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Abstract
Background—Alcohol exposure in the rat on Postnatal Days [PD] 4-9 is known to partially
damage the hippocampus and to impair hippocampus dependent behavioral tasks. We previously
reported that PD4-9 alcohol exposure eliminated the context preexposure facilitation effect
(CPFE) in juvenile rats, a hippocampal-dependant variant of contextual fear conditioning. In the
CPFE, context exposure and immediate shock occur on successive occasions and this produces
conditioned freezing relative to a control group that is not preexposed to the training context. Here
we extend our earlier findings by examining the effects of neonatal alcohol administered at
multiple doses or over different neonatal exposure periods.

Method—Rat pups (male and female) were exposed to a single binge dose of alcohol at one of
three doses (2.75, 4.00, or 5.25g/kg/day) over PD4-9 (Experiment 1), or to 5.25g over PD4-6 or
PD7-9 (Experiment 2). Sham intubated (SI) and undisturbed (UD) rats served as controls. On
PD31, rats were preexposed to either the training context (Pre) or an alternate context (No-Pre).
On PD32, rats received an immediate unsignaled footshock (1.5 mA, 2s) in the training context.
Finally, on PD33 all rats were returned to the training context and tested for contextual freezing
over a five-minute period.

Results—UD- and SI-Pre rats showed the CPFE, i.e., context preexposure facilitated contextual
conditioning, relative to their No-Pre counterparts. The immediate shock deficit was present in all
No-Pre groups, regardless of previous alcohol exposure. In Experiment 1, blood alcohol level was
negatively correlated with contextual freezing. Group 2.75g-Pre did not differ from controls.
Group 4.00g-Pre froze significantly less than Groups UD- and SI-Pre but more than Group 5.25-
Pre, which showed the immediate shock deficit. In Experiment 2, alcohol exposure limited to
PD7-9, but not PD4-6, disrupted the CPFE.

Conclusions—This is the first demonstration of dose-related impairment on a hippocampus-
dependent task produced by neonatal alcohol exposure in the rat. Exposure-period effects support
previous studies of alcohol and spatial learning. The CPFE is a more sensitive behavioral task that
can be used to elucidate developmental alcohol-induced deficits over a range of alcohol doses that
are more relevant to human exposure levels.
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INTRODUCTION
Neurobehavioral impairments resulting from developmental alcohol exposure are broadly
classified under the rubric of Fetal Alcohol Spectrum Disorders (FASD), which range in
severity from cases of Fetal Alcohol Syndrome (FAS) at one end to more subtle learning and
memory deficits in the absence of a distinct FAS facial dysmorphology at the other (Sokol,
et al., 2003; Manning & Hoyme, 2007). The neurobehavioral impairments present in
children with FASD may include attention deficits and poorly adapted social behavior
(Mattson, et al., 2001), significant learning impairments (Mattson, et al. 2001), lower IQs
(Mattson & Riley, 1998), and spatial memory disruption (Uecker & Nadel, 1996; Hamilton,
et al. 2003). Neuroanatomical abnormalities commonly seen in FASD involve structures
with known roles in various forms of learning and memory, including the basal ganglia, the
cerebellum, and the hippocampus (Spadoni, et al. 2007; Riikonen, et al. 1999; Willoughby,
et al., 2008; for review see Riley & McGee, 2005). For example, children with FAS/FASD
demonstrate learning deficits in eyelid conditioning and virtual water maze tasks, suggestive
of cerebellar and hippocampal dysfunction respectively (Jacobson, et al., 2008; Hamilton, et
al. 2003). The use of animal models of developmental alcohol exposure has greatly
improved our understanding of the teratogenetic effects of alcohol on the developing
nervous system and resulting neurobehavioral dysfunction; important factors contributing to
the adverse effects of alcohol include the pattern, level, and developmental period of alcohol
exposure (Bonthius & West, 1988, 1990, 1991; Hamre & West, 1993; Tran & Kelly, 2003;
Livy, et al., 2003).

A number of studies have examined these factors in relation to the adverse effects of alcohol
on the developing hippocampus, a structure implicated in many forms of learning and
memory (for recent reviews see Moscovitch, et al., 2005; Morris, 2006; Rudy, 2009).
Although the hippocampus remains vulnerable to the adverse effects of alcohol throughout
gestation, alcohol exposure limited to the neonatal period in the rat damages the
hippocampus and impairs hippocampal-dependent behavior (for reviews see Berman &
Hannigan, 2000; Gil-Mohapel, et al. 2010). For example, alcohol exposure encompassing all
of gestation (gestational days [GD]1-22) and the brain growth spurt (postnatal days
[PD]4-9), or just limited to PD4-9 causes significant reductions in CA1 pyramidal cells over
a range of high blood alcohol concentrations (BACs; 268-457 mg/dl; Bonthius & West,
1990, 1991; Livy, et al. 2003; Tran & Kelly, 2003). CA1 pyramidal cell loss also results
when alcohol is administered over PD7-9 (Marino, et al. 2004), suggesting hippocampal
vulnerability to alcohol over a narrow window of exposure.

Neonatal alcohol exposure resulting in high blood alcohol concentrations (BACs) produces
behavioral deficits on tasks disrupted by hippocampal lesions, such as spatial conditional
alteration in the T-maze, trace fear conditioning, or the spatial water maze (Thomas, et al.
1996; Hunt, et al. 2009; Goodlett & Johnson, 1997). These studies indicate that high alcohol
doses (≥ 5.00g/kg day) produce behavioral deficits on these tasks (Goodlett & Johnson,
1997; Tomlinson, et al. 1998; Hunt, et al. 2009). The developmental window of alcohol
exposure also differentially affects performance. For example, Goodlett & Johnson (1997)
demonstrated spatial water maze deficits when alcohol was administered over PD4-9 or
PD7-9, but not when exposure was limited to PD4-6. In contrast, Hunt, et al. (2009) showed
trace fear conditioning deficits following alcohol exposure on PD4-9 or PD4-6, but not
PD7-9. The differential disruption of these behaviors may reflect the adverse effects of
alcohol on both hippocampal and non-hippocampal brain areas known to be engaged in
these tasks (Goodlett & Johnson, 1997; Hunt, et al., 2009). Importantly, information
concerning dose-response effects of neonatal alcohol exposure on these tasks is limited. For
example, place learning and escape latency in the water maze are disrupted only by neonatal
alcohol doses exceeding 4g/kg (Goodlett & Johnson, 1997; Tomlinson, et al. 1998) while a
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PD4-9 4g/kg alcohol dose resulted in trace fear conditioning deficits relative to only one of
two control groups (Hunt, et al., 2009). The lack of data on dose-response relationships
likely reflects the relatively modest behavioral impairments that are seen with most of these
tasks when high doses (4.5 – 6.6 g/kg) are used (Girard, et al. 2000; Goodlett & Johnson,
1997; Goodlett & Peterson, 1995; Johnson & Goodlett, 2002; Marino, et al. 2004; O’Leary-
Moore, et al. 2006; Thomas, et al. 1996). Demonstrating effects at lower doses that reflect
the full range of BACs associated with FASD in human subjects remains an important
challenge for animal model research (Murawski & Stanton, 2010). This may be
accomplished by examining dose-response effects of neonatal alcohol exposure on
hippocampal-dependent tasks that are more sensitive to neonatal alcohol exposure
(Murawski & Stanton, 2010).

Contextual fear conditioning has been used to demonstrate both pre- and postnatal alcohol-
induced learning deficits in rodent models of FASD (Weeber, et al., 2001; Allan, et al. 2003;
Murawski & Stanton, 2010). A variant of contextual fear conditioning that is consistently
sensitive to anterograde hippocampal insult is the context preexposure facilitation effect
(CPFE), where preexposure to a context facilitates conditioning to an immediate shock
given on a subsequent occasion (Fanselow, 1990; Rudy & O’Reilly, 2001). In the standard
CPFE design, rats are exposed to either the training context or an alternate context for a 5
minute preexposure phase. Twenty-four hours later all rats receive an immediate shock in
the training context. During the testing phase, those rats preexposed to the context show
enhanced contextual freezing relative to those rats preexposed to the alternate context. This
difference defines the CPFE (Fanselow, 1990; Rudy & O’Reilly, 2001). The hippocampus
makes important contributions during each of the three phases of the CPFE. Hippocampal
activity supporting the CPFE during preexposure is NMDA receptor and protein synthesis
dependent (Schiffino, et al., submitted; Barrientos, et al. 2002; Matus-Amat, et al. 2007).
Hippocampal activity (but not plasticity) is also required during the training and testing
phases of the CPFE paradigm (Matus-Amat, et al. 2004). The sensitivity of this task to
hippocampal insult over the various phases of training makes it an attractive task to examine
the effects of neonatal alcohol exposure on hippocampal-dependent learning, especially at
lower alcohol doses (Murawski & Stanton, 2010).

We recently reported that exposure to a high binge-dose (5.25g/kg/day) of alcohol over
PD4-9 abolishes learning in the CPFE variant of contextual fear conditioning in juvenile rats
(Murawski & Stanton, 2010). In contrast, the same alcohol exposure regimen failed to alter
fear conditioning to a discrete auditory cue, and only modestly impaired conventional
contextual fear conditioning. The present study sought to extend these observations by
determining how impairment of the CPFE is affect by different doses of alcohol
(Experiment 1) and different developmental periods of exposure (Experiment 2).

EXPERIMENT 1: Dose Response Effects of Neonatal Alcohol on the CPFE
The current experiment was designed to explore dose response effects of neonatal alcohol
exposure on the context preexposure facilitation effect (CPFE) paradigm. Rats were exposed
to one of three alcohol doses (2.75, 4.00, or 5.25g/kg/day), sham intubated, or left
undisturbed over PD4-9 and began CPFE training as juveniles (PD31-2). We predicted a
linear decrease in the CPFE with increasing neonatal alcohol dose, compared to control
groups (UD and SI).

MATERIALS AND METHODS
Subjects—The subjects were 146 Long Evans rats (79 female and 67 male) derived from
24 litters and were the offspring of time-mated female housed with breeder males overnight
at the animal housing colony of the Office of Laboratory Animal Medicine at the University
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of Delaware. The following morning, rats were examined for an ejaculatory plug and, if
found, that day was designated Gestational day (GD) 0. Pregnant females were housed in
clear polypropylene cages (45 × 24 × 21 cm) with standard bedding and ad lib access to
water and rat chow. The animal housing facility was maintained on a 12:12 hour light/dark
cycle with lights on at 7:00 am. The date of birth was designated as postnatal day (PD) 0 (all
births occurred on GD22). On PD3, litters were culled to 8 pups per litter (usually 4 males
and 4 females) and pups received subcutaneous injections of a non-toxic black ink into one
or more paws to aid in identification. Pups were weaned from their mother on PD21 and
housed with same-sex litter mates in 45 × 24 × 17 cm cages until PD29 when they were
individually house in small white polypropylene cages (24 × 18 × 13 cm) with ad lib access
to water and rat chow for the remainder of the experiment. All subjects were treated in
accord with a protocol approved by the Institutional Animal Care and Use Committee at the
University of Delaware following guidelines established by the National Institutes of Health.

Alcohol Dosing—Rat pups from 17 litters were randomly assigned to receive one of three
alcohol doses (2.75, 4.00, or 5.25g/kg/day) or to received sham intubations (SI), with an
equal number of males and females in each group whenever possible. Within a given litter
(of 8 pups), one male and one female pup were assigned to receive a given alcohol dose or
to be sham intubated. An additional 7 litters remained undisturbed (Group UD) during the
dosing period (PD4-9), except that their body weights were taken on PD4 and PD9. Same-
sex littermates assigned to the same dosing condition (2.75g, 4.00g, 5.25g, SI, or UD) were
assigned to different behavioral groups (Pre vs. No Pre, see below) so that no more than one
same-sex littermate was assigned to a particular experimental condition (dosing condition X
behavioral group).

Alcohol was administered via intragrastric intubation over PD4 through PD9 as described
previously (Brown, et al., 2007, 2009; Murawski & Stanton, 2010). Briefly, on PD4 pups
were separated from their mothers and placed as a litter into one of two clear Lexan
containers set over a heating pad (GD model %E12107) that provided warmth during
separation. Pups were weighed prior to the first intubation (usually around 10:00 am). The
intubation process involved passing PE10 tubing lubricated with corn oil down the
esophagus and into the stomach of the rat pup. For alcohol-exposed pups, alcohol was
delivered in a custom milk formula solution (see Kelly & Lawrence, 2008 for details) in a
single binge dose administered at 12.53% (Group 2.75g), 18.19% (Group 4.00g), or 23.94%
(Group 5.25g) v/v. The formula was delivered in a volume of 0.02778 ml/g body weight.
Group SI received an intubation without an infusion of formula. After dosing/intubation was
completed (< 20 minutes per litter), pups were returned as a litter to their mothers.
Approximately two hours (± 5 min) after the ethanol dose, pups were again briefly separated
for a second dosing session. Pups received a small tail-clip and a 20 μl blood sample was
collected using a heparinized capillary tube. Blood samples from Group SI were discarded;
those from alcohol-exposed pups were saved from further blood alcohol analysis (see
below). The second dosing on PD4 involved an infusion of milk formula only (without
ethanol; Group 2.75g, 4.00g, 5.25g) or a sham intubation (Group SI). A third formula-only
or sham intubation was administered two hours (± 5 min) after the second dosing. Dosing
occurred in a similar fashion on PD5-9, except that no blood samples were taken and pups
received only one additional formula/sham intubation after the first intubation instead of
two. Alcohol-exposed pups received additional formula-only intubations in an effort to
maintain normal weight gain in ethanol-exposed pups during the dosing period (Marino et
al., 2004).

Blood Alcohol Concentration Analysis—Blood samples from alcohol-exposed pups
were centrifuged and the plasma was collected and stored at −20 °C. Blood alcohol
concentrations (BACs) were determined using an Analox GL5 Analyzer (Analox

Murawski and Stanton Page 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Instruments, Luneburg, MA) as previously described (Brown, et al. 2008). Briefly, the rate
of oxidation of alcohol in each plasma sample was measured. BACs (expressed in mg/dl)
were calculated based on comparisons to known values of an alcohol standard solution.

Apparatus and Stimuli—The context preexposure facilitation effect (CPFE) paradigm
has been previously reported by our lab (Murawski & Stanton, 2010; Burman, et al., 2009;
Schiffino et al, submitted) and others (Fanselow, 1990; Rudy, et al. 2004; Rudy & O’Reilly,
2001) and occurred in three successive phases: preexposure; training; and testing (see
below). Rats were preexposed to one of two distinct contexts. Context A was a clear
Plexiglas chamber measuring 16.5 × 21.1 × 21.6 cm with a grid floor made of 9 stainless
steel bars 0.5 cm in diameter spaced 1.25 cm apart. A shock scrambler (Med Associates,
Georgia, VT ENV-414S) connected to the grid floor provided a 1.5 mA, 2s footshock
unconditioned stimulus (US). Four Context A chambers were positioned in a 2 × 2
formation on a Plexiglas stand within a fume hood that provided both ambient light and
background noise. Adjacent walls of two chambers were made opaque. Context B involved
modifications to Context A; these included a wire mesh floor and back wall that protruded
into the chamber altering its internal space and a white paper drape obscuring three of the
chamber walls (side, back, and ceiling). Animals were run in loads of 4 (see below). During
preexposure two of the 4 chambers were styled as Context A, while the other two as Context
B. The specific chambers acting as Context A or Context B were equally balanced across
groups. A video camera recorded activity from the four chambers simultaneously. The video
camera fed into a Dell computer that ran FreezeFrame software (Actimetrics, Wilmette, IL).
Animal movement was determined by measuring changes in pixel luminance, where
freezing was defined as a bout of 0.75 s or longer without changes in pixel luminance.

Design and Procedures
Preexposure: All behavioral training occurred during the light cycle (between 2–5pm).
Starting on PD31-2, rats were weighed and transported (four at a time) to the testing room in
distinctive transport cages made of clear Lexan (11 × 11 × 18 cm) but covered with orange
construction paper to obscure visual cues during transport. The rats waited (<3 min) in an
adjacent room as the experimenter cleaned out the chambers (both Context A and B) with a
5% ammonium solution. Rats were then brought into the testing room and were placed in
either Context A or Context B. The rats were allowed to explore the context for a 5 minute
period and were immediately returned to their home cage at the end of the preexposure
session.

Training: On PD32-3 (24 h after preexposure), rats were again weighed and transported to a
waiting room adjacent the testing room for 3–5 minutes while the experimenter set up for
the training session. Again, the chambers (now consisting of only Context A) were wiped
down with a 5% ammonium solution prior to training. All rats were trained in Context A.
For those rats preexposed to Context A (Group Pre), training occurred in the same chamber
where preexposure occurred 24 h earlier. Rats preexposed to Context B (Group No Pre)
were trained in a chamber placed in a different spatial location to the chamber they had been
preexposed in (e.g., if an animal was preexposed to Context B on the top left chamber it was
trained in Context A in the bottom right chamber). Rats were brought into the testing room
one at a time, placed into their respective training context, and received an immediate (<5 s)
1.5mA 2s footshock. Rats were immediately removed after US offset and returned to their
home cages.

Testing: On PD33-34 rats were returned to the chamber where, 24 h earlier, they had
received an immediate shock and were tested for contextual freezing over a 5 minute period.
The procedures were the same as those described for preexposure to Context A.
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Data Analysis—The data were analyzed using FreezeFrame software (Actimetrics,
Wilmette IL) with the bout length set at 0.75 s. The freezing threshold (change in pixels/
frame) was initially set as described in the instructions. A human observer blind to subjects’
groups verified the setting by watching the session and adjusting the threshold if necessary
to ensure that small movements were not recorded as freezing. Freezing behavior was scored
as the total percent time spent freezing over a 5 minute session for both preexposure and
testing sessions.

Animal data were imported into Statistica 8 data analysis software. Weight gain over the
dosing period (PD4-9) was analyzed with a repeated measures ANOVA with the between-
subjects factors of sex and dosing condition and the within-subjects factors of age.
Additionally, body weights during preexposure (PD31-2) were examined with a factorial
ANOVA with sex and dosing condition as factors. A 2 (sex; M vs. F) X 3 (dosing condition;
2.75g, 4.00g, and 5.25g) factorial ANOVA assessed differences between group BACs.
Freezing behavior was analyzed with a 2 (sex; M vs. F) X 5 (dosing condition; UD, SI,
2.75g, 4.00g, and 5.25g) X 2 (preexposure group; Pre vs. No Pre) factorial ANOVA. Post
hoc analyses (Newman-Keuls) were used to characterize treatment and interaction effects.
Finally, BAC/Freezing correlations were assessed with regression analysis only on alcohol-
exposed rats preexposed to the training context. Statistical significance was set to p ≤0.05.

Outliers were defined a priori as having scores ± 2 standard deviations from the mean of the
other rats in their respective group and were excluded from analysis. Eleven rats met the
outlier criterion based on their freezing scores during testing. These included one rat from
each of the 10 groups [2 (preexposure) X 5 (dosing condition)] with the addition of a second
rat from Group SI-Pre. An additional rat from Group 4.00g was removed because its BAC
meet the criterion as a statistical outlier. Behavioral analysis was conducted on the
remaining 134 subjects (minimum n=10 per group). BAC analysis was conducted on 73
alcohol-exposed rats (Group 2.75g: n=26; Group 4.00g: n=23; and Group 5.75g: n=24),
while BAC/Freezing correlations were conducted on 46 alcohol-exposed rats preexposed to
the training context (Group 2.75g: n=16; Group 4.00g: n=15; and Group 5.25g: n=15). Only
alcohol-exposed pups preexposed to the training context were included in this analysis
because Group No Pre was not expected to learn and therefore no correlation between
freezing and BAC was expected.

RESULTS
Body Weights and BACs—Table 1 summarizes body weights of Groups UD, SI, 2.75g,
4.00g, and 5.25g at PD4, PD9, and PD31-32. All groups gained a significant amount of
weight over the dosing period (PD4-9). A 5 (dosing condition) X 2 (sex) X 2 (days) repeated
measures ANOVA revealed significant main effects of sex [F(1, 124)=4.2, p<0.05], of
dosing condition [F(4, 124)=9.1, p<0.01], and of days [F(1, 124)=2211.4, p<0.01], in
addition to a significant Days X Dosing Condition interaction [F(4, 124)=46.4, p<0.01]. The
main effect of sex demonstrated that females had reduced body weights compared to males
(14.3g ± 2.2 vs. 15.0g ± 2.1, respectively). Newman-Keuls post-hoc tests of the Days X
Dosing Condition interaction showed that weights did not differ across groups on PD4
(ps>0.70). On PD9, body weights for Groups UD, SI, and 2.75g did not differ from one
another (ps>0.08); Group 4.00g (17.8g ± 2.7) weighed significantly less than Groups UD
(19.7g ± 2.9; p<0.01) but did not differ from Group SI (18.8g ±2.7; p>0.10); and Group
5.25g weighed significantly less than all other groups (14.2g ± 2.1; ps<0.01). A 5 (dosing
condition) X 2 (sex) factorial ANOVA on PD31-2 body weight revealed a main effect of sex
[F(1, 124)=31.4, p<0.01], with females weighing significantly less than males on PD31-2
(94.8g ± 1.3 vs. 105.8g ± 1.4, respectively). No other main effects or interactions were
significant (Fs<2.1). Although Groups 4.00g and 5.25g showed growth retardation at PD9
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compared to controls, this retardation was transient because there were no weight
differences between dosing conditions at the time of testing (PD31-2).

Table 1 also summarizes BACs for Groups 2.75g, 4.00g, and 5.25g. BACs were obtained
from 73 of 80 alcohol-exposed rats (technical difficulties caused 2 samples to be lost from
Group 2.75g, 3 from Group 4.00g, and 1 from Group 5.25g). As noted previously, an
additional BAC (from group 4.00g) was removed as a statistical outlier prior to analysis. A 3
(dosing condition) X 2 (sex) factorial ANOVA on BACs revealed a main effect of dosing
condition [F(2, 67)=237.9, p<0.01]; sex did not affect BAC levels (p>0.08).

Behavioral Measures
Preexposure: On PD31-2, rats from each dosing condition were preexposed to either
Context A or Context B for a 5 minute preexposure period. Preexposure data from 12 rats
were lost due to equipment failure (data lost did not include more than 2 rats in any group).
Subsequent preexposure analysis involved the remaining 123 subjects. A 5 (dosing
condition) X 2 (sex) X 2 (preexposure) factorial ANOVA failed to reveal any significant
differences among the factors (ps>0.34). Rats preexposed to Context A (Pre) froze 2.5 ±
0.7% while those preexposed to Context B (No Pre) froze 2.9 ± 7% demonstrating low
levels of baseline freezing during preexposure for all subjects, regardless of dosing
condition, sex, or preexposure context.

Testing: Testing for context conditioning occurred on PD33-4 (Figure 1). Alcohol produced
dose-related decreases in test performance in those rats preexposed to the training context. A
5 (dosing condition) X 2 (sex) X 2 (preexposure) factorial ANOVA revealed main effects of
dosing condition [F(4, 114)=5.67, p<0.01] and of preexposure [F(1, 114)=54.62, p<0.01], as
well as a significant Dosing Condition X Preexposure interaction [F(4. 114)=3.63, p<0.01).
Newman-Keuls post-hoc tests demonstrated the context preexposure facilitation effect
(CPFE) in Groups UD, SI, and 2.75g, where freezing was significantly increased in groups
preexposed to Context A (Pre) over those preexposed to Context B (No Pre; ps<0.05). In
contrast, Groups 4.00g and 5.25g failed to show the CPFE, where total freezing did not
differ significantly across the Pre vs. No Preconditions. Freezing for Groups UD-, SI-, and
2.75g-Pre did not differ from one another (ps>0.31). Groups 4.00g and 5.25g preexposed to
Context A differed significantly from Groups UD, SI, and 2.75g also preexposed to Context
A (ps<0.05), but did not differ from their No Pre counterparts (ps>0.12) or from one another
(p>0.13). Finally, there were no significant differences in freezing between (control) groups
preexposed to Context B (ps>0.90).

To further examine the relationship between dosing condition and the CPFE, trend analysis
(planned orthogonal comparisons) using a one-way ANOVA (dosing condition) on rats
preexposed to the training context (Group Pre) was performed. The only significant trend
was the linear relationship [F(1, 72)=22.73, p<0.01]. In addition, regression analysis
examined the correlation between BAC levels and test freezing for alcohol exposed rats
(Groups 2.75g, 4.00g, & 5.25g) preexposed to Context A. Only data from Group Pre were
included in this analysis because Group No Pre is a control condition that exhibits no
learned freezing [see above] and so no correlation with BAC was expected. In addition, the
restricted range of scores in Groups No-Pre violates the assumptions of regression analysis.
One BAC was excluded for meeting the criteria previously set for an outlier. A correlation
analysis performed on the remaining 45 rats revealed a significant negative correlation
between test freezing and BAC (r=−0.53; p<0.01). This correlation is illustrated in Figure 2.

Taken together, the findings of Experiment 1 indicate a dose-response function for the effect
of neonatal alcohol on context conditioning. As alcohol dose increases, disruption of the
CPFE increases, with maximal disruption occurring at the 5.25 g/kg dose.
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EXPERIMENT 2: EtOH Exposure Window and the CPFE
In addition to alcohol dose, a second important variable influencing the impact of alcohol on
the developing nervous system is the timing of alcohol exposure. For example, the
craniofacial abnormalities associated with FAS result from the teratogenic effects of 1st

trimester (or equivalent) alcohol exposure (Sulik, et al, 1981, Sulik, 2005), while alcohol
exposure limited to the 3rd trimester equivalent, but not at earlier times, results in reductions
of CA1 pyramidal cell number (Livy, et al. 2003; Tran & Kelly, 2003). In the current series
of experiments rat pups were exposed to a high binge dose of alcohol (5.25g/kg/day), sham
intubated (SI), or left undisturbed (UD) over two distinct neonatal periods (PD4-6 or
PD7-9). Rats were then examined for context learning using the CPFE paradigm starting on
PD31. Spatial learning in the water maze is disrupted by a high binge dose of alcohol over
PD4-9 and PD7-9, but not PD4-6 (Goodlett & Johnson, 1997). In contrast, trace fear
conditioning is disrupted by alcohol exposure over PD4-9 and PD4-6, but not PD7-9 (Hunt,
et al. 2009). The CPFE is sensitive to hippocampal inactivation at any of the three phases of
the paradigm (Rudy, et al. 2004) suggesting that it may be a more sensitive assay of
hippocampal dysfunction induced by neonatal alcohol exposure than other behavioral tasks
(Murawski & Stanton, 2010). We therefore predicted alcohol-induced CPFE deficits over
both PD4-6 and PD7-9 exposure windows.

MATERIALS AND METHODS
Subjects—The subjects for Experiment 2 were 133 Long Evans rats (66 females and 67
males) derived from 24 litters (11 dosed and 13 undisturbed). All materials and methods for
the current experiment (e.g., animal housing and care, apparatus and stimuli, and design and
procedures) are as in Experiment 1 except as described below.

Alcohol Dosing—Litters to undergo alcohol dosing were randomly assigned to one of two
dosing periods (PD4-6 or PD7-9). Rat pups from litters assigned to a specific dosing period
(PD4-6 or PD7-9) were further separated to either receive 5.25g/kg/day (Group 5.25g-PD4-6
or Group 5.25g-PD7-9) of alcohol in a single binge dose or sham intubations (Group SI-
PD4-6 or Group 5.25g-PD7-9). Separate litters were left undisturbed (Group UD) except
that their body weights were taken on PD4 and PD6 (UD-PD4-6) or PD7 and PD9 (UD-
PD7-9). No more than one same-sex litter mate was assigned to a particular experimental
condition.

Alcohol dosing proceeded as in Experiment 1 except that dosing began on the first day of a
particular dosing period (PD4 for PD4-6 and PD7 for PD7-9). In addition, blood samples
were collected 2 hr (±5 min) after alcohol exposure on the first day of dosing (either PD4 or
PD7) and were processed as before. A second milk-only dose was also given on the first day
of dosing with a single milk-only dose given the following two days.

Procedure—All rats were preexposed to either Context A (Pre) or Context B (No Pre)
starting on PD31. Training (PD32) and Testing (PD33) occurred as in Experiment 1.

Data Analysis—Body weight and BAC analysis for the two dosing periods occurred
separately and were assessed as in Experiment 1. Analysis of freezing during Preexposure
and during Testing involved a 2 (dosing period; PD4-6 vs. PD7-9) X 2 (sex; M vs. F) X 3
(dosing condition; UD vs. SI vs. 5.25g) X 2 (preexposure; Pre vs. No Pre) factorial
ANOVA. Statistical significance was set to p ≤0.05.

As in Experiment 1, outliers were excluded from analysis. These included 7 rats from Exp
2a (one rat per group plus an additional rats from UD-No Pre) and 6 rats from Exp 2b (1 rat
from UD-Pre and UD-No Pre, 2 rats from SI-Pre, and one rat from SI-No Pre and 5.25g-No
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Pre). An additional 3 rats were excluded due to equipment failure. Statistics were run on the
remaining 117 rats.

RESULTS
Body weights and BACs
Experiment 2a: The body weights on PD7, PD9, and PD31 of the three dosing conditions
(UD, SI, and 5.25g) in Experiment 2a are summarized in Table 1. A 2 (sex) X 3 (dosing
condition) X 2 (days; PD7 vs. PD9) repeated measures ANOVA revealed a main effect of
dosing condition [F(2, 58)=3.31, p<0.05], a main effect of days [F(1, 58)=752.2, p<0.01],
and a dosing condition X days interaction [F(2, 58)=56.5, p<0.01]. A Newman-Keuls
analysis of the dosing condition X days interaction revealed no group differences on PD7
(ps>0.7); on PD9, Group 5.25g (16.8g ± 2.9) weighed significantly less than either Group
UD (19.9g ± 2.7) or SI (21.1g ± 3.0), which did not differ from one another. A 3 (dosing
condition) X 2 (sex) factorial ANOVA on PD31 weights revealed a main effect of sex [F(1,
58)=10.43, p<0.01], with females weighing significantly less than males (95.9g ± 1.2 vs.
104.3g ± 2.0, respectively). The lack of a main effect of dosing condition (p>0.4) or sex X
dosing condition interaction (p>0.2) indicates that the early growth retardation seen in
Group 5.25g at PD9 did not persist to the time of behavioral testing at PD31. Blood samples
obtained from the 22 subjects in Group 5.25g on PD7 resulted in an average BAC of 419.4 ±
9.3 mg/dl (Table 1).

Experiment 2b: Table 1 also summarizes the PD4, PD6, and PD31 body weights of
subjects in the three dosing conditions (UD, SI, and 5.25g) in Experiment 2b. A 2 (sex) X 3
(dosing condition) X 2 (days) repeated measures ANOVA revealed a main effect of dosing
condition [F(2, 47)=10.8, p<0.01], a main effect of days [F(1, 47)=92.5, p<0.01], and a
dosing condition X days interaction [F(2, 47)=24.2, p<0.01]. The interaction was further
analyzed with a Newman-Keuls post-hoc that revealed no weight differences on PD4, but
significant differences between all three dosing conditions on PD6 (ps<0.02). These group
weight differences did not persist up to the age of testing. A 2 (sex) X 3 (dosing condition)
factorial ANOVA on PD31 body weights only revealed a main effect of sex [F(1, 47)=10.8,
p<0.01], with females weighing significantly less than males (f=93.2g ± 2.0; m=102.9g ±
2.2). Blood samples obtained from the 19 subjects in Group 5.25g on PD4 resulted in an
average BAC of 480.6 ± 9.9 mg/dl (Table 1).

Behavioral Measures—Analysis of behavioral measures combined data across
Experiments 2a and 2b in order to include dosing period as a factor in the ANOVA. The
close agreement across experiments of body weights and of behavioral data in the control
groups (UD and SI) minimizes the potential problems with cross-experiment comparisons
that could arise in the combined ANOVA.

Preexposure: A 2 (dosing period; PD4-6 vs. PD7-9) X 2 (sex) X 3 (dosing condition) X 2
(preexposure) factorial ANOVA performed on preexposure freezing revealed a main effect
of dosing period [F(1, 93)=9.17, p<0.01], with PD7-9 subjects freezing more during
preexposure than PD4-6 subjects (6.4 ± 0.8% vs. 2.6 ± 0.9%, respectively). No other main
effects or interactions approached significance (ps>0.06). This difference in preexposure
freezing between the two dosing periods had little, if any, effect on subsequent behavioral
performance, as a function of alcohol treatment group or behavioral condition. Analysis of
difference scores (%freezing during testing minus %freezing during preexposure; data not
shown) did not differ significantly from analysis of testing scores (see below), and therefore
only test-score analysis is described.
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Testing: On PD31, subjects from all groups were tested for contextual conditioning over a
five minute period in the context (Figure 3). Alcohol exposure from PD7-9 disrupted the
CPFE whereas exposure from PD4-6 did not. A 2 (dosing period) X 2 (sex) X 3 (dosing
condition) X 2 (preexposure) factorial ANOVA revealed main effects of dosing condition
[F(2, 93)=5.6, p<0.01] and preexposure [F(1, 93)=70.4, p<0.01]. A significant interaction of
dosing period X dosing condition X preexposure [F(2, 93)=5.2, p<0.01] was further
analyzed using Newman-Keuls. Control groups (UD and SI) did not differ across dosing
periods (ps>0.5). Freezing in control subjects preexposed to the training context (Group Pre)
did significantly differ from their counterparts preexposed to an alternate context (Group No
Pre; ps<0.05). This significant difference between Group Pre vs. Group No Pre in the
control groups across exposure periods is indicative of the context preexposure facilitation
effect (CPFE), with those animals preexposed to the training context showing facilitated
contextual conditioning to an immediate shock compared those preexposed to an alternate
context. A different pattern of results occurred for animals neonatally exposed to alcohol.
Rats exposed to 5.25g of alcohol over PD7-9 failed to show the CPFE, with Group Pre not
differing significantly from any of the Group No Pre animals (ps>0.5) while at the same
time differing significantly from all Group Pre animals (ps<0.03). In contrast, rats exposed
to 5.25g of alcohol over PD4-6 did demonstrate the CPFE, where preexposure to the training
context resulted in a significant increase in contextual freezing compared to counterparts
preexposed to an alternate context.

Summary of Findings—Rat pups exposed to a high binge dose of alcohol over PD7-9
failed to demonstrate the CPFE, where preexposure to the testing context 24h prior to
receiving an immediate shock did not facilitate contextual fear conditioning. In contrast,
those rat pups exposed to alcohol over PD4-6 did demonstrate the CPFE, not differ from
control rats. Alcohol exposure limited to PD7-9 is sufficient to account for the CPFE
disruption demonstrated after exposure to 5.25g of alcohol over PD4-9 (Exp. 1).

GENERAL DISCUSSION
The current series of experiments examined the impact of neonatal alcohol on subsequent
contextual learning in juvenile rats by manipulating dose and timing of alcohol exposure. In
agreement with our previous studies (Schiffino, et al. submitted; Murawski & Stanton, 2010;
Burman, et al. 2009), juvenile rats from control groups (Groups UD & SI) preexposed to the
testing context showed enhanced contextual fear conditioning to an immediate shock
received 24h later in the testing context relative to those preexposed to an alternate context.
Those rats preexposed to an alternate context (regardless of dosing condition) failed to
condition to an immediate shock, demonstrating an immediate shock deficit (Fanselow,
1990). Under our parameters the context preexposure facilitation effect (CPFE) did not
differ between control groups. Alcohol exposure at the 5.25g/kg dose produced a complete
disruption the CPFE, while rats exposed to a lower dose (4.00g/kg) showed impaired
contextual conditioning. Group 2.75g did not differ significantly from either control group.
The dose-related impairment of contextual learning was supported by a significant negative
correlation between BAC and contextual freezing. We also demonstrated that the timing of
alcohol exposure significantly affected alcohol-induced deficits in the CPFE. Rats exposed
to a high binge dose of alcohol over PD7-9 demonstrated contextual learning deficits
through an absence of the CPFE whereas the CPFE was present in those rats exposed to
alcohol over PD4-6, which did not differ from controls (Experiment 2). Developmental
alcohol exposure is known to result in hyperactivity in both humans and in animal models
(Mattson & Riley, 1998; Thomas, et al. 2004), and could interfere with freezing behavior
used to assess contextual learning in our current studies. We have previously reported that
alcohol-exposed rats demonstrate control-level post-shock and delay fear conditioning to a
discrete tone CS (Murawski & Stanton, 2010), ruling out performance effects. These results
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are consistent with other studies showing no deficits in conditioned freezing to a discrete CS
in rats exposed to alcohol either prenatally (Allan, et al. 2003; Weeber, et al. 2001) or during
the early neonatal period (Wagner & Hunt, 2006; Hunt, et al. 2009).

Rats administered an alcohol dose of 5.25g over PD4-9 show a complete absence of the
CPFE in agreement with our earlier findings (Murawski & Stanton, 2010). We extend this
finding by further demonstrating disruption of the CPFE at a lower alcohol dose (4.00g/kg).
Rats given 4.00g of alcohol over PD4-9 show a reduction in trace fear conditioning (Hunt, et
al., 2009), where this group differs significantly from one of two control groups. Group
2.75g (BACs: 230 mg/dl) showed a CPFE comparable to control groups. BACs within the
range of 230 mg/dl have been demonstrated to negatively affect learning and memory on
some behavioral tasks. For example, our lab has previously reported neonatal alcohol-
induced learning deficits on complex task variants of eyeblink conditioning with BACs at or
below 200 mg/dl (Brown, et al. 2007, 2009). Learning impairments in a spatial water maze
task have been reported when neonatal alcohol exposure produced BACs of 265 mg/dl
(Goodlett & Johnson, 1997). Different methods of alcohol administration produce different
BACs (Gil-Mohapel, et al. 2010). In the studies of Brown, et al. (2007, 2009) and in
Goodlett & Johnson (1997), alcohol was administered over two feedings. In the current
studies we administered alcohol in a single bolus (Tran & Kelly, 2003; Marino, et al. 2004),
and therefore direct comparisons of BACs between experiments is confounded by dosing
method. Using our current dosing method and behavioral task we demonstrate a complete
absence of learning in rats that received 5.25g of alcohol, whereas this same dose produces
only modest acquisition deficits in other hippocampal-dependant tasks (Goodlett & Johnson,
1997; Johnson & Goodlett. 2002; Marino, et al. 2004). To our knowledge this is also the
first paper to report a regression effect between blood alcohol level and a hippocampal-
dependent behavior.

The specific neurological deficits induced by developmental alcohol exposure are due in
part to the timing of alcohol exposure. We demonstrate that alcohol exposure over PD4-9 or
PD7-9 results in contextual learning deficits in juvenile rats, while exposure limited PD4-6
failed to disrupt this learning. Evaluating the effects of alcohol on spatial learning using
these same exposure periods, Goodlett and Johnson (1997) report a similar pattern of
alcohol-induced deficits: a high binge dose of alcohol (5.25g/kg) administered over PD4-9
or PD7-9, but not PD4-6, resulted in spatial learning deficits in the water maze in juvenile
rats (PD26-31; Goodlett & Johnson, 1997). The CPFE requires spatial exploration during
the preexposure phase (McHugh & Tonegawa, 2007) and therefore the neural mechanisms
involved in spatial learning may be differentially susceptible to the effects of alcohol over
the two neonatal exposure periods, with greater deficits induced with a PD7-9 exposure
relative to a PD4-6 exposure. In contrast to these findings, Hunt, et al. (2009) report trace
fear conditioning deficits in juvenile rats exposed to 5.00g/kg of alcohol over PD4-9 and
PD4-6, but not when alcohol exposure occurred over PD7-9. In trace conditioning, the
conditioning stimulus (CS) is separated from the unconditioned stimulus (US) by a stimulus
free period. Trace fear conditioning is mediated by interactions of multiple brain structures
(e.g., hippocampus, mPFC, amygdala [Burman, et al. 2006; Gilmartin & Helmstetter, 2010])
and neurochemical systems (e.g., glutamatergic, cholinergic [Gilmartin & Helmstetter,
2010; Fontan-Lozano, et al. 2005]), all of which, to varying degrees, are affected by
developmental alcohol exposure (Tran & Kelly, 2003; Whitcher & Klintsova, 2008; Kelly,
et al. 2009; Norman, et al. 2009; O’Leary-Moore, et al., 2008). Although many of the
neuroanatomical and neurochemical substrates supporting contextual, spatial, and trace
conditioning are shared (D’Hooge & De Deyn, 2001; Fanselow & Poulos, 2005;
Czerniawski, et al. 2009), further research is needed to examine how alcohol exposure over
discrete neonatal periods affects these systems and produces these seemingly discrepant
behavioral results.
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The hippocampus makes important contributions during each of the three phases of the
CPFE. A number of studies demonstrate that the CPFE can be disrupted by dorsal
hippocampus (DH) blockade of NMDA receptors prior to or inhibition of protein synthesis
following preexposure (Schiffino, et al., submitted; Barrientos, et al. 2002; Matus-Amat, et
al. 2007). In addition, anterograde lesions or muscimol inactivation of the DH prior to
training or to testing disrupt the CPFE (Matus-Amat, et al. 2004). The CPFE deficits that
result from neonatal alcohol exposure in the current series of experiments may reflect
disruptions of hippocampal function. Alcohol exposure limited to the neonatal period results
in significant CA1 pyramidal cell loss (Tran & Kelly, 2003; Livy, et al. 2003; Marino, et al.,
2004), with some studies showing CA3 and dentate gyrus reductions as well (Livy, et al.
2003). Using unbiased stereological methods, Bonthius, et al. (2001) demonstrated dose-
dependent CA1 pyramidal cell loss when alcohol was administered over PD4-9. It is
probable that the correlation between contextual freezing and BACs in the current study may
reflect varying degrees of cell loss within the hippocampus. Anatomical studies are planned
to address this question explicitly.

Mechanisms underlying synaptic plasticity within the hippocampus may be compromised by
neonatal alcohol exposure. Acute exposure to alcohol in PD7-9 hippocampal slices inhibits
glutamatergic transmission and LTP induction (Puglia & Valenzuela, 2010b), while alcohol
exposure via vapor inhalation over PD2-9 (BACs 232–295 mg/dl) inhibited LTP induction
in CA1 (Puglia & Valenzuela, 2010a). Alcohol induced disruptions in LTP over PD7-9 may
contribute to abnormal hippocampal development (Puglia & Valenzuela, 2010a, 2010b).
PD4-9 alcohol exposure (BACs=351 mg/dl) has also been reported to reduce synaptic
efficacy in hippocampal slices taken from PD45 and 60 rats, although in this study LTP
induction was not affected by alcohol exposure (Bellinger, et al., 1999). Further, pre- and/or
neonatal alcohol results in reduced 3H-MK-801 binding in the hippocampus, suggestive of
reductions in NMDA receptors (Diaz-Granados, et al., 1997; Savage, et al. 1992). NMDA
receptor activation during the preexposure phase of the CPFE is thought to initiate a cascade
of events that results in protein synthesis and other plastic changes necessary to support
learning about the context (Schiffino, et al. submitted; Barrientos, et al. 2002; Matus-Amat,
et al. 2007). Alcohol-induced reductions of hippocampal NMDA receptors or other factors
supporting synaptic plasticity may be sufficient to disrupt this process and could account for
a disruption in the CPFE.

Neonatal alcohol exposure is known to target other brain structures that, when
compromised, may account for deficits in contextual fear conditioning. For example,
neonatal alcohol targets the mPFC; alcohol exposure over PD4-9 (5.25g/kg/day) produces
reductions of mPFC spine density in juvenile rats (Whitcher & Klintsova, 2008). A recent
study demonstrated contextual conditioning deficits through inactivation or NMDA receptor
blockade of the mPFC within a context where tone-shock pairings occurred previously
(Gilmartin & Helmstetter, 2010). Alcohol-induced disruptions to the mPFC, therefore, may
alter contextual conditioning. However, when contextual conditioning occurred in the
absence of any discrete stimuli, such as in our experiments, inactivation or NMDA receptor
blockade of the mPFC had no effect on context conditioning (Gilmartin & Helmstetter,
2010). The role of the mPFC during the CPFE is currently unknown. A second brain area
targeted by neonatal alcohol is the cerebellum (Hamre & West, 1993; Goodlett & Eilers,
1997). There is some evidence that the cerebellar vermis contributes to contextual fear
conditioning (Sacchetti, et al., 2002) and therefore the effects of alcohol on the developing
cerebellum may negatively affect conditioning to a context. However, our results show
CPFE disruptions when alcohol is administered over PD7-9, an exposure window that does
not result in Purkinje cell loss (Hamre & West, 1993). Parahippocampal structures are
thought to support contextual fear conditioning when the hippocampus is damaged or
inactivated prior to training (Rudy, 2009). The parahippocampal system, however, is less
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efficient at supporting context conditioning through configural processes than is the
hippocampus (Rudy, 2009; Fanselow, 2009). The trend toward more moderate CPFE
impairment seen in Group 4.00g may reflect context learning through this alternate system,
although the structures within this system may be affected by developmental alcohol
exposure as well (Angelucci, et al. 1999). Although the results reported here are likely to
involve disruptions of hippocampal function induced by neonatal alcohol exposure, further
studies examining brain-behavior relationships within the constraints of our protocol are
needed to further substantiate that claim.

The context preexposure facilitation effect is disrupted by neonatal alcohol exposure. We
demonstrate disruption the CPFE, a hippocampal-dependant task, by neonatal alcohol at a
lower dose than previously reported, a disruption that is significantly correlated with blood
alcohol concentration. In addition, alcohol exposure limited to the PD7-9 developmental
period is sufficient to account for these alcohol-induced deficits. Understanding the
consequences of developmental alcohol exposure on the developing nervous system,
especially at alcohol doses relevant to those occurring in human populations, is a major goal
of FASD research using animal models. The results reported here support this goal and lend
themselves to further understanding mechanisms and interventions to mitigate alcohol-
induced behavioral impairments (Thomas, et al. 2007, 2008; Wagner & Hunt, 2006; Incerti,
et al. 2010).
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Fig. 1.
Mean (+ SE) percent freezing during testing for the context preexposure facilitation effect
(CPFE) in Experiment 1. Dosing conditions include Groups UD (undisturbed), SI (sham-
intubated), 2.75g, 4.00g, and 5.25g. Rats from each group were preexposed to either Context
A (Pre, filled bars) or Context B (No Pre, clear bars). All rats were given an immediate
shock 24h later in Context A, and tested 24 h following immediate shock for contextual
freezing in Context A. Preexposure to Context A facilitated freezing during the test in
Groups UD, SI, 2.75g, and 4.00g. Exposure to the highest ethanol dose (5.25g) over the
neonatal period (PD4-9) disrupted the CPFE. Groups UD-Pre (n=13) and – No-Pre (n=12);
Groups SI-Pre (n=15) and – No-Pre (n=14); Groups 2.75g-Pre (n=17) and – No-Pre (n=11);
Groups 4.00g-Pre (n=16) and – No-Pre (n=11); and Groups 5.25g-Pre (n=15) and – No-Pre
(n=10).
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Fig. 2.
Scatter plot showing the relationship between blood alcohol concentration (BAC) obtained
on postnatal day (PD) 4 and percent freezing during testing on PD31-2 for Experiment 1.
BACs and % freezing (during testing) are obtained from alcohol-exposed rats (Group
2.75g= filled triangles; 4.00g= filled circles; and 5.25g= filled squares) preexposed to the
training context (Group Pre). As BAC increases % freezing decreases (r=-0.53, p < .01).
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Fig. 3.
Mean (±SE) percent freezing during the 5 minute test for the context preexposure facilitation
effect (CPFE) in Experiments 2a and 2b. In Experiment 2a (PD7-9 exposure, left panel),
Groups UD (undisturbed) and SI (sham intubated) demonstrate the CPFE whereas Group
5.25g does not. In the UD and SI control groups, rats preexposed to the training context
(Pre, filled bars) show enhanced contextual freezing compared to their counterparts
preexposed to an alternate context (No Pre, clear bars). In contrast, rats exposed to 5.25g of
ethanol over PD7-9 [5.25g (PD7-9)] show little contextual freezing regardless of
preexposure condition. In Experiment 2b (PD4-6 exposure, right panel), all treatment groups
(Groups UD, SI & 5.25g) preexposed to the training context (Pre, filled bars) show the
CPFE compared to No Pre controls. Thus, alcohol exposure over PD7-9 disrupts the CPFE,
while exposure over PD4-6 does not. For PD7-9, Groups UD-Pre (n=8) and UD-No-Pre
(n=9); Groups SI-Pre (n=13) and SI-No-Pre (n=12); Groups 5.25g-Pre (n=11) and –No-Pre
(n=11). For PD4-6, Groups UD-Pre (n=9) and –No-Pre (n=9); Groups SI-Pre (n=7) and –
No-Pre (n=9); and Groups 5.25g-Pre (n=10) and –No-Pre (n=9).
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