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Abstract—Chick embryos at 72 hr of incubation were exposed in ove (0.2 or 1.0 mg per egg) to the
organophosphate insecticide diazinon (DZN) or dicrotophos (DCP) and examined at days 5, 7 and 10
for visible defects and changes in the protein and NAD content of the whole organism, their wings and
legs. Skeletal changes of the spinal column and legs were scarcely detectable on day S but were readily
apparent by day 10. The NAD contents of the embryos and their limbs were normal up to day 5,
slightly reduced by day 7, and greatly reduced by day 10, while the wet weights and protein contents
were virtually normal over this time span. Nicotinamide (8 umoles/egg on day 3) increased the NAD
content of the embryos by 20-30 per cent, If administered along with DZN or DCP, it produced an
even greater increase by day 10 and minimized the insecticide-induced leg deformities. A reactivator
of organophosphate-inhibited acetylcholine esterase, 2-pyridinealdoxime methochloride (2-PAM), did
not affect the NAD content of control embryos during these early times. If given with the insecticide,
however, it prevented the expected decrease in NAD level. Some of the effects of the cholinergic
insecticides and their reversing agents on the NAD content of young chick embryos are considered in
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terms of their possible mechanisms of action and teratogenic implications.

Many organophosphate (OP)! and alkylcarbamate
(AC) insecticides are potent teratogens [1-5]. They
cause readily identifiable developmental failures
which in avian systems fall into two general
classes—those that are antagonized by exogenous
nicotinamide and several of its congeners (type I),
and those that are antagonized by certain cholin-
esterase reactivators (type II) [6, 7].

The type 1 teratisms include abnormal beak and
feather development and micromelia and have been
attributed to lower than normal tissue NAD con-
centrations brought on by an impairment in the
conversion of L-tryptophan to nicotinic acid in the
yolk sac membrane [6, 8, 9]. This metabolic failure
may be due to the inactivation of one of the two
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major forms of kynurenine formamidase (KFase) by
the insecticide during a critical period of embryonic
development [8, 9]. Type II teratisms such as tibio-
tarsal arthrogryposis, muscular hypoplasia of the
legs, and certain spinal problems—short and wry
neck and rumplessness—are considered to be conse-
quences of disruptions of the cholinergic system
[6,7, 10, 11]. Thus, the two classes of damage appear
to be mediated by distinctly different biochemical
processes.

Consistent with the view of differential causation,
Misawa et ai. {10] showed that the amount of one
of the more potent OP insecticides, diazinon, needed
to generate type I responses is much less than for
type I responses. They also showed that the type
II responses could be reversed by gallamine but not
by atropine, prima facie evidence that cholinergic
nicotinic but not muscarinic receptors are involved
in the type II teratogenic processes.

We have examined the effects of two OP insec-
ticides, diazinon (DZN) and dicrotophos (DCP},
and of two of their antagonists, nicotinamide (NAM)
and 2-pyridinealdoxime methochloride (2-PAM), on
the NAD content of chick embryos up to day 10 of
development. In agreement with the reports of
Casida and his colleagues [4, 12, 13], we found that,
if 0.2 mg or more of the insecticides was administered
via the yolk at an early stage (days 3-4), the NAD
content of the embryo decreased to less than 30 per
cent of the control value by day 10. The decline did
not occur immediately and was most noticeable 4—
7 days after injection. In contrast, the acetylcholin-
esterase (AChE) activity of the embryonic limbs and
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brain was almost totally suppressed as early as 2 days
post-injection [10]. Based on this schedule, the chol-
inergic teratogenic responses (type II) might be
expected to appear before the NAD-linked
responses (type I).

A rather large dose of nicotinamide (8 pmoles/egg)
elevated the tissue NAD levels and, paradoxically,
the increase was augmented by the simultaneous
administration of a teratogenic insecticide. Unex-
pectedly, 2-PAM, an antagonist of type II responses,
prevented the insecticide-induced decrease in tissue
NAD.

MATERIALS AND METHODS

Handling of eggs and insecticides

SPF Cofal negative eggs (Larson Lab-Vac Eggs,
Inc., Gowrie, IA) from white leghorn hens were
used in these studies. The eggs were candled and
injected on day 3 of incubation according to the
protocol of Wyttenbach et al. [14] and Kitos et al.
[15]. A 50-ul volume of corn oil containing the
desired amount of diazinon or dicrotophos was
injected directly under the embryo. In the experi-
ments involving the administration of NAM and/or
2-PAM, 50 yl of a sterile chick Ringer’s solution of
these agents was injected into the yolk a few minutes
before the corn oil insecticide solution.

The insecticides diazinon (DZN; Spectracide; O,
O-diethyl-O-[2-isopropyl-6-methyl-4 -pyrimidinyl]
phosphorothionate) and dicrotophos (DCP; Bidrin;
3- (dimethoxyphosphinyloxy)-N, N-dimethylisocro-
tonamide) were weighed on an analytical balance
and dissolved in corn oil at the desired concentra-
tions. For each study these solutions were made
freshly immediately before injection.

Tissue extraction and NAD analysis

General principle. NAD analyses of the embryos
were performed by a modification of the enzymatic
cycling procedure of Serif and Butcher [16] and of
O’Dorisio and Barker [17]. It involves incubating an
extract of the tissues, prepared so as to preserve the
NAD and NADH, with ethyl alcohol, alcohol
dehydrogenase, [1-'*Cla-ketoglutarate, NHi and
glutamate dehydrogenase. In this system, the rate
of oxidation of the ethyl alcohol is a function of the
concentration of the NAD provided by the embryo
extract. The NADH thus produced is used to
convert the [1-')C]a-ketoglutarate and NHJ to
[1-C]L-glutamate plus NAD through the action of
the glutamate dehydrogenase. The regenerated
NAD can be used again in the alcohol dehydrogenase
reaction, and the significant accumulating product
is [1-"*C]L-glutamate. The cycling is terminated by
chilling, ninhydrin is introduced into the reaction
medium, and the vessel is tightly sealed with a CO,
trap inside. The vessel is then incubated at 40° for
1 hr to decarboxylate the [1-"“C]L-glutamate and the
released “CO; is collected in the CO; trap. The
amount of radioactivity collected is proportional to
the concentration of NAD plus NADH in the system.

In our modification, the ninhydrin step replaced
the glutamate decarboxylase step used by Serif and
Butcher [16] and O’Dorisio and Barker {17]. For
this purpose it was just as effective as the enzyme-
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catalyzed decarboxylation (data not included) and
was very much less expensive, a significant factor
when large numbers of determinations must be
made.

Tissue extraction. All the glassware used in pre-
paring the embryo extracts and analyzing for NAD
was cleaned with chromic acid and exhaustively
rinsed with distilled water. Each embryo was
removed from its egg and immediately chilled in
ice-cold chick Ringer’s solution (6.5 g NaCl, 0.14 g
KCl, 0.16 g CaCl,:2H;O, and 0.2 g NaHCO; per
liter). All adhering extraembryonic tissues were sur-
gically removed and the embryo was damp-dried on
glassine paper and weighed. It was then transferred
to a chilled Potter homogenizer tube containing 1 ml
of freshly prepared alkaline cysteine solution (0.024
N NaOH; 0.29 mM L-cysteine). The embryo was
homogenized with ten strokes of the Teflon pestle
and the volume was made to 5 ml with cold alkaline
cysteine. If further dilutions were necessary, they
were made with ice-cold alkaline cysteine. As an
indication of the proportions needed, the hom-
ogenate of a 150-mg embryo was made to 5 ml with
alkaline cysteine and for it no further dilution was
necessary; 1 ml of this homogenate was used for the
NAD analysis, 1 ml for a blank, and 0.1 ml for pro-
tein determination by the method of Lowry et al.
[18]. At all times the temperature of the homogenate
was maintained between 0 and 2° to minimize the
destruction of NAD which is unstable at high pH.

To determine the efficiency of recovery of NAD
by this extraction procedure, three studies were car-
ried out. In the first, known amounts of NAD were
mixed with the chilled alkaline cysteine and the
resulting solutions were processed as though they
were embryo extracts. In the second study, S-day-
old embryos were homogenized in chilled alkaline
cysteine and the homogenate was divided into two
portions. To one portion was added a known amount
of NAD. Both portions were processed as usual.
The NAD content of each was then determined and
the recovery of the exogenous NAD was calculated.
It was found to range from 82 to 90 per cent. In the
third study, 0.2 uCi of PH]NAD (adenine[2,8-°H],
3.39 Ci/mmole, new England Nuclear Corp., Bos-
ton, MA) was added to chilled chick embryo homo-
genates in alkaline cysteine. The extraction was car-
ried out in the usual way and portions of the extracts
were subjected to ascending chromatography on
Whatman No. 1 paper, using butyric acid-58%
NH,OH-0.1 M EDTA-H,O (66:1:1:32). The chro-
matograms were dried and cut laterally into strips,
lcm in width, and the radioactivity in each was
determined by scintillation spectrometry. The radio-
activity profiles of the alkaline cysteine-extracted
and unextracted [PHINAD samples were virtually
identical, exhibiting a single peak with an Rybetween
0.48 and 0.52. This Ry value corresponds to that of
authentic non-radioactive NAD, detected on paper
by u.v. absorption. Thus it appears that, in the
extraction procedure used here, there was very little
loss of NAD.

Details of cycling assay. The 1-ml blank sample
was heated in a water bath at 60° for 10min to
destroy the NAD. Then 0.3 ml of 0.44 N HCI con-
taining 0.24 M ascorbic acid was added to the sample
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and it was heated again to 60° for 30 min to destroy
the NADH. The sample was then chilled on ice and
2.25ml of 0.022M imidazole-HC! buffer, pH6.5,
was added. The solution was titrated with 0.1N
NaOH to pH 6.5, made to 5 ml with H,O, and held
at —80° prior to NAD analysis.

To the other 1-ml sample of homogenate was
added 2.25ml of 0.022M imidazole-HCl buffer,
pH 6.5. The resulting pH was approximately 7.5. In
some instances, because of viscosity problems, the
amount of DNA in the sample made the titration
difficult. Therefore, 0.05 ml of a solution of deoxy-
ribonuclease I (Type III, Sigma Chemical Co., St.
Louis, MO, 1mg/ml in 10mM Tris-HCl, 1 mM
MgCl,, pH 7.4) was added to the ice-cold mixture
a few minutes before titrating it to pH 6.5 with 0.11 N
HCI. After the titration the volume of the sample
was adjusted to 5 ml with H,O and the sample was
held at —80° prior to analysis.

In the NAD cycling assay, 0.25 mi of each embryo
extract, prepared as described, was incubated with
shaking in a 25-m! Erlenmeyer flask for exactly 1 hr
at 30° with 0.75ml of reaction mixture of the
following composition: 0.2M Na,HPO4, 0.4M
NH,CI (pH 7.8), 0.25 ml; 0.8 mg/ml crystalline bov-
ine serum albumin; 4 mM ADP, 0.25 ml; 95% ethyl
alcohol, 0.018 ml; [1-"C]a-ketoglutarate (New Eng-
land Nuclear Corp., 11 mCi/mmole), 2 x 10°
dpm/ml in 0.1 M NH,OH, 0.01 ml; crystalline yeast
alcohol dehydrogenase (Sigma Chemical Co., 283
units/mg protein), 12 units, 0.02 ml; crystalline glu-
tamic dehydrogenase (Boehringer-Mannheim, 2400
units/ml), 1.26 yl; and H,O, 0.2 ml. The reaction
vessels were chilled on ice and 3ml of a freshly
prepared ninhydrin solution, made as follows, was
added to each: per test, 60 mg of ninhydrin was
dissolved with stirring in 0.75 ml of secondary pro-
panol; 2.4 mg of SnCl; and 3.31 mg of a~ketoglutaric
acid (Sigma Chemical Co.) were dissolved in 2.25 ml
of 0.2M sodium citrate, pH 5. The SnClr-a-keto-
glutarate solution was then added to the ninhydrin
solution with rapid stirring, and 3 ml of the mixture
was added to the chilled reaction vessel.

The vessel was closed immediately with a tight
itting rubber vial seal (Kontes, Vineland, NJ, item
No. K-882310), into which was glued a rubber center
plug with a small hole bored part way into it to
accommodate the stem of the plastic center well. A
center well (Kontes, item No. K-882320), from which
a piece of the stem had been cut so that the well was
held about 5mm above the level of the reaction
mixture, was inserted into the center plug. The center
well, lined with a 1cm? piece of glass fiber paper
(Whatman, Clifton, NJ, item No. 1820.914), was
loaded with 0.4ml of Protosol (New England
Nuclear Corp.) a few minutes before insertion into
the flask. The stopper was inserted carefully into the
chilled reaction vessel so as to avoid spilling the
Protosol and any contact between the plastic well
and the reaction mixture. The flange of the stopper
was folded over the neck of the flask to provide
additional assurance of an air-tight seal. These pre-
cautions, taken to guarantee the seal, are imperative

* The [**C]diazinon was provided by Dr. H. M. LeBaron,
Ciba-Geigy Corp. Greensboro, NC.,
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to the success of the assay because when the reaction
vessels are warmed to 40° the internal pressure
increases greatly, resulting in a significant risk of gas
leakage.

With the ninhydrin added and the stopper in place,
the reaction vessel was placed in a 40° water bath
for exactly 1 hr. It was then returned to the ice bath
for 10 min. The stoppers were carefully removed and
the plastic center wells placed in 4-ml plastic scin-
tillation vials with 4ml of scintillation mixture
[0.4% Omnifluor (New England Nuclear Corp.) per
liter of toluene]. The radioactivity was determined
using channels ratio quench correction.

Analyses of standard samples of 0, 30, 60 and
120 pmoles of NAD accompanied each set of
unknowns. A linear standard curve with a regression
coefficient very close to 1.000 was thus generated.

Excision of the limbs from 5-, 7- and 10-day-old
embryos was done on ice with fine scissors or a
scalpel. Each pair of legs and wings was placed in
cold alkaline cysteine and handled in the same way
as the whole embryo.

Measuring the uptake of [“Cldiazinon by chick
embryos

The amount of radioactivity that accumulated in
the embryos due to injection of the eggs with
[**C]diazinon was determined as follows. Embryos
were obtained at specified times after intravitelline
injection with radioactive diazinon on day 3 (O,0-
diethyl-O-[6-methyl-2-*C-(1-methylethyl)-4-pyrimi-
dinyl]jphosphorothioate, sp. act. of the undiluted
sample: 36.3 uCi/mg)*. They were homogenized in
the usual way, 0.2-ml aliquots of the homogenates
were mixed with 1.5 ml of Protosol (New England
Nuclear Corp.) in 20-ml glass scintillation vials, and
the mixtures were incubated at 37° for 16 hr. The
solutions were then decolorized by adding 0.1 ml of
30% H,O, and incubating further for 10 hr. Next
10 ml of scintillation mixture (0.4% Omnifluor in
toluene) was added, and the amount of radioactivity
was measured by scintillation spectrometry.

RESULTS

Effect of diazinon and dicrotophos on the wet weight,
total protein and NAD content of early chick embryos

Eggs were injected at 72 hr of incubation with
50 ul of corn oil (controls) or corn oil containing
1mg of either diazinon or dicrotophos and then
returned to the incubator. Periodically thereafter
embryos were removed from eggs of each set, chilled,
weighed, homogenized, and analyzed for protein
and NAD (i.e. NAD + NADH) content. The results
of these analyses are rendered in Fig. 1.

Even with the large dose of insecticide used here,
the treated embryos increased in weight at virtually
the same rate as the controls (Fig. 1A). A semi-log
plot of the time-dependent increase in weight pro-
duced a biphasic curve that reflects a mass doubling
time of approximately 16 hr during the first 8 days
(approximately the first third of the in ovo period)
and 55 hr from day 8 to 12. The protein content of
the embryos increased likewise in a biphasic manner,
although in the insecticide-treated eggs the values
were generally slightly lower than those of the con-
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Fig. 1. Effects of organophosphate insecticides on the wet weight, protein, and NAD contents of early

chick embryos. Fifty microliters of corn oil or a corn oil solution of diazinon or dicrotophos (20 mg/mil)

was injected into the yolks of 72-hr chicken eggs. At each of several times thereafter the embryos were

removed, weighed, homogenized, and analyzed for total protein and NAD. The values for the corn oil

controls (O), diazinon-treated (X), and dicrotophos-treated (@) embryos are plotted on the ordinate
as a function of the time of incubation.

trols (Fig. 1B). Similarly, the NAD content of the
control embryos increased almost exponentially from
20 nmoles on day 5 to 61 nmoles on day 10, and
there was little if any difference in the NAD content
of the treated and control embryos on day 5. After
day 5, however, the NAD content of the
insecticide-treated embryos did not increase at all
(Fig. 1C). Clearly, the effects of the insecticides on
two of the principal aspects of early embryonic
growth are very different from the effects on the
NAD content of the embryo.

increased several-fold, there was still no observable
effect on the NAD content by day 5 (Table 1). The
apparent lack of effect of even higher doses of
organophosphate insecticides on the NAD content
of the embryo after 2 days of exposure could be due
to any of several possibilities. One is that the early
stages of the embryos are less sensitive to the insec-
ticide than later. Another is that there was a rate-
limiting transfer of the agent from the oil droplet in
the yolk to the site of its inhibitory action, the embryo
or the yolk sac membrane. To measure the rate of
insecticide transfer from the corn oil to the embryo
we injected 1 mg of diazinon, as usual, but in this
instance the injectant contained 0.2uCi of

How much diazinon enters the embryo?
When the concentration of insecticide was

Table 1. Effects of diazinon concentration on wet weight and protein and NAD contents of 5-day chick embryos*

Diazinon Embryo Protein content of embryo NAD content of embryo
conc. wet wt
N (mg/egg) (mg) (mg) (% wet wt) (nmoles/embryo) (nmoles/mg protein)
10 0 179 +7 43=x0.2 2.43 +0.05 10.08 = 0.88 2.34+0.20
9 1.0 168 + 11 3902 2.37 £ 0.08 9.12 +1.17 2.35+0.31
9 2.5 156 = 7 3.8x0.1 2.47 £0.06 8.86 + 0.58 2.33+0.17
10 5.0 164 = 4 40202 2.42%0.10 10.09 = 0.53 2.58+0.17

* The specified amount of diazinon was injected into the yolk in 50 ul of corn oil at 72 hr of incubation. Values are
means * S.D.

Table 2. Time course of [*C]diazinon incorporation into young chick embryos*

Incorporated radioactivity

Diazinon Specific activity
Day of Embryo wet (% of administered equivalent of tissue
N analysis wt (mg) (dpm/embryo) radioactivity) (ug) (dpm/mg wet wt)
5 5 197 +9 268 0.20 2.0 1.36 = 0.06
4 7 657 =20 953 0.71 7.1 1.45x0.11
4 8 1132 £ 40 1098 0.82 8.2 0.97 £0.09
5 10 2237 £ 37 3028 2.26 22.6 1.33 £ 0.07

* Eggs were injected at 72 hr of incubation with 50yl of corn oil containing 1 mg of diazinon (sp. act. 0.2 uCi/mg).
At each of the indicated days of analysis embryos were removed, washed and homogenized, and representative portions
of the homogenates were digested with Protosol. The amount of radioactivity in each embryo was determined by
scintillation spectrometry. Values are means + S.D.
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Fig. 2. Diazinon-induced teratogenic signs in early chick embryos. Chicken eggs at day 3 of incubation

were injected intravitelline with 50 ul of corn oil or corn oil containing either 0.2 or 1.0 mg of diazinon

or dicrotophos. The eggs were incubated further to day 5, 7 or 10 and the embryos were carefully

removed, floated right side up in chick Ringer’s solution, and photographed. Since the results from the

diazinon and dicrotophos sets were virtually identical, only the diazinon set is shown here. A millimeter

ruler underlies the pictures. Upper row, day 5; middle row, day 7; and bottom row, day 10. From left
to right: control; 0.2 mg diazinon/egg; and 1.0 mg diazinon/egg.

[*C]diazinon. At times thereafter, embryos were
isolated and homogenized. Representative portions
of the homogenates were digested with Protosol,
and the radioactivity in them was measured.

The fraction of the administered radioactivity
found in the embryos was small, reaching only 2.26
per cent by day 10 (Table 2). This represented 22.6 ug
of diazinon, assuming that during the period of the
study there was no degradation of the insecticide.
Since degradation almost certainly did occur, these
values must be considered maximal. On day 5, when
the NAD response was negligible, only 0.2 per cent
of the radioactivity, equivalent to 2 ug of diazinon,
was detected in the embryo. Even though the amount
of radioactivity in the embryo increased with time,
the specific activity (dpm/mg wet wt) remained
approximately constant over the 5-day course of the
study. Thus, the amount of insecticide and its break-
down products in the embryo increased with the
length of the incubation period but the concentration
of radioactive products (radioactive material/unit
wet wt) did not change between days 5 and 10. The

BP 30:16 - C

diazinon must move from the corn oil into the
embryo at a rate that reflects the tissue mass. A
more detailed pharmacokinetic study of this system
was not undertaken, so a reliable estimate of the
actual insecticide content of the embryos at any time
cannot be made. However, even though the amount
of diazinon that entered the embryo was extremely
small, it was sufficient under these test conditions
to inhibit totally the increase in NAD per embryo
(Fig. 1C) and the acetylcholine esterase of the limbs
and brain even during the very early times (days
6-8) [10]. It also inhibited the increase in protein per
embryo, but to a lesser extent (Fig. 1B).

How early do the teratogenic signs appear?

The physical abnormalities of insecticide-treated
embryos were readily seen and evaluated just prior
to hatching. However, if the insecticide was admin-
istered on day 3, at least one gross structural change
was detectable as early as day 5. In this study, 50 ul
of corn oil containing 0, 0.2 or 1.0 mg of diazinon
or dicrotophos was injected into the yolks of eggs
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Fig. 3. Effects of 1 mg/egg of diazinon, dicrotophos, nicotinamide, and 2-PAM on the NAD content
of early chick embryos. Seventy-two-hour chicken eggs were injected twice with 50-ul volumes of liquid.
The first injectant was sterile chick Ringer’s solution, alone or containing 20 mg/ml of nicotinamide
(NAM), 2-PAM or both. The second injectant, which was delivered immediately after the first, was
corn oil, alone or containing 20 mg/ml of diazinon or dicrotophos. The eggs were incubated further for
another 2, 4 or 7 days, at which times representatives (five to ten per group) were taken, the embryos
were removed, weighed and homogenized, and the protein and NAD contents were determined. The
mean value for the NAD per mg embryonic protein is reported here as the percentage of the control
(which received only Ringer’s solution and corn oil), the error bars are + the S.D. of the mean in
percentage terms. The control values were: at 5 days, 1.98 + 0.11 nmoles NAD/mg embryonic protein;
at 7 days, 1.55 = 0.02 nmoles; and at 10 days, 1.02 + 0.10 nmoles.

at 72 hr of incubation. The embryos were removed
and photographed on days 5, 7 and 10. To put them
in their most relaxed configuration for imaging, the
birds were floated in Ringer’s solution. Figure 2
shows the control and insecticide-treated embryos
at each of the three indicated times. The hind limbs
of the diazinon-treated 10-day-old embryos were less
well developed than those of the controls, and the
retardation was greater in those treated with 1 mg

rather than 0.2 mg of the agent. Feathering problems
were not yet discernible at day 10. The normal chicks
had long supple necks while the treated chicks had
short, twisted (wry) necks. The normals had long,
smoothly contoured backs and well-developed
rumps; the treated chicks had less well extended
backs and poorly developed rumps. The neck, back
and rump differences were also visible at day 7. At
day 5 the only hint of morphological difference was
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Fig. 4. Effects of 0.2 mg/egg diazinon or dicrotophos on the NAD content of early chick embryos. The

experimental protocol is the same as that for Fig. 3 except that 0.2 mg of insecticide per egg was

administered rather than 1 mg per egg. The control (100 per cent) values were: at 5 days, 2.42 +
.07 nmoles/mg protein; at 7 days, 1.76 *+ 0.10 nmoles; and at 10 days, 1.02 %+ 0.01 nmoles.
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Fig. 5. Effects of nicotinamide and 2-PAM on insecticide-induced morphological changes in early chick
embryos. Chicken eggs at day 3 of incubation were injected intravitelline with 1 mg per egg of
nicotinamide or 2-PAM in 50 ul of chick Ringer’s solution and then with 50 pl of corn oil or corn oil
containing 0.2 mg of diazinon or dicrotophos. The eggs were incubated further until day 10 and then
the embryos were removed, floated right side up and left side up in Ringer’s solution, and photographed.
Upper row, right side up; lower row, left side up. From right to left: diazinon-treated alone; diazinon
plus nicotinamide-treated; and diazinon plus 2-PAM-treated. Since the results from the diazinon and
dicrotophos-treated eggs were virtually identical, only the diazinon set is shown here.

a slightly less well-developed tail region in the
insecticide-treated embryos. Frequently at days 7
and 10 the viscera of the treated birds were not
within the abdominal wall, and at day 10 the abdomi-
nal region often appeared bloated or edematous.
The diagnostic features shown in Plate 1 for
diazinon-treated eggs were virtually the same as
those for their dicrotophos-treated counterparts, so
pictures of the latter group are not shown.

Time-course study of the effects of the organophos-
phate insecticides and their antagonists on the NAD
content of early chick embryos

The effects of diazinon, dicrotophos, nicotina-
mide, and 2-pyridinealdoxime methochloride on the
NAD content of chick embryos at days 5, 7 and 10
were determined. The agents, individually or in
specific combinations, were injected into the yolks
of eggs at 72 hr of development. The antagonists,
NAM and 2-PAM (1 mg/egg), were injected first in
50 ul of Ringer’s solution, and the insecticides
(1 mg/egg) were injected immediately thereafter in
50 ul of corn oil. The results, reported as the NAD
content per mg of embryonic protein, are presented
in Fig. 3. The values are expressed as a percentage
of the control for that particular experimental period.
The controls were injected with 50 ul of both Ringer’s
solution and corn oil.

In the absence of insecticide, 2-PAM had virtually
no effect on the NAD content of the embryos at
days 5, 7 and 10 (Fig. 3A). Nicotinamide, on the
other hand, caused a 10-30 per cent increase in the
NAD content of the embryos. A combination of

these two agents produced an increase differing little
from that produced by nicotinamide alone. Up to
day 10 the whole body wet weights and the protein
contents, the latter calculated as percentage of wet
weight, were nearly the same as those of the controls
(data not shown).

At the early times, days 5 and 7, the effects of
diazinon (Fig. 3B) and dicrotophos (Fig. 3C) on the
NAD content of the embryos were not great, but by
day 10 the NAD content was reduced to 20-30 per
cent of the control values. The simultaneous pres-
ence of 2-PAM antagonized this response, restoring
the NAD content to the control level. Exogenous
nicotinamide produced an increase in the NAD con-
tent of the insecticide-treated embryos, not unlike
that of the controls on days 5 and 7, but substantially
greater on day 10 (Fig. 3). Together, nicotinamide
and 2-PAM exerted an effect that was similar to that
of nicotinamide alone, elevated somewhat on days
5 and 7, and greatly on day 10. If the NAD contents
were expressed per embryo, rather than per mg
protein as given in Fig. 3, the pattern of the results
would be the same (data not shown).

At 0.2mg per egg, diazinon and dicrotophos
elicited NAD responses that were quantitatively the
same as those caused by 1 mg of the agents (Fig. 4).
Without either of the reversing agents they caused
large decreases in the NAD content of the embryos
by day 10. As before, 2-PAM restored the NAD
level to normal, whereas, nicotinamide or nicotina-
mide plus 2-PAM caused unusually large accumu-
lations of NAD in these tissues by day 10.

As shown on Fig. 5, nicgtinamide or 2-PAM,
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injected on day 3 along with diazinon, prevented at
least some of the insecticide-induced morphological
damage that was otherwise seen on day 10. In this
study, eggs were injected at 72 hr of incubation with
either diazinon or dicrotophos (0.2 mg/egg) and with
1 mg of either of the reversing agents; the embryos
were removed on day 10 and photographed in each
of two positions, left and right sides uppermost. In
all cases the responses to the two OP insecticides
were sufficiently alike so that only one set, the
diazinon-treated, is shown here. The short and wry
neck syndrome was not reversed by NAM and was
somewhat, but not completely, reversed by 2-PAM.
The rumplessness was much less exagerated in the
2-PAM-treated embryos but was still quite evident
in the NAM-treated birds. Underdevelopment of the
hind limbs due to the insecticides seemed less pro-
nounced in both the NAM and 2-PAM treatments.
Clearly, some of the gross morphological manifes-
tations of both types I and II teratogenesis were
reversed by these antagonists to the extent that they
were evident by day 10 of development.

Effects of the insecticides and their antagonists on the
NAD content of the wings and legs of early chick
embryos

Since micromelia of the legs, but not of the wings,
is a common type I teratogenic response of chicks
to the OP insecticides [10], we sought to determine
the NAD contents of these tissues at times prior to
the appearance of this class of deformity. Chick
embryos were treated as before with 0.2 mg of either
diazinon or dicrotophos and/or the reversing agents
nicotinamide and 2-PAM. The pairs of wings and
legs from single embryos were analyzed for their
NAD contents at days 5, 7 and 10. As indicated in
Table 3, no change in the NAD content of the limb
buds was evident by day 5. By day 7, however, the
NAD contents of the wings and legs were only 70
and 80 per cent, respectively, of the untreated con-
trols. By day 10 the NAD concentrations were still
lower, reminiscent of the whole body effects shown
in Fig. 3. Here, also, 2-PAM reversed the effects of
the insecticides on the NAD content of both sets of
limbs, restoring them to near control levels, and
nicotinamide caused a major increase in the NAD
levels to values much greater than normal.

DISCUSSION

The biochemical mechanisms by which the OP
and AC insecticides interfere with the normal course
of embryonic development are not yet understood.
Proctor and coworkers [4, 12] have shown that large
doses of the insecticides administered early in the
development of the chick cause as much as an 80—
90 per cent decrease in the NAD content of the
embryos by days 12 to 14. A similar effect was seen
with as little as 30 ug of diazinon per egg [6]. In our
studies, diazinon (a phosphorothioate) and dicro-
tophos (a phosphotriester), injected at 0.2 or 1.0 mg
per egg in corn oil at 72 hr of incubation, caused
similar decreases that occurred mainly after day 7
and reached 20--30 per cent of the control values by
day 10 (Figs. 3 and 4). Only a single morphological
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expression of treatment was detected by day 5, a few
by day 7, and several by day 10 (Fig. 2).

Several lines of evidence suggest that the NAD
deficit is responsible for at least some of the observed
teratogenic changes. For example, exogenous
nicotinamide and certain other NAD precursors and
exogenous NAD itself counteract both the OP- and
AC-induced decrease in tissue NAD concentrations
and the appearance of type 1 teratisms [4, 6, 12, 13].
In general, there is a good correlation between the
reduced concentrations of NAD in avian embryos
and the defects in feather and leg development [4].
Proctor et al. {4] showed that, if the NAD content
on day 12 was greater than 69 per cent of the control
value, little or no teratogenic change was detected,
but if it was less than 45 per cent of the control the
teratogenic signs were mild to severe [4]. Similarly,
two toxic nicotinamide analogs, 6-aminonicotin-
amide (6-AN) and 3-acetylpyridine (3-AP), sub-
stances that interfere with NAD synthesis and func-
tion, cause the NAD content of avian embyros to
decrease and produce teratogenic changes analogous
to those brought on by the insecticides [19, 20]. The
effects of these two agents are likewise manifest on
the NAD complement of chondrogenic chick limb
mesodermal cells in culture [21, 22]. Moscioni et al.
[6] and Seifert and Casida {8, 9] provide evidence
which indicates that the OP and AC insecticides act
on chick embryos, at least in part, by inhibiting the
conversion of tryptophan to NAD at the KFase step.
Thus, intermediates in the pathway from tryptophan
to nicotinic acid prior to the KFase reaction, includ-
ing tryptophan itself, should have little or no ability
to overcome the impairment of NAD synthesis,
whereas those following the KFase step, and sub-
stances that can be mobilized into this metabolic
sequence at points after the inhibition, should be
effective in reversing the NAD deficiency. These
responses have, in fact, been realized [6, 8, 9]. Proc-
tor et al. [4] and Moscioni et al. [6] have shown that
0.8 umole of nicotinamide per egg does reverse the
suppressive effects of the OP and AC insecticides
on the NAD concentration of chick embryos,
restoring it to its normal level.

Our experience is consistent, in part, with the
above findings which implicate NAD in the terato-
genic process. Diazinon and dicrotophos severly
affect the normal development of chick embryos
(Fig. 2) and cause the NAD content to decrease to
less than one-third of the normal level (Figs. 3 and
4). Nicotinamide alone, at 8 umoles per egg (ten
times that used in the above mentioned studies
[4, 6]), produces up to a 30 per cent increase in the
NAD of control embryos. Not only does it prevent
the NAD content of insecticide-treated embryos
from decreasing, but by day 10 it actually causes
greater accumulation of this coenzyme than with
nicotinamide alone. As seen here, nicotinamide also
lessens the expression of micromelia (Fig. 5).

It is interesting to note that these bone develop-
ment probiems are seen in the legs but not the wings
[10]. If insufficient NAD is indeed responsible for
the problems of micromelia, perhaps the insecticides
disproportionately affect the NAD level of the legs.
To test this hypothesis the NAD contents of the
wings and legs were examined as a function of treat-
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ment with the teratogens and the potential reversing
agents. The results (Table 3) show that the effects
of both diazinon and dicrotophos on the wings and
legs were similar and that they were very much like
the effects on the whole embryo (Fig. 4). Further-
more, the NAD levels of both sets of limbs were
enhanced by nicotinamide, especially at day 10 in
the presence of insecticide, and were maintained at
the normal level by 2-PAM. A time—course study of
the effects of diazinon on the AChE activity of these
same tissues shows that as early as day 6 the enzyme
was strongly inhibited in both the wings and legs and
that by day 13 the enzyme level had returned to
normal [10]. Thus, between the wings and legs there
was neither a difference in the NAD levels nor a
differential cholinergic response that might serve to
explain the observed inequalities of limb develop-
ment occasioned by the insecticides.

Type II defects (tibiotarsal arthrogryposis, wry
and short neck, rumplessness, and hypoplasia of the
legs) are caused by a number of cholinomimetic
compounds, including the OP and AC insecticides
and a group of quaternary ammonium compounds,
including succinyl choline, decamethonium, and
others [7, 10, 11}. These teratogenic effects are not
counteracted by nicotinamide but in many instances
are reversed by cholinergic blocking agents including
certain oximes, especially 2-PAM, and gallamine
[10, 23]. As expected, 2-PAM (6 umoles/egg) did
not prevent the expression of micromelia by day 10
but did lessen the severity of wry neck and rump-
lessness that was otherwise so evident at that time
(Fig. 5). Unexpectedly, and in contrast to the find-
ings of Moscioni et al. [6], 2-PAM did maintain the
tissue NAD levels at or near the control values (Figs.
3 and 4). If the type I teratogenic changes were
actually caused by NAD deficiencies, this effect of
2-PAM should have been capable of preventing
them. But 2-PAM was ineffective against type [
teratisms. Thus, any explanation of the teratogenic
process that is based on an NAD deficit should take
this fact into consideration.

The difference between our results and those of
Moscioni and his colleagues [6] with respect to the
effect of 2-PAM on the NAD content of the embryos
is not easily explained. One possible relevant factor
is the carrier solvent used to administer the agent.
Moscioni et al. [6] and Proctor er al. [4] used
methoxytriglycol, whereas we used Ringer’s solution
for the reversing agents and corn oil for the insec-
ticides. In our hands methoxytriglycol was slightly
toxic to the embryos. Another possible factor is
agent delivery to the embryos. We injected using a
devise that delivers the liquid sample directly under-
neath the embryo [14, 15] rather than to the center
of the yolk.

The NAD content of 12-day embryos was reported
by Proctor et al. [4] and Moscioni et al. [6] to be
185 nmoles per gram wet weight of embryo. Taking
into consideration the small losses (12-18 per cent)
experienced in the extraction procedure we found
only 29 nmoles of NAD per g at day 10. We used
a highly sensitive radiometric enzymatic NAD
cycling assay which, as used here, measured the sum
of the NAD plus NADH of representative portions
of extracts of individual embryos, and even of the
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wings or legs of 5-day embryos. The results were
very reproducible. Moscioni et al. [6] measured the
formation of NADH at 340 nm using ethyl alcohol
and alcohol dehydrogenase, a procedure that meas-
ures the amount of NAD but not the NADH in the
sample. In some instances we measured the NADH
content of the sample after selective alkaline destruc-
tion of its oxidized counterpart. Generally the
NADH:NAD ratio is very small (less than 0.05).
Ten-day embryos from eggs injected on day 3 with
1 mg of nicotinamide had a ratio of 0.06 and those
also given 0.2 mg of diazinon had a ratio of 0.18.
Thus, the insecticide did cause a significant accu-
mulation of the reduced form of NAD, but the
amount was not great enough to account for the
excess of NAD that we found.

The concentrations of NAD seen in the chick
embryos in this study may be rationalized in terms
of what is already known about the de novo synthesis
of this coenzyme and the effects of the cholinergic
insecticides on embryonic development. The con-
version of tryptophan to NAD is normally a well-
regulated metabolic process, subject to feedback
regulation so that over-accumulation of the end
product acts to decrease the activity of tryptophan
oxygenase, the first enzyme in the pathway [24, 25].
Exogenous nicotinamide may also be utilized to pro-
duce NAD, but such a process would not be under
the regulatory umbrella of the de novo pathway.
Our results show that in the presence of exogenous
nicotinamide the embryos did produce a measurable
excess of NAD. How might this explanation accom-
modate the large over-production of NAD seen on
day 10 when either diazinon or dicrotophos was also
present (Figs. 3 and 4)?

NAD is metabolically dynamic. It turns over in
the cell at a significant rate, being synthesized from
tryptophan via nicotinic acid or nicotinamide and
used to form NADH, NADP and poly(ADP-ribose).
The latter process is a major route of NAD utilization
and in eukaryotic cells it occurs principally in the
nucleus [26]. As already indicated, the OP insecti-
cides block the synthesis of nicotinic acid from
tryptophan at the KFase reaction. If the insecticides
were to interfere with poly(ADP-ribose) synthesis,
as has been proposed by Caplan et al. [27, 28], the
NAD level should be maintained more readily. If
nicotinamide were also present, NAD synthesis
would be expected to be rapid and its utilization
slow. Consequently, as seen in our studies, the
intracellular NAD pool would expand.

How might our observations of the effect of 2-
PAM on the NAD level of the insecticide-treated
embryos be explained? This analog of hydroxylamine
may act on KFase, as it does on AChE that has been
inactivated by an OP insecticide, by eliminating the
insecticide from its site of attachment to the enzyme,
thereby restoring the de novo pathway of nicotinic
acid synthesis and the implicit feedback relation-
ships. Insecticide inhibition of the utilization of NAD
may or may not also be reversed by 2-PAM. In either
event, an over-accumulation of NAD would be
unlikely because of the surveillance that the feedback
regulation imposes on NAD synthesis.

These observations and interpretations do not
explain how the insecticide-induced variations in
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NAD concentration of the embryos are related to
the type I morphological anomalies. Rather, they
indicate that the cause and effect relationships
between the NAD content and the structural deform-
ities are complex. We are continuing to explore the
problems that the OP and AC insecticides pose for
the normal processes of NAD synthesis and utiliz-
ation in embryos, particularly as they relate to the
processes of teratogenesis.
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