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Abstract
Animal models of prenatal ethanol exposure are necessary to more fully understand the effects of
ethanol on the developing embryo/fetus. However, most models employ procedures that may
produce additional maternal stress beyond that produced by ethanol alone. We employed a daily
limited-access ethanol intake model called Drinking in the Dark (DID) to assess the effects of
voluntary maternal binge-like ethanol intake on the developing mouse. Evidence suggests that
binge exposure may be particularly harmful to the embryo/fetus, perhaps due to the relatively
higher blood ethanol concentrations achieved. Pregnant females had mean daily ethanol intakes
ranging from 4.2-6.4 g/kg ethanol over gestation, producing blood ethanol concentrations ranging
from 115-182 mg/dl. This level of ethanol intake produced behavioral alterations among
adolescent offspring that disappeared by adulthood, including altered sensitivity to ethanol’s
hypnotic actions. The DID model may provide a useful tool for studying the effects of prenatal
ethanol exposure in mice.
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Introduction
Ingestion of alcohol (ethanol) by the pregnant mother can result in a variety of
neurodevelopment consequences in offspring, including mental retardation and deficits in
cognitive ability, attention, executive function, motor control, and social behavior (Kelly et
al., 2000; Mattson and Riley, 1998). Referred to as Fetal Alcohol Spectrum Disorders
(FASD), it is estimated that as many as 1 in 100 live births are seen with such prenatal
alcohol-related impairments (Sampson et al., 1997). Moreover, it is estimated that
Americans spent $2 million for the medical care, special education, residential care, and the
lost productivity associated with each individual diagnosed with the most severe form of
FASD, fetal alcohol syndrome, in 2002 (Lupton et al., 2004). Thus, FASD would appear to
pose a major public health concern, and continued investigations into the actions of prenatal
ethanol exposure on brain development/function seem warranted. The use of animal models
of fetal alcohol exposure will be necessary to more fully understand how such exposure
impairs brain development/function.

Corresponding Author: Stephen Boehm II, Department of Psychology (Science IV, Room 230), Binghamton University - SUNY, PO
Box 6000, 4400 Vestal Parkway East, Binghamton, NY 13902-6000, Phone: 607-777-6308, Fax: 607-777-4890, Email:
sboehm@binghamton.edu.

NIH Public Access
Author Manuscript
Dev Psychobiol. Author manuscript; available in PMC 2009 September 1.

Published in final edited form as:
Dev Psychobiol. 2008 September ; 50(6): 566–578. doi:10.1002/dev.20320.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The mechanisms by which ethanol produces FAS/FASD are not fully understood. However,
most animal studies looking at the effects of prenatal alcohol exposure on the developing
embryo/fetus have required that pregnant dams consume an ethanol-containing liquid diet
(Chernoff, 1977; Middaugh et al., 1988; Zhou et al., 2003), or that researchers administer
ethanol via intraperitoneal injection (Kronick, 1976; Dunty et al., 2002) or intragastric
intubation (Boehm II et al., 1997; Gilliam et al., 1989). These procedures may produce
additional stress for the mother, making it more difficult to elucidate the mechanisms by
which prenatal ethanol exposure produces its effects. Recently, Allan et al. (2003) described
a new paradigm in which C57BL/6J mice were provided with a saccharin-sweetened ethanol
solution in a voluntary drinking paradigm. Offspring from dams exposed to ethanol in this
paradigm were found to spend more time inspecting a novel object in their environment as
well as reduced contextual fear when trained in a delay fear conditioning procedure (Allan et
al., 2003).

A new mouse model of binge-like ethanol intake has been described by Rhodes et al. (2005;
2007), and more recently Moore et al. (2007), called drinking in the dark (DID). Allan and
colleagues (2003) noted that their pregnant female mice consumed most of their 10%
ethanol/saccharin solution during the dark phase of the light-dark cycle. The DID model
takes advantage of the nocturnal nature of mice by allowing the them a limited access (2 or 4
hours) to a 20% unsweetened ethanol solution at their peak period of arousal, 3 hours into
the dark cycle. Using the DID model, C57BL/6J mice consistently drink to
pharmacologically relevant BECs that produce behavioral impairment (Moore et al., 2007;
Rhodes et al., 2005, 2007). Indeed, a mere 2-hour access produces average ethanol intakes
of 5.5 g/kg with corresponding blood ethanol concentrations approaching 70 mg/dl in non-
pregnant females (Moore et al., 2007). Thus, DID may prove useful for investigating the
effects of prenatal ethanol exposure in mice.

DID may also provide a useful means by which to model the effects of prenatal binge
ethanol exposure in humans. Such exposure has been shown to increase the odds (two fold)
of six psychiatric disorders and traits in adults exposed to one or more binge alcohol
episodes in utero (Barr et al., 2006). Moreover, Bailey et al. (2004) has shown that children
who were exposed to binge drinking in utero were 1.7 times more likely to have IQ scores in
the mentally retarded range, and 2.5 times more likely to have clinically significant levels of
delinquent behavior. Maier and West (2001) have suggested that binge ethanol exposure
may be more deleterious to the developing fetal brain than more continuous ethanol
exposure, perhaps due to the relatively higher blood ethanol concentrations achieved when
considerable amounts of ethanol are consumed over a short time interval. Indeed, prenatal
binge-like ethanol exposure was shown to produce relatively greater reductions in
hippocampal and cerebellar cell counts in fetal rat brain than more continuous ethanol intake
(Bonthius and West, 1990). Thus, the binge-like pattern of the ethanol intake in the DID
model may better approximate the binge pattern of ethanol exposure in some human
alcoholics, and yield a pattern of prenatal effects not seen with other continuous ethanol
access models.

The goal for the present work was to develop the DID model for exposure of pregnant
C57BL/6J dams to daily binge-like ethanol intake. We predicted that pregnant mice would
consume high amounts of ethanol, and that their adolescent and adult offspring would
exhibit deficits in a variety of behavioral tasks as suggested by studies using other prenatal
ethanol exposure paradigms, including those measuring anxiety-like behavior (Dursun et al.,
2006), motor coordination (Meyer et al., 1990; Riley, 1990; Hannigan and Riley, 1988), and
general locomotion (Carneiro et al., 2005; Dursun et al., 2006; Riley, 1990). Based on data
suggesting that prenatal ethanol exposure might alter behavioral sensitivity to the ethanol in
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offspring (Fulginiti et al., 1989; Reyes et al., 1993), we also assessed hypnotic sensitivity to
the drug in adolescents and adults using the loss of righting reflex assay.

Materials and Methods
Animals

Male and female C57BL/6J inbred mice purchased from Jackson Laboratory (Bar Harbor,
ME) and shipped to our animal facility at Binghamton University were used as breeders for
this study. Mice were individually housed in standard shoebox mouse cages and were
approximately 9 weeks old at the start of breeding. Lighting prior to weaning was
maintained on a 12-hour reverse light-dark cycle with lights out at 1 PM. However, at
weaning litters were moved to an adjacent room on a normal 12-hour light-dark cycle with
lights out at 7PM. All experimental procedures (accept maternal DID) were carried out
during the light phase. For maternal DID, dim red lighting throughout the 12-hr dark phase
allowed the technician to navigate the procedure room in the dark. A dark anti-room
immediately adjacent the procedure room was used to enter and exit; this ensured that no
light was allowed into the procedure room upon opening the door. The temperature of all
procedure rooms was always maintained at 21 ± 1 degrees Celsius.

Food was freely available to sires, dams, and offspring at all times except during offspring
behavioral testing. Water was freely available from normal water bottles at all times except
during offspring behavioral testing and maternal DID. For maternal DID, pregnant dams had
free access to water in their normal water bottles for 22 hrs per day; during the remaining
two hrs each day the normal water bottles were replaced with sipper tubes (see details
below) containing either ethanol or plain tap water. The two-hour access to these sipper
tubes was provided throughout each dam’s 21 day gestational period, and for gradually
shorter intervals during a post-gestational three-day ethanol weaning period (see details
below). All procedures were approved by the Binghamton University Institutional Animal
Care and Use Committee and conformed to the Guidelines for the Care and Use of
Mammals in Neuroscience and Behavioral Research (The National Academies Press, 2003).

Drugs
Ethanol (200 proof) was obtained from Pharmco, Inc (Brookfield, CT). Ethanol solutions for
maternal DID were made in tap water (20% v/v). Ethanol (4 g/kg) solutions for the loss of
righting reflex assay were made in 0.9% sterile saline and administered intraperitoneally in a
volume of 0.2 ml/kg body weight.

Procedure
During the light cycle, female mice were weighed and placed in the male’s home cage to
breed for one-hour daily (10-11AM). During this time the female’s food pellets were
weighed for determination of food intake. After the breeding period the females were
examined for vaginal plugs and returned to their home cages. Mice were later presented with
either ethanol or water using the Drinking in the Dark procedure (DID) adapted from
Rhodes et al (2005; 2007), and recently detailed by Moore et al. (2007). Three-hours into the
dark cycle (4 PM), pregnant females were given fluid access for 2 hours. A 10 ml plastic
tube affixed to a ball-bearing sipper filled with the ethanol solution or water was placed in
the cage where the water bottle was normally located. To prevent the mice from moving the
sipper tube and producing potential leakage, the animals’ water bottle was placed on top of
the sipper tube to hold it steady. Sipper tube volumes were recorded both before and after
the two hour access period starting the first day of breeding, and continuing through out
gestation.
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The fluid access period was incrementally reduced over the three days immediately
following the birth of litters. Our goals were to avoid the possible negative effects of
continued maternal binge-like ethanol intake on litter care while at the same time attempting
to avoid any possible negative effects of withdrawal from binge-like ethanol intake on litter
care. The period of binge-like ethanol or water access was shortened to 90 min on PD0 (the
day of birth), 60 min on PD1, and just 30 min on PD2. DID procedures were no longer
employed on PD3, or any day thereafter.

Whole brain weight was determined in a subset of ethanol- and water-exposed litters on PD
0. In an attempt avoid disrupting the interaction between mom and litter, only one pup from
such litters was removed, weighed and sacrificed for brain extraction to determine whole
brain weight. However, on PD7 all pups were removed from their home cage, counted, and
weighed. The pups were individually placed back into the home cage at the furthest point
from the nest (almost always an opposite corner of the cage), and the dams’ latency to
retrieve each pup was recorded. An average latency to retrieve time was generated for each
litter and used in the statistical analyses. On PD 14 pups were again removed from their
home cage and weighed. Pups were sexed, weaned, weighed, and moved to a holding room
with standard lighting (12-hr light/dark cycle with lights on at 7AM) on PD21. Animals
were allowed to acclimate to the new lighting conditions for 10 days prior to subsequent
behavioral testing.

Offspring Behavior
From PD31-34 (adolescence), one male and one female from a subset of litters were tested
in a battery of behavioral tests which included the elevated plus maze, the accelerating
rotarod, the locomotor activity chamber, and ethanol-induced loss of righting reflex test (one
test per day, in that order). Given a sufficiently large litter, the behavioral test battery was
repeated exactly as indicated above with a different male and female from the same litter at
PD91-94 (adulthood). Details about the individual behavioral tests are given in the sections
that follow.

Anxiety-Like Behavior: Elevated Plus Maze—At 31 days old, one male and one
female from a litter were tested for anxiety-like behavior using a mouse elevated plus maze
(Med Associates, Inc., St. Albans, Vermont). The maze comprised two opposing open arms
and two opposing closed arms set at 90 degree angles from each other and elevated 74.5 cm
above the ground. The end of one arm to the end of the opposing arm measured 76 cm.
Whereas the two opposing closed arms had walls extending 20.5 cm vertically from the
elevated floor, the two opposing open arms did not. Animals were placed in the center of the
plus maze, and the 5 min test was immediately started. Time spent in open arms was
recorded. At the conclusion of each test, animals were returned to their home cages and the
plus maze was cleaned with a 10% ethanol solution. A separate male and female from the
litter were tested for plus maze anxiety-like behavior at PD 91 when available.

Motor Coordination: Accelerating Rotarod—At 32 days old, the same animals were
tested for motor coordination using a Rotamex Accelerating Rotorod (Columbus
Instruments, Columbus, OH). The rotating rotorod cylinder (10 cm) was elevated 46.5 cm
above the floor of the apparatus and was programmed to accelerate at 1 rpm every 3 sec.
Woodchip bedding was placed at the base of the rotorod to soften the fall for the animals.
The animals were placed on the rotorod beam, and latency to fall was recorded for 6 trials.
Between each trial, animals had a minimum of 30 s rest. Immediately following the test
animals were returned to their home cages. A separate male and female from each litter was
tested for motor coordination on PD 92 (the same male and female that was tested on PD 91
above).
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Basal Locomotion—At 33 days old, animals were tested in activity chambers. A
VersaMax Animal Activity Monitoring System (Accuscan Instruments, Columbus, OH,
USA) was used to monitor locomotor activity over a 30 min period, in 5-min time bins.
Movement was detected by eight pairs of intersecting photocell beams (2 cm above the
chamber floor) evenly spaced along the walls of the 40x40-cm test chamber. Sound-
attenuating box chambers (inside dimensions, 53 cm across × 58 cm deep × 43 cm high)
equipped with a house light and fan for ventilation and background noise encased the test
chamber. The locomotor activity testing equipment was interfaced with a Dell computer.
Animals were placed in the chambers and total distance (cm) was measured every 5 min
during the 30 min test. Animals were returned to their home cages following the test, and
activity chambers were cleaned with 10% ethanol solution. In addition, a separate male and
female from each litter was tested for habituation to a novel environment at PD 93 (the same
male and female that was tested on PD 91 and 92 above).

Hypnotic Sensitivity to Ethanol: Loss of Righting Reflex—At 34 days old animals
were weighed, challenged with a 4 g/kg dose of ethanol, placed in classic v-shaped sleep
troughs, and duration of sleep time was recorded (min). A separate male and female from
each litter was weighed and challenged with ethanol on PD 94 (the same male and female
that was tested on PD 91, 92, and 93 above). Animals were considered to have lost their
righting reflex once they could not right themselves within a 60 s window. An animal was
determined to have regained the righting reflex if it could right itself twice within 60 s. The
duration of loss of righting reflex was defined as the time between initial loss of the righting
response (immediately after ethanol injection) and regain of the righting response at some
point thereafter. Immediately upon regain of the righting reflex retro-orbital sinus bloods
were collected for determination of blood ethanol concentration (see detailed methods
below).

Maternal Blood Ethanol Concentration
A separate study was conducted to determine maternal blood ethanol content. Three
different groups of pregnant females were allowed daily access to ethanol using DID
procedures and blood ethanol content was determined immediately thereafter on gestational
days 7, 14, or 20, respectively. None of the offspring from these dams were used for
assessments of brain or body weight or behavioral testing.

Determination of Blood Ethanol Concentration
For determination of blood ethanol content, a retro-orbital sinus blood sample (25μl) was
collected immediately after the 2hr ethanol access period (maternal DID) or regain of the
righting response, spun down, and the plasma fraction siphoned off and stored in a -20
degree freezer until the time of assay. Determination of blood ethanol content was achieved
using an Analox Alcohol Analyzer (Analox Instruments, Lunenburg, MA).

Data and Statistics
Only one male and one female from a litter were used for behavioral testing. Thus, the group
sizes given in the figure captions represent the number of litters used. There were not always
enough litter mates of a given sex to satisfy all measures (one pup for determination of pup
and brain weight, one male and one female for behavioral testing during adolescence, one
male and one female for testing during adulthood). However, pups were always randomly
selected from those available in each litter for the weight or behavioral measures. Finally, in
some instances equipment malfunction (rotarod and locomotor activity chambers) or
scheduling conflicts (maternal weight gain, maternal care on PD 7, litter size on PD 7, litter
weights on PD 7, 14, and 21) prevented collection of data.
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Maternal food intake and weight gain data were analyzed by two-way repeated measures
analysis of variance (ANOVA) with treatment as the between groups factor and day as the
within groups factor. Maternal blood ethanol concentration data were analyzed by one-way
between subjects ANOVA. Maternal fluid intake on PD0-2 were analyzed by two-way
ANOVA with treatment as the between groups factor and postnatal day as the within groups
factor. Pup body and brain weights on PD0 were analyzed by two-tailed t-test, as were litter
sizes assessed on PD7. Although the sex of offspring was determined on PD21, this
information was not available on PD7 or 14, so sex was not included as factor in the analysis
of average litter weights. Pre-weanling litter weights on PD7, 14, and 21 were analyzed by
two-way repeated measures ANOVA with treatment as the between groups factor and PD as
the within groups factor. Elevated plus maze and loss of righting reflex data were analyzed
by two-way ANOVAs with sex and treatment as between groups factors. Accelerating
rotarod and locomotor activity data were analyzed by three-way repeated measures
ANOVAs with sex and treatment as the between groups factors and trial or activity testing
bin as within groups factors, and where appropriate (locomotor activity), by two-way
repeated measures ANOVA with treatment as the between groups factor and test bin as the
within groups factor. Adolescent and adult offspring behavioral data were always analyzed
separately, as were offspring weights determined immediately prior to assessment of
ethanol-induced loss of righting reflex. Significant results were followed up by Newman-
Keuls post-hoc test or planned contrasts where appropriate. Maternal intake, pre-weanling,
and offspring behavioral data were considered significant at p<0.05.

Results
Maternal intake

Maternal data over the course of gestation are shown in Figure 1 and Table 1. Pregnant
females given access to an unsweetened 20% ethanol solution for 2hrs each day consumed
4.5-6.7 g/kg ethanol (Figure 1A, see Table 1 for ml/kg ethanol solution consumed).
Corresponding blood ethanol concentrations on days 7, 14, and 20 did not significantly
differ (p>0.05), although consistent with the intake data tended to be lower on gestational
day 20 (Figure 1B). Pregnant females given similar access to plain tap water consumed
28.4-48.2 ml/kg during the 2hr access period each day (Table 1). Twenty-four hour food
intake differed from day to day (main effect of time, F(18,33)=4.2, p<0.001), but ethanol-
and water-exposed dams did not significantly differ (no main effect of treatment or
interaction of treatment and time, p’s>0.05; Figure 1C). Compared to water-exposed
counterparts, ethanol-exposed dams appeared to gain less weight over gestation (main effect
of treatment, F(1,32)=4.5, p<0.05; main effect of time, F(19,608)=634.0, p<0.001;
interaction, F(19,608)=4.8, p<0.001; Table 1). However, when maternal weight gain was
adjusted for initial weight by calculating a percent maternal weight gain, the treatment effect
was no longer evident. Although percent maternal weights increased over gestation as
evidenced by a significant main effect of time (F(19,608)=521.8, p<0.001), and a significant
interaction of treatment and time indicated that the ethanol- and water-exposed dams might
have differed at some point over gestation (F(19,608)=1.9, p<0.05), subsequent Newman-
Keuls post-hoc tests failed to detect any specific differences in percent maternal weight on
any gestational day (p’s>0.05; Figure 1D).

Maternal Care
Upon birth of litters, dams were gradually weaned from DID over a 3 day period. Ethanol
intake was reduced to 1.5 hrs on PD0, 1 hr on PD1, and 0.5 hr on PD2 with the goal of
incrementally minimizing the effects of continued binge-like ethanol intake on maternal
care. Although intakes were assessed, we did not determine maternal weights on these days
so as not to disturb the dam and litter. Thus, g/kg intakes could not be calculated. Mean
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ethanol intakes were 0.66±0.08, 0.59±0.06, and 0.48±0.05 ml on PD0-2 respectively. Mean
water intakes were 0.97±0.14, 0.82±0.16, and 0.86±0.13 ml on PD0-2, respectively. Two-
way ANOVA indicated a significant main effect of treatment (F(1,66)=11.4, p<0.01), but
not postnatal day or interaction of these factors (p’s>0.05). Thus, although ethanol-exposed
dams consumed less of the ethanol solution than water-exposed dams consumed water, the
weaning procedure did not appear to significantly reduce the amount of ethanol or water
consumed over PD0-2 in either group.

Maternal care was assessed on PD7 by examining the time it took a dam to retrieve her pups
when they were moved from the nest to an opposite corner of the cage. Mean retrieval times
(18.5±2.2 and 15.6±2.8 s for dams that had access to ethanol or water, respectively) did not
significantly differ (t[17]=0.82, p=0.43) indicating that maternal binge-like ethanol intake
did not alter maternal care.

Offspring Weight and Litter Size
In a subset of litters one pup was weighed and brain weight assessed on PD0, but neither
parameter was significantly affected by prenatal ethanol exposure (p’s>0.05). Pup weights
averaged 1.4±0.05 and 1.4±0.05 grams in ethanol- and water-exposed pups respectively
(t[10]=0.07, p=0.95), whereas brain weights averaged 0.08±0.002 and 0.09±0.002 grams in
ethanol- and water-exposed pups, respectively (t[12]=0.07, p=0.95). To minimize disruption
to maternal care of litters, litter weight or size was not determined on PD0. However, litter
size was determined on PD7. Average litter size on PD7 averaged 5.8±0.5 and 6.7±0.6 for
prenatal ethanol- and water-exposed litters, respectively, but this difference was not
significant (t[20]=1.01, p=0.29). Average litter weights were also determined on PD7, and
subsequently on PD14 and PD21. Two-way repeated measures ANOVA indicated that
prenatal binge-like ethanol exposure reduced average litter weights (main effect of
treatment, F(1,18)=5.8, p<0.05) and that average litter weights increased over time (main
effect of day, F(2,36)=75.8, p<0.001). The interaction of these effects was not significant
(p’s>0.05). Newman-Keuls post-hoc tests indicated that although average litter weights did
not significantly differ on either PD7 or PD14 (p’s>0.05), prenatal ethanol-exposed litters
exhibited significant reductions in average litter weight on PD21 (p<0.05; Table 2). No other
obvious gross morphological effects of prenatal ethanol exposure using the DID paradigm
were observed.

Mice were also weighed prior to assessment of ethanol’s hypnotic sensitivity during
adolescence on PD34 and adulthood on PD94. Consistent with the overall reduced average
litter weight observed prior to weaning on PD21, prenatal ethanol-exposed offspring
exhibited reduced weights on PD34 as evidenced by a significant main effect of treatment
(F(1,26)=14.2, p<0.001; Table 2). Whereas the main effect of sex was also significant
(males > females, F(1,26)=21.2, p<0.001; Table 2), the interaction of sex and treatment was
not (p>0.05). However, by PD94 ethanol-exposed offspring no longer exhibited reduced
weight compared to controls (no main effect of treatment or the interaction of sex and
treatment, p’s>0.05), although male offspring continued to weigh more than female
offspring (significant main effect of sex, F(1,32)=128.7, p<0.001; Table 2).

Offspring behavior
Elevated Plus Maze Anxiety—On postnatal days 31 and 91 the percentage of time spent
on the open arms of the elevated plus maze was assessed in the male and female offspring of
ethanol- and water-exposed dams. Two-way ANOVA did not indicate any significant main
effects or interactions (p’s>0.05). Thus, binge-like ethanol intake during pregnancy does not
appear to alter anxiety-like behavior in adolescent offspring (Figure 2A). For adult
offspring, two-way ANOVA indicated a significant main effect of sex (F(1,37)=4.6,
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p<0.05), but not prenatal treatment or interaction of these factors (p’s>0.05). Thus, although
the results are similar to those for adolescent offspring suggesting that maternal binge-like
ethanol intake during pregnancy does not alter anxiety-like behavior as assessed by the
elevated plus maze, they indicate that adult female C57BL/6J mice are generally less
anxious than their adult male counterparts (Figure 2B).

Rotarod Motor Performance—Separate three-way repeated measure ANOVAs were
conducted for adolescent and adult offspring. The analysis for adolescent mice indicated a
significant main effect of trial (F(5,190)=12.0, p<0.001), but no other main effects or
interactions of these factors (p’s>0.05, Figures 3A and 3B). Thus, although performance
improved over trials, the improvement did not depend upon sex or prenatal ethanol
exposure. Similar results were seen when rotarod performance was analyzed for adult
offspring. The three-way repeated measures ANOVA indicated a significant main effect of
trial (F(5,190)=13.7, p<0.001), but not sex or treatment or interaction of these factors
(p’s>0.05, Figures 3C and 3D). Thus, prenatal ethanol exposure using the DID paradigm
does not appear to alter accelerating rotarod performance.

Locomotor Activity—The overall three-way repeated measures analysis for adolescent
offspring indicated a marginally significant interaction of sex and treatment (F(1,27)=3.9,
p=0.06), so subsequent two-way repeated measures analyses were performed for male and
female adolescent offspring separately. In male adolescents, this analysis detected a main
effect of bin for distance traveled (F(5,70)=7.0, p<0.001), but no other main effect or
interaction (p’s>0.05, Figure 4A). However, in female adolescents, the two-way analysis
revealed a significant main effect of treatment (F(1,13)=8.1, p<0.001), bin for distance
traveled (F(5,65)=10.2, p<0.001), and a significant interaction of these factors (F(5,65)=2.8,
p<0.05). Planned contrasts indicated that whereas adolescent female water-exposed controls
exhibited a clear novelty-induced enhancement of locomotor activity upon placement in the
chamber during the first 15 min of the test (bins 1, 2, and 3), female adolescents that had
been exposed to binge-like ethanol in utero did not (p’s<0.05; Figure 4B).

For the adult offspring the overall three-way analysis indicated a main effect of bin for
distance traveled (F(5,195)=100.5, p<0.001), but not other main effects or interactions
(p’s>0.05, Figure 4C and 4D). Thus, locomotor activity decreased to a similar degree over
the 30 min test for both prenatal ethanol-exposed and control offspring.

Loss of righting reflex—Exposure to binge-like ethanol intake in utero resulted in
reduced sensitivity to ethanol’s hypnotic actions (4 g/kg dose) in adolescent male and female
offspring as indicated by shorter durations of ethanol-induced loss of the righting reflex.
Two-way ANOVA with sex and treatment as factors indicated a significant main effect of
treatment (F(1, 73)=4.1, p<0.05), but not sex or interaction of these factors (p’s>0.05, Figure
5A). However, this effect was gone by adulthood as the two-way analysis for adult offspring
failed to detect any significant main effects or interaction (p’s>0.05, Figure 5C). There were
no significant differences in blood ethanol concentration at regain of the righting reflex for
either adolescent or adult offspring (p’s>0.05, Figure 5B and D).

Discussion
Since the discovery that maternal ethanol consumption may be harmful to the developing
embryo/fetus, a number of different animal models have been developed to investigate
mechanisms by which the drug produces these effects (Cudd, 2005). However, the majority
of these animal models involve procedures that may impart additional stress on the pregnant
dam, possibly further compromising the health status of the offspring. In the present study
we have utilized a new limited ethanol access mouse model to expose pregnant dams to
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ethanol. Called drinking in the dark or DID, naïve female C57BL/6J mice of mating age will
consume stable intoxicating amounts of an unsweetened 20% ethanol solution during a two
hour exposure period each day (Moore et al., 2007). The procedure is relatively simple,
eliminating the need for lengthy access periods or the addition of sweeteners to promote
ethanol intake, and bypasses the potential stress associated with other routs of maternal
ethanol administration. Moreover, the DID procedure mimics the type of binge-like ethanol
intake observed in many women of childbearing age. Indeed, approximately 28.5% of
women in this age group reported frequent binges involving consumption of 5 or more
drinks on a typical drinking day, and about 21.4% of the women reported consuming 45 or
more drinks within a month (Tsai et al., 2007). Among pregnant women, whereas 59.1%
reported having consumed alcohol over the past year, 19.6% reported having actually
engaged in binge drinking during that time frame (Caetano et al., 2006). Thus, the DID
model may also better approximate the type and pattern of ethanol intake characteristic of at
least some pregnant women.

Pregnant dams given daily access to ethanol consumed 4.5-6.7 g/kg ethanol per day
throughout gestation, producing estimated blood ethanol concentrations ranging from
124-180 mg/dl per day. This level of ethanol intake did not appear to substitute for calories
derived from the mouse chow as ethanol-exposed dams did not differ from their water-
exposed controls in food intake or maternal weight gain. In offspring, this level of intake did
not appear to alter litter size as assessed on PD7. However, some caution is warranted as
litter size was not assessed at birth. Although prenatal ethanol exposure did not alter
offspring body or brain weights assessed on PD0, analysis of average litter weights on PD7,
14, and 21 indicated an overall reduction in the weights of pups prenatally exposed to
ethanol. Ethanol-exposed pups continued to exhibit reduced weight compared to water-
exposed controls on PD34, but this difference was no longer apparent by PD94. No other
gross morphological deficits were observed in offspring.

Our finding that prenatal exposure to ethanol reduced the weight of offspring is consistent
with previously published reports (Hannigan, 1995, Nathaniel et al., 1986). However, the
deficits in weight we observed did not appear to emerge until at least weaning (PD21), and
were gone by adulthood (PD94). A number of studies have also indicated that brain weights
are reduced in the offspring of dams exposed to ethanol during gestation (Nathaniel et al.,
1986). Although brain weights following prenatal exposure to binge-like ethanol intake did
not differ at birth, it is unclear whether any such deficits might have emerged as the pups
matured. Indeed, if brain weight parallels pup weight, one might expect to see a deficit in
this parameter emerge toward weaning, extending through adolescence, and then declining
by adulthood. Future work will examine this possibility.

Several studies have indicated that prenatal exposure to ethanol alters stress and/or anxiety
measures in offspring. Rats prenatally exposed to ethanol exhibited greater anxiety-like
behavior (reduced time on the open arms) as assessed by the elevated plus maze (Dursun et
al., 2006). Moreover, prenatal ethanol exposure resulted in higher basal serum corticosterone
levels in female mice (Allan et al., 2003), and testing on the elevated plus maze was
associated with elevated serum corticosterone levels in prenatal ethanol exposed mice
suggesting greater stress responsivity (Osborn et al., 1998). Indeed, maternal ethanol intake
has been demonstrated to increase hypothalamic-pituitary-adrenal (HPA) axis activity in
both the consuming mother and the offspring, alterations that may underlie the
hyperresponsiveness to stressors (such as the elevated plus maze) seen in offspring (Glavas
et al., 2007; Zhang et al., 2005).

We did not detect any change in anxiety-like behavior among prenatal ethanol-exposed mice
as assessed by the elevated plus maze. However, there are several notable differences
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between our study and those listed above. For example, Osborn et al. (1998) administered
ethanol via liquid diet, perhaps producing a more continuous level of ethanol in blood.
Although Dursun et al. (2006) administered once daily 6 g/kg ethanol via intubation from
gestational days 7-20 which should have better approximated the type of binge-like ethanol
exposure in the present work, the ethanol doses in that study at times exceeded our daily
estimated intakes for DID (4.5-6.7 g/kg) producing higher blood ethanol concentrations
ranging from 334-349 mg/dl (versus our range of 124-180 mg/dl). We have not yet assessed
serum corticosterone levels or any other measures of HPA tone in our mice. The current data
nevertheless suggest that voluntary binge-like ethanol intake in pregnant C57BL/6J mice
does not alter anxiety-like behavior in offspring as assessed by the elevated plus maze.

Prenatal ethanol exposure using DID procedures also did not alter motor coordination as
assessed by the accelerating rotarod apparatus. Human studies of patients diagnosed with
FASD have indicated relative deficits in balance and fine motor control compared to non-
affected controls (Connor et al., 2006). The rat literature is consistent with these findings
having shown that prenatal ethanol exposure alters patterned gait (Riley, 1990).
Nevertheless, a recent report using rats is consistent with our mouse data indicating that
accelerating rotarod motor performance is not altered by prenatal ethanol exposure (Dursun
et al., 1996). Future work will continue to address whether prenatal ethanol exposure using
the DID paradigm alters motor coordination by assessing patterned gait (Meyer et al., 1990;
Hannigan and Riley, 1988).

When basal locomotion was assessed in our activity chambers, adolescent female mice that
had been prenatally exposed to ethanol exhibited a blunted locomotor response during the
first 15 min of the 60 min test; no such difference was observed in male adolescents, or in
adult mice. This result stands in contrast to a number of studies that have demonstrated
hyperlocomotion in rodents prenatally exposed to ethanol (Riley, 1990). However, not all
studies have agreed. For example, the present results are consistent with at least two recent
reports showing that prenatal ethanol exposure results in attenuated locomotor activity
during the first 5 min of testing in an open field (Carneiro et al., 2005; Dursun et al., 2006).
As both studies employed a once-daily maternal ethanol administration procedure, these
results may indicate that prenatal exposure to binge-like ethanol intake blunts the normal
elevated locomotion in response to a novel environment.

A number of studies have suggested that prenatal ethanol exposure reduces behavioral
sensitivity to ethanol in rats (Abel et al., 1981; Fulginiti et al., 1989; Reyes et al., 1993). One
of our goals of the present work was therefore to determine if binge-like ethanol exposure in
utero alters ethanol behavioral phenotypes in C57BL/6J offspring. When hypnotic
sensitivity to ethanol (4 g/kg) was assessed, we found a similar developmental pattern as
described for offspring weight and locomotor behavior; whereas prenatal ethanol-exposed
adolescent mice were significantly less sensitive to ethanol-induced loss of the righting
reflex (exhibiting a shorter duration of loss of righting reflex compared to prenatal water-
exposed controls), prenatal ethanol-exposed adult mice did not differ. Prenatal ethanol-
exposed adolescent mice also exhibited near equal blood ethanol concentrations at regain of
the righting response compared to water-exposed controls, perhaps indicating that they
metabolize ethanol more rapidly. Nevertheless, these results are generally supportive of the
previously published reports suggesting that prenatal ethanol exposure reduces behavioral
sensitivity to ethanol in offspring and are particularly interesting in light of studies
indicating that prenatal ethanol exposure increases propensity to self-administer ethanol
(Chotro et al., 2007). It may be that reduced behavioral sensitivity to ethanol predisposes
offspring to self-administer larger amounts of the drug, particularly during adolescence.
Indeed, at least one study has suggested that in utero ethanol exposure may indeed be
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associated with early alcohol use problems prior to age 21 in human adolescents (Alati et al.,
2006).

Several important caveats to interpretation of the present data warrant mentioning. First,
presentation of ethanol or water using DID procedures was in some cases initiated prior to
actual pregnancy. Ethanol or water access was always initiated upon detection of a vaginal
plug. However, females did not always end up pregnant. In such cases daily breeding had to
be re-started, leaving open the possibility that prior DID exposure, particularly to ethanol,
may have influenced our results. Second, we attempted to control for the effects of
continued maternal binge-like ethanol intake on care for offspring by weaning the dams
from ethanol over a three day period. However, intakes were not significantly reduced by
this approach, and we consequently cannot rule out the possibility that maternal care was
impacted by the continued high binge-like ethanol intake on PD0-2, or its abrupt withdrawal
on the days immediately following. It is, however, notable that we did not detect any
differences in maternal care on PD7. Third, we did not randomize the order of tasks in our
behavioral test battery and therefore cannot be certain that testing order did not influence our
results. Our primary goal was to avoid the possible confound of prior ethanol injection on
subsequent behavior, so the loss of righting reflex task was placed last in the test sequence.
We were also concerned that previous testing might interfere with assessment of anxiety-
like behavior using the elevated plus maze, so this assay was placed first in the test
sequence. However, McIlwain et al. (2001) has demonstrated that prior behavioral testing
may influence task performance, particularly when using the elevated plus maze or
locomotor activity chambers. We therefore cannot rule out the possibility that the order of
the tasks might have influenced the present results.

In the present study we have demonstrated that a new and relatively simple limited access
mouse model of binge-like ethanol intake called drinking in the dark (DID) can be adapted
to examine the prenatal effects of the drug on a number of behavioral outcomes in offspring.
Prenatal exposure to ethanol using DID procedures avoids stress that may be associated with
other routs of prenatal ethanol exposure, and may more precisely mimic the effects of
maternal binge ethanol drinking on offspring. Similar to that seen in non-pregnant females,
pregnant C57BL/6J mice will consume considerable amounts of daily ethanol throughout
pregnancy. This level of ethanol intake produces physiologically relevant blood ethanol
concentrations and quantifiable effects in offspring. Prenatal ethanol exposure using the DID
paradigm alters offspring weight, reduces basal locomotion in females, and reduces
sensitivity to ethanol’s hypnotic actions in both males and females. However, developmental
stage appears to be important as all of these effects, while present during adolescence,
disappear by adulthood. Although much work remains to fully characterize the effects of
prenatal ethanol exposure using DID, it should prove useful in the continued study of
mechanisms underlying ethanol’s deleterious effects in utero.
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Figure 1.
Maternal intake. A. Mean (±SEM) ethanol intake in pregnant dams given daily 2hr access to
an unsweetened 20% ethanol solution using DID procedures from gestational days 1-20
(n=18). B. Mean (±SEM) maternal blood ethanol concentrations immediately following
ethanol access at 7, 14, and 20 days gestation. Blood ethanol concentrations were
determined in separate groups of pregnant females (n’s=4-5). C. Mean (±SEM) 24hr food
intake for ethanol-and water-exposed dams from gestational days 1-20 (n’s=17-18). D.
Mean (±SEM) percent maternal weight gain from gestational days 1-20 (n’s=16-18).
Percentages were determined compared to initial weight at initiation of pregnancy
(gestational day 1).
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Figure 2.
Elevated plus maze anxiety-like behavior in the adolescent and adult offspring of dams
allowed daily binge-like access to ethanol or water over gestation. Mean (±SEM) percentage
time spent on the open arm during a 5-min test. A. Male and female adolescent offspring
(n’s=10 per group). B. Male and female adult offspring (n’s=8-13).
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Figure 3.
Accelerating rotarod motor performance in adolescent and adult offspring of dams allowed
daily binge-like access to ethanol or water over gestation. Mean (±SEM) latencies to fall
from the accelerating rotarod over 6 successive practice trials. A. Male adolescent offspring
(n’s=10-11). B. Female adolescent offspring (n’s=10). C. Male adult offspring (n’s=10-13).
D. Female adult offspring (n’s=8-11).

Boehm et al. Page 16

Dev Psychobiol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Basal locomotion in adolescent and adult offspring of dams allowed daily binge-like access
to ethanol or water over gestation. Mean (±SEM) distance traveled in cm in 12 consecutive
5-min bins. A. Male adolescent offspring (n’s=8). B. Female adolescent offspring (n’s=7-8).
C. Male adult offspring (n’s=10-13). D. Female adult offspring (n’s=9-11).
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Figure 5.
Hypnotic sensitivity to ethanol in the adolescent and adult offspring of dams allowed daily
binge-like access to ethanol or water over gestation. A. Mean (±SEM) duration of loss of
righting reflex in male and female adolescent offspring (n’s=8-10). B. Mean (±SEM) blood
ethanol concentration at regain of the righting reflex in male and female adolescent offspring
(n’s=7-9). C. Mean (±SEM) duration of loss of righting reflex in male and female adult
offspring (n’s=8-13). D. Mean (±SEM) blood ethanol concentration at regain of the righting
reflex in male and female adult offspring (n’s=6-11).
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Table 1

Daily maternal weights (g±SEM) and 2hr intakes (ml/kg±SEM) in pregnant C57BL/6J dams allowed access to
either ethanol or water using DID procedures.

Gestational Ethanol-Exposed† Water-Exposed‡

Day weight (g) intake (ml/kg) weight (g) intake (ml/kg)

1 21.6±0.6 28.6±3.4 22.6±0.6 45.2±4.0

2 21.6±0.6 28.6±3.3 22.8±0.6 33.7±3.8

3 21.7±0.6 22.3±1.5 22.8±0.6 39.5±3.5

4 21.9±0.6 29.3±2.5 23.1±0.7 42.0±2.6

5 22.2±0.6 25.9±2.0 23.1±0.6 43.5±3.9

6 22.4±0.6 26.2±1.4 23.1±0.6 38.8±3.6

7 22.6±0.6 24.6±1.8 23.4±0.6 45.0±3.5

8 23.0±0.6 28.7±1.6 23.8±0.6 39.1±3.1

9 23.4±0.5 26.8±1.6 24.2±0.6 39.6±3.7

10 23.9±0.5 31.2±1.6 25.0±0.6 40.6±3.3

11 24.4±0.5 28.4±1.2 25.9±0.6 45.4±3.8

12 25.3±0.5 33.5±2.1 26.9±0.6 47.7±3.5

13 26.0±0.5 30.7±2.5 27.9±0.6 48.8±3.1

14 26.9±0.6 32.8±2.6 29.2±0.7 41.3±3.0

15 28.2±0.5 28.0±1.8 30.5±0.7 43.5±2.9

16 30.0±0.5 30.4±2.1 32.1±0.7 46.2±3.2

17 31.1±0.6 27.6±1.7 33.9±0.8 43.5±3.2

18 32.8±0.6 26.3±1.2 35.6±0.8 39.2±3.4

19 34.4±0.6 27.4±1.9 37.6±0.9 36.0±3.3

20 36.0±0.7 22.7±2.2 39.4±1.0 28.4±4.1

†
Dams were allowed access to an unsweetened 20% ethanol solution for 2 hours each day, 3 hours intor the dark cycle.

‡
Dams were allowed access to plain tap water for 2 hours each day, 3 hours into the dark cycle.
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Table 2

Effects of binge-like ethanol exposure in utero: Etimates of average pup weights across ontogeny.

Average pup weight at birth* PD0

prenatal ethanol-exposed 1.2 ± 0.1

prenatal water-exposed 1.2 ± 0.1

Pre-weaning average litter weight** PD7 PD14 PD21

prenatal ethanol-exposed 3.3 ± 0.2 6.1 ± 0.3 6.9 ± 0.3†

prenatal water-exposed 3.6 ± 0.2 6.4 ± 0.2 7.6 ± 0.2

Average weight*** PD34‡ PD94

Prenatal ethanol-exposed

 male 15.1 ± 0.5 26.2 ± 0.2

 female 11.9 ± 0.7 21.9 ± 0.5

Prenatal water-exposed

 male 17.1 ± 0.6 26.6 ± 0.3

 female 14.6 ± 0.7 22.3 ± 0.4

Weights are indicated in grams.

*
Average calculated from one pup per litter on PD0.

**
Average calculated by determining the mean weights for all pups in a litter on PD7, 14, and 21.

***
Average caclulated from one male and one female mouse per litter.

†
Significant at p<0.05.

‡
Prenatal ethanol-exposed < prenatal water-exposed, p<0.001.
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