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Abstract The teratogenic effects exerted by morphine sulfate 
in CF-1 mice on Days 8 and 9 appear, from indirect evidence, not 
to be attributable to  cholinesterase inhibition. The anticholinergic 
drug, atropine, wHen used in combination with morphine, resulted 
in the potentiation of morphine-induced defects, exencephaly and 
axial skeletal fusions. In addition, both atropine and morphine, 
either alone or in combination. produced constriction of the placen- 
tal vessels. Morphine administration on Days 8 and 9 resulted in an 
increase in blood sugar regardless of the dose employed. Previously 
reported similarities produced by atropine and morphine on the 
placental vessels, the knowledge that both drugs decrease oxygen 
tension, the resemblance of hypoxic-induced malformations to the 
defects observed in this study, the effects of hypoxia on carbohy- 
drate metabolism, and the reported involvement of carbohydrate 
metabolism in the morphogenesis of the embryonicneural tube all 
suggest that the malformations observed following morphine ad- 
ministration are related to the reduced oxygen concentration as 
well as the hyperglycemia produced subsequent to its administra- 
tion in gravid mice. 
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Exencephaly, an anomaly characterized by the ex- 
tensive exterior protrusion of cerebral tissue due to the 
absence of skin and bones of the cranial vault, has been 
shown to be caused by a variety of inducers. The causa- 
tive agents include genetic mutations ( l ) ,  irradiation (2), 
nutrition (3), hypoxia (4), and a number of ehemical 
agents ( 5 )  including morphine sulfate (6) .  

Having established the fact that high subcutaneous 
doses of morphine sulfate (200, 300, and 400 mg./kg.) 
are teratogenic (6),  the subsequent investigation of a 
mechanism of action was undertaken in this laboratory. 
Among the problems encountered in trying to define a 
mechanism of teratogenicity for morphine are the enig- 
matic pharmacological reactions produced by it- 
histamine release (7), food retardation (8), cholinesterase 
inhibition (9), vasoconstriction of placental vessels (lo), 
and hyperglycemia ( 1  I)-plus the knowledge that 
teratogenic insult may occur at any of three different 
loci: the mother, the placenta, and the embryo. 

The involvement of histamine release and food re- 
tardation as the underlying factors causing the mal- 
formations observed following morphine administra- 
tion wcre negated by Iuliucci and Gautieri (12) and 
Harpel and Gautieri (6),  respectively. Consequently, the 
objectives of this investigation were to: (a) reconfirm 
the teratogenic potential of high subcutaneously ad- 
ministered doses of morphine in CF-I mice; (6) eval- 
uate thc possibility of cholinesterase inhibition by mor- 
phine as a causative factor in the production of fetal 
anomalies, determined by increasing the defects with the 
prior administration of physostigmine or decreasing 

them with the prior administration of atropine ; ( c )  
ascertain whether an effect exerted by morphine, 
atropine, and physostigmine on the placental vascula- 
ture in DI'DO, utilizing 22Na transport, is involved in the 
production of the abnormalities; and, finally, (6) assess 
the involvement of the hyperglycemic component in the 
teratogenicity induced by morphine. 

EXPERIMENTAL 

CF-1 albino .mice1, weighing between 25 and 30 g., were em- 
ployed in all experimental procedures and sdbjected to treatment 
and breeding procedures as reported previously (6, 12). 

Injectable solutions of morphine sulfate2 (40.0 mg./ml.), physo- 
stigmine sulfateS (0.025 mg./ml.), atropine sulfate' (5 mg./ml.), 
sodium sulfa@ (10 mg./ml.), and sodium chloride (9 mg./ml.) were 
prepared fresh weekly by dissolving the drugs in distilled water. 

The pregnant female mice were assigned at  random to one of 35 
experimental categories, with each category being treated on either 
Day 8 or 9 of gestation as designated in Tables I-1V. Iuliucci and 
Gautieri (12) described termination of pregnancy, removal of 
fetuses, gross inspection, and preparation of the excised fetuses for 
both skeletal (13) and soft tissue examination (14). 

A second aspect of this study involved the actions ofcertain drugs 
upon the placental vasculature as determined by transport of 
a*Na according to the procedure described by Robson and Sullivan 
(15). who employed it to study placental transport in ciuo. 

Five minutes after the subcutaneous administration of the respec- 
tive drug(s), the isotope, 0.1 mi. delivering 3 pc., was injected intra- 
venously into a tail vein of the mouse. By reporting the activity of 
the samples as a percentage of the concentration of isotope in 
maternal blood, each animal served as its own control. 

A third aspect of this study involved an evaluation of the effects 
exerted by morphine (200, 300, and 400 mg./kg.) on the maternal 
blood sugar of 8- and 9-day pregnant CF-1 mice. 

Each animal was initially bled by inserting a fine glass pipet into 
the medial canthus and removing 0.1 ml. of blood from the veins of 
the retro-orbital plexus (16). This was followed by the subcutaneous 
administration of designated test agent and dose. Twenty minutes 
later, a second 0.1-ml. sample was withdrawn from the mouse. Both 
samples were then subjected to the Folin-Malmros (17) micro- 
method for blood glucose determination. By withdrawing two sam- 
ples. one prior to and one following drug administration, each 
animal served as its own control. 

RESULTS 

Maternal Effects of Test Drugs-The subcutaneous administration 
of 50 mg./kg. atropine sulfate did not produce readily observable 
effects, except an apparent increased heart rate and a coldness of the 
tail. When administered in combination with morphine, no Straub 
tail was detected at  first; when it did appear some 30 min. later, it 
lasted for only 5 min. as compared with several hours following the 
injection of morphine alone. Next came a period of depression and 
labored breathing, followed by a hyperactive period. Atropine sul- 
fate failed to produce any deaths when used alone. However, com- 
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Table I-Mean Values of Test Groups Receiving Single Injections (Treatment on Day 8) 

Resorotion 
Fetal Ratio. RaGo, Soft Tissue Skeletal 

Maternal Weight Right Horn/ Right Horn/ 2 Fetal Sex Ratio. Abnormal- Abnormal- 
Treatment Ratio, SIT. Left Harn Left Horn Weight, g. MIF Itle\ ltles 

Control (untreated) 25.5148.0 6.213. lo 0.11/0.33 1 .07 4,015.8 0 .0  I . 5  

Morphine, 21.0/44.3° 6.315.0 0.5010.(w) 0 .  92b 5 .8 /5 .2  0.83' 8 . 8 b  
Saline, 0 .3  ml. 26.8151 .0 5 .8 i6 .2  0 . 3 3 / 0 . 5 0  1 . 1 3  6 . S l 5 . 5  0 .17  I . 3  

Morphine, 25.1148.5 5 . 5 1 5 . 0  0. 5010. 33 1.10 5 ,215.3 I . I 7  2 . 2  

M orp h I ne , 21.3141.8 5 . 8 1 5 . 5  0.00ll .oo 1 . 0 l b  5 .515 .8  0 . 6 1  9 . w  

Physostigmine, 25.7145. 8' 4.314.0 0.00/0. 50 1 .OO 3 . 1 b / 4 . 7  3.61  10.00 

Atropine, 25,5146.0 5.8i4.8 0.01/0. 83 1.16 6 .014 .2  0 .33  5 . 5  

200 mg./kg. 

300 mg./kg. 

400 mg./kg. 

0.005 mg. 

5? mg./kg. 

60 mg./kg. 
Sodium sulfate, 26.8144, 7h 4.5b/4.0 0.00/0.50 1 . 1 1  5.313.2 0.00 6 . W  

* S = starting weight and T = terminal weight. Statistically significant in comparison with saline control. p < 0.05. 

Table It-Mean Values of Test Groups Receiving Single Injections (Treatment on Day 9) 

Maternal Fetal Ratio, Resorption Ratio, Soft Tissue Skeletal 
Weight Ratio, Right Horn/ Right Horn./ ff Fetal Sex Ratio, Abnormal- Abnormal- 

Treatment S/Ta Left Horn Left Horn Weight, g. Mi F ities ities 

Saline, 0 .3  ml. 25.2149.1 6.214.0 0.50l0.33 1 . 2 0  5 .114 .5  0 . 0  0 . 8  

Morphine, 25.8141 . 3b 5 . 3 1 3 . 3  0.00/1 .50 1.15  4,314.3 0 . 3 3  3 . 3 '  

Morphine, 26.0143.5 4.114.8 0.00!0. I7 1 . 1 1  5 ,014.1 0.17 4.8' 

Physostigmine, 25.1144.8 4 . 1 p . 2  0.00/0. 33 I . l W  5,314.5 1.67& 8 . 3 h  

Atropine, 26. Bh/49. 0 5.215.8 0.00!0. 33 1.2@ 6.214.8 0.00 5.2b 

Sodium sulfate, 27.W/46.7 4.815. lb 0.00/0. 33 1 . 1 @  6.514.0 0.00 7 . 8  

Morphine, 26.2141.8 4.515.8 0 .33/0 .17  1 . o r  6.014.3  0 .  I7 6 .  lb 
200 mg./kg. 

300 mg./kg. 

400 mg./kg. 

0.005 mg. 

50 mg./kg. 

60 mg./kg. 

a S = starting weight and T = terminal weight. 'Statistically significant in comparison with salinc control, p < 0.0s. 

binations of atropine. followed in 15 min. by varying doses of 
morphine. resulted in a definite increase i n  the number of maternal 
deaths. The higher the morphine dose following tlie atropine in- 
jection, the greater the incidence of maternal death, the greatest 
incidence (IOO;.;) being observed with the 4Wmg./kg. dose of 
morphine. 

Treatment with 0.005 my. physostigmine produced a generalizxd 
lethargy in the animals. Salivation and Straub tail were noted, along 
with hyperpnea that lasted for approximately 1 hr.; at the end of 
this time. the mice became hyperactive. Unlike atropine pretreat- 
ment. which antagonized morphine-induced Straub tail. the prior ad- 
ministration of physostigmine not only did not alter the Straub tail 
produced following the administration of morphine but actually 
stimulated a Strauh tail itself. Atropine injection before physostig- 
mine resulted in effects quite similar to those noticed following the 
administration of atropine alone-no Straub tail. The single in- 
jection of 0.005 mg. physostigmine sulfate caused no deaths. Con- 
versely, when administered 15 min. prior to morphine, physostig- 
mine produced a substantial increase in the death rate, especially 
at the higher doses of the latter; 100% fatality, regardless of the 
day, resulted from the combination of0.005 mg. physostigmine and 
400 mg./kg. morphine. 

It was also observed that the injection of saline 15 min. prior to 
morphine administration did not result i n  any noteworthy change in 
the normal maternal symptoms produced by the narcotic. 

Tables I-IV, which contain the cumulative mean values for each 
experimental group. give the results obtained from the various 
categories employed in the teratological aspect of this study. 

Exenreplicdy (Hertiinred Brnin)-The observed fetal and litter in- 
cidences of offspring manifesting herniated brains are tabulated in 
Tables V-VIII. and Fig. 1 contains representative specimens ex- 
hibiting this anomaly. 

By referring to these tahles, it can be seen that of all the agents 

and combinations tested, only 3 0 0  mg./kg. morphine and 3 0 0  mg./ 
kg. morphine precedctl by 50 mg./kg. atropine administered on Day 
8 produced a significant incidence of exencephaly when compared 
with saline controls. The combination of alropine and 300 nig./kg. 
morphine on Day 8, although insignificant when compared with 
300 mg./kg. morphine on Day 8 on n litter basis. was significant 
when compared on a fetal basis. This combination resultcd in the 
greatest incidence of exencephaly. in which fivc out of six litters. 
totaling I 3  exencephalic fetuses. exhibited this abnormality. 

A significant decrease in the number of litters displaying exen- 
cephaly when compared with tlie respective dose and day of mor- 
phine administration was observed only in the group recciving the 
combination of 0.005 mg. physostigmine and 300 mg./kg. morphine 
on Day 8. The administration of physostigmine alone on Day 8 pro- 
duced exencephalies in two litters. which borders on being signifi- 
cant. 

The Occurrence of this anomaly was not apparently influenced by 
either uterine horn (right rersus left) or po5ition. because the defect 
was evenly divided between the horns and no particular position 
was favored irrespective of the treatment employed. Furthermore, 
this defect did not appear to be sex related. since a predominance of 
the malformation was not observed in either sex. Many of the exen- 
cephalic fetuses also had open eyes, a condition not observed even 
in untreated fetuses at regular parturition. 

Other So3 Tissue Ueferts-In addition to exencephaly and its re- 
lated defects, retardation of testicular descent (cryptorchid testes) 
(Fig. 2) was the only other soft tissue anomaly that occurred a t  a 
significant degree. The results of the various test agents upon tes- 
ticular descent are depicted in Tables V-VIII. 

Some other soft tissue malformations observed in this study are 
as follows: At least one fetus exhibiting hydronephrosis was ob- 
served in groups administered saline: 200. 300. and 400 mg./kg. 
morphine; and physostigmine and 200 mg./kg. morphine on Day 8. 
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Table In-Mean Values of Test Groups Receiving Combination Treatments" on Day 8 

Resorption 
Fetal Ratio, Ratio, Soft Tissue Skeletal 

Maternal Weight Right Horn/ Right Hornl A? Fetal Sex Ratio, Abnormal- Abnormal- 
Treatment Ratio, SIT Left Horn Left Horn , Weight. g. MIF ittes ities 

Saline, 0.3 ml., and 
saline, 0.3 ml. 

Saline, 0.3 ml., and 
morphine, 200 mg./kg. 

Saline, 0 . 3  ml.. and 
morphine, 300 mg./kg. 

Atropine, 50 mg./kg., 
and morphine, 200 
mg./kg. 

Atropine, 50 mg./kg., 
and morphine, 300 
mg.lkg. 

Physostigmine, 0.005 
mg., and morphine, 
2C0 mg./kg. 

Physostigmine, 0 " 5  
mg., and morphine, 
300,mg.lkg. 

Atropine, 50 mg./kg., 
and physostigmine, 
0.005 mg. 

26,0147.2' 

26.8144.7 

27. V I 4 8 . 7  

28. Zd/42. Od 

27.2150.7 

26,2148.2 

2 4 , 8 1 4  .O 

28.3149.5 

5,216.2 

4.2d/5.7 

4.515.0 

4.013.2 

4.316.3 

4.3d/6.0 

6.213 . 3  

4,516.2 

0 .  3010. 80 

0.20/0.20 

0.3010.30 

0.6710.67 

0.67/0.83 

0.00dl0.33 

0.33/0.00 

0.00/0. 17 

1.17 

I .03 

1.05 

1.11 

1.05 

1 . 1 5 d  

1.03 

1.03 

7.014.2 

4.415.0 

5.315.2 

3.513.7 

5 .0/5.7 

5.315.0 

6 .  812.7d 

5.814.8 

0.20 

0.17" 

1.50 

1 .OO 

3.33 

1 .x3  

0.83 

1 .00 

0 . 7  

3 . 8  

9.3d 

10.8 

10.3d 

8 . 3  

10.3d 

8 . F  

~~~ 

a With 15-min. interval between injections. S = starting weight and T = terminal weight. Statistically significant in comparisun with salinc cun- 
Statistically significant in comparison with single injections of the respective dose of morphine. p < 0.05. trol. p < 0.05. 

Bloody heniisphcres (internal hemorrhage) were a common ob- 
servance in the physostigmine groups on cither Day 8 or 9. The 
50 mg./kg. atropine and 300 mg./kg. morphine combination pro- 
duced the greatest array of soft tissue anomalies (Fig. 3). including 
sirenomelus, exencephaly. cryptorchid testes. cranioschisis, gastro- 
schisis. facial abnormality involving the snout and jaw, and ophthal- 
ornodisgenesis. 

Skeletal nbnormolitieu--Tablcs I -IV show the high incidence of 
skeletal malformations that resulted from treatment on either Day 
8 or 9 with various agents. Among the most common of these ob- 
served defects were delayed ossification in the phalanges. sternebrae, 
and skull, especially the supraoccipital bone, and rib and vertebral 
fusions (Tables V V111). 

Results of Radio-Sodium Experiment  the I2 mice comprising 
the control group were injected with 0.3 mi. normal saline 5 min. 
prior to the intravenous administration of the radio-sodium isotope. 
Three animals then were sacrificed a t  5-.  lo - ,  1 5 ,  and 20-min. inter- 
vals each. 

The mean values generated for the placentas and fetuses at the 
various time periods following drug pretreatment were then com- 
pared with the mean values obtained for saline; significance was 
determined by Student's i test ('Table IX). Only morphine at the 
5- and 15-min. intervals exhibited a significant ditference when the 

placental valucs were cornparcd ( t  > 2.77, p < 0.05). Comparison of 
the fetal values resulted in significant differences being observed for 
both atropine and morphine at 5 inin. and for the atropine-morphine 
combination at 10 min. ( I  > 2.77. p < 0.05). 

Results of Blood Sugar Experiment-Two blood wmples were 
withdrawn from each of the six mice constituting one of 10 experi- 
mental groups, with the second samplc being taken 20 min. after the 
designated treatment o f  the respective animal. The mean change per 
group in either Day 8 or 9 is delineated in Table X. 

The increases in blood sugar observed with the 200- and 30()-1ng./ 
kg. doses of morphine administered on Day 8. when comparcd with 
saline controls, resulted in significant differences. All three doses of 
morphine employed on Day 9 were significantly different. An inter- 
dose comparison of morphine, however, resulted in no significant 
difference5 being observed on either Day 8 or 9. 

DISCUSSION 

The most profound etfect exerted upon the maternal mouse fol- 
lowing the injections of morphine, atropine, physostigmine, and 
various combinations thereof was death, resulting from acute 
toxicity. Single injections of the doses employed proved nonlethal 

Table 1V-Mean Values of Test Groups Rcceiving Combination Treatments" on Day 9 

Resorption 
Fetal Ratio, Ratio, Soft Tissue Skeletal 

Maternal Weight Right Horn1 Right Hornl .y Fetal Sex Ratio, Abnormal- Abnormal- 
Trea tmen t Ratio, SIT" Left Horn Left Horn Weight. g. M/F ities ities 

Saline. 0 .3  mi., and 
saline. 0 . 3  ml. 

Saline, 0.3 mi.. and 
morphine, 200 mg./kg. 

Saline. 0 . 3  ml., and 
morphine, 300 mg./kg. 

Atropine, 50 mg./kg., and 
morphine, 200 mg./kg. 

Atropine, 50 mg./kg., and 
morphine, 3 0  mg./kg. 

Physostigmine, 0.005 mg., 
and morphine, 200 mg./kg. 

Physostigmine, 0.005 mg., 
and morphine, 300 mg./kg. 

Atropine, 50 mg./kg., and 
physostigmine, 0.005 mg. 

25.3145.W 

25.8146 4 

26.2142 .0 

26.3145.3 

26.0145.8 

26.0141 . 8  

26.3/45.2 

26.5147.5 

5.014.2 

5.614.2 

3.714.5 

5.315.2 

5.714.5 

4.213.5 

6.313.8 

5.714.5 

0.20/0.30 

0.40/0.60 

0. 5010, 50 

0.3310.67 

0.3310.83 

0.17l0.50 

0.00/0.67 

0.3 3/0.33 

1.10 

1.08 

0 .  98d 

0.96 

1 .05d 

1.01 

I .04d 

0 . 9 9  

3.714.7 

5,814.0 

3.8,'4.3 

5.315.2 

5.513.7 

4.713.0 

6.813.3 

4.516.2 

0.20 

0 . 4 0  

1 . 3 0  

0 .83  

0 .33  

1.67" 

1 .33d 

0 .67  

5.7c 

2.6 

9.7d 

10.8 

7 . g d  

11.7 

12. 8d 

10.3 

I' With 15-inin. interval between injections. I, S = starting weight and T = terminal w i g h t .  Statistically significant in comparison with saline con- 
trol, p < 0.05. Statistically significant in comparison with single injections of the respective dose of morphine, p < 0.05. 
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Figure I-Exencephalic fetuses and nornml littermate after fixation. 
Upper le f r  and right: exencephalic .fetu.se.s with open eye. Middle: 
normal fetus. Lower left mid right: esencephalic ,fetuses with  closed 
eyes. 

except in mice receiving 400 mg./kg. morphine on either Day 8 or 
9. Both 0.005 mg. physostigmine and 50 mg./kg. atropine, ad- 
ministered 15 min. prior to this dose of morphine, resulted in the 
deaths of all animals so challenged. Consequently. combinations of 
400 mg./kg. morphine with other test agents were deleted from the 
remainder of the study. Atropine or physostigmine administered 15 
min. before the 20@ and 3Wmg./kg. doses of morphine also in- 
creased the mortality rate, with the greatest enhancement occurring 
on Day 8; 81 %, 27 out of 33, succumbed following the 50 mg./kg. 
atropine and 300 mg./kg. morphine combination. The incidence of 
deaths observed in the various groups should be borne in mind when 
considering the anomalies produced by different combinations. be- 

Figure 2-Specimetr.s e.uhibiting cryptorchidism. Orientation of 
section: spinal cord and kidneys 01 top; bladder and testes on each 
side, in center at bottom. Upper left and right and lower left: right 
rmilaterirl cryptorchidimi. Middle: normul section. Lower right: 
bilateral cryptorchidism. 

retarded testicular descent is not clear at  this time, conceivably as 
growth continues the normal descent of the testes may occur. 
Zondek and Zondek (20) also reported that failure of testicular 
descent and anencephaly occur concomitantly. 

The reversible anticholinestcrase agent. physostigmine, when used 
alone, produced a total of two exencephalic fetuses (one in each of 
two different litters), significant retardation of testicular descent, 
and no axial skeletal fusions. The cryptorchid testes and the ob- 

cause defects can be obscured by the production of maternal or fetal 
death (18). Furthermore, death may actually be secondary to the 
malformation (18). for the insult ma) be of such seierit) that the 
fetus may not surviw. 

The combination of 50 mg./kg. atropine followed in 15 min. by 
0.005 mg. ph)sostigmine protcd to be nontoxic on Days 8 and 9. 
attesting to the rclative innocuousness of t h i \  combination i n  the 
doses employed when compared with their lethal actions when uked 
in combination with rnorphinc. Another interesting observation was 
the increase in acute toxicit) follouing the saline and 300 mg./ky. 
morphine injections. Evidently, the mere trauma of an injection pre- 
ceding morphine administration i, substantial enough to cause 
death. 

The present study demomtrated that more exencephalic fetuses 
were observed when the gravid animal was treated with 300 mg., kg. 
morphine on Day 8. while treatment on Da) 9 uith morphine (all 
three doses) resulted in a greater number of fetuse3 displaying axial 
skeletal fusions. This combination of defect\. r.e.. exencephaly and 
axial skeletal fusions, is not unusual. On the contrary, Book and 
Rayner (19) contend that deficiencies in skeletal and muscle develop 
ment are secondarj to a primary anomaly of the central nervous 
system (CNS). 

Pretreatment with saline 15 min. prior to the morphine injection 
produced no significant defects cornpared hith morphine alone. 
thereby negating the possibiliiy that trauma of injection is involved 
in the subsequent induction of  anomalies u hen a drug IF admini\- 
tered before morphine. Thuefore, the observance of a signilicant 
difference i n  the incidence of anomalies, i.e., exencephaly and axial 
skeletal fusions, following pretreatment of morphine administra- Figure 3-E~ampIes of obserred gross defects fdlowing the 50-mg./ 
tion with a drug must be interpreted as an interaction between the kg .  crtropine-300-mg./kg. morphine combination administered 
agent and morphine. on Doy 8. Upper left atid right: fetrrses demorrstmting gastroschisis 

Another soft tissue anomaly found in significant numbers was and cratrioschisis, respectirely. Middle: fetus exhibiting faciul ano- 
cryptorchid testes, which was generally observed to be associated maly. Lower left und right: jktnres displaying sirenomelus und runt 
with a decreased mean fetal weight. Although the importance of formation with open eye, respecticely. 
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Table V-Occurrence of Exencephaly, Axial Skeletal Fusions, and Cryptorchid Testes with Treatment on Day 8 

Exencephaly-------. , Cryptorchid Testes-- -----Axial Skeletal Fusions---- 
-Litters--- ----Fetuses- - - -- Litters -. - - -Fetuses - --. -Litters-- -Fetuses- 

Treat- Ab- Ab- Ab- Ab- Ab- Ab- 
ment Normal normal Normal normal Normal normal Normal normal Normal normal Normal normal 

Control 6 0 59 0 6 0 12 0 6 0 28 0 

Saline, 6 0 72 0 6 0 24 0 6 0 34 0 

Mor- 5 1 68 1 3 30 I1 30 6 0 34 0 

(un- 
treated) 

0 3 ml. 

phine, 
200 
mg./kg. 

phine, 
300 

Mor- 3 3a 60 3 4 2 12 30 6 0 31 0 

mg./kg. 
Mor- 5 1 61 1 5 1 15 1 5 1 33 1 

phine, 
400 
mg./kg. 

Atrooine. 5 I 60 1 6 0 18 0 6 0 31 0 
50' 
mg./kg. 

PhySostlg- 4 2 48 2 3 30 7 70 6 0 25 0 
rmne, 
0.005 
mg. 

Saline, 6 0 68 0 5 1 15 0 6 0 34 0. 
0 . 3  mi., 
and 
saline, 
0 . 3  ml. 

sulfate, 
60 
mg./kg. 

Sodium 6 0 51 0 6 0 13 0 6 0 25 0 

I' Significant (X)z > 3.84 = significantly different from saline control. 

Table VI-Occurrence of Exencephaly, Axial Skeletal Fusions, and Cryptorchid Testes with Treatment on  Day 9 

--__ Ehencephaly---- --- -- - -Cryptorchid Testes---- -----Axial Skeletal Fusions 

Trzat- Ab- A b- Ab- Ab- Ab- Ab- 
men1 Normal normal Normal normal Normal nornial Normal normal Normal normal Normal normal 

- -  -Litters- - --Fetuses- --Litters-- --- Fetuses- ----- Litters ---- --- Fetuses---- 

Saline, 
0 .3  ml. 

6 

5 

0 

1 

61 

61 

0 

1 

6 

6 

0 

0 

16 

17 

0 

0 

6 

5 

0 

1 

30 

27 

0 

3 Mor- 
phine, 
200 
nig./kg. 

Mor- 
phine, 
300 
mg./kg. 

Mor- 
phine, 
400 
mg.!kg. 

Atropine, 
50 
mg./kg. 

Ph ysost ig- 
mine, 
0.005 
mg. 

Saline, 
0 .  3 mi., 
and 
saline, 
0 . 3  ml. 

Sodium 
sulfate, 
60 
mg.!kg. 

6 52 0 4 2 12 2 3 20 

6 0 57 0 5 I 17 1 5 1 25 

6 

6 

0 

0 

66 

59 

0 

0 

6 

4 

0 

2 

12 

10 

0 

30 

1 

0 

32 

30 

1 

0 

6 0 45 0 5 1 21 0 6 0 23 0 

0 15 32 6 0 63 0 6 0 6 0 0 

" Signiticaiit (X)? > 3.84 - significantly different from saline control. 
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Table VII-Occurrence of Exencephaly, Axial Skeletal Fusions, and Cryptorchid Testes with Treatment on Day 8 (Compared with 
Morphine, 200 or 300 mg./kg.) 

--------Exencephaly- 7 d r y p t o r c h i d  Testes----- ---- Axial Skeletal Fusions-- 
Litters- -Fetuses- -- Litters- --- Fetuses- -- Litters- -Fetuses- 

ment Normal normal Normal normal Normal normal Normal normal Normal normal Normal normal 

--- 
Treat- Ab- Ab- Ab- Ab- Ab- Ab- 

Saline, 6 0 59 0 5 1 12 1 6 0 28 0 
0 . 3  ml., 
and 
mor- 
phine, 
200 
mg./kg. 

Saline, 5 
0 . 3  ml., 
and 
mor- 
phine, 
300 
mg./kg. 

Atro- 6 
pine, 
50 mg./ 
kg., 
and 

1 53 4 2 4 10 5 5 1 24 3 

0 43 0 5 1 6 4 4 2 20 2 

mor- 
phine, 
200 
me./kg. 

Atro- 5 
pine, 
50 mg./ 
kg., 
and 
mor- 

I 51 130 4 2 8 3 3 3a 26 6-3 

phine, 
300 
mg./kg. 

Physostlg- 6 
mine, 
0.005 
w.9 

and 
mor- 
phine, 
200 
mg./kg. 

Physostlg- 6 

n 62 0 1 5 8 8 6 0 31 0 

0 57 0 2 4 18 1 6 0 28 0 
mine, 
0.005 
me., 
and 
mor- 
phine, 
300 
me./kg. 

Significant (X)? > 3.84 = significantly different from single morphine injection. 

capability of morphine to induce both exencephaly and axial skeletal 
fusions. This is evident from the increased incidence of exencephalic 
fetuses: five out of six litters, totaling 13 fetuses, following the 50- 
mg./kg. atropine and 300-mgJkg. morphine combination on Day 
8. Most combinations of atropine and morphine on both Days 8 and 
9 resulted in greater numbers of axial skeletal fusions than with 
morphine alone. Although atropine has been used as an antidote 
in morphine poisoning (21) and has been shown to antagonize the 
Straub tail reactions produced by morphine (22). recent investiga- 
tions conducted elsewhere indicate an “additive synergism” between 
atropine and morphine in producing death in mice (23). Hence, 
the enhancement of acute toxicity by atropine pretreatment of 
morphine-injected mice observed in the present study is in agreement 
with the latter study. 

The fact that morphine has been shown to exert an effect upon the 
placental vasculature (lo), plus the awareness that atropine has been 
reported to abolish certain actions produced by acetylcholine upon 
this structure (24), provided the impetus for this segment of the in- 
vestigation. The importance of the placenta in the exchange occur- 
ring between the maternal and fetal organisms with respect to agents 
such as oxygen, nutrients, and glucose cannot be overemphasized. 

servable skeletal defects were, in all cases, associated with the in- 
hibition of fetal growth. The administration of physostigmine 15 
min. prior to morphine did not increase the incidence of exencephaly 
or axial skeletal fusions. However. on the contrary, a significant de- 
crease in the number of exencephalic fetuses resulted from the com- 
bination of physostigmine and 300 mg./kg. morphine administered 
on Day 8. Also. the combination of physostigmine and 200 mg./kg. 
morphine administered on Day 8 resulted in a significant reduction 
in the resorption ratio as compared with morphine, while the same 
combination on Day 9 resulted in a significant increase in the in- 
cidence of cryptorchid testes. Therefore, although apparently not 
involved in the production of the two major anomalies observed 
following morphine administration, the effect of growth retardation 
exerted by physostigmine possibly is responsible for the augmented 
number of fetuses exhibiting cryptorchid testes. 

Atropine injection alone resulted in the production of no signif- 
icant anomalies. Only one exencephalic fetus and one fetus exhibit- 
ing axial skeletal fusions were induced following 50 mg./kg. atropine 
on Days 8 and 9, respectively. 

The results obtained from the combination studies with atropine 
and morphine clearly indicate a potentiation of the teratogenic 
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Table VlIl-Occurrence of Exencephaly, Axial Skeletal Fusions, and Cryptorchid Testes with Treatment on Day 9 
(Compared with Morphine, 200 or 300 mg./kg.) 

~~ ~ ~~ ~~ ~ ~~ ~ ~~ ~~~ 

Exencep ha1 y Cryptorchid Testes ----Axial Skeletal Fusions- -- - -. 
-Litters? --- Fetuses--. -- Litters--- -- Fetuses- - -. ,- Litters- ,--- Fetuses- 

men1 Normal normal Normal normal Normal normal Normal normal Normal normal Normal normal 
’Irea t- Ab- Ab- Ah- Ah- Ah- Ab- 

Saline, 6 
0 .3  ml., 
and 
mor- 
phine, 
200 
mg./kg. 

Saline, 5 
0 . 3  ml., 
and 
mor- 
phine, 
300 
mg./kg. 

A@- 5 
pine. 

m6.i 
kg., 
and 

O 59 O 5 1 13 1 6 0 28 n 

1 48 1 1 5 9 6 3 3 16 6 

1 62 1 4 2 12 2 n 6“ I 6  1 4a 

mor- 
phine, 
200 
mg./kg. 

Atro- S 
ptnc, 
50 mg./ 
kg., 
and 
mor- 
phine, 
300 
mg./kE. 

mine. 
0.005 

and 
mor- 
phine, 
2ou 
mg./kg. 

mine, 
0.005 
mg.. 
and 
nior- 
phine, 
300 
m d k s .  

I’hysostlg- 4 

mg., 

Physostig- 6 

I 60 I 5 I I I  I 2 4 23 7 

2 44 2 2 7 50 3 3 17 6 

0 61 0 I S 17 8 I 5 23 7 

~ ~~ ~~ 

Significant (A’)’ > 3.84 L significantly diffcrcnt from sin& morphine injection. 

Consequently, the possibility exists that interference in the trans- 
port of any or all o f  thc above by the action of an agent on the pla- 
cental vcssek, on either the inaternal or fetal side, could have detri- 
mental elfects on the conceptus. 

The results of the radioisotope study (Table 1X) demonstrated 
that. following niorphine administration, constriction of the mater- 
nal placental vessels occurred at tlie Emin. interval, followed by 
vasodilation at the IS-inin. interval. Comparison of tlie eiTects of the 
drugs upon the fetal side howed that both atropine and morphine 
produced constriction at the Emin. interval. while the comhina- 
t ion  of atropine and morphine still caused constriction after 10 
min. 

The initial vasoconstriction of the placental vasculature by nior- 
phine i/r c i c o  is similar to that ohserved in the perfuseti human 
placenta ( 10). This action conceivably could precipitate a reduction 
in the amount of oxygen accessible to the fetus. with the subscquent 
production of congenital inalforniations or even death. Therefore, 
the fact that atropine prolonged morphine vasoconstriction of the 
placental vessels, plus the increased incidence of ;~noinalies following 
the administration of this combination, leads to a good cause-and- 
e l k c  relationship. I:urthcr substantiation of this possibility has k e n  
provided hy others who clamped the uterine vessels in the rodent, 

which resulted in hoth severe inalforniations and death of thc fetus 
(25). In addition, atropine has been reported to cause a fall in mean 
arterial oxygen tension (26) ,  a condition not unlike that produced 
by morphine (27), which also reduces the extraction of oxygen from 
the blood circulating through the brain. Also, morphine has been 
reported to decrease fetal brain oxygen for a t  least SO min. (28). 
Furthermore. an overdose of morphine early in gestation has re- 
sulted in the birth of a malformed child (B) ,  attributed to the acute 
anoxia caused by morphine. 

lngalls er af .  (4) induced anencephaly, cryptorchid testes, and rib 
fusions by exposing mice to decreased oxygen concentrations. 
These anomalies were the most prominent defects observed in the 
present study. Moreover, hydramnios, also observed in this study in 
association with every case of excncephaly, wits present where 
anencephalic fetuses were found in the above study (4). Also, lngalls 
and Curley (30), i n  another investigation, found cranioschisis. rib 
and vertehral tnalformations, and opcn eye in mice rendered 
hypoxic. Again. these abnormalities were also observed in the prcs- 
cnt study. In addition. Grabowski (31), utilizing chicks, noted 
“tremendous edema.” blisters, hematomas, and the ultimate defects 
of “exocephaly,” defective eyelids. and short upper beaks following 
exposure to reduced oxygen concentrations. 
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Table IX--Mean Percent of **Na Activity in Placentas and Fetuses of Selected Test Groups Compared with Saline 

Time Elapsed 
after Isotope 
Administra- Mean Percent of Mean Percent of 

Group tion, min. *2Na in Placenta S D  *”a in Fetus S D  

Saline 

Atropine sulfate, 
50 mg./kg. 

Physostigmine sulfate, 
0.005 mg. 

Morphine sulfate, 
300 mg./kg. 

Atropine, 50 mg./kg., and 
morphine, 300 mg./kg. 

5 
10 
15 
20 

5 
10 
15 
20 

5 
10 
15 
20 

5 
10 
15 
20 

5 
10 
15 
20 

36.79 
36.61 
38.29 
39.40 
32.82 
41 .Oh 
39.95 
38.30 
34.18 
40.09 
38.68 
48.78 
21 .57. 
37.93 
43.25“ 
47.68 
32.69 
30.69 
42.65 
43.12 

4 ~ 3 . 4 0  
r t4 .49 
kl.66 
*8.18 
rt3.04 
f 7 . 2 2  
zt5.76 
=L6.30 
f 3 . 7 3  
r t 2 . M  
*8.20 
3 ~ 5 . 3 2  

1 1 1 . 4 0  
f5.05 
zk2.36 
f 7 . 7 0  
& I  .92 
jz5.74 
r t5 .12 
+2.41 

9.81 
14.47 
17.29 
20.69 
7.63a 

13.98 
16.03 
20.26 
7.93 

13.24 
17.43 
21.98 
5.390 

11.42 
16.06 
20.97 
8.17 
8.60“ 

18. IS 
22.31 

i-1.61 
r t l . 4 2  
+ I  .(x) 
+2.62 
f 0 . 2 9  
+3.20 
f 2 . 2 9  
1-1.54 
i t 0 .73  
iz0.61 
1: 1 .30 
1 2 . 3 8  
+3.10 
t 2 . 3 8  
k 1 . 9 2  
C6.17 
*0 52 
f 2 . 6 9  
f 3 . 6 9  
f1.21 

Significant t > 2.776 = p < 0.05 calculated from Studcnt’s t test = significantly diffcrcnt from saline control. 

Table X-Observed Change in Blood Sugar on Either Day 8 or 9 

Treatment 

Blood 
Sugar 

Change, 
mg./100 S E  Po 

Untreated control-Day 8 0 . 9  1 0 . 9 5  0.20 

Morphine, 200 mg./kg.-Day 8 57.9“ f l0 .04  0.001 
Morphine, 300 mg./kg.-Day 8 42.20 f 10.30 0.02 
Morphine, 400 mg./kg.--Day 8 33.7 f 1 2 . 0 5  0.10 
Untreated control-Day 9 4 . 5  f 0 . 8 9  0.80 

Morphine, 200 mg./kg.-Day 9 50.70 f 1 5 .  35 0.02 
Morphine, 300 mg./kg.-Day 9 49. la f 6 . 8 5  0.001 
Morphine, 400 mg./kg.--Day 9 34.6a 3=3.07 0.001 

Saline control-Day 8 8.0 f 4 . 1 3  - 

Saline control---Day 9 5.2 zk1.38 -~ 

a Significant t > 2.776 = p < 0.05 calculated from Studcn!’s I test 
= significant increase in glyccmic response comparcd with saline con- 
trol. 

The fact that hypoxia produces various biochemical changes, e.g., 
an increased utilization of glycogen stores with a subsequent in- 
crease in blood glucose and lactic acid (32), plus the knowledge that 
hyperglycemia in mice precipitates a decrease in brain glycogen 
concentration(33) stimulated the third aspect of this particular study. 
All three doses of morphine employed on both Days 8 and 9 pro- 
duced increases in blood glucose when compared with controls 
(Table X), with the greatest increase occurring at  the lowest dose 
and the smallest increase occurring at the highest dose, respectively. 
This phenomenon can possibly be explained by the term “auto- 
interaction” (M), in which a drug noncompetitively antagonires its 
initial effect, as the concentration is increased, by becoming attached 
to a second receptor. Besides, it has been reported that high maternal 
blood sugars are accompanied by high fetal blood sugars (35). The 
acceptance of these facb enables one to assume that the afore- 
mentioned decrease in brain glycogen (33) precipitated by glucose 
administration also occurred in this study in response to the mor- 
phine-induced hyperglycemia. Since Runner (3) hypothesized that 
carbohydrate metabolism may be selectively critical for the morpho- 
genesis of the embryonic neural tube, the above-mentioned hyper- 
glycemia and resultant effects produced by anoxia upon carbo- 
hydrate metabolism cannot be completely excluded as possible 
factors contributing to morphine-induced congenital malformations. 
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Residual Ethylene Oxide in 
Gas-Sterilized Medical-Grade Silicones 

J. D. WHITE*. and T. J. BRADLEYt 

Abstract [_I Re<idual gas was extracted from ethylene oxide-treated 
silicone sheets by high vacuum distillation, and the residue sub- 
sequently was analyxd hy GLC. To indicate the necessary aera- 
tion time of the materials before they can be considered safe 
to use, the desorption characteristics of ethylene oxide in three types 
of the silicone polymer were studied. Very rapid desorption of the 
gas to low residual levels was observcd i n  the two nonreinforced 
silicone rubbers examined: medical-grade silicone sheeting and a 
medical-grade elastomer. The third material, Dacron-reinforced 
silicone sheeting, lost the gas at a considerably slower rate, after an 
initial rapid drop. due to retention by the Dacron reinforcement. 

Keyphrases u Silicone sheets. medical grade -absorption and 
diffusion of ethylene oxide after gas sterilization 0 Ethylene oxide 
gas sterilization--absorption and ditfusion from medical-grade 
silicone sheets n Sterilization with ethylenc oxide -absorption and 
ditrusion from medical-grade silicone sheets 

During the last couple of decades, there has been an 
ever incrcasing trend to utilize synthetic rubber and 
plastics in  medical instruments and equipment as well 
as i n  permanent or semipermanent implants and 
prostheses. Because many synthetic materials are heat 
labile, conventional dry heat or autoclaving processes 
have becn substituted by low temperature sterilization 
methods, 

One such method is ethylene oxide gaseous steriliza- 
tion, and its relative merits have already been well 
documented. However, one serious disadvantage of 
sterilization with this gas is that ethylene oxide remains 
in  the material, and its presencc in a polymeric device 
can prcsent potential toxicological problems if the gas is 
rclcased to tissue. Only in recent years, with the increas- 
ing use of GLC. has it been discovered that various 
types of polymeric materials may contain reaction 
products of ethylene oxide other than ethylene glycol, 
such as the highly toxic ethylene chlorohydrin (2-chloro- 

ethanol) which is formed in the presence of chloride ions 

Medical-grade silicones are widely used in tissue 
implants and can be successfully sterilized both by 
conventional methods and by ethylene oxide. With the 
latter method, there is uncertainty concerning the reten- 
tion time of the gas, together with the possibility of 
cytotoxic reaction products. Thcse considerations 
prompted this study. 

(1  1 2). 

TIIEORY 

I f  there is a uniform distribution of a dissolved gas in a thin slab 
of material and the surfaces are suddenly exposed to iero 
partial pressure of the gas and maintained at  that. the gas 
begins to clear from the material. I t  can he shown ( 3 )  that. after 
an initial period during which the mean gas concentration in the 
medium decreases by 10 207::. the concentration at all points 
decreases exponentially with the same half-time: 

where: 

Ti I = half-time (sec.) 
L = thickness of material (cm.) 
D = diffusion coefficient (cm.* sec- l )  xonstant for a given gas, 

temperature, and material 

Thus, i f  the total amount of dissolved gas can be calculated as a 
function of time, the diffusion coefficient can be deduced from the 
slope of the exponential (which indicates the time taken for the 
concentration of dissolved gas to decrease by half) and the thickness 
of the medium; repeating the experiment with a different thickness 
of the material provides a check on the value. 

The TI;? of Eq. 1 is also a measure of the rate of diffusion iiiro 
the material. 

Tahle I shows the diffusion coefficient of ethylene oxide i n  several 
plastics at 23”. Knowledge of the diffusion coefficient of ethylene 
oxide in a particular material a t  room temperature should permit 
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