teratogenesis in the chicken 
embryo warrant special consideration. Despite large 
potency differences, teratogcnic doses of a tremendous 
\,ariety of OF’ and MC compounds, injected at day 
0 5 of incubation, always produce the same or similar 
developmental defects. which include some or all of 
the following: reduced body sire. micromelia, gross 
edema. abnormal beak. retarded down development 
and wry neck [3 191. With the exception of wry neck, 
the teratogenic signs are almost completely alleviated 
by coinjection of nicotinumide (NAm). nicotinic acid 
(NAc) or any one of many precursors and derivatives 
of thcae two substances. including the nicotinamide- 
adenine dinucleotide cofactors (NAD. NADH, NADP 
and NADPH) [3 IO]. However, the conversion of 
yolk-administered NAm and NAc to embryo NAD 
(analyzed along with NADP) is not altered by ;~n OP 
teratogen [9]. The teratogenesis induced by dicroto- 
phos injected on day 4 of incubation is partially alle- 
viated by NAm administered at any time from day 
0 to day IO of incubation [9]. The site of the primary 
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biochemical lesion [i.e. yolk, yolk sac membrane 
(YSM). embryo organ, etc.] is not as yet defined. 
although the following observations may be relevant: 
inhibition of selected esterases in the YSM appears 
to correlate with OP and MC teratogenesis 1191. 
reduced transport from the yolk to the embryo of 
endogenous tryptophan [4] and exogenous acetylcho- 
line [3] results from some OP and MC teratogens. 
and altered levels of RNA. glycogen, sulf:lted muco- 
polysaccharide and calcium are evident in the deve- 
loping tibiotarsus [ 181. 

Further experimental work is needed on the pro- 
posed teratogen-specific inhibition of YSM esterases 
or peptidases: the focus should be on the selection 
of appropriate substrates and adequate differentiation 
of the component enzymes. The apparent lack of any 
relationship between embryo NAD level and terato- 
genesis should also be re-evaluated, since the pre\ious 
determinations were not made on the cndogenous 
NAD but rather on the NAD formed via the more 
limited pathways from exogenous NAc or NAm. 
These two areas are re-examined in the present 
detailed report and in our preliminary communica- 
tion [ZO] on these studies. A cause and effect relation- 
ship is proposed between diminished levels of embryo 
NAD and OP- and MC-induced teratogcnesis. 

\lAl~ERIAI.S 4ND METHODS 

Cherniurl~~. The OP and MC compounds were ana- 
lytical reference standards obtained from the Pesti- 
cides and Toxic Substances Effects Laboratory (En- 
vironmental Protection Agency, Research Triangle 
Park, N.C.) or from the manuf;lcturers. Although 
referred to here by their common names. they are 
chemically defined in relevant listings of pesticide 
chemicals [21, 221. 0th er chemicals were used in the 
purest forms available from commercial sources. 

757 



75s N. H. PROC IOK. A. D. Most IOSI and .I. II. <‘\sII)\ 

~f‘i~~~~~fmvtf of’ fqqs trd rtrrimg of tertrroqerti~~ siqr1.5. 
t-Wile white legh&n eggs (45-S g) were incubntcd 
at 31 and 73 per cen( relative humidity. Each test 
cot~~po~~t~i (candidate teratogen or alleviating agent) 
\y:ts administered. using sterile technique. by injecting 
;1 methox~(rigl~col solution (30 /II) into the yolk after 
;1 4 or 5-day incubation period and then sealing the 
injection hole with paraltin wax [i. 9. 191. A portion 
of the eggs from each treatment group was used for 

biochemical tests a( day 6 to I2 of incubation. and 

the remainder (at Icat IO eggs) were incubated fat 

19 days and then opcncd to observe the teratogenic 
signs. Thcze signs arc rated from - (no cll’ect) to 
-t i- + i- (most severe manifestation) or as + to daig- 

natc embryos having wry neck and occasionally tihio- 

tarsal arthrogryposis but not the other signs normally 

aswciated \vilh Of’ and MC tcratogcnesis 19. 201. 
Appropriate control\ were run in each experiment 

to confirm that the carrier sohent and treatment cow 
ditions did not alter the normal biochemical para- 
meters and developmental cycle. Embryos from lypi- 
cal control eggs at day I!, of incubation shwcd ;I 

are incidence of straight Icgs. abnormal feather\ and 
\\ry neck. Their size was as follows (mean k S. E.): 
body weight, 34 & I.3 g: body length. X.3 k 0.2 cm: 
and leg length. 64 + 0.2 cm. 

I~l~ihiriott in vi\o o/’ I’S!ZI /t~.t/ro/tr.w. The supcrna- 
tant fraction (100.000 q. 50 min) of YSM homogenates 
prepared according to Flockhart and Casidn [ IY] was 
used for polyacryla~~~ide gel electrophoretic separ- 
ation at 1 and detection of esterases hydrolyzing 
r/-naphth! I acetate (NA) at 37 Disc gel elcctro- 
phorcsis I~! the method of Wedrich and Smith 
1231 iii\& cd 5” ,, gel in vertical tubes or 0.7 mm id.. 
50-1~1 en~me samples mixed \+ith 50 ~rl of 0~06 M 
imidarole-HC’I and W,, glycerol. pH 5.7. for appli- 
cation to the gel. and dc\elopmcnt with 0~074 M 
asparaginc Tris bulfcr. pH 7.3. at I 2mA tuhc until 
the hromophcnol blue marker had mo\cd 7 X cm. 
For slab ft‘l clectrophorcsis. the Gradipnrc 1 20 pet 
ant linear gradient preparations of Isolab Inc. 
(Ahron. Ohio) v,ere used Cth ;I Tris borate I~LIIYcI-. 

pH X.3 (similar to that of Margolis and Kcnrick [24] 
but lacktng ethylencdiaminetetraacetic acid). apply- 
ing rhc supcrn~rt~m~ s~1tmples (I 5 jtl) mixed with 15 /tl 
of W,, sucrose and dovelopin, ~7 for 3 hr ;iI 400 V and 
30 mA. The method of Markcrt and Hunter [2] \\a 

cmplo! cd for sstcrasc detection IIS follous: ccluili- 
bration of the gel in 004 M Tris c‘l buffer. pH 6.6. 
for 5 min: replacement of the bulTcr 1% ith frc4h solu- 
tion containing 0 I”,, (w \ ) Fast Blue RR salt and 

OW’,, (M L) NA. the liittcr added in acetow to 4 per 
cent (\ L): agitation for 15min: rcplaccment of the 
staining solution \\ith ;I 1: I tnixturc of IO”,, acetic 
acid and 95”,, ethanol: and sketchins and photo- 
graph) 01‘ the /~,mograms. calculating the trclati\c 
mohilitics (K,,,) \\tth rcfcrencc to brotnophonol hluc 
(tube gels) or the Icnpth of the 4th. 

Dipeptidase activity wax examined by tneawring 
tryptophun release from glycyl-tryptophan. A mixture 
consisting of XO,/tl enzyme (supernatant of YSM 
homogenate in 1 parts 30” (, glycerol and centrifuga- 
tion at hOOO,g for 1Omin: I.7 mg protein 1261) and 
2 x I(1 ’ M glycyl-tryptophan in 3.0 ml Mclllvaine’s 
buffer. pH 7.0. \?;I?, incubated for 0. 5. IO and 20 min 
at 37 with determination of released tryptophan b> 

the method of Saifer and Ciersrcnfeld L27J. Normal 
preparations liberated X0 nmole5 lr!ptophan mg of 
protein 5 min. 

I:Ul/v.l~cJ .2 -11) /vi Cd/\. on da\ I2 of tnCul~atloll. allcl. 
injection on da! 4. Mach of \i\ ciiib~.\ o\ 1‘roni wcli 
Ircatmcn1 group \\;I\ rcmo\cti I’rom thi qg. i\c~ghcd. 
suspended in 0.5 101. of cold di5tillccl \\ atzt-. and 
homogenized for 5 see with ;I motlcl IV IO I’ol! (t-on 

(Kincmatica, Gmbti. Lwcrn. S\\ it/crland) ;tt tm\t- 

tnum yced. A \olumc of W,, lI(‘I0, eilu;~l ICI Ilic 
\olume of distilled \\:ltcr’ \+;I\; mi\cd L\ ith c;ich homo- 
genatc, and the mixture \c;t5 ccntt-il‘uged liO.000 g. 
IO mirtl. An aliquoc 01‘ the wpernatanl \\;I\ .icljustcd 
lo pH 7.0 by the addition of ;I neu(rali/inp ,1ynt (3 nl 
KOH 0.5 M pl1osphacL! b1tlTcr. pH 7.0 \\atcr: 
I.1 :19:24. b> \,()I.) [2X]. Alict- IO min al 5 I’or pi-w- 
pitation of insoluble KC‘104. the surplus MCI-C agattl 

ccntrit’ugcd for IOmin. The NAD conten( in thy\ 
supernatant I+~15 assa!cd again>1 ;I ~tandnrrl cunc fat 

NAD b! rhc alcohol dehyirogenasu mcU~od. &let-- 
minins the NADH f~~t-mc~d 1~) ith ab\orb:uncc at 

340 nm [?9]. The level of NAD m cmbr! o\ from tyt- 
cal control eggs \\;I\ IS5 i 1 nmolcs y of cmbr!o 

fresh weight. 

HI31 1.1s 

If~ltjhifiort in vi\0 o/ Y.S.II /ij~c/~~~J~/.\c~\. I’roliminar~ 

studies by Flockhar~ and Casida [ 10 1 indicated :I 
possible association of teratopenesij u ith tnhibition 
itt riro of YSM cstet-asa Thche t-clationzhip\ \+erc 
re-examined using impr~~\ed conditions for clectro- 
phoretic estcrasc separation on pol)acrylamtde disc 
and slab gels. The cotnpari~ons in\ olvcd injectton\ 

at day 5 of incubation. \r’SM rcmo\;tl at clay h 01 

incubatton. four teratogrnic treatment\ (selcctcd from 

I mg dicrotophos. I mp parathion. IO ms me\ inphos 

and I mg eserine sulfate). and four treatments that 

did not yield tcratogenic signs rwlectetl from I rn~ 

dicrotophos plus I tn, ~7 NAm. IO mg &h!I /I-nitt-o- 

phenyl thionobenrcn~pli~isp~i~~ii~i~~ ( EPh 1. I tlig me\ iw 
phos and 50 tng tri-o-cres! I phosphate (TOCP)]. 

The tube gel stud6 with normal cmbr! o\ rc\ealcd 

eight NA-hqdrolyrinp band\. \+hich \\crc‘ dcsignatcd 

in order of increasing K,,, \alues ;I< I;~llo\\s: I 0.21. 
2 GW 3 0.49, 4~W.59). 5 0.73. h 0.76. 7 0.7x and - . 
X+X3. Investigations with Ircateii ciiibr!o\ otahlish 

that dicrotophos Wongly inhibit\ cstcrasc hand5 I. 
2. 4 and 8 and partialI> block\ hands C. 6 and 7. 
Mcvinphos at both I and IOmg \trongl\ block\ 
bands 2. 3. 3 and X and partially inhtbit\ basis 5. 
6 and 7. The nonteratogcnic compound EPN inhibit\ 

bands 5, 6. 7 and X. Thcsc result\ u ould implicate 

either band 2 or 4 in the teratogencGs. hut tht\ I\ 
not supported by tests \\tlh tiicrotophw plus NAm. 
which resulted in the wme inhibition pattern 
obtained with dicrotophos ;~Ionc and parlicul:trl~ 
ailh eserine sulfate in \+hich none of the bands wrc 
blocked. 

In studies 1s tlh \l;th gcl5. norm;tI cmbr! 0 L Sh,l 
prcpar;1tions pa\o 5~1 cn NA-h\clrol\/iny bands d2+ 
natcd 1~1 their R,,, \aluc\ ;I\ i’~~llo\;\: I 0.10. 2 0.5s. 
3 062. 4 0.70. 5 077. 0 0.C anti 7 OWL I~icrotopho~ 
treatment cotnplctcl~ inhibit& bands I. 5 and 7 and 
partially blocked bands 2, 3. 1 and 6. >lc\~nph~,s at 
either ;I teratopenic dew (IO rng!~ or ;I noiitct-a(ogcnic 
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one (I mg) blocked band I and partially inhibited The dipeptidase activit of YSM homogenates is 
bands 6 and 7. Parathion blocked band I without 
other inhibition. EPN partially inhibited band 6. and 

similar or identical wjith egs at day IO of incubation. 
which were pretreated by mjection at day 5 of incuba- 

TOCP inhibited none of the bands. Thus. inhibition tion Mith either teratogenic compounds (dicrotophos 
of band 1 appears to correlate best with teratogenesis. or eserine sulfate at I mg,egg) or nonteratogenic com- 
A teratogenic dose of escrine sulfate. howecer. inhi- pounds (controls and EPN at IOmg egg). Thus. if 
bited none of the bands. On considering the full set protease inhibition occurs. the enzyme involved is not 
of results, it appears there is no estcrase band on the one assayed \\ith glycyl-tryptophan as the sub- 
either tube or slab gels that is consistently blocked stratc. 
by teratogens but not by nonteratogens. Therefore. Rdcrtior~.s/~i/~ o/’ tcw//o~pviic~ sic/m fo cwhty N/ID 

thebe further investigations do not lend support to lerc4\. Studies with 36 OP and I2 MC compounds 
the hypothesis of Flockhart and Casida [I91 that in- in.jected at doses of 0.003 to 5 mg:egg (046 to 
hibition of YSM csterases is involved in the tcrato- l(H) mg/kg) establish an association between the 
genie mechanism. embryo NAD levels and the severity of tcratogenic 

Table I. Ell’cct of various organophosph[~r~ls compounds and mcth!Icat-harn~it~s injected ;II day 1 d incubation on 
the NAD Ic\els ;~t da) 12 and the teratogcnic signs at day I9 of incnhntion-I- 

Dose 
(mg. egg) 

rel. to 
control 

I”,, i_ s. El 

NAD Icwl Rcl. to control (“,,I Incidence (“,,I 

Dlcrotophos (OF’) 1 
Eserine sulfate (MC) I 
Monocrotophos (OP) 1 
Dicrotophos (OP) 0.3 
D&non (OP) I 
Eserine sulf;tte (MC) 0.3 
Phosphamldon (OP) 5 
Carharyl (MCI 3 
Carbofuran (MC) 5 
Diazinon (OP) 0.3 

Carbaryl (MC) I 
Diazinon (OP) 043 

Diazinon (OP) 0.1 
Eserine sulfate (MC) @I 
Dicrotophos (OP) @I 
Diazinoi (OP) 0.01 
Carbarvl (MCI 
Phosphamidon (OP) 

0.3 
1 

Cllrbofuran (MC) I 
Methamidophos (UP) 1 
Meobal (MC) I 
Diazinon (OP) 0003 
Metalkamate (MCI I 
Methidathion (OPI 5 
Parathion (OP) I 
ALinphosmethyl (OP) 5 
Dlcrotonhos (C)P) PO3 
Pyrama; (MCI I 
CarbaryI (MC) 0, I 
Phosmet (OP) I 
Crufomate (OPJ 1 
Methyl parathion (OP) 1 
Eserine sulfate (MC) 0.03 
Isolan (MC) I 
Phorate (OP) I 
Coumaphos (OPI I 
Dimetilan (MC) I 
Aldicarb (MC) 1 

56 
59 
61 
7X 
60 
80 
65 
75 
5S 
69 
X6 
9x 
74 
10 

Xl 
x9 
91 
8’) 
Y4 
YO 
65 

1(K) 
97 
9x 
66 
Y4 
95 
4X 
93 
x7 
X5 

III 
103 
66 
XX 
95 
56 

Ill 

53 40 
61 4-l 
52 46 
X7 55 
70 4X 
X6 51 
65 56 
YO 61 
75 40 
x7 45 
06 72 
92 54 
XY 3’) 
93 57 
04 62 
Yh 7X 
Y5 x7 
XX 71 
Y4 90 
97 67 
80 64 
90 YO 
97 x7 
Y7 X5 
71 75 

103 94 
Y7 XX 
72 71 
94 91 
94 96 
91 Y4 

107 102 
9x Xl 
6X x0 
7X x4 
YX 96 
75 70 
X4 I ox 

YO 

67 
X‘l 
X4 
33 
XX 
75 
50 
75 
45 
2X 
49 
63 
x4 
50 
17 
I1 
25 
0 
0 
0 
0 

IX 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

I (IO 
100 
100 
100 
I 00 
IO0 
I 00 
100 
I i)o 
I 00 
72 
XY 
Y I 

100 
60 
50 
22 
1.5 
0 

69 
I (IO 

7 
IX 
0 
0 
0 
0 
0 

II 
0 
0 
0 
0 
0 
0 
0 
0 
0 

x7 ++++ 
IO0 + + + + 
100 ++++ 
100 +++ 
56 +++ 
25 f++ 

IO0 + + + + 
0 ,t 

25 +t+ 
3’) t++ 
Cl + 
0 ++ 
3 ++ 
0 ++ 
0 ++ 
0 + 
0 + 
0 + 
0 ~ 
0 + 
0 ++ 
0 - 
0 t 
0 - 

75 ++ 
0 ~ 
0 - 
0 + 
0 ~ 
0 - 
0 ~ 
0 - 
0 - 
0 + 

61 + 
0 - 
0 + 
0 - 

t The following compounds (name. type, m&egg. NAD level an percent of conlrol) ga\e > X0”,, NAD level and 
>90”,, body weight. body length and leg length relatije to the control and no signs of straight legs, abnormal feathers 
and wry neck: Abate (OP. I. 103); carbophenothion (OP. 1, 93): chlorpyrifos (OP. I. 103): DEF (OP. I. 99): dichlorvos 
(OP. I. 97): dimethoate (OP. I. X7): dioxathion (OP. 1. 95); disulfoton (OP. I. II?): EPN (OP. I. 109): ethion (OP, 
1. 96): femtrothion (OP, I. X9): fenthion (OP. I. 941; fonofos (OP. 1. 861: leptophos (OP. 1. 107): mulathion (OP, 
5. X31: methomyl (MC. I. X9): mebinphos (OP, 1. XX): mexacarbate (MC, I. 102): naled (OP. I. Y3): oxydemetonmethyl 
(OP. I. 941: phosalone (OP, 1. 105): propoxur (MC. I. 103): ronncl (OP. 1. 97): Salithion (OP. I. 108): tepp (OP. 
I. Y9): trichlorfon (OP. I. 94). 
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aMethylcarbomates 
q D~methylcorbamates 

1 1 / lJ 
20 40 60 80 100 

signs (Table 1 )_ Each of’ the IX treatment schedules 

that gave NAD Icwlx IL’S than 35 per cent of normal 

yielded mild to se\erc teralo~enic signs. In the treat- 

ment schedules with rhc range of 53 63 per cent of 

normal NAD levels. the tcratogenic signs varied from 

normal (three examples) to slight or moderate (four 

cxamplcs). In those with NAD Iwcls between 69 and 

IO0 per cent of normal. ~ml~ four treatment schedules 

of 19 tested ga\c mild kratogenic signs. Three of 

chew were dimet~~~lcarbam~ltcs of hetcroqclic en015 

(dimetilan, isolan and pyramat). which gave large 

reductions in body wei_rht \\ ithout other marked ab- 

normalities. while the fourth \~a\ the OP compound. 

phorate. which gave v,ry neck ax the only prominent 

teratogcnic Ggn. Thus. based on an overall rating of 

the teratopenic sign%. thcrc appears to be 21 reasonably 

good correlation between the embryo NAD lcvelx and 

the sc\erity of teratogenesis. 

Of the tcratogenic sipnx that appear to bear ;i direct 

relationship to the NAD lebcl. the Icg length is the 

one most eazi1y quanti~ated (Fig. I ). ,411 of the OP 

and MC’ compounds evccpt the dimeth~lcarb~Imatcs 

(WC abo\c) gi\e result\ which follou nearly the same 

c‘ur~c relating NAD le\cl to les Icnpth. Regardless 

of the cotiipound or dose in\ olwd. a treatment reduc- 

ing the NAD Ic\el hclow 10 per cent of normal is 

associalcd with a mar!& reduction in leg Icngth. 

Sc\cral of rhe compounds iwe \cry potent in alter- 

ing the embryo NAD Ic\cls. as indicated by the fo- 

10~ ing appl-oximatc m g ks doses yielding :I 50 pa 

cent decrca~: diwinon (0 I ). dicrotophos and cserine 

sulfate (I I and carbaryl (3) (Fig. 2). 

Effcc7 of’ r~CriItlit/orrJ c,//(Yiofir7(/ trqlc’r7r.f 077 rl7CJ fevtrfo- 

q~r7i~, .$q77,~ ~717tl r/7(, &‘,A11 /CIA The abnormalities in- 

duced by teratogenic doses of carbar! 1. diazinon, dic- 

rotophos and escrine sulfate (or even by doses IO to 

30 times higher than the threshold teratogenic levels) 

MC almost comple~cl! alk\ iated b! 0.X ~tmole NAm 

(Table 2). Exceptions art: that wry neck and tibiotar- 

sal arthrogryposis arc not reversed at very high Lera- 

togen doses. and several of the other signs are only 

partially alleviated at the I mu cpg level of diazinon. 

The raersal of teralogcnic SIPS is aswciated with 

“” n,rnt,nnm,ll. 

an almost complete return of the NAD IacI\ to the 

normal region. even with terstogcn do\cs 30. to 

300-fold greater than would bc necessar) lo C;I~W 

reduction of NAD levels in the ab5encc of NAm Irex- 

ment (Fig. 3). NAm also markedly increased the‘ N4D 

level and alleviated most or aII of the tcratopenic 

signs. except for the \vr! neck. when administered 

with I mg methamidophos. monocrotophos and par- 

athion or 5 mg carbofuran and phosphamidon. 

Candidate alleviating agents other than NAm \+crc 

also tested for their effect on Ihe ttlratogenic \i:ns 

and recovery from the lowered NAD Ic\& L\hIch 

resulted from dicrotophos Ireatment (Table 3). Fout 

compounds which do not saw as NAD procursor\ 

were inefkctiw in alIe\ iating the teratogenic \icn5 

and ele\#ating the NAD levels. Tryptophan. a pwcur- 

sor of NAc and NAD. was partialI\ t’ft;‘cti\e al 

5 ~tmoles.egp in allc\iating both the tcratogenlc sign\ 

Diazinon (OP) 
t- 
t+t ’ 

t 

+ + 

* + t i 
t 1 + 

-t 

*iti . 

tt t 

tt 
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T,lhle 3. Ffl’ccr 01‘ dicrotophos injected alone or in combination with candidate alle)iatin, L c 0 ,lwznt< at d<~\ 4 of Incubation 

on the NAD Icvels at day 12 and the teratogenic signs at da! I9 of incubation 

Tcratogcnic signs 

NAD 
It3 cl Rel. to control (“,, + S. E.) Incidence (“,,) 

rcl. to 
ccvl~r~~l B& Boti> Leg Straight Ahnormal 

I”,, $ s. E.1 \+ eight lengh len$h L 

w r\ 
IWh fwtherr neck Ratmg 

Dicrotophos (I mg, egg) 
IO = I 56 * 3 53 1 I 40 * 3 90 I 00 x3 t+++ 

I9 * 2 6‘l + 3 60 i 2 3x * 3 89 IO0 IO0 ++ tt 

5: rt_ 7 7123 63i:I 69 f 3 0 IO so t* 

9-l i 7 x7 2 4 73 i 4 x3 f 3 0 0 IO0 3: 

Controls (no dicrotophos) 
IO0 I 00 100 100 0 0 0 

IO1 1; IO.3 * 4 9x11 2 loo)3 0 0 0 

-I Iumicotinlc ;Icid. /Gpicolinc. picolinic acid or j-phrid! Iacctic acid (0.X Imole). adminl\tered hin:l! 
.j Tl-lptophim (5 pmoles). 

\\ NAm. NAc or NAD (0.X Imolcl. 
1 Ji1cI1 0I‘ tlic alle\iatin, c _ (1 ,trcnls refcrrcd to ahoLe. 

and the diminished NAD levels. Other more direct 
NAD precursors (NAm and NAc) and NAD itself 
were \er) clfectixc at 0.8 Lcmolqegg in elevating the 
NAD Ic\el to the normal region and in alleviating 
the teratogenic signs. 

Success has been achieved, for the first time, in cor- 
relating an important biochemical parameter with 
OP- and MC-induced tcratogenesis in chicken 
embryos. There is ;I remarkable association between 
embryo NAD levels and the teratogenic signs. On 
the other hand. the results of the present study do 
not support the hypothesis [19] that acylation of 
YSM &erase(s) or dipeptidase(s) leads to abnormal 
chicken embryo development. This is so because no 
csterase band(s) was consistently inhibited by tera- 
togens but not by nonteratogens, low doses of tera- 
togens or teratogens administered with NAm. 

The oxidati\e mechanisms for activation of phos- 
phorothionatc insecticides (e.g. parathion, EPN and 
others) are clearly present in the developing hen egg, 
since these indirect inhibitors are very effective in pro- 
ducing inhlbition in r.iro of YSM esterases and 
embryo cholinesterase [3, 19. this study]. 

The association of diminished NAD levels with ter- 
atogenesis extends o\‘er a sufficient number of test 
conditions to propose a cause and effect relationship. 
It holds for ;I large variety of OF’ and MC compounds 
and correlate5 with their dose-response curves. A few 
compounds ma> bc exceptions. however, since they 
are rated here xs teratogenic despite relatively high 
NAD le\,els. They give only a small proportion, 
though. of the tcratogenic signs rated, i.e. reduced 
hod! size with Meobal. parathion and the dimethyl- 
carbamatcs and additional signs of abnormal feathers 
with Meobal and wry neck with parathion and phor- 
ate. If these arc more than random variations, the 
indicated compounds ma\ dilrer somewhat from the 

others in the locus or persistence of the biochemical 
lesion. 

Any mechanism proposed for the tcratogenesis 
must include a role for the alleviating action of NAm. 
NAc and their precursors and derivatives. When 
NAm is administered with teratogenic doses of 
several OP and MC compounds. the NAD lebels are 
elevated to near normal values and the developmental 
abnormalities (except for the wry neck and sometimes 
the tibiotarsal arthrogryposis) are reversed. Candidate 
alleviating agents that serve as NAD precursors are 
effective in alleviating the teratogenic signs. whereas 
those that do not serve as NAD precursors are inef- 
fective in this respect. Thus, the OP and MC com- 
pounds appear to produce a metabolic block at an 
undetermined step in the pathway for conversion of 
tryptophan within yolk protein to embryo NAD. and 
this block can be bypassed by direct administration 
of some NAD precursors. 

It is proposed that the OP and MC tcratogens 
diminish the embryo NAD levels and that the imba- 
lance of NAD in the limb during its development 
results in abnormal growth and micromelia. The pres- 
ent study establishes that the leg length bears a direct 
relationship to the embryo NAD level. Two terato- 
genie nicotinamide antagonists. 6-aminonicotinamide 
(6-AN) and 3-acetylpyridine (3-API. are stated to act. 
at least in part, by diminishing the NAD levels in 
chicken embryos[30,31]. chicken limb mesodcrmal 
cell cultures [32,33] and mammals [34]. WC were un- 
able to reproduce the reported [3l] lowering of 
chicken embryo NAD levels by administering 3.AP 
(0.9 mg) or a highly teratogenic dose of 6-AN (40 jtg) 
at day 4 of incubation with NAD analyses at day 
12. It is of interest that 6-AN products several terato- 
genie signs in common with OP and MC tcratogens 
(i.e. micromelia. abnormal beak. reduced body size, 
and retardation of down development). whereas 3.AP 

gives different teratogenic signs (muscle hypoplasia. 
most noticeable in the legs) [30]. The importance of 
NAD levels in the control of muscle and cartilage 
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development IS evident from studies with embryonic 
chicken limbs and cultures of their mesodcrmal cells. 
since chondrogenic cells arc seen when NAD levels 
arc low and myogenic cells are observed when NAD 
levels are high [3S]. 

The structure activit! relationships of OF’ and MC 

compounds in blocking the synthesis or maintenance 
of adequate Ic\els of embryo NAD appear to bc 
greatly diKerent from those involwd in inhibition 01 
a~et~lcholincsterase. Inhibition of acct~lcholinester~is~ 
and other scnsitiw hy~rolases by OP and MC COIII- 

pounds goncrally proceeds by phc~sphorylation anct 

carbamo) kition. rcspectivel);. of a scrinc residue in the 
acti\s rite 01‘ the ewymc [I. 21. It appears likelv that 
the biochemical lesion leading to teratogcnesis-is in- 
itiated by similar pliosphor~lation and carbamoyla- 
tion reactions but at an undefined enzyme in the 
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