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ABSTRACT: Zinc (Zn) treatment given together with acute ethanol
in early pregnancy has previously been demonstrated to protect
against physical birth abnormalities in mice. The current study
examined whether this Zn treatment (s.c. injection) can also prevent
the more subtle cognitive impairments caused by ethanol exposure in
early pregnancy. Pregnant C57BL/6J dams were injected with saline
(0.85% wt/vol NaCl) or 25% ethanol (0.015 mL/g body weight)
intraperitoneally at 0 and 4 h on gestational d (GD) 8. ZnSO4 (2.5 �g
Zn/g at 0 h) treatment was administered by s.c. injection immediately
following ethanol treatment. Offspring were randomly selected from
litters for each of the three treatment groups and were tested at 55 and
70 d of age using a cross-maze water escape task for spatial learning
and memory impairments consecutively. No differences were ob-
served between treatments for the spatial learning task. However,
young adult mice exposed to ethanol in utero demonstrated impaired
spatial memory, with a decrease in correct trials and increased escape
latency and incorrect entry measurements, compared with saline-
treated controls. In comparison, offspring given s.c. Zn treatment at
the time of ethanol exposure were not cognitively impaired, perform-
ing at the same level as control mice in the cross-maze escape task.
These findings indicate that critically timed Zn administration can
limit spatial memory impairments caused by ethanol exposure in
early pregnancy. (Pediatr Res 59: 66–71, 2006)

The teratogenic nature of ethanol has been well docu-
mented in humans and experimental animals (1–3). Con-

sumption of ethanol during pregnancy can produce an array of
physical abnormalities, including prenatal and/or postnatal
growth deficiency and craniofacial dysmorphology (4). How-
ever, cognitive and behavioral impairments, such as deficits in
attention, learning, and memory (5) are much more commonly
observed in children exposed prenatally to ethanol and hence
are more significant and costly to both the individual and
community. These outcomes result from diverse maternal
drinking patterns, ranging from the episodic �binge� of large
quantities of ethanol over a short time period to chronic
ethanol intake.
The mechanisms involved in ethanol-related abnormalities

are unclear. Although it is likely that many factors are in-
volved, several lines of evidence support fetal Zn deficiency as

a major contributing factor to ethanol teratogenicity. First, an
adequate supply of Zn to the fetus is critical during pregnancy
(6). In rodents, there are similarities in fetal outcome between
prenatal Zn deficiency and prenatal ethanol exposure. These
include increased fetal resorptions, low birth weight, and birth
abnormalities (7–10). These effects are potentiated during
organogenesis (GD 7–12 in rodents, weeks 3–9 in humans), a
period during early pregnancy critical for development and
cell differentiation.
Second, studies in rats (11) and in our laboratory using mice

demonstrate that acute ethanol exposure in early pregnancy
causes fetal Zn deficiency via the induction of the Zn binding
protein metallothionein (MT) I and II in the maternal liver.
Following increased expression of MT, Zn is sequestered by
MT and redistributed to the liver, causing plasma Zn concen-
trations to decrease by up to 65% over 16 h. This limitation in
fetal Zn supply from the maternal plasma is associated with an
increased incidence of physical abnormalities in ethanol-
treated MT�/� mice (27%) compared with saline-treated
mice (6.4%). Furthermore, ethanol-treated MT knockout
(MT�/�) mice that cannot express MT exhibited a low
incidence of abnormalities (2.2%), due to the absence of a
MT-induced Zn deficiency (12). The involvement of Zn defi-
ciency is further supported by findings that the transfer of 65Zn
to the fetus was significantly impaired and the total fetal zinc
reduced, after alcohol exposure in MT�/� mice (13) and rats
(11), but not in MT�/� mice (13). In addition, s.c. Zn
treatment at the time of ethanol exposure on GD8 prevents the
physical abnormalities caused by ethanol by increasing
plasma Zn concentrations up to fivefold during the period of
transient Zn deficiency (14). This raises the critical question
addressed in the present study of whether s.c. Zn treatment can
also prevent cognitive impairments caused by ethanol con-
sumption during early pregnancy. Although the central ner-
vous system (CNS) is only in the very early stages during
organogenesis, studies have shown that ethanol exposure dur-
ing this period can result in behavioral impairments (15–17) as
well as alterations in brain structure (16,18). The etiology of
these cognitive impairments, such as spatial learning and
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memory deficits, which have been demonstrated in humans
(19,20) and experimental animals (15,16,21), are yet to be
associated with impaired maternal Zn homeostasis, as previ-
ously demonstrated with physical abnormalities.
Studies have shown associations between maternal Zn sta-

tus and fetal neurodevelopment. Zn is critical for many pro-
cesses involved in CNS development, such as neurogenesis,
neuronal migration, and synaptogenesis and its deficiency
could interfere with neurophysiological development (22–24).
In humans, mild maternal Zn deficiency, assessed by serum
and hair Zn, is associated with an increased frequency of
neural tube defects, which may subsequently impair brain
development (25). Zn deprivation in immature animals has
been demonstrated to impair behavior, including learning,
attention, and memory (26) similar to the effects of prenatal
ethanol exposure. Studies have previously investigated low Zn
status as a potential mediator of ethanol-related brain dysfunc-
tion and have shown that Zn supplementation with ethanol
throughout pregnancy in rats results in increased cerebral
weight and cerebral RNA content compared with ethanol
alone. An increase in metabolic activity in the fetal hippocam-
pus following Zn supplementation further indicated possible
protection from impaired brain development (27). Further-
more, Zn repletion (20 mg Zn/d) in children (6–9 y) has been
shown to improve performance in reasoning and visual rec-
ognition (28). This evidence supports a central role for Zn in
cognitive development and relates to maternal factors that
may influence this.
To establish whether prenatal Zn treatment can protect

against spatial learning and memory deficits caused by early
prenatal ethanol exposure, offspring were tested for cognitive
impairments using a water-cross maze. Mice were exposed to
ethanol on GD8 of pregnancy, which occurs during the critical
period of organogenesis and corresponds approximately with
the third week in human pregnancy. This is a time where
women are more likely to unknowingly expose the fetus to
alcohol, as they often do not know they are pregnant until the
middle of the first trimester.

METHODS

Animals and mating procedure. C57BL/6J mice were purchased from
Institute of Medical and Veterinary Science (Adelaide, Australia). Mice were
maintained at 22°C, subject to a 12-h light/dark cycle and were given
unrestricted access to water and a commercial, nonpurified diet (Milling
Industries, Adelaide, Australia), except when indicated during treatment.
Mating was carried out by pairing females (aged 9–14 wk) with a proven
male in separate cages. Females were examined every morning for the
presence of a vaginal plug. Confirmation of a plug was designated as GD1, at
which time females were separated from males and housed individually until
the time of experimentation. All experimental procedures were approved by
the Institute of Medical and Veterinary Science Animal Ethics Committee.

GD8 ethanol and Zn treatment: Spatial learning and memory testing.
Pregnant dams were assigned to one of three treatment groups: 1) saline, 2)
ethanol, or 3) ethanol � Zn. On GD8, mice were injected with saline (0.85%
wt/vol NaCl) or 25% ethanol in 0.85% saline vol/vol (0.015 mL/g) intraperi-
toneally at 0 and 4 h. The dose of ethanol administered results in a maximal
blood alcohol concentration at 350 mg/dL, 30 min after the injection, which
then declines 100 mg/dL/h for the next 3.5 h (12). Immediately after the first
ethanol injection, the third group of mice was given an additional 250 �L s.c.
injection in the nape of the neck of ZnSO4 in saline (2.5 �g Zn/g). An s.c. Zn
injection gives an immediate and consistently reproducible increase in plasma
Zn that peaks four- to fivefold normal 2 h after injection and declines to more
than 50% of this at 4 h, returning to normal levels (14 �mol/L) by 12 h. We

have found no evidence that these plasma Zn levels have a detrimental affect
on pregnancy outcome (14). Food was removed after the first injection and
returned after the second. Beginning on GD 19, cages were inspected twice
daily for pups. The day that pups were found was noted as postnatal day (PN)
1 and litter size was recorded. All litters were culled to a maximum of eight
pups. Pups were weaned at PN 21 and housed according to sex and treatment
until testing. During the week before behavioral testing, offspring were
inspected for any obvious physical abnormalities that could influence spatial
performance in the maze (e.g. eyes partly or completely fused closed, which
could impair their ability to view spatial cues required for spatial learning).
Ten to 12 pups with no severe eye abnormalities (55 d of age) were randomly
selected for each gender per treatment for behavioral testing (saline: 12 male
and 12 female; ethanol: 12 male and 12 female; and ethanol � Zn: 12 male
and 10 female). Mice were also handled every day for a week before testing
to acclimatize them to their surroundings, including the presence of the
experimenter. Mice were tested in two batches over a month.

Behavioral apparatus. The protocol used was a modified place learning
task that has been successfully used in mice (15). The apparatus consisted of
a clear plastic cross maze (arm length � 26 cm, width � 20 cm) placed in a
circular pool of water (1 m diameter, 23°C). A 90-cm high wall covered in
black plastic incompletely surrounded the pool. The water was made opaque
by powdered milk to conceal an escape platform (EP), which was submerged
0.5 cm below the surface of the water. The EP was located in the distal half
of the east arm. Constant visual (spatial) cues were placed around the maze
and were provided by various objects around the room and by the experi-
menter who always stood at the south arm.

Habituation (PN55). During a habituation trial with no EP placed in the
pool, the animals were allowed to swim for 60 s.

Acquisition/learning (PN56-60). Mice were given a 5-d training period in
which they were required to learn the position of the submerged EP from the
other three (north, south, west) arms that did not contain the EP. Each mouse
was given six daily trials (two blocks of three trials separated by a 30-min
rest), in which each of the three arms were chosen as a starting point in a
semirandomized pattern (twice daily). For each trial, the mouse was placed in
the distal end of an arm facing the wall and allowed 60 s to reach the EP,
where it remained for 10 s. Mice that did not climb onto the EP in the given
time were placed on the EP for 10 s. The mouse was then placed in a cage for
10 s and subsequent trials were continued.

Long-term retention/memory (PN70-71). Ten days after acquisition, an-
imals were tested over 2 d of trials for long-term retention of the EP position,
placed in its initial position during place learning.

Data were recorded for each mouse on their escape latency (i.e. time taken
to swim to the platform), number of correct trials (i.e. if a mouse found the
platform on the first attempt), and number of incorrect entries/reentries (i.e.
the number of times that a mouse went into an arm that did not contain the
EP). The three observations of spatial learning and memory were determined
for each mouse (22–24 mice per treatment group) six times per day over 5 d
of learning and 2 d of memory assessment. Approximately 720 measurements
for learning and 288 measurements for memory were obtained for each
treatment group. Only one operator was used to manually collect the cognitive
data throughout the assessment period to reduce variation in data collection.

Statistical analysis. One-way analysis of variance (ANOVA) was used to
analyze litter size and body weight. Escape latency was analyzed by repeated
measures ANOVA using generalized linear model (Minitab Statistics Soft-
ware, Minitab Inc., State College, PA). Tukey’s post hoc test was used to test
for significance. Correct trials, which return a binary number (yes/no, whether
they went directly to the escape platform), were analyzed using a generalized
linear model assuming a binomial distribution and a logit link, given by logit
(p) � log (p/1 � p). The data were presented as predicted proportions (the
number of correct trials/the total number of trials). Incorrect entries were
analyzed using a generalized linear model that assumes a Poisson distribution
and were transformed using log (�). The incorrect entry data were presented
as means. Significant interactions and main effects were tested using Wald and
deviance tests, respectively, which are approximately �2 distributed. If a
factor or interaction was found to be statistically significant, least significant
difference (LSD) tests were used to determine where significant differences
were occurring. Results are presented as mean � standard of the mean (SEM)
where applicable. Differences were considered to be significant at p � 0.05.

RESULTS

Litter size and body weights: Behavioral testing. Table 1
summarizes the data for litter size and body weight of animals
randomly selected for behavioral testing. On the day of birth
(which usually occurred on GD 20), ethanol treatment had no
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effect on litter size compared with controls and was not
different from ethanol � Zn. However, ethanol � Zn had
larger litter sizes than controls (Table 1). Pups’ weights were
analyzed on postnatal d 7 (mean, 3.55 � 0.11 g), d 14 (mean,
6.76 � 0.17 g), and at d 21 (weaning) (mean, 7.78 � 0.27 g),
and no differences were found between the mean weights at
these ages between treatment groups. At the time of behav-
ioral testing when offspring were approximately 55 d old, all
females randomly selected were of similar weight but weighed
significantly less than males. Saline- and ethanol-treated males
were lighter than ethanol � Zn-treated males (Table 1).
Spatial learning. The escape latency, correct trials and

incorrect entries/re-entries scores for each of the 5 d of spatial
learning are shown in Figure 1. Mice from all treatment
groups learnt the place-learning task, indicated by a reduction
in the time taken to find the platform, a decrease in incorrect
entries, and an increase in number of correct trials across the
5 d of testing. An effect of day was demonstrated for each of
these parameters when correct trials, escape latency and in-
correct entries were combined from all three treatments. There
was no difference in performance between treatment groups
on any day of testing, with all mice learning the place-task to
the same level on the last day of training (Fig. 1).
When all male data were compared with all female data

independent of treatment group, an effect of gender (p � 0.05)

was demonstrated for escape latency scores with females
taking longer to find the platform than males (sex effect p �
0.05; female, 10.00 � 0.29; male, 11.03 � 0.31). There was
no sex-treatment interaction. Furthermore, males did not differ
from females in correct trial or incorrect entry scores. There-
fore, data for males and females were combined to increase
the sample size for comparison between treatments.
Long-term retention (spatial memory). The escape latency,

correct trial, and incorrect entry scores over the combined 2 d
of testing for the three treatment groups are shown in Table 2.
Deviance tests demonstrated that prenatal ethanol exposure
impaired performance in the spatial memory test, with off-
spring taking significantly longer to find the platform and
having more incorrect entries and fewer correct trials com-
pared with saline treatment. In comparison, offspring treated
prenatally with Zn at the time of ethanol exposure performed
to the level as saline offspring in terms of shorter escape
latencies, more correct trials, and fewer incorrect entries com-
pared with ethanol-treated offspring (Table 2).
An effect of gender (p � 0.05) was demonstrated for each

of the parameters over the 2 d of memory testing. Female
offspring combined from all treatment groups took longer to
find the platform than males. Furthermore, they also had fewer
correct and more incorrect entries compared with males.
However, there was no sex/treatment interaction, indicating

Table 1. Litter size at birth and body weight on d 1 of behavioral testing

Body weight (g)†

Treatment* No. of litters Live pups/litter Male No. Female No.

Saline 5 6.00 � 0.51† 23.29 � 0.33† 12 19.14 � 0.40 12
Ethanol 5 7.40 � 0.40 23.87 � 0.50‡ 12 19.27 � 0.25 12
Ethanol � Zn 5 8.20 � 0.58 25.67 � 0.38 12 19.34 � 0.28 10
F value F2,12 � 4.13 F2,33 � 9.25 F2,31 � 0.1
p value 0.036 0.001 NS

Litter size on PN 1 of offspring prenatally exposed to saline, ethanol, or ethanol � Zn. Body weight at PN 55 of offspring that were randomly selected for
behavioral testing. Values represent means � SEM. Significance is determined at p � 0.05.
* Treatment of mother on GD 8.
† Data analyzed by one-way ANOVA, with Tukey’s post hoc test to test for significance.
‡ Significantly different from ethanol � Zn.
NS, not significant.

Figure 1. Spatial learning: The effect of treatment on correct trials, incorrect entries and escape latency. Correct trial (A), incorrect entry (B), and escape latency
(C) data over 5 d of spatial learning testing for offspring exposed to saline (}), ethanol (�), or ethanol � Zn (Œ) on GD 8. Correct trials are presented as predicted
proportions (i.e. the number of correct trials/total observations for each treatment). Escape latency and incorrect entries/reentries are presented as means � SEM.
Each point is the treatment group mean of the sums of six daily trials for each mouse; 22 to 24 mice were used per treatment. Correct trials increased and incorrect
entries and escape latency decreased for each treatment over the 5 d of testing.
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that for any given treatment, there was no difference between
the male or female data. An effect of day (p � 0.05) was
demonstrated, with mice finding the escape platform more
quickly on the first day of memory testing than on the second.
However, there was no difference between the 2 d for correct
trials and incorrect entries (Table 2).

DISCUSSION

The present study demonstrates that acute ethanol exposure
to pregnant mice on GD 8 causes impairments in spatial
memory in offspring tested at 55 d of age. Furthermore, s.c. Zn
treatment of the mother at the time of ethanol exposure limited
these cognitive impairments as assessed by our cross-maze
protocol. This is evidenced by the fact that offspring exposed
prenatally to ethanol and s.c. Zn treatment performed at the
same level as the saline-treated offspring for all parameters
measured in the cross-maze memory task.
The present study supports earlier findings that prenatal

ethanol exposure impairs performance on spatial tasks
(15,16,21). A similar study using the same cross-maze task in
which C57BL/6 mice were exposed to ethanol on GD 9
demonstrated spatial memory impairments in aging but not in
young mice (15). The fact that we detected impairments in
young mice may be due to differences in testing procedure.
For example, Dumas and Rabe (15) gavaged mice with one
dose of ethanol, compared with two intraperitoneal injections
administered in the present study, which we have found to
cause 27% physical birth abnormalities per litter in offspring
(12). The dose, administration technique, and day of insult in
this study may therefore impair brain function to the extent
that it is detectable in young mice. Furthermore, the period
between learning the escape task and memory testing was 14 d
shorter in our study, and this may have been a more favorable

time frame to determine memory differences. Another study in
which acute ethanol exposure was administered to pregnant
rats on GD 8 similarly demonstrated spatial memory deficits
in young rats, but only in females (16). Although a sex
treatment effect was not found in the present study, females
from all treatments took significantly longer to locate the
platforms than males and is possibly attributable to their
smaller body size.
It has been shown that ethanol consumption during preg-

nancy can also result in eye abnormalities (1,10,12,14) and
motor impairments (3). It can be argued that these abnormal-
ities may affect performance in the spatial navigation task.
However, in the present study, we removed pups with any
obvious eye impairments, as was also done by Dumas and
Rabe (15). Furthermore, any undetectable eye abnormalities
were unlikely to be an influence, as ethanol-exposed offspring
demonstrated consistent learning of the place task similar to
control offspring, which requires intact vision for processing
of spatial cues. Starting the mice in a different arm for each
trial and selecting these in a semi-random pattern ensured that
they did not learn the escape platform position based on
previous swimming pathways. Impaired swimming ability
was also unlikely to cause deficits in spatial memory, as the
time taken (escape latency) for all ethanol-treated offspring to
locate the platform did not differ from that of normal mice.
This is the first study to demonstrate that prenatal Zn

treatment limits cognitive impairments caused by early pre-
natal ethanol exposure on GD 8. Because of this, it is possible
that the mechanisms by which ethanol in early pregnancy
caused cognitive impairments are related to Zn metabolism.
We have previously shown that ethanol exposure on GD 8
causes the induction of MT in the mother’s liver. This leads to
a decrease in the fetal Zn supply in the plasma for over 16 h

Table 2. Spatial memory: the effect of treatment on escape latency, correct trials, and errors

Treatment No. Escape latency* (s) Incorrect entries*
Correct trials†
predicted proportions

Saline 24 5.20 � 0.27 0.34 � 0.04 0.77 � 0.03
Ethanol 24 6.38 � 0.27‡ 0.79 � 0.06‡ 0.62 � 0.03‡
Ethanol � Zn 22 5.06 � 0.29 0.37 � 0.04 0.74 � 0.03
RMSE§ LSD� 4.61 0.138 0.075

Probability values for generalized linear model¶
Treatment 0.001 �0.001 �0.001
Sex 0.000 0.005 0.029
Day 0.016 0.168 0.242
Treatment � sex 0.260 0.149 0.394
Treatment � day 0.996 0.997 0.352
Sex � day 0.838 0.592 0.434
Treatment � sex � day 0.558 0.403 0.845

Escape latency, correct trial, and incorrect entry scores from the 2 d (PN 70 and 71) of spatial memory testing were combined for each treatment for
comparison.
* Values are given as means � SEM. Each mean is the sum of six daily trials for each mouse over the 2 d of memory testing for 22 to 24 mice per treatment.
† Correct trials are presented as predicted proportions (total correct trials/total observations for each treatment) � SEM.
‡ Significantly different from other treatment groups at p � 0.05 by Tukey’s post hoc , Wald, or deviance test as described in the Methods section.
§ Root mean square error is an estimate of the overall standard deviation. It is calculated by taking the square root of the mean square error term from the

ANOVA calculation.
� Least significant difference (LSD) values used to compare differences between treatments for correct trials and incorrect entries.
¶ Shown are the probability values obtained using various general linear models as described in the Methods section. The main effects are treatment, using

the factors saline, ethanol, and ethanol � Zn; sex, male and female; day, d 1 and 2 of memory testing. Interactions are treatment x sex, treatment x day, sex x
day, and treatment x sex x day.
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as Zn is drawn into the liver (12). Zn is essential for many
critical processes in brain development, such as the generation
of neurons, migration of neurons to an appropriate location
where they mature to their full form and function, and synap-
togenesis in late pregnancy (22). A transient limitation in fetal
Zn supply caused by ethanol exposure may impair critical
stages in early neuronal development. In support of this,
ethanol exposure during organogenesis has been demonstrated
to inhibit neuronal differentiation and proliferation (29) and
cause apoptosis in cell populations, such as the developing
neural plate and primitive streak (30). Suppression of normal
neural stem cell development has been similarly demonstrated
by a deficiency of dietary Zn throughout pregnancy (31,32).
This could interfere with subsequent developmental stages
(migration or differentiation), leading to major structural
changes in the brain. This might explain why others have
shown that structures that begin to develop several days after
ethanol exposure, such as the hippocampus (an area important
for learning and memory) (33), are affected by ethanol
(16,18). Anatomical changes in the hippocampus, including
reduced numbers of neurons and abnormal arrangement of
hippocampal mossy fibers, have been associated with alcohol
exposure during pregnancy (18,33,34). Further research is
required with MT�/� mice to demonstrate whether the spa-
tial memory impairments caused by ethanol are associated
with an MT-induced Zn deficiency, as previously demon-
strated with physical abnormalities (12–14).
Regardless of the mechanism involved, administration of

Zn at the time of ethanol exposure limited impairments in
spatial memory. Although it is unclear how Zn treatment
limited these defects, there are several possible mechanisms
by which exogenous Zn may have had a protective effect. We
have hypothesized that prenatal Zn treatment replenishes the
fetal Zn supply, which is transiently depleted due to the induction
by alcohol of MT in the mother’s liver. As the s.c. Zn injection
administered increases plasma Zn levels 5-fold that of normal
(14), it is likely that this could offset the sequestration of Zn by
induced levels of MT in the mother’s liver and maintain rela-
tively normal plasma Zn levels in the period immediately fol-
lowing ethanol exposure. However, the possibility that Zn has
MT-independent effects on the developing brain cannot be over-
looked. Zn is not only essential for growth and development but
is also involved in antiapoptotic pathways (35–37). Thus, Zn
treatment might promote cell survival, as shown when given with
other teratogenic agents (36), to compensate for the alcohol-
related brain disturbances, rather than directly limiting the actions
of alcohol. Further studies are therefore warranted to determine
whether Zn prevents alcohol-related structural damage by pre-
sumably limiting the transient Zn deficiency caused by MT
induction or whether it independently stimulates the development
of brain structure and function.

CONCLUSION

We have demonstrated that s.c. Zn treatment at the time of
prenatal ethanol exposure in early pregnancy limits the ad-
verse effects on spatial memory in young adult mice. Appli-
cation of a binge-drinking model is highly relevant to the

clinical setting where four to six drinks in one session in the
first 3 to 9 wk of pregnancy (often before a woman knows she
is pregnant) places the fetus at considerable risk. Furthermore,
maintenance of appropriate Zn nutrition during pregnancy is
critical for normal fetal development. Dietary intake of Zn is
often lower than the recommended levels and when coupled
with ethanol intake can have severe adverse consequences on
the fetus. Our findings emphasize the importance of Zn for
fetal brain development. Furthermore, they suggest that exog-
enous Zn may either offset ethanol-induced Zn deficiency or
act through an independent mechanism to limit the effects of
ethanol on brain development. Understanding the mechanism
by which ethanol causes teratogenicity is important to con-
sider possible intervention strategies. Further studies would be
valuable to determine whether dietary Zn supplementation at
different stages of pregnancy can protect against ethanol ter-
atogenicity and furthermore to identify strategies for protect-
ing against other teratogens that elicit an inappropriate mater-
nal MT response early in pregnancy.
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