different from that of denitrification.
Much remains to be understood about
microbial N,O production and consump-
tion in soils and in freshwater and marine
environments before a cause-and-effect
relationship can be established between
man’s activities and perturbation of the
earth’s stratospheric chemical reactions.
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Impaired Brain Growth in Neonatal Rats Exposed to Ethanol

Abstract. Infant rat pups, fed through intragastric cannulas from postnatal day 4
through day 18, showed a 19 percent reduction in total brain weight when ethanol
was included in their diet on days 4 through 7. This reduction in brain weight oc-
curred even though body growth in the experimental rats was equal to that of their
littermate controls. The ethanol-exposed animals were markedly hypoactive during
the period of drug administration, then displayed gross body tremors for 3 to 5 days.
Throughout the study, the animals treated with ethanol had poor motor coordination
and were hyperresponsive. These brain and behavioral effects appear similar to

those seen in fetal alcohol syndrome.

Consumption of alcoholic beverages
by women during pregnancy has been
widely described as a significant threat to
normal fetal development, and the con-
stellation of anomalies in infants born to
women who have done so has been la-
beled fetal alcohol syndrome (FAS).
Three major signs are considered neces-
sary for the diagnosis of FAS: (i) central
nervous system (CNS) dysfunction, (ii)
growth deficiencies, and (iii) a specific
facial dysmorphology (I). In children
with FAS, the CNS dysfunction may be
a result of microcephaly and abnormal
brain development (2). It is not yet clear
how much and how often ethanol must
be consumed by pregnant women to
cause impaired brain development in
their children.

In the course of development, the
brain goes through several periods of
rapid growth during which it is extremely
vulnerable to exogenous insults (3). In
humans, the period of rapid development
known as the brain growth spurt begins
at mid-gestation, peaks in the third tri-
mester, and ends by the third postnatal
year (3). Although this period occurs in
all mammals, its timing relative to birth
varies among species (4); in the rat, the
brain growth spurt occurs during the first
15 days after birth, with a peak at post-
natal days 6 to 8. This variable timing
poses a considerable problem if the rat is
used to model the effects of ethanol on

the brain development of offspring of hu-
man mothers. Also, ethanol adminis-
tered directly to rat pups may interfere
with their ability to feed properly, result-
ing in a nutritional deficiency. Alterna-
tively, if ethanol is administered to the
mother and subsequently to the pups
through her milk, two additional experi-
mental complications can occur. First,
the amount of ethanol each pup receives
daily could be variable, and second, eth-
anol could interfere with lactation (5). In
the present study, we used an artificial
rearing procedure in which the neonate
is provided the required total daily nutri-
tion independent of the mother (6-8).
This method of artificial rearing is an ex-
cellent means of examining accurately
the effects of ethanol on brain develop-
ment of animals at times comparable to
those at which human fetuses might be
exposed.

Adult female rats (Long-Evans) were
individually housed with adult males and
checked daily for the appearance of cop-
ulatory plugs. The day of plug appear-
ance was designated as gestational day 0
(GD 0). (All further age references are
based on this day.) The females were
then individually housed in breeding
cages and given free access to food and
water for the remainder of their preg-
nancy. At parturition, the eight largest
pups were culled from each litter. Litters
of less than eight pups were not used. On
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Fig. 1. (A) Represen-
tative brains from two
18-day-old rat pups of
comparable body
weight. The brain at
left was removed
from a control pup;
the brain at right,
from an ethanol-ex-
posed pup. (B) Body
and brain weights for

18-day-old control
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GD 26 (approximately postnatal day 4),
the pups were lightly anesthetized with
halothane and implanted with intragas-
tric cannulas (6-8). Each pup was then
placed in a plastic cup (11 cm in diame-
ter, 7.5 cm deep) floating in a water bath
(40°C). The cannulas were connected to
syringes (10 cm?®) that were filled with
milk formula and mounted on infusion
pumps (9). The infusion pumps were pro-
grammed to infuse the milk for 20 minutes
every 2 hours, 24 hours a day. After the
12th infusion each day, the pumps were
disconnected, the syringes washed and
refilled, and the cannulas flushed with
demineralized water. In addition, each
animal’s cannula assembly was checked
and adjusted as necessary to accommo-
date the animal’s growth. On GD 26
through 29, half the littermates were in-
fused with an ethanol-milk formula [3
percent ethanol (by volume) on the first
day, 5 percent on the second, 1 percent
on third, and 5 percent again on the
fourth (10)]. The other half received only
the milk formula. In order to determine
blood ethanol levels, a 10-ul blood
sample was taken from the tip of the
tail after the second day of ethanol ad-
ministration (/7).

After the 4-day exposure to ethanol,
all the rats were infused with only the
milk formula for the rest of the study.
Beginning on GD 27, we gave the ani-
mals a battery of reflex tests: righting,
negative geotaxis to a 30° slope, free-fall
righting, and cliff avoidance (/2). On GD
40 the animals were killed and, after car-
diac perfusion with buffered Formalin,
their brains were removed. The brains

were stored in buffered Formalin for 5
days before being weighed on an analyti-
cal balance. Size measurements with a
vernier caliper (accuracy, 0.05 mm) were
made of total anterior-posterior length
(from the posterior cerebellum to the
frontal lobes), maximum cerebral width,
anterior-posterior cerebral hemisphere
length, cerebellar width, and vermis
length. Brain volume was measured by
liquid displacement in a 25-ml graduated
cylinder (accuracy, = 0.1 ml).

Three litters (a total of 24 animals)
were used in three experiments, with one
litter per experiment. During the experi-
ments, four animals died (two controls
and two experimentals), primarily as a
result of unsuccessful attempts to re-
place pulled cannulas.
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Fig. 2. Daily mean body weights for the eth-
anol-exposed and control groups.

Total weight of brains from the eth-
anol-exposed rats was 19 percent less
than that of the control brains (P < .01)
(Fig. 1). Also, the volume displaced by
the brains of the experimental animals
was 31 percent less than that displaced
by the control brains (P < .001). These
deficits were reflected in the size mea-
surements, with the ethanol-exposed an-
imals having smaller cerebellums (15
percent narrower, P < .001; vermes
were 13 percent shorter, P < .01) and
smaller cerebral hemispheres (6 percent
shorter, P < .05) than the controls.

Daily body weights of the experimen-
tal rats did not differ significantly from
those of the controls during the study
(Fig. 2). Blood ethanol concentration af-
ter the first 2 days of ethanol administra-
tion ranged from 171.5 to 278.6 mg/dl
(mean, 221.1 * 36.64).

There were striking behavioral differ-
ences between the two groups. During
ethanol administration [particularly on
the days following 5 percent ethanol in-
fusion (GD 27 and 29)], the experimental
animals appeared heavily sedated, per-
forming the reflex tests with great diffi-
culty or not at all. For example, on the
righting task, all control animals righted
themselves, whereas only 25 percent of
the ethanol-administered animals were
able to do so, and even then they took
significantly longer than the controls
(mean time for experimentals, 13.9 sec-
onds; for controls, 2.1 seconds; P
< .01). Impaired performance on all the
reflex tests persisted for several days af-
ter exposure to ethanol, but by GD 39
there were no differences between the
experimental and control groups in the
righting and cliff-avoidance tasks; how-
ever, the former were still significantly
slower at performing negative geotaxis
(P < .05), and fewer righted themselves
during free fall (three of ten experimen-
tals compared with seven of ten con-
trols). Of the various reflex tests, these
last two require the greatest motor coor-
dination, indicating a possible motoric
deficit in the ethanol-exposed animals.

Immediately after the end of ethanol
administration, the pups experienced
continuous body tremors that at times
were quite severe and that occurred not
only during the daily testing but also
when the animals were in the water bath.
This period of tremors lasted 3 to 5 days
after discontinuation of ethanol adminis-
tration. Similar tremors during the first
few days of life have been reported for
human infants born to alcoholic mothers
(13). Even after the tremors ceased, the
animals remained hyperresponsive to
innocuous stimuli (for example, the
pups squeaked when touched lightly).
Further, they appeared uncoordinated



in their movements—especially move-
ments involving the hind limbs—through-
out the study.

Whereas the administration of ethanol
for only 4 days during the brain growth
spurt did not interfere with body growth,
it had a marked effect on brain growth,
particularly that of the cerebellum. The
cerebellum grows at a faster rate than the
rest of the brain during the spurt; cere-
bellar development consequently tends
to be particularly vulnerable to insults
during this period (/4). [Our results con-
firm those of another experiment, in
which ethanol was administered to rats
by inhalation throughout the preweaning
period (/5).] However, the fact that eth-
anol administration produces substantial
growth deficits in other brain areas dur-
ing the brain growth spurt should not be
ignored. This is especially important
when accounting for the observed be-
havioral deficits.

Whether or not the developing CNS
would compensate, given time, for the
brain growth and behavioral deficits seen
by GD 40 remains to be determined. Al-
though there was gradual improvement
of motor coordination in the experimen-
tal animals, the hyperreactivity showed
no indication of change.

Blood ethanol levels induced in these
rats were high, but still within the range
seen in human female chronic alcoholics
(16). Since alcohol passes the placenta
easily, and since fetal blood ethanol lev-
els approximate those of the mother (17),
it is likely that the fetus of a drinking
mother would experience these levels of
exposure.

It is clear that while ethanol may act as
a teratogen early in an organism’s devel-
opment (/8), there are critical periods
later in development that may also be
vulnerable to the influence of ethanol.
Although it is difficult to make direct
comparisons between species, the pres-
ent data suggest that ethanol could have
a toxic effect on the development of the
human CNS relatively late in gestation,
particularly during the third trimester. In
fact, clinical studies have reported that
when mothers who are heavy drinkers
abstain or reduce their alcohol intake
during the third trimester, fewer abnor-
malities occur in their offspring than in
those of mothers who continue heavy al-
cohol consumption (/9). The present
study has added to the evidence by dem-
onstrating that ethanol exposure rela-
tively late in development can cause mi-
crocephaly, one of the three major com-
ponents of FAS.

JAIME Diaz
HerMAN H. SaMsoN
Department of Psychology, University
of Washington, Seattle 98195
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The Peculiar Roles of Odor and Taste in Memory for Poison

Abstract. When either taste or odor alone was followed by poison, rats acquired a
strong aversion for the taste but not for odor, especially if poison was delayed.
When odor-taste combinations were poisoned, however, odor aversions were poten-
tiated, as if odor could gain the enduring memorial property of taste by associative

contiguity.

Strong associations are formed when
consumption of a distinctive flavor is fol-
lowed by visceral feedback on a single
occasion. Flavor aversions have been
acquired by human patients eating ice
cream before undergoing chemotherapy,
by wild predators eating the flesh of their
prey tainted with toxic lithium, and by
laboratory rats drinking saccharin water
before being injected with noxious sub-
stances; flavor preferences have been
acquired when saccharin water is fol-
lowed by recuperation from illness or
thiamine deficiency (/). This associative
process resembles classical condi-
tioning, with the flavor acting as the con-
ditioned stimulus (CS) and the visceral
feedback acting as the unconditioned
stimulus (UCS); it differs in that the fla-
vor CS is selected over other stimuli in
the feeding situation and in that long CS-

UCS intervals can be spanned with ease.

There are other differences. In classi-
cal conditioning, when strong and weak
stimuli are combined into a compound
CS, the strong component overshadows
or blocks conditioning to the weak com-
ponent. In flavor-visceral conditioning
the opposite is true for laboratory rats;
strong taste stimuli facilitate condi-
tioning to odors which are weak signals
for slow-acting poison when used alone
(2). Wild predators show a similar effect.
Coyotes that feed on the tainted flesh of

. their prey and become ill quickly learn to

avoid live prey without biting, as if the
odor were a sufficient signal for poison.
Of course, the predators we tested had
prior experience with prey, which sug-
gests that prior associations of prey odor
with prey taste might facilitate the poten-
tiation of odor by taste at the time of poi-
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