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Abstract

Many organophosphorus (OP) and methylcarbamate (MC) nsecticides and related com-

pounds. when injected into the volk sac on day 4 of incubation, markedly lower chicken embryo
NAD levels at day 12 of incubation. The same compounds also produce drastic developmental defects,
suggesting that the lowered level of NAD may be the ciuse of teratogenesis. The most potent OP
compounds of those tested are diazinon and dicrotophos acting at -1 and 1 mg'kg. respectively. while
the MC compounds. eserine sulfate and carbaryl. are effective at 1 and 4mgkg respectively. The
injection of nicotinamide and other NAD precursors prevents the decrease in NAD levels and alleviates
most of the teratogenic signs. Previous hypotheses, including that relating the inhibition of yolk sac
membrane esterases to embryvonic abnormalitics, are less satisfactory or are inadequate to explain
this type of chemically induced teratogenesis. Areas remaining to be defined are the biochemical lesion
leading to decreased chicken embryvo NAD levels and the relevance of these findings to mammals.

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 [ 1. 2].
However, cholinesterase and the cholinergic system
do not appear to be involved in the induction of tera-
togenesis in chicken embryos by a variety of OP and
MC compounds [3-5]. 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, teratogenic doses of a tremendous
variety of OP and MC compounds, injected at day
(-5 of incubation, always produce the same or similar
developmental defects. which include some or all of
the following: reduced body size, micromelia, gross
edema, abnormal beak. retarded down development
and wry neck [3 19]. With the exception of wry neck,
the teratogenic signs are almost completely alleviated
by coinjection of nicotinamide (NAm), nicotinic acid
(NAc) or any one of many precursors and derivatives
of these two substances. including the nicotinamide-
adenine dinucleotide cofactors (NAD, NADH, NADP
and NADPH)[3 10]. However, the conversion of
yolk-administered NAm and NAc to embryo NAD
analyzed along with NADP) is not altered by an 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 10 of incubation [9]. The site of the primary
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biochemical lesion [ie. yolk, volk 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 [ 19],
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, sulfated muco-
polysaccharide and calcium are evident in the deve-
loping tibiotarsus [18].

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 previous
determinations were not made on the endogenous
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 [20] on these studies. A cause and effect relation-
ship is proposed between diminished levels of embryo
NAD and OP- and MC-induced teratogenesis.

MATERIALS AND METHODS

Chemicals. 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.y or from the manufacturers. Although
referred to here by their common names, they are
chemically defined in relevant listings of pesticide
chemicals [21, 22]. Other chemicals were used in the
purest forms available from commercial sources.
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Treatment of egys and rating of teratogenic signs.
Fertile white leghorn eggs (45-55 g) were incubated
at 37 and 73 per cent relative humidity. Each test
compound (candidate teratogen or alleviating agent)
wus administered. using sterile technique, by injecting
a methoxytriglycol solution (30 ul) into the yolk after
a 4- or S-day incubation period and then sealing the
injection hole with paraffin wax [3.9.19]. A portion
of the eggs from each treatment group was used for
biochemical tests at day 6 to 12 of incubation. and
the remainder (at least 10 eggs) were incubated for
19 days and then opened to observe the teratogenic
signs, These signs are rated from — (no cffect) to
+ + 4+ + (most severe manifestation) or as * to desig-
nate embryos having wry neck and occasionally tibio-
tarsal arthrogryposis but not the other signs normally
associated with OP and MC teratogenesis [9. 20].

Appropriate controls were run in each experiment
to confirm that the carrier solvent and treatment con-
ditions did not alter the normal biochemical para-
meters and developmental cycle. Embryos from typi-
cal control eggs at day 19 of incubation showed u
zero incidence of straight legs, abnormal feathers and
wry neck. Their size was as follows (mean + S. E.):
body weight, 25-4 + 1-3 g: body length, 83 + 0-2em:
and leg length. 6:4 + 0-2cm.

Inhibition in vivo of YSM hydrolases. The superna-
tant fraction (100,000 ¢. 60 min) of YSM homogenates
prepared according to Flockhart and Casida [19] was
used for polyacrylamide gel electrophoretic separ-
ation at 4 and detection of esterases hydrolyzing
r-naphthyl acctate (NA) at 37 . Disc gel celectro-
phoresis by the method of Hedrick and  Smith
[23] involved 5°, gel in vertical tubes of 0-7 mm 1.
50-ul enzyme samples mixed with 50 ul of 0-06 M
imiduzole-HC and 50°, glycerol. pH 57, for appli-
cation to the gel. and development with 0-034 M
asparagine Tris buffer. pH 7-30 at 1-2mA tube until
the bromophenol blue marker had moved 7 & cm.
For slab gel clectrophoresis, the Gradipore 4- 26 per
cent  lincar  gradient  preparations of lsolab  Inc.
(Akron, Ohio) were used with a Tris borate builer,
pH 83 (similar to that of Margolis and Kenrick [24]
but lacking ethylenediaminetetraacetic acid). apply-
ing the supernatant samples (15 gy mixed with 15 ul
of 40°,, sucrose and developing for 3 hr at 400V and
30 mA. The method of Markert and Hunter [25] was
emploved for esterase detection as follows: cquili-
bration of the gel in 004 M Tris-Cl buffer. pH 6-6.
for Smin: replacement of the buffer with fresh solu-
tion containing O-1”, (w’v) Fast Blue RR salt and
0-04°, (w. vy NA. the latter added in acetone to 4 per
cent (v-v): agitation for 1Smin: replacement of the
staining solution with a 4:1 mixture of 10", acetic
acid and 957, ethanol: and sketching and photo-
graphy ol the zymograms. caleulating the relative
mobilitics (R,,) with rcference to bromophenol blue
{tube gelsy or the length of the slab.

Dipeptidase activity was examined by measuring
tryptophan release from glycyl-tryptophan. A mixture
consisting of 80 ul enzyme (supernatant of YSM
homogenate in 2 parts 30°, glycerol and centrifuga-
tion at 6000y for 10min: 1-7mg protein [26]) and
2 x 107" M glyeyl-tryptophan in 2:0ml Mclllvaine’s
buffer. pH 7-0. was incubated for 0. 5. 10 and 20 min
at 37 with determination of released tryptophan by

the method of Saifer and Gerstenfeld [27]. Normal
preparations liberated 80 nmoles tryptophan mg of
protein S min.

Embryo N AD levels. On day 12 of incubation. after
injection on day 4. cuch of six embryos from cach
treatment group was removed from the ege. weighed.
suspended in 05 vol. of cold distilled water. and
homogenized for 5 see with a4 model PT 10 Polytron
(Kinematica, GmbH. Luzcrn. Switzerland) at maxi-
mum speed. A volume of 200, HCIO, equal to the
volume of distilled water was mixed with ciach homo-
genate, and the mixture was centrifuged 130,000 ¢.
10 min). An aliquot of the supernatant was adjusted
to pH 7:0 by the addition of a neutralizing agent (3 M
KOH 0-5M  phosphate  bufler.  pH 70 water:
1-1:1:9:2:0, by vol.) [28]. After 10 min at 5 for preci-
pitation of insoluble KCIO . the samples were again
centrifuged for [0min. The NAD content i this
supernatant was assayed against a standard curve for
NAD by the alcohol dehvdrogenase method, deter-
mining the NADH formed by its absorbance at
340nm [29]. The level of NAD in embryos from typi-
cal control eges was 185 + dnmolesg of embryo
fresh weight.

RESULTS

Inhibition in vivo of YSM hydroluses. Preliminary
studies by Flockhart and Casida [19} indicated a
possible association of teratogenesis with inhibition
in vivo of YSM esterases. These relationships were
re-examined using improved conditions for clectro-
phoretic esterase separation on polvacrylamide disc
and slab gels. The comparisons mvolved injections
at day 5 of incubation. YSM removal at day 6 of
incubation, four teratogenic treatments (selected from
1 mg dicrotophos, 1 mg parathion. 10 mg mevinphos
and 1 mg eserine sulfate). and four treatments that
did not vield teratogenic signs [sclected from [ mg
dicrotophos plus 1 mg NAm. [0 mg cthyl p-nitro-
phenyl thionobenzenephasphonate tEPN). 1 mg mevin-
phos and 50 mg tri-o-cresyl phosphate (TOCP)].

The tube gel studies with normal embryos revealed
eight NA-hydrolyzing bands. which were designated
in order of increasing R,, values as follows: 1-0-21,
2-0:39, 3 049, 4059, 5074 6 076, 7 078 and
8-0-83. Investigations with trcated embryos establish
that dicrotophos strongly inhibits csterase bunds 1.
2.4 and 8 and partially blocks bands 5. 6 and 7.
Mevinphos at both 1 and [0mg strongly blocks
bands 2. 3. 4 and ¥ and partially inhibits bands 3.
6 and 7. The nonteratogenic compound EPN inhibits
bands 5, 6, 7 and 8. These results would implicate
either band 2 or 4 in the teratogenesis, but this s
not supported by tests with dicrotophos plus NAm.
which resulted in the same inhibition pattern
obtained with dicrotophos alone and particularly
with eserine sulfate in which none of the bands were
blocked.

In studics with slab gels. normal embryo YSM
preparations gave seven NA-hydrolyzing bands desig-
nated by their R, values as follows: 1040, 2 0-3K.
3-0:62.4-0-70.5 0776 0-83 and 7 094 Dicrotophos
treatment complctely inhibited bands 1.5 and 7 and
partially blocked bands 2, 3. 4 and 6. Mevinphos at
either a teratogenic dose (10 mgl or a nonteratogenic
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one (I mg) blocked band | and partially inhibited
bands 6 and 7. Parathion blocked band 1 without
other inhibition. EPN partially inhibited band 6, and
TOCP inhibited none of the bands. Thus, inhibition
of band | appears to correlate best with teratogenesis.
A teratogenic dose of eserine sulfate, however. inhi-
bited none of the bands. On considering the full set
of results, it appears there is no esterase band on
either tube or slab gels that is consistently blocked
by teratogens but not by nonteratogens. Therefore,
these further investigations do not lend support to
the hypothesis of Flockhart and Casida [19] that in-
hibition of YSM esterases is involved in the terato-
genic mechanism,

The dipeptidase activity of YSM homogenates is
similar or identical with eggs at day 10 of incubation,
which were pretreated by injection at day 5 of incuba-
tion with either teratogenic compounds (dicrotophos
or eserine sulfate at | mg/egg) or nonteratogenic com-
pounds (controls and EPN at 10 mg/egg). Thus, if
protease inhibition occurs. the enzyme involved is not
the one assayed with glycyl-tryptophan as the sub-
strate.

Relationship of teratogenic signs to embryvo NAD
levels. Studies with 36 OP and 12 MC compounds
injected at doses of 0003 to Smgregg (0:06 to
100 mg/kg) establish an association between the
embryo NAD levels and the severity of teratogenic

Table 1. Effect of various organophosphorus compounds and methylearbamates injected at day 4 of incubation on
the NAD levels at day 12 and the teratogenic signs at day 19 of incubationt

Teratogenic signs

NAD level Rel. to control () Incidence (%)
rel. to

Candidate teratogen. Dose control Body  Body Leg Str.  Abnormal Wry
name and type (mgegg) (", +S. E) weight  length  length  legs feathers  neck Rating
Dicrotophos (OP) 1 10+ 1 56 53 40 90 100 83 4+ ++ +
Eserine sulfate (MC) 1 19 + 1 59 61 44 67 100 100 ++ ++
Monocrotophos (OP) 1 20+ 3 61 52 46 84 100 100 ++++
Dicrotophos (OP) 03 20+ 1 78 87 55 84 100 100 +++
Diazinon (OP) 1 21 +3 60 70 48 33 100 56 4+ + +
Eserine sulfate (MC) 03 224+2 80 86 S1 88 100 25 +++
Phosphamidon (OP) 5 23+ 2 65 65 56 75 100 100 + +++
Carbaryl (MQ) 3 2243 75 90 61 50 100 0 ++
Carbofuran (MC) 5 26 + 1 55 75 40 75 100 25 4+ ++
Diazinon (OP) 03 26+ 5 69 82 45 45 100 30 4+ ++
Carbaryl (MC) | 2+4 86 96 72 28 72 0 +
Diazinon (OP) 003 29+ 5 98 92 54 49 89 0 ++
Diazinon (OP) 01 33+4 74 89 49 63 91 3 o4+ 4
Eserine sulfate (MC) 01 8+2 79 93 57 84 100 0 ++
Dicrotophos (OP) 01 41 4+ 4 81 94 62 50 60 0 ++
Diazinon (OP) 0-01 41 + 10 89 96 78 17 50 0 +
Carbaryl (MC) 03 45+ 4 91 95 87 11 22 0 +
Phosphamidon (OP) 1 45 + 3 89 88 71 25 15 0 +
Carbofuran (MC) | 5243 94 94 90 0 0 0 —
Methamidophos (OP) 1 53+4 90 97 67 0 69 0 +
Meobal (MC) | S8+ 5 65 80 64 0 100 0 ++
Diazinon (OP) 0-003 59+9 100 99 90 0 7 0 -
Metalkamate (MC) 1 62+ 8 97 97 87 18 18 0 +
Methidathion (OP) 5 62+ 7 98 97 85 0 0 0 -
Parathion (OP}) 1 63 + 15 66 71 75 0 0 75 + 4+
Azinphosmethyl (OP) 5 69 + 11 94 103 94 0 0 0 —
Dicrotophos (OP) 0-03 69 + 6 95 97 88 0 0 0 -
Pyramat (MC) 1 73+ 4 48 72 71 0 0 0 +
Carbaryl (MC) 01 75+ 3 93 94 92 0 11 0 -
Phosmet (OP) 1 76 +£5 87 94 96 0 0 0 -
Crufomate (OP) 1 77 + 17 85 91 94 0 0 0 -
Methyl parathion (OP) 1 77+ 7 111 107 102 0 0 0 -
Eserine sulfate (MC) 0-03 77+ 4 104 98 87 0 0 0 -
Isolan (MQ) 1 78 +4 66 68 80 0 0 0 +
Phorate (OP) | 80 + 6 88 78 84 0 0 61 +
Coumaphos (OP) 1 80 + 10 95 98 96 0 0 0 -
Dimetilan (MC) 1 92 +3 56 75 70 0 0 0 +
Aldicarb (MC) 1 100 + 2 111 84 108 0 0 0 -

t The following compounds (name, type, mg/egg. NAD level as percent of control) gave >80", NAD level and

>907, body weight, body length and leg length relative to the control and no signs of straight legs, abnormal feathers
and wry neck: Abate (OP, 1. 103); carbophenothion (OP, 1, 93): chiorpyrifos (OP, 1, 103): DEF (OP, 1. 99): dichlorvos
{OP, 1. 97); dimethoate (OP, 1, 87): dioxathion (OP. 1. 95); disulfoton (OP. 1, 112): EPN (OP, 1. 109): ethion {OP,
1. 96): fenitrothion (OP, 1. 89); fenthion (OP, 1. 94); fonofos (OP., 1. 86): leptophos (OP. 1. 107): malathion (OP,
5. 83): methomyl (MC, 1, 89): mevinphos (OP, 1, 88): mexacarbate (MC, 1. 102); naled (OP. 1. 93): oxydemetonmethyl
(OP. 1, 94): phosalone (OP, 1. 105): propoxur (MC. 1. 103): ronnel (OP, 1. 97): Salithion (OP, 1. 108): tepp (OP.
1. 99): trichlorfon (OP. 1. 94).

Bt T



760 N. H. PrROCTOR, A. D. Mosciont and J. E. CAsipa

S
)
T

ied
[}
T

@
[}
T

D
(=)
T
>

O 0P Compounds
AMethylcarbemates

Leg Length Relative to Control, %
~
o
T

50 o Dimethylcarbamates
@ Many OP and MC
Compounds
40F © N

1 1 1 L !
0 20 40 60 80 100
NAD Level Relative to Controf, %

Fig. 1. Relation of the leg length at day 19 of incubation

to the NAD level at day 12 after injection of various

organophosphorus  compounds, methylcarbamates  and

dimethylcarbamates at day 4 of incubation. This plot is
based on the data given in Table 1.

signs (Table 1). Each of the 18 treatment schedules
that gave NAD levels less thun 45 per cent of normal
yielded mild to severe teratogenic signs. In the treat-
ment schedules with the range of 52-63 per cent of
normal NAD levels, the teratogenic signs varied from
normal (three examples) to slight or moderate (four
cxamples). In those with NAD levels between 69 and
100 per cent of normal, only four treatment schedules
of 29 tested gave mild teratogenic signs. Three of
these were dimethylcarbamates of heterocyclic enols
(dimetilan, isolan and pyramat). which gave large
reductions in body weight without other marked ab-
normalities. while the fourth was the OP compound.
phorate, which gave wry neck as the only prominent
teratogenic sign. Thus, based on an overall rating of
the teratogenic signs. there appears o be a reasonably
good correlation between the embryo NAD levels and
the scverity of teratogenesis.

Of the teratogenic signs that appear to bear a direct
relationship to the NAD level, the leg length is the
one most casily quantitated (Fig. 1. All of the OP
and MC compounds except the dimethylcarbamates
{sec above) gave results which follow nearly the same
curve relating NAD level to leg length. Regardless
of the compound or dose involved. a treatment reduc-
ing the NAD level below 40 per cent of normal is
associated with a marked reduction in leg length.

Several of the compounds are very potent in alter-
ing the embryo NAD levels. as indicated by the fol-
lowing approximate mg kg doses yielding a 50 per
cent decrease: diazinon (01), dicrotophos and eserine
sulfate (1} and carbaryl (4) (Fig. 2).

Effect of candidate alleviating agents on the terato-
genic signs and the NAD levels. The abnormalities in-
duced by teratogenic doses of carbaryl. diazinon, dic-
rotophos and eserine sulfate (or even by doses 10 to
30 times higher than the threshold teratogenic levels)
are almost completely alleviated by 0-8 janole NAm
(Table 2). Exceptions are that wry neck and tibiotar-
sal arthrogryposis are not reversed at very high tera-
togen doses, and several of the other signs are only
partially alleviated at the 1 mg/egg level of diazinon.
The reversal of teratogenic signs is associated with
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Fig. 2. Effect of varying doses of carbaryl, diazinon, dicro-

tophos and eserine sulfate injected alone or in combination

with nicotinamide at day 4 of incubation on the NAD

levels at day 12 of incubation. For comparable daa on
the teratogenic signs, see Tables 1 and 2.

an almost complete return of the NAD levels to the
normal region, even with teratogen doses 30- to
300-fold greater than would be necessary 10 cause
reduction of NAD levels in the absence of NAm treat-
ment (Fig. 2). NAm also markedly increased the NAD
level and alleviated most or all of the teratogenic
signs, except for the wry neck. when administered
with 1 mg methamidophos. monocrotophos and par-
athion or Smg carbofuran and phosphamidon.
Candidate alleviating agents other than NAm were
also tested for their effect on the teratogenic signs
and recovery from the lowered NAD levels. which
resulted from dicrotophos treatment {Tuble 3). Four
compounds which do not serve as NAD precursors
were ineffective in alleviating the teratogenic signs
and elevating the NAD levels. Tryptophan. a precur-
sor of NAc and NAD. was partially effective at
5 umolesiegg in alleviating both the teratogenic signs

Table 2. Effect of varying doses of carbaryl. diazinon, dic-
rotophos and eserine sulfate injected alone or in combima-
tion with nicotinamide at day 4 of incubation on the tera-

togenic signs at day 19 of incubation

Teratogenic signs
with indicated
NAm level

(ramoles)
Teratogen Dose
{name and type) (mg/egg) 0 (R
Carbaryl (MC) 3 + -+
1 !
03 t+
Diazinon (OP) | + 4+ +
(-3 -~ 4
01 4
003 P
0-01
Dicrotophos (OP) 1 ~ 4 *
03 .
01 + 4+
Eserine sulfate (MC) 1 + 4+ #
03 + 4+ 4
01 + +
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Table 3. Ffleet of dicrotophos injected alone or in combination with candidate alleviating agents at day 4 of incubation
on the NAD lcvels at day 12 and the teratogenic signs at day 19 of incubation

Teratogenic signs

NAD
level Rel. to control (*, + S. E.) Incidence ("))
rel. to
Alleviating control Body Body Leg Straight Abnormal Wry
agent (“, £ S. E)  weight  length length legs feathers neck Rating
Dicrotophos (1 mg/egg)
None 10 % 1 S6+3 S34+1 40+2 90 100 83 ++ + +
Four incflective
compoundst 19 +2 64 +3 60+2 38+3 89 100 100 + 4 + +
One partially effective
compound S3+7 71 +4 6441 69 + 3 0 10 80 + ¥
Three cffective
compounds§ 94 + 2 87 +4 73+4 83 +2 0 0 100 *
Controls (no dicrotophos)
None 100 100 100 100 0 0 0 —
Eight compounds) 101l =3 103 +4 98+ 2 100+2 0 0 0 -

+ Isonicotinic acid. f-picoline. picolinic acid or 3-pyridy lacetic acid (0-8 pmole). administered singly.

# Tryptophan (5 gmoles).
$ NAm. NAc or NAD (08 gmole).
| Fach of the alleviating agents referred to above.

and the diminished NAD levels. Other more direct
NAD precursors (NAm and NAc) and NAD itself
were very effective at O-8 umole/egg in elevating the
NAD level to the normal region and in alleviating
the teratogenic signs.

DISCUSSION

Success has been achieved, for the first time, in cor-
relating an important biochemical parameter with
OP- and MC-induced teratogenesis in chicken
embryos. There is a 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 esterase(s) or dipeptidase(s) leads to abnormal
chicken embryo development. This is so because no
esterase band(s) was consistently inhibited by tera-
togens but not by nonteratogens, low doses of tera-
togens or teratogens administered with NAm.

The oxidative mechanisms for activation of phos-
phorothionate 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 inhibition in rvico of YSM esterases and
embryo cholinesterase [3, 19, this study].

The association of diminished NAD levels with ter-
atogenesis extends over a sufficient number of test
conditions to propose a cause and effect relationship.
It holds for a large variety of OP and MC compounds
and correlates with their dose-response curves. A few
compounds may be exceptions, however, since they
are rated here as teratogenic despite relatively high
NAD levels. They give only a small proportion,
though, of the teratogenic signs rated. ie. reduced
body size with Meobal, parathion and the dimethyl-
carbamates and additional signs of abnormal feathers
with Meobal and wry neck with parathion and phor-
ate. If these are more than random variations, the
indicated compounds may differ somewhat from the

others in the locus or persistence of the biochemical
lesion.

Any mechanism proposed for the teratogenesis
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 levels 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 teratogens
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-
genic nicotinamide antagonists. 6-aminonicotinamide
{6-AN) and 3-acetylpyridine (3-AP), are stated to act,
at least in part, by diminishing the NAD levels in
chicken embryos[30, 317, chicken limb mesodermal
cell cultures [32, 33] and mammals [34]. We were un-
able to reproduce the reported[31] lowering of
chicken embryo NAD levels by administering 3-AP
(09 mg) or a highly teratogenic dose of 6-AN (40 pug)
at day 4 of incubation with NAD analyses at day
12. 1t is of interest that 6-AN produces several terato-
genic signs in common with OP and MC teratogens
(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 studics with embryonic
chicken limbs and cultures of their mesodermal cells,
since chondrogenic cells are seen when NAD levels
are low and myogenic cells are observed when NAD
levels are high [35].

The structure activity relationships of OP and MC
compounds in blocking the synthesis or maintenance
of adequate levels of embryo NAD appear to be
greatly different from those involved in inhibition of
acetylcholinesterase. Inhibition of acetylcholinesterase
and other sensitive hydrolases by OP and MC com-
pounds generally proceeds by phosphorylation and
curbamoylation. respectively. of a serine residue in the
active site of the enzyme [1, 2]. It appears likely that
the biochemical lesion leading to teratogenesis is in-
tiated by similar phosphorylation and carbamoyla-
tion reactions but at an undefined enzyme in the
pathway of NAD biosynthesis.
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