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Reproductive toxicology 

ETHANOL is a teratogen in humans as well as animals 
(1-3). In animals, a route of exposure which produces high 
blood ethanol levels, such as gavage or liquid diet (34), also 
produces teratogenicity, although data are less compelling 
by routes which do not produce high blood alcohol levels 
[such as inhalation in our previous research (25,26) or when 
added to drinking water (34)]. Ethanol is one of a series of 
structurally-related alcohols which are widely used as indus- 
trial solvents, and to which workers could potentially be 
exposed, primarily by inhalation. Most alcohols have not 
been assessed for their ability to produce malformations or 
behavioral dysfunction following prenatal exposure. Since 
data from structurally-related compounds often serve to 
predict toxicity, the possibility that alcohols other than 
ethanol are also teratogenic raised concerns from both an 

applied, as well as a scientific, perspective. Furthermore, 
"Richardson's  Law," based on toxicity data from several 
species of experimental animals, predicts that the toxicologi- 
cal properties of aliphatic alcohols increase with their 
molecular weight (32). By extension, this " Law"  raises 
further concerns about the potential teratogenicity of heavier 
alcohols. Thus, due to their large potential exposure popula- 
tion and their structural similarity to a known teratogen, we 
began investigating the teratogenicity of a series of aliphatic 
alcohols. 

Because of its close structural similarity to ethanol, 
l-propanol (n-propyl alcohol) was the first in the series (after 
ethanol) to be studied for behavioral teratogenicity. As an 
industrial solvent, l-propanol is used in polishing com- 
pounds, brake fluids, degreasing agents, antiseptics, and 

1This research was conducted under the Good Research Practices program of the Division of Biomedical and Behavioral Science, which is 
based upon the 1978 guidelines of Good Laboratory Practices issued by the Food and Drug Administration. The animal facility is accredited 
by the American Association of Accreditation of Laboratory Animal Care. Mention of product or company names does not constitute 
endorsement by NIOSH. 

153 



154 NELSON ET AL.  

food products. A 1983 review (35) concluded that 1- 
propanol's narcotic effects are stronger than those of 
ethanol, but that its low volatility would not make it danger- 
ous to humans following inhalation exposures. Occupational 
exposure standards of  200 ppm (time-weighted averages) 
have been established by the Occupational Safety and 
Health Administration (29 CFR 1910.1000) and recom- 
mended by the American Conference of  Governmental 
Industrial Hygienists (30). 

Developmental toxicity information on l-propanol is lim- 
ited. Grant and Samson (12) compared the ability of  ethanol 
and 1-propanol to produce microcephaly in neonatal rats. 
Using an intragastric catheter, they administered 3-8 g 
l-propanol/kg body weight (mean blood levels of  212___120 
mg%) to Long-Evans rats on postnatal days 5-8. On 
postnatal day I8, animals were sacrificed and the brains 
examined for microcephaly both by weight and biochemical 
measures. They found that microcephaly was produced by 
l-propanol, similar to that observed with ethanol (247+43 
mg%) and teritiary-butanol (48---13 mg%). Their conclusion 
that l-propanol exposure during periods of  brain growth re- 
tards brain development, as well as the close structural simi- 
larity of  1-propanol and ethanol, suggested that behavioral 
dysfunction may occur in postnatal rats following prenatal 
exposures to l-propanol in this concentration range. 

Only one study in the literature has investigated the 
teratogenicity of  l-propanol. Nelson et al. (27) found that 
inhalation of  10000 ppm l-propanol for 7 hr/day on gestation 
days 1-19 [producing maternal blood levels of  6.6 mg/dl or 
mg%; interestingly, this was much lower than the blood level 
of  164 mg/dl seen in (nonpregnant) young rats weighing 110-- 
120 g] was maternally toxic, increased resorptions, and was 
teratogenic. Externally, approximately one-third of  the 
fetuses were malformed, having either a short or missing tail 
or ectrodactyly. Skeletal malformations (primarily rudi- 
mentary cervical ribs) and visceral malformations (primarily 
cardiovascular and urinary defects) were seen in each of  the 
12 surviving litters and in approximately one-fourth of  the 
fetuses examined. At 7000 ppm l-propanol (blood levels of  
4.2 mg/dl), maternal feed intake was slightly reduced from 
controls, but weight gain was not affected. Resorptions were 
not increased above control levels, but fetal weights were 
reduced by nearly 20% from controls, and the incidence of 
skeletal malformations was increased from that of  controls (9 
of  15 litters or 19 of 95 fetuses affected, compared with one 
fetus from a similar number of controls). At 3500 ppm 
l-propanol (blood levels of 2.5 mg/dl), no significant adverse 
effects were noted either in maternal animals or fetuses. 

While these studies indicated that developmental toxicity 
can be seen at high levels of  l-propanol, behavioral terato- 
genicity might be seen at much lower concentrations, as has 
been reported for other agents (33). 2-Ethoxyethanol, a glycol 
ether which is structurally related to propanol, was found to 
produce behavioral and neurochemical alterations in the off- 
spring of rats. These alterations were seen at concentrations 
about half those which produced malformations (100 vs. 200 
ppm administered for 7 hr/day during gestation) (22). 

The Nelson et al. study (27) noted above served to iden- 
tify doses for the present behavioral teratology study. This 
study followed a pattern in previous behavioral teratology 
studies (33), in which a high concentration was sought that 
would produce minimal maternal toxicity and no (or a low 
incidence of) malformations. For the low concentration, an 
absence of  maternal and embryo/fetal toxicity was desired. 
Thus, concentrations of  7000 and 3500 ppm 1-propanol were 

selected. There has been recent interest in the effects of 
paternal exposure on offspring development: ethanol (5) and 
a number of other drugs (4, 28, 36) have produced positive 
findings such as growth retardation, malformations, fetal 
death, and behavioral and neurochemical alterations. There- 
fore, the present study included not only females exposed to 
l-propanol throughout gestation, but also groups of  males 
exposed to l-propanol and subsequently mated to nonex- 
posed females. 

METHOD 

Inhalation Exposures 

Exposures were conducted in 0.5 cubic meter Hinners 
exposure chambers (Charles Spengler and Associates, Cin- 
cinnati, OH) as previously described (27). Briefly, a mi- 
crometering pump controlled injection of a specified amount 
of  reagent grade l-propanol (Matheson, Coleman, and Bell 
Manufacturing Chemists, Cincinnati, OH) into one inlet of  a 
three-way valve. Through a second inlet, heated compressed 
air was introduced, and the liquid-air mixture was forced 
through the outlet into a Greensmith impinger for evapora- 
tion and mixing. The concentration was controlled by mod- 
ifying the flow of  the chemical and the temperature of  the 
compressed air. This vapor mixture was introduced into the 
exposure chamber air flow upstream from an orifice plate, 
and the resulting turbulence provided uniform mixing of  the 
vapor and air before it entered the chamber. Air flow was 
approximately 0.5 m 3 per minute. Chamber temperatures 
were maintained at 76---2 ° and humidity at 50---1(1%. 

The concentration within the chamber was continuously 
monitored by a Miran 1A infrared analyzer (Wilkes/Foxboro 
Analytical, South Norwalk, CT) that had been calibrated 
within the concentration range being administered, and was 
connected to a stripchart recorder. Daily mean, range, and 
time-weighted average concentrations were calculated. 
These daily values were averaged for an overall mean for 
each concentration. In addition, the analyzer was interfaced 
with an Apple I I+  computer which recorded five-minute 
l-propanol concentration means for each five-minute period. 

For independent verification of exposure chamber con- 
centrations, charcoal tube samples were collected from the 
chamber atmosphere. Sampling times varied from 10 to 30 
min, and approximately 13 samples were collected over a 
two-day period each week. The samples were subsequently 
analyzed using standard methods (10). Bulk samples of 
propanol were analyzed by a gas chromatograph equipped 
with a flame ionization detector, and found to be of  purity 
equivalent to that of  the standard sample (>99%). Target 
exposure concentrations were 7000 and 3500 ppm. As expo- 
sures were conducted approximately three months apart, 
separate control groups were run for the two concentrations 
of  propanol. 

Experimental Animals 

Virgin female Sprague-Dawley rats (VAF/plus; 175-200 g; 
Charles River Breeding Laboratories, Wilmington, MA) 
were acclimated to our animal quarter conditions during a 
one- to two-week quarantine. As maintained throughout the 
study, these conditions were: Lights on from 7:00 a.m. to 
7:00 p.m., temperature of  24-2°C, humidity of 50---10%, 
NIH-07 rodent pellets (Zeigler Bros., Inc., Gardner, PA) and 
tap water available ad lib except when the animals were in 
the exposure chambers. Males from the same supplier 
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weighed over 300 g and were housed individually. Females 
were housed three per cage, in suspended wire mesh cages 
equipped with automatic water dispensers (Hoeltge Inc., 
Cincinnati, OH). 

For breeding, females were placed individually with 
males. Each morning, the paper under each male's cage was 
examined for sperm plugs. If no plugs were detected, vaginal 
smears were taken. Females with sperm (gestation day 0) 
were assigned without bias to treatment groups and placed 
individually into polycarbonate shoe box cages with filter 
covers. Bedding was hardwood sawdust (Absorb-dri from 
Zeigler Bros., Gardner, PA). Maternal weights, feed intake, 
and water intake were measured over weekly intervals (viz., 
measurements on gestation days 0, 7, 14, and 21). On gesta- 
tion days 1-19, exposed and sham-exposed females (target 
N=  15/group) were placed in the exposure chambers for 7 
hr/day, and were left in the chambers for an additional 15 min 
for degassing after vapor generation terminated. 

Other males [N= 18/group (consisting of three sets of six 
males with exposures beginning on succeeding weeks), ini- 
tial weights approximately 450 g] were similarly exposed for 
7 hr/day, 7 days/week, for 6 weeks, and weighed weekly. 
After two nonexposure days, they were mated (1:1) with 
unexposed virgin females for a maximum of 5 days. All ex- 
cept the last six males were discarded, and for comparison 
purposes, the females were handled in the same manner as 
sham-exposed females. Because of infertility observed in the 
males exposed to the high level of propanol, the final six 
exposed males were remated at biweekly intervals to see if 
the infertility was reversible. These animals were not in- 
cluded in the behavioral teratology phase. 

On gestation day 21, females were placed in clean bed- 
ding, given a paper towel for nest construction, and left un- 
distrubed until after parturition. Within 16 hr after parturi- 
tion, the dam was weighed, as was her litter. From those that 
had nursed, four female and four male pups (-+1) were arbi- 
trarily selected and fostered to untreated dams which had 
delivered within the preceding 48 hr. Two pups from each of 
5 foster litters were used as unhandled controls for neuro- 
chemistry (described later). All other exposed dams and 
extra pups, including those from the foster dams, were dis- 
carded. Although the occurrence was rare, litters not having 
at least three pups of each sex (i.e., an abnormal sex ratio) 
were discarded. Rats were weaned on day 25, and weighed 
individually on days 7, 14, 21, 28, and 35 (birth=day 0). 

Behavioral Testing 

Seven behavioral tests spanning postnatal days 10 
through approximately 90 (Table 1) have been utilized in our 
laboratory to evaluate various central nervous system func- 
tions (neuromuscular ability, activity, and learning) at sev- 
eral stages of development (22, 23, 26). Female and male 
pups were selected randomly, ear-marked, and assigned to 
test groups on postpartum day 10. For each test, one female 
and one male were used from each litter. Investigators in- 
volved with the animal testing were not aware of the treat- 
ment groups to which individual subjects belonged. Details 
of the testing procedures have been published elsewhere 
(23,26). Briefly, the tests were as follows: 

1. The Ascent test was conducted using a 6 mm-wire 
mesh screen inclined 70 ° from horizontal; it was adminis- 
tered for a maximum of 60 sec on days 10, 12, 14; time on the 
screen and distance climbed were measured. 

2. The Rotorod test used a 9-cm (diameter) rod which was 

TABLE 1 

BEHAVIORAL TESTS AND DAYS OF TESTING IN BEHAVIORAL 
TERATOLOGY STUDY (SEE TEXT FOR EXPLANATION) 

Behavioral Function 
Tests Group* Tested Days of Age 

1. Ascent on 1 Neuromuscular 10, 12, 14 
wire mesh 

2. Rotorod 1 Neuromuscular 21, 25, 29 
3. Open field 2 Exploratory 16, 17, 18; 

and activity 30, 31, 32; 
4. Automated 44, 45, 46; 

open field 58, 59, 60 
5. Activity 2 Circadian 32-33 

wheel activity 
6. Avoidance 1,2 Aversive Begun days 

conditioning learning 34, 60 
7. Operant 3 Appetitive Begun day 40 

conditioning learning 

*Rats in the same group were administered the tests in the order 
shown. 

10 cm long and positioned 48 cm above a sawdust-cushioned 
box; the rod surface was coated with sand permanently af- 
fixed to the rod's surface. The test was administered on days 
21, 25, and 29 to the same rats used for the Ascent test. 
Testing began at 6 rpm, and this rate was increased at 3 rpm 
intervals until the animals had five unsuccessful trials. The 
maximum rpms attained for each day were used for data 
analysis. 

3. The Open Field test consisted of a 1-m diameter floor 
marked into grids, housed in an enclosure which was t/2 m 
high. One female and one male per litter were tested for 3 
min/day in 3-day test blocks: 16, 17, 18; 30, 31, 32; 44, 45, 46; 
and 58, 59, and 60 days after birth. The number of grids 
entered during each three-day test block were summed for 
analysis. 

4. An optical-digital animal activity monitor (Opto- 
Varimex ©, Columbus Instruments International Corp., Co- 
lumbus, OH), placed in an acoustically-shielded audiometric 
chamber, was used to assess activity in the same animals 
tested in the Open Field apparatus. This assessment oc- 
curred immediately following the Open Field test. The 
number of photobeam interruptions for 3 min/day for each of 
the 3-day test blocks was used as the measure of activity. 

5. Running wheel activity was measured for approx- 
imately 24 hr on days 32-33. Two Wahman activity wheels 
were placed in a sound-attenuated chamber, and the data 
were summed and divided into day and night activity scores. 

6. For avoidance conditioning, two BRS/LVE shuttle 
boxes were housed in sound-attenuated chambers, and each 
box had a 4-cm partition in the center. Scrambled electric 
shocks (0.7 mA) could be delivered to either side of the grid 
floor. The warning stimulus was a 5-sec tone (nondirectional 
cue). Times between trials varied between 15 and 45 sec, 
with a mean of 30 sec. Two sets of animals were used for this 
tes t --one set (those rats used for the Ascent and Rotorod 
tests) beginning on day 34, and the other set (the rats used in 
the Open Field and Opto-Varimex © tests) beginning on day 
60. Animals were given 20 trials per day for a maximum of 14 
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T A B L E  2 

REGIONAL CONCENTRATIONS OF NEUROCHEMICALS IN BRAINS FROM 21-DAY-OLD PUPS FOLLOWING PRENATAL 
EXPOSURE TO 1-PROPANOL (MEAN -+ SD) 

Neuro- Unhandled 
chemical Maternal Control Control Maternal Paternal Control 

7000 ppm 3500 ppm 

Protein (mg/sample) 
CR* 10.74 ___ 1.60 12.88 ± 1.10 10.64 ±_ 1.90 9.14 ± 1.11 8.76 ± 0.59 9.35 ± 1.80 
CBt 5.79 --- 1.16 8.25 ± 2.98 5.19 --- 1.19 4.49 ± 0.90 4.57 ± 0.51 4.59 ± 0.53 
BS~ 3.44 ± 1.09 4.53 ± 0.65 3.17 ± 0.87 3.05 ± 0.69 3.32 ± 0.29 3.08 ± 0.96 
MB§ 4.39 _+ 1.35 5.63 ± 0.80 5.74 ± 1.23 3.54 - 0.82 4.24 ± 0.39 3.99 ± 1.01 

Acetylcholine (pmole/mg protein, x 10 -2) 
CR 1.3 ± 1.2 0.6 ± 0.8 0.3 ± 0.5 1.0 ± 1.1 0.2 ± 0.4 0.2 ± 0.5 
CB 0.2 ± 0.8 0.2 ± 0.4 1.6 ± 1.3 2.3 -+ 2.7 1.2 ± 1.2 0.5 -+ 0.8 
BS 2.6 ± 3.0 0.6 ± 0.9 0.6 ± 0.7 1.2 - 0.5 4.8 ± 4.8 1.1 ± 1.1 
MB 0.6 ± 0.7 2.3 ± 2.4 1.4 ± 1.0 1.0 ± 1.1 5.0 ± 5.0 1.6 ± 1.5 

Serotonin or 5-hydroxytryptamine (pg/p.g protein) 
CR 14.55 ± 0.92 18.95 ± 2.84 
CB 1.19 ± 0.98 3.02 ± 1.40 
BS 9.27 ± 5.67 6.82 ± 2.82 
MB 12.63 ± 3.65 19.87 ± 5.6 

Dopamine (pg/Izg protein) 
CR 1.55 ± 0.30 0.90 ± 0.28 1.97 ± 0.93 
CB 05 0 0 
BS 0 0 0 
MB 0.76 ± 0.36 0.44 ± 0.25 1.60 _+ 1.06 

Norepinephrine (pg//zg protein) 
CR 0.28 ± 0.08 0.19 ± 0.04 0.36 ± 0.10 
CB 0.17 ± 0.13 0.09 ± 0.04 0.23 ± 0.11 
BS 0.87 ± 0.46 0.43 ± 0.11 0.67 ± 0.31 
MB 0.95 ± 0.16 0.64 ± 0.09 1.27 ± 0.35 

/3-endorphin (pg/txg protein) 
CR 0.20 --- 0.11 0.24 ± 0.10 0.29 ± 0.14 
CB 0.079 ± 0.050 0.087 ± 0.035 0.117 ± 0.067 
BS 1.65 ± 1.43 0.75 ± 0.43 0.73 ± 0.75 
MB 0.52 ± 0.18 3.78 ± 2.41 3.12 ± 1.45 

Substance P (pg//zg protein) 
CR 0.I0 ± 0.04 0.11 ± 0.03 0.13 ± 0.04 
CB 0.009 ± 0.009 0.007 ± 0.007 0.01 -- 0.01 
BS 0.23 ± 0.06 0.17 ± 0.05 0.23 ± 0.08 
MB 0.30 -+ 0.12 0.31 ± 0.05 0.38 -+ 0.11 

Met-enkephalin (pg//xg protein) 
CR 0.090 ± 0.014 0.093 ± 0.029 0.081 ± 0.009 
CB 0.002 ± 0.004 0.002 ± 0.004 0 
BS 0.026 ± 0.028 0.016 ± 0.016 0 
MB 0.13 --- 0.09 0.13 ± 0.07 0.12 ± 0.03 

15.67 ± 3.82 19.26 ± 8.55 14.93 ± 3.50 16.23 ± 4.81 
3.47 ± 1.84 3.50 --- 1.68 4.52 ± 1.56 3.58 ± 2.17 
8.41 ± 5.82 8.86 ± 3.82 10.30 ± 6.75 14.39 ± 9.56 

19.48 ± 6.41 19.57 ± 5.19 17.55 ± 4.30 21.22 ± 12.74 

2.37 -+ 0.68 2.33 ± 0.74 1.72 -+ 0.83 
0 0 0 
0 0 0 

0.99 ± 0.73 1.08 ± 0.55 1.73 ± 1.93 

0.42 ___ 0.09 0.46 --- 0.14 0.33 --- 0.11 
0.29 --- 0.09 0.40 _+ 0.14 0.33 - 0.16 
1.05 ± 0.36 1.25 ± 0.27 0.92 ± 0.24 
1.61 ± 0.66 1.45 ± 0.28 1.32 - 0.47 

0.18 --- 0.05 0.21 -+ 0.05 0.18 ± 0.10 
0.086 ± 0.055 0.130 -+ 0.071 0.137 --- 0.033 

0.63 -+ 0.19 1.48 _ 1.19 0.73 ± 0.41 
2.47 _+ 2.24 2.80 ± 2.16 1.76 ± 1.48 

0.46 ± 0.24 0.52 ± 0.39 0.22 ± 0.19 
0.048 ___ 0.048 0.13 ± 0.09 0.057 --_ 0.080 

0.77 ± 0.47 0.79 ± 0.50 0.48 ± 0.31 
0.98 -+ 0.54 1.22 ± 0.70 0.31 ± 0.11 

0.117 ± 0.027 0.117 ± 0.025 0.080 ± 0.018 
0 0.002 __ 0.004 0.002 _+ 0.004 

0.015 -- 0.014 0.022 ± 0.015 0.011 _+ 0.014 
0.08 -+ 0.06 0.14 ± 0.04 0.08 _+ 0.08 

*Cerebrum, tcerebellum, ~brainstem, §midbrain, ¶nondetectable. 

d a y s  fo r  l e a rn ing  (def ined  as  r e a c h i n g  a c r i t e r ion  o f  f o u r  o r  
f e w e r  s h o c k s / d a y  for  t w o  c o n s e c u t i v e  days )  a n d  10 d a y s  fo r  
e x t i n c t i o n  ( two  c o n s e c u t i v e  d a y s  o f  16 o r  m o r e  n o n r e s p o n s e  
t r ials) .  

7. O p e r a n t  c o n d i t i o n i n g  w a s  c o n d u c t e d  in C o u l b o u r n  t e s t  
c a g e s  w h i c h  w e r e  h o u s e d  in s o u n d - a t t e n u a t e d  cub ic l e s .  E a c h  
cage  h a d  r e s p o n s e  l e v e r s  l oca t ed  on  b o t h  s ides  o f  a cen t r a l ly  
l oca t ed  w a t e r  d i p p e r  and  t r o u g h .  T h e  d i p p e r  w a s  ac t iva t ed  

b y  a r e s p o n s e  w h i c h  p r o v i d e d  a c c e s s  to the  w a t e r  fo r  3 sec.  
A na ive  g r o u p  o f  a n ima l s  w a s  m a g a z i n e - t r a i n e d  for  30 
m i n / d a y  on  d a y s  40 a n d  41, and  they  w e r e  a u t o s h a p e d  ove r -  
n ight  o n  day  41. T h e  r e i n f o r c e d  r e s p o n s e  l eve r  w a s  al ter-  
n a t e d  o n  s u c c e s s i v e  d a y s ,  and  the  ra t s  w e r e  p laced  on  a 
p r o g r e s s i v e  f ixed- ra t io  s c h e d u l e  o f  r e i n f o r c e m e n t  fo r  1.5 
h r / d a y  unti l  t hey  no  l o n g e r  r e s p o n d e d  suf f ic ien t ly  to  r ece ive  
r e i n f o r c e m e n t .  
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Neurochemistry 

One female and one male which had received no prior 
testing were selected randomly from five litters and sac- 
rificed by focussed microwave irradiation (6,18) on postnatal 
day 21 for analysis of  protein and seven putative neuro- 
transmitters: Acctylcholine (ACh), dopamine (DA), seroto- 
nin or 5-hydroxytryptamine (5-HT), norepinephrine (NE), 
substance P (sub P), /3-endorphin (/3-end), and Met- 
enkephalin (M-enk). Because o f  infertility in the paternal 
animals exposed to 7000 ppm l-propanol, no samples could 
be collected from this group. In place of  this group, brains 
were taken from l0 offspring of  foster dams which were not 
handled or weighed ("unhandled controls" in Table 2). 
These were compared with the brains from the regular 
sham-exposed controls to determine the effects of  handling 
on brain neurochemistry. The brain was separated into four 
general brain regions: Cerebrum, cerebellum, brainstem and 
midbrain as previously described (23), and samples were fro- 
zen at -80°C until assayed. 

Brain samples were homogenized by sonication in 8 ml of  
0.1 N HCI. Aliquots were removed for determination of 
protein (2.0/xl) (16); ACh (25/zl) [(11) as modified (14,17)]; 
DA (50/xl) (8); NE (50 tzl) (8); 5-HT (10/zl) (29); sub P (20/xl) 
(20); r -End  (200/~1) (19); and M-enk (75/xl) (19). Samples 
were randomized for processing sequence, and the assays 
were performed using a single-blind procedure. 

Statistical Analyses 

Behavioral data were analyzed using multivariate analysis 
of  variance (MANOVA) where the data fit normal distribu- 
tional assumptions required for parametric analyses (7,15). 
However, nonparametric tests were thought to be more ap- 
propriate in the majority of  cases, so an m-ranking procedure 
was used (7). Repeated measures analyses were conducted 
where appropriate. All groups at 7000 ppm l-propanol were 
included in one analysis, and those at 3500 ppm were in- 
cluded in a second analysis. Because of  the time difference 
between exposures in the 7000 and 3500 ppm l-propanol 
groups, no direct comparisons between the groups were 
deemed justified. In all cases, p~0.05 was required for signif- 
icance. When the same group of  animals was used for multi- 
ple comparisons, Bonferroni (7,21) corrections were made to 
adjust the probabilities required for significance. 

The neurochemical data were also analyzed using MAN- 
OVA, followed by analysis of  variance (ANOVA) if the 
MANOVA was significant. MANOVA is used to reduce the 
probability of  making Type I errors when multiple dependent 
measures are analyzed. A Litter/Exposure Group x Region 
design was used for this analysis. Litter was nested within 
Exposure Group, and Region was treated as a within-litter 
variable. The Greenhouse-Geisser correction was used on all 
within-litter main effects and interactions. Because of  the 
small number of  degrees of  freedom, probabilities of  mul- 
tivariate test statistics could not be calculated accurately for 
the main effect of  Region and the Group × Region interac- 
tion. Consequently, the critical probability for each ANOVA 
(0.05) was divided by the number of dependent measures (8) 
to obtain a critical probability (0.0063). 

RESULTS 

Maternal~Paternal Observations 

The exposures were maintained at the target concentra- 
tions throughout the study. For the 62 exposure days at 7000 

ppm, the daily means (-+SD) from hourly infrared analyzer 
readings averaged 7030(_+80) ppm (daily means generated 
from the 5-rain computer means were virtually identical), 
with charcoal tube samples averaging 7010(_+60) ppm. At 
3500 ppm, the exposure also continued for 62 days, with 
daily means averaging 3510(_+20) ppm and charcoal tubes 
averaging 3510(___ 10) ppm. 

The number pregnant/number bred were 17/17 for 
maternally-exposed rats, 2/16 for paternally-exposed rats, 
18/18 for controls, and 38/40 for foster rats in the 7000 ppm 
l-propanol group. In spite of  sperm plugs apparent for 16 
paternally-exposed males (one male died as a result of  fight- 
ing with a cage-mate, and another did not mate), only two 
litters resulted. One had a litter of  12, and the other had a 

• litter of only two pups. Because of  the infertility in the ex- 
posed male group, the last six exposed males were retained 
(the other males had been sacrificed before the infertility was 
noted) and mated at biweekly intervals. One of these was the 
male which produced the litter with 12 pups. The number of 
males which produced litters were as follows: In week 1, 1 of  
6 produced litters (viz. the one just discussed); in week 3, 2 
of  6; in week 5, 4 of  6; in week 7, 4 of 6; in week 9, 4 of 6; in 
week 11, 3 of  6; in week 13, 6 of 6; and week 15, 6 of  6. Thus, 
once a male sired a litter, he was generally fertile thereafter. 
At 3500 ppm l-propanol, the number pregnant/number bred 
was 17/18 for maternally-exposed rats, 17/18 for paternally- 
exposed rats, 18/18 for controls, and 52/56 for foster dams. 

Although a group of  sham-exposed males was not in- 
cluded, the lack of weight gain in the exposed males 
suggested that their weight gain was retarded during the first 
week of  exposure, but likely normal thereafter. Weekly 
mean weights (_+SD) for the six weeks the males were ex- 
posed to 7000 ppm propanol were 444(_+40) g, 444(_+38) g, 
466(___36) g, 489(-+38) g, 511(-+38) g, and 528(-+40) g. For 
those exposed to 3500 ppm propanol, the weights Were 
510(-+24) g, 504(_+26) g, 514(-+29) g, 527(_+30) g, 539(__-32) g, 
and 554(+_34) g. Weight gain of  exposed females (compared 
using multivariate analysis) was not affected by exposure to 
l-propanol. Feed intake (compared using an m-ranking tech- 
nique) was reduced (p<0.05) in the females exposed to 7000 
ppm propanol (weekly means_+SD for the exposed vs. con- 
trol groups were 107(_+13) vs. 134(-+20) g, 122(_+12) vs. 
145(-+18) g, and 137(-+14) vs. 158(_+18) g. At 3500 ppm 
1-propanol, there were no significant effects on maternal 
weight gain or feed intake. No significant differences were 
found among any of  the groups for the number of  live pups 
per litter, the length of  gestation, the birth weights, or 
neonatal survival. 

Examination of  the offspring revealed that 2 of  15 litters 
from the 7000 ppm l-propanol maternally exposed group had 
several pups (2-3/litter) with crooked tails (noted soon after 
birth), and these defects persisted. There were no effects on 
offspring weight gain at either exposure concentration. Sex 
differences in weights became apparent on day 28. 

Behavior 

The behavioral data are not included because the control 
groups' data were published in a comparison of  control 
groups from two studies (25) and because there were so few 
differences from controls in this study. The data can be ob- 
tained from the senior author. 

At 7000 ppm l-propanol, exposed animals were not signif- 
icantly different from controls on any of  the tests. At 3500 
ppm 1-propanol, the only significant differences between ex- 
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posed animals and controls were in the activity measures. In 
the Open Field test, females from the paternally-exposed 
group were less active than the controls on days 44, 45, and 
46. On the activity wheel, this same group was less active 
than the controls. In the optical activity monitor, males in 
the maternally-exposed group were less active than control 
males on days 44, 45, and 46. No other significant differences 
were observed. 

Neurochemis try  

The main effect of Exposure Group was not significant for 
either 7000, F(4,16)= 1.77, p =0.31--including the unhandled 
control group, or 3500 ppm 1-propanol, F(6,16)=1.86, 
p =0.23. As expected, there were significant differences be- 
tween Regions for most neurochemicals (Table 2; statistical 
data not shown). None of the ANOVAs for the Group x 
Region interaction were significant. 

DISCUSSION 

The scarcity of effects seen in this behavioral teratology 
investigation of l-propanol is surprising. Based upon exten- 
sive work with ethanol and on limited research with other 
alcohols [specifically, 1-propanol administered to neonatal rats 
(12) and tertiary-butanol to pregnant mice (9)], 1-propanol 
seemed likely to produce behavioral teratogenic effects. We 
had previously reported that inhalation exposure to 
methanol was teratogenic in rats but that inhalation exposure 
to ethanol was not (24L Compared to controls, ethanol was 
found to produce quantitative changes in the steady state 
concentration of a small number of neurochemicals in off- 
spring of rats exposed prenatally to high concentrations of 
ethanol (16,000 ppm for 7 hours/day). In spite of extensive 
literature reporting behavioral teratogenic effects of ethanol 
(1-3), however, no behavioral changes were seen in our 
study (26). The absence of behavioral effects was presumed 
to be due to the relatively low blood levels we achieved using 
inhalation exposures of ethanol (25,26). 

In behavioral teratology research, behavioral effects have 
generally been seen at lower concentrations than those 

which produce structural malformations (33). As reported 
previously (27), 7000 ppm l-propanol, albeit producing low 
blood levels in mature rats, is a teratogenic concentration; 
this was confirmed by the litters in this study having crooked 
tails. Behavioral and neurochemical effects were, however, 
rare or nonexistent. The relatively high variability in the 
neurochemistry data may have precluded significance. It is 
unclear whether the lack of effects is a result of the tests, 
species selected, or the dosing regimen (including the low 
blood levels we obtained), or if l-propanol simply does not 
produce behavioral teratogenic effects. The behavioral tests 
used in the present study are typical of those used in the field 
(22), and have demonstrated sensitivity to the prenatal ef- 
fects of the industrial solvent 2-ethoxyethanol via inhalation 
exposures in rats in this laboratory. The nonsignificance of 
l-propanol effects suggests that "Richardson's  Law," which 
predicts that toxicity to adult animals increases with increas- 
ing molecular weight of the alcohols, does not apply to the 
developmental effects of this alcohol. Additional research 
will be needed to replicate and confirm this anomaly. 

One finding from this study was unexpected: Exposure of 
male rats to 7000 ppm 1-propanol for 6 weeks produced re- 
versible infertility. This observation deserves replication using 
methods designed to detect direct effects on the sperm or 
ejaculate, and on the males themselves [e.g., (28, 31, 37, 
38)]. The lack of such effects at 3500 ppm indicates that high 
concentrations are required to produce the observed infertility. 

In summary, it seems unlikely that l-propanol will 
produce functional effects at levels lower than those required 
to produce malformations. As these levels generally are ma- 
ternally toxic, the present results indicate that 1-propanol is 
not a selective developmental toxicant, and exposure to con- 
centrations of l-propanol currently permitted in the work- 
place will likely not result in behavioral teratogencity. 
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