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Abstract
Recent findings from our laboratory indicate that alterations in frontal cortex function, structural
plasticity, and related social behaviors are persistent consequences of exposure to moderate levels
of ethanol during prenatal brain development [24]. Fetal-ethanol-related reductions in the
expression of the immediate early genes (IEGs) c-fos and Arc and alterations in dendritic spine
density in ventrolateral and medial aspects of frontal cortex suggest a dissociation reminiscent of
that described by Kolb et al. [38] in which these aspects of frontal cortex undergo reciprocal
experience-dependent changes. In addition to providing a brief review of the available data on
social behavior and frontal cortex function in fetal-ethanol-exposed rats, the present paper presents
novel data on social-experience-related IEG expression in four regions of frontal cortex (Zilles
LO, VLO, Fr1, Fr2) that are evaluated alongside our prior data from AID and Cg3. Social
experience in normal rats was related to a distinct pattern of IEG expression in ventrolateral and
medial aspects of frontal cortex, with generally greater expression observed in ventrolateral frontal
cortex. In contrast, weaker expression was observed in all aspects of frontal cortex in ethanol-
exposed rats, with the exception of an experience-related increase in the medial agranular cortex.
Behaviors related to social investigation and wrestling/boxing were differentially correlated with
patterns of activity-related IEG expression in the regions under investigation for saccharin- and
ethanol-exposed rats. These observations suggest that recruitment and expression of IEGs in
frontal cortex following social experience are potentially important for understanding the long-
term consequences of moderate prenatal ethanol exposure on frontal cortex function, synaptic
plasticity, and related behaviors.
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1. Introduction
The present paper has three major goals: (1) to provide a brief review of the literature on the
persistent consequences of fetal ethanol exposure on social behavior in adulthood with an
emphasis on recent data on structural plasticity and immediate early gene expression (IEG)
in frontal cortex from our laboratory, (2) to evaluate previously published and novel data on
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social-experience-related IEG expression in the frontal cortex of fetal-ethanol-exposed rats
to provide a more thorough characterization of the regional patterns of ethanol-related
effects in frontal cortex, and (3) to evaluate the pattern of relationships between IEG
expression and social behavior in normal and fetal-ethanol-exposed rats.

1.1. Fetal Alcohol Spectrum Disorders (FASDs)
Heavy consumption of alcohol during pregnancy can result in a set of profound
morphological, neurological, and behavioral consequences in offspring referred to as Fetal
Alcohol Syndrome (FAS; [2,14,30,31,32]). The incidence of FAS in the general population
is relatively low (<0.5%) [1], however, 5–20% of women engage in moderate drinking
during pregnancy (1–2 drinks/day; [17]) and it is estimated that 10–20 times more children
are exposed to moderate levels of alcohol in utero that do not result in full-blown FAS [13].
At present, the long-term consequences of moderate fetal ethanol exposure are not well-
characterized, however, such consequences may be of considerable importance because of
their pervasiveness and persistence. A growing body of literature indicates that moderate
exposure to alcohol during brain development can cause subtle behavioral and cognitive
deficits in the absence of gross morphological effects and profound behavioral and cognitive
deficits associated with heavy consumption. These deficits may not become apparent until
the child is challenged during the educational years [15,36,59], may increase in severity as
the child matures [58], and may persist throughout the life of the individual. Such
considerations have recently led to a revised taxonomy of fetal ethanol effects, the Fetal
Alcohol Spectrum Disorders (FASDs), which include several classifications for lesser-
affected children including Partial FAS, Alcohol Related Neurodevelopmental Disorder
(ARND) and Alcohol Related Birth Defects (ARBD) (see Ref. [27]).

1.2. Social behavior and fetal ethanol exposure
Among the numerous fetal-ethanol-related behavioral and cognitive impairments are a broad
range of behavioral problems that can be classified as social in nature [24,33,49,51,62].
Animal models of fetal ethanol exposure have been central to the study of alcohol-related
alterations in behavior and cognition and the multifaceted biological mechanisms that
underlie these deficits [21]. Several studies have reported abnormal social behaviors in rats
and mice exposed to high amounts of alcohol during brain development
[19,34,35,39,40,41,44,53] including increased aggression [40,53], increased prepubertal
play fighting [53], alterations in the normal pattern of sexually dimorphic play behavior
[44], both decreases and increases in responsiveness to social stimuli [34,40,41], and deficits
in socially acquired food preferences and social recognition memory [35]. Using a moderate
prenatal ethanol exposure paradigm, work from our laboratory in non-social domains has
consistently demonstrated that moderate prenatal ethanol exposure results in more subtle,
yet persistent, behavioral and physiological alterations than are observed in heavy exposure
treatments [60,61]. We recently demonstrated, however, that moderate prenatal ethanol
exposure in the rat results in alterations in social interaction (e.g., investigation, wrestling)
that persist into adulthood [24].

Considered as a whole, social behaviors engage and require a distributed set of neural
circuitry, which, in addition to the amygdala and hippocampus, include several
frontocortical regions. Damage to the orbital prefrontal cortex (OPFC) in primates, and
corresponding regions in rodents (e.g., agranular insular cortex), has consistently been
associated with alterations in social behavior including inappropriate aggression,
withdrawal, agonistic behaviors [12,37] and altered play behavior [50]. In humans, damage
to the prefrontal cortex (including orbital prefrontal cortex) is associated with a range of
social behavior deficits [4] and functional neuroimaging studies have linked orbital
prefrontal cortex to social cognition in humans [9,18]. The regional specificity of prefrontal
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circuitry involved in social behavior is indicated by the relative sparing of social behavior
following lesions to dorsal frontal cortex in primates [12] and roughly corresponding medial
prefrontal cortex of the rat [37]. Kolb [37] demonstrated persistent alterations in social
behavior in male rats after lesions of lateral frontal cortex, including the agranular insular
cortex (Zilles [66] area AID, see Fig. 1), but only transient deficits after medial frontal
cortex lesions including prelimbic cortex (Zilles area Cg3). Recent evidence, however,
suggests that deficits in juvenile and adult social behavior are persistent consequences of
medial frontal cortex lesions in the rat [7,56]. Experience-dependent structural plasticity
related to social experience in adult rats has also been demonstrated in AID and associated
areas [8,24,25,57], with typically less robust experience-dependent changes observed in Cg3
[24,25] (but see Ref. [8]).

Relatively little is known about the long-term consequences of heavy or moderate prenatal
ethanol exposure on frontal cortex function and associated behaviors. Prenatal exposure to
moderate levels of ethanol alters phospholipase C-β1 and A2 signaling in medial frontal
cortex [3], and we have recently observed fetal-ethanol-related decreases in mGluR5

receptor density in Cg3, indicating a potential deficit in synaptic plasticity within this region
[64]. Kelly and Dillingham [34] demonstrated a relationship between abnormal social
behavior in female, but not male, rats exposed to alcohol during postnatal days 2–10 and
altered DNA and dopamine metabolite (DOPAC) levels in the amygdala, which has
prominent connections with AID [20,29,42,54]. Lawrence et al. [39] measured c-Fos
immunoreactivity in adolescent rats exposed to alcohol during early perinatal brain
development and found alcohol-related alterations in somatosensory cortex activity that
corresponded to tactile stimulation associated with play behavior.

1.3. Frontocortical bases of alterations in social behavior following moderate fetal ethanol
exposure

Work from our laboratory has been focused on better understanding the long-term
consequences of moderate fetal ethanol exposure on learning, memory, and social behavior
and the neurobiological bases of these effects. In our studies [24,55,63] we utilize a
voluntary drinking protocol in which pregnant rat dams are provided with daily 4-h access to
a 5% (v/v) ethanol solution in saccharin water during the dark cycle (from 1000 to 1400)
throughout pregnancy (see Ref. [24] for details). This results in a mean blood ethanol
concentration of 84 mg%, which approximates the legal limit for alcohol intoxication in
most locations in the United States. Control animals consume saccharin water during the
same 4-h period. Importantly, using this ethanol exposure protocol, ethanol consumption
does not affect maternal weight gain during pregnancy, litter size or offspring birthweight,
but has been shown to result in subtle, but persistent, effects on learning and synaptic
plasticity in adult offspring [55,63]. For all conditions described here, adult offspring of rat
dams that consumed ethanol or saccharin were pair-housed and no more than one offspring
from a single breeding pair was assigned to any particular experimental condition.

1.3.1. Dendritic branching and spine density in AID and Cg3—Hamilton et al.
[24] reported complementary alterations in dendritic spine density in AID and Cg3, with
ethanol-related decreases observed in AID and modest increases observed in Cg3 (see also
Ref. [26] and cf. Ref. [65] for effects of early postnatal binge ethanol exposure on dendritic
spine density in medial prefrontal cortex). This pattern of results suggests somewhat
different long-term consequences of ethanol on lateral and medial aspects of frontal cortex
in the rat, and is reminiscent of reciprocal alterations involving these aspects of frontal
cortex that have been observed for a broad range of pharmacologically and non-
pharmacologically induced changes in dendritic complexity and spine density (reviewed in
Ref. [38], see also Refs. [8,16]).
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1.3.2. Social-experience-related immediate early gene expression in frontal
cortex—To further explore the dissociation between AID and Cg3 observed in moderately
exposed rats, Hamilton et al. [24] quantified activity-related immediate early gene (IEG)
expression in these regions following social interaction (see Fig. 2). A broad range of IEGs
are expressed in neurons that have been recently active, and thus, quantification of their
expression provides a measure of neuronal activity. Quantification of IEGs can also be
performed with regional specificity allowing the relative experience-related engagement of
brain regions to be compared. Such approaches, along with measuring proteins associated
with IEGs, have proven useful in identifying brain regions implicated in alcohol-related
behavioral deficits [28,39,48]. Hamilton et al. [24] quantified c-fos [5,46,47] and Arc
[11,22,23] expression in AID and Cg3 following social interaction in adult rats that were
either exposed to saccharin or moderate levels of ethanol during prenatal brain development.
c-fos was selected for quantification because it is highly responsive to neural activity, and
Arc was selected because of its additional linkage to synaptic plasticity [10,11,43,45,52].

Twenty-four rats served as caged controls and 40 rats were assigned to a social interaction
condition. An equal number of rats for each sex and prenatal Diet condition were assigned to
each of the Social experience conditions. Two brains were not analyzed (1 female ethanol
rat in the Social condition, and 1 male saccharin rat from the caged Control condition),
leaving 62 animals in the study. Social experience and brain extraction were performed
when rats were 90–120 days old. Prior to social interaction, all rats, including those that
served as caged controls, were placed in pairs with their cage-mate in the apparatus for 30
min on each of 3 successive days for habituation to the test environment. A chamber (95 cm
× 47 cm × 43 cm) with a Plexiglas front was used for behavioral testing was placed in the
center of a large room that was kept dark and quiet. Following the final habituation day, rats
were housed in isolation for 24 h after which they were transported to the testing room in
individual cages. Rats in the Social condition were placed in the test chamber with their
cage-mate for 10 min. The apparatus was illuminated with infrared lights and behavior was
video-taped with an infrared camera. After each session, the chamber was cleaned and fresh
bedding was placed on the floor. Upon completion of the social interaction period, rats were
returned to their individual cages and remained in the testing room for a 20-min holding
period. Rats in the caged control condition were transferred individually to the testing room,
but remained in their individual cages for a 20-min holding period. At the end of the holding
period, rats were rapidly anesthetized with isoflurane and decapitated. The brains were
quickly extracted and frozen until processed for fluorescence in situ hybridization (FISH).

Effects of fetal ethanol exposure on social behavior and expression of c-fos and Arc in AID
(layer II/III) and Cg3 (layer III) were evaluated. Compared to control rats that did not
engage in social interaction, rats that were exposed to saccharin prenatally demonstrated
robust increases in c-fos expression in both regions, whereas increased Arc expression was
only observed in AID (see Fig. 2(A), (D), (G), (J)). Because both signals indicate neural
activity, and Arc is also strongly linked to synaptic plasticity, one interpretation of this
pattern of results is that, although both AID and Cg3 are recruited during social interaction,
the recruitment of intracellular processes involved in plasticity is more robust in AID. Rats
exposed to ethanol prenatally showed less robust activity-related immediate early gene
expression in AID and Cg3, and additionally showed no Arc expression in AID related to
social interaction AID.

Motivated by the more general observation that ventrolateral and medial aspects of rat
frontal cortex undergo reciprocal or complementary experience-dependent changes, as
described by Kolb et al. [38], and the more specific observation that social experience elicits
differential patterns of IEG expression in AID and Cg3, we quantified c-fos and Arc
expression in four additional frontal cortex regions in the same brains in which IEG
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expression was quantified by Hamilton et al. [24]. These novel data were primarily obtained
to address the pattern of activity-related IEG expression in normal and ethanol-exposed rats,
but also served an additional purpose. A failure to observe social-experience-related
increases in c-fos expression in saccharin-exposed rats in other frontocortical regions would
indicate that our previous observations were not reflective of a general experience-related
effect in frontal cortex. Likewise, a demonstration of any experience-related effects in
ethanol-exposed rats would rule out a generalized ethanol-related deficit. Using tissue
archived from our previous work on activity-related IEG expression in AID and Cg3 in
saccharin and ethanol-exposed rats, we extend our analyses to include the lateral orbital area
(Zilles LO), ventrolateral orbital area (Zilles VLO), as well as frontal cortex regions Fr1 and
Fr2 (lateral and medial agranular cortices; see Fig. 1), again focusing on populations of layer
III neurons.

For the novel analyses presented here, cases were excluded on a region by region basis if
valid measurements could not be obtained for a specific region. All results reported here
include at least 6 samples per region for each combination of prenatal diet and social
experience condition, and range from 6 to 11 samples for Control conditions and 11–20
samples for Social conditions. IEG expression was quantified as described in Ref. [24] and
normalized to IEG expression in the saccharin-exposed control rats. Separate ANOVAs
were conducted for each brain region and IEG with prenatal Diet condition and Social
condition (Social interaction vs. caged Control) as factors. Preliminary analyses revealed no
significant main effects or interactions involving Sex, so this factor was not included in the
analyses reported here. Planned comparisons of Social and Control data were conducted
within levels of the Diet condition to evaluate social-experience-related IEG expression
separately for each Diet condition as was performed in our initial report [24]. Mean c-fos
and Arc values, expressed as percentage of SAC-Control means, for combinations of Diet
condition and Social condition are shown in Fig. 2 for the novel regions included in the
present report (LO, VLO, Fr1, and Fr2) and the two regions from our previous study (AID
and Cg3).

There was a significant Social main effect for LO [social > control; F(1,55) = 5.61], and a
significant Diet main effect for Fr2 [saccharin > ethanol; F(1,55) = 4.62]. Planned
comparisons revealed a significant activity-related increase in c-fos expression in LO for
saccharin controls [F(1,26) = 4.55]. An activity-related increase in c-fos expression in Fr2
for ethanol-exposed rats approached significance [F(1,29) = 3.82, p = .059]. No significant
main effects, interactions, or planned comparisons were observed for VLO or Fr1.
Significant Diet main effects [saccharin > ethanol] in Arc expression were observed for LO
[F(1,55) = 6.70], VLO [F(1,31) = 6.56], and Fr2 [F(1,55) = 5.84]. No other main effects or
interactions were significant, and none of the planned comparisons revealed activity-related
increases in Arc expression in LO, VLO, Fr1, or Fr2 for either of the Diet conditions. The
overall pattern of significant planned comparisons, non-significant trends, and non-
significant effects is summarized in Fig. 3.

1.3.3. Alterations in social behavior following moderate fetal ethanol exposure
—For the study conducted by Hamilton et al. [24] the duration and frequency (over 10 min)
of the following behaviors were quantified: anogenital sniffing, other sniffing of the
partner’s body (body sniffing), sniffing/digging in the bedding, rearing, wrestling (including
pinning), boxing, self-grooming, allogrooming (of the partner), and crawling over/under the
partner [6]. These behaviors were selected to provide measurements of social behaviors
directed toward the cage-mate (e.g., sniffing, wrestling), self-directed behaviors (e.g.,
grooming), and behaviors directed toward the environment (e.g., digging). Social behaviors
included measures of investigation (e.g., anogenital sniffing), aggression (e.g., wrestling),
and agonistic behaviors (e.g., crawling over/under). Behaviors classified as body sniffing
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were mainly directed toward the flank of the cage-mate. Instances of play behavior (chasing,
attempting to contact the nape of the neck) were rare and not limited to one Diet condition.

Analyses of social behavior in this cohort of rats reported on here has been published
elsewhere (Ref. [24], Table 2) and is not repeated in totality here. In summary, the only
significant effect of moderate fetal ethanol exposure observed in the 10-min interaction
following 24 h of isolation was a selective increase in the frequency and total time spent
wrestling, and this was limited to male rats. There was a corresponding, non-significant
ethanol-related increase in boxing among male rats. Hamilton et al. [24] also measured these
social behaviors in a different cohort of rats where the cage-mate remained the same from
day to day or was changed every 48 h. In this situation, ethanol-exposed males and females
displayed similar increases in a variety of forms of social investigation (body sniffing,
anogenital sniffing) in addition to increases in boxing and wrestling. Thus, the relative lack
of ethanol-related effects with 24-h isolation may be related to differences in motivation as
well as differences in the behavior of control rats. Although evaluation of the pattern of
behavioral and gene expression data across the six frontocortical regions of interest can be
informative, similar patterns among dependent measures may not actually reflect a
relationship between alterations in IEG expression and behavior. Our previous report did not
directly address correlations between IEG expression and social behavior, and more
importantly, how these correlations are affected by fetal ethanol exposure. Although the
differences in time and frequency of social behavior in ethanol-exposed rats observed in our
previous study were modest, there may be important and informative correlational data for
the variables of interest and how these correlations differ for the brain regions of interest.

1.3.4. Correlations between social behavior and IEG expression in frontal
cortex: effects of fetal ethanol exposure—In the present section we report
correlations between IEG expression in the six regions of frontal cortex under investigation
and social behaviors for saccharin- and fetal-ethanol-exposed rats. One consideration of
some importance is the rather large number of potential correlations between behavior and
IEG expression that could be computed, which led us to restrict evaluation and discussion of
behavioral and IEG expression correlations to those that were most clearly relevant to the
manipulation of prenatal diet. To restrict our treatment in an objective manner, we focused
on IEG/behavior correlations within each brain area for which the regression slopes
significantly differed for the two Diet treatment groups for at least one of the behavior/IEG
expression correlation. Separate Analyses of Covariance (ANCOVAs) were performed to
evaluate heterogeneity of regression slopes with individual behavioral measures as a
dependent measure, Diet as a between-subject fixed factor, and IEG expression in each of
the six brain regions from the present study and the earlier report of Hamilton et al. [24] as
covariates. IEG × Diet interactions at p < .05 indicate significant differences in IEG/
behavior correlations for the two Diet conditions. Preliminary analyses failed to detect any
significant Sex effects for these analyses, and due to the small number of observations for
some relationships male and female data were combined for all tests. Significant differences
in regression slopes for the ethanol- and saccharin-exposed rats were observed for the
relationship between c-fos expression and body sniffing (time), anogenital sniffing (time),
and the combined frequency of boxing and wrestling.1 These differences, including
scatterplots and regression lines for ethanol- and saccharin-exposed rats for these behavioral
measures and c-fos expression in the six brain regions of interest are illustrated in Fig. 4.

Significantly different regression slopes for the two Diet conditions were observed for
body(flank) sniffing and for c-fos expression in AID [F(1,35) = 3.89; rSAC(18) = .608, p = .

1The use of combined boxing and wrestling data was based on preliminary analyses that revealed the combination to be a better
predictor of IEG expression than either of the individual measures.
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004; rEtOH(17) = .153, p = .52] and Cg3 [F(1,35) = 4.81; rSAC(18) = .365, p = .11; rEtOH(17)
= −.345, p = .15]. For anogenital sniffing, there were significant differences in regression
slopes for the two Diet conditions for c-fos expression in VLO [F(1,18) = 9.68; rSAC(9) = .
646, p = .03; rEtOH(9) = −.481, p = .13], Cg3 [F(1,35) = 5.00; rSAC(18) = .36, p = .11;
rEtOH(17) = −.34, p = .16], and Fr1 [F(1,18) = 5.58; rSAC(9) = .56, p = .07; rEtOH(9) = −.38,
p = .25]. For boxing and wrestling, there were significantly different regression slopes
among the Diet conditions in LO [F(1,32) = 8.23; rSAC(15) = −.20, p = .43; rEtOH(17) = .52,
p = .02] and Fr2 [F(1,32) = 8.23; rSAC(15) = −.04, p = .88; rEtOH(17) = .60, p = .007]. There
were no significant differences in regression slopes for correlations between individual
behavioral measures and Arc expression in any of the frontal cortex regions. There were no
significant gene expression behavior correlations for these behaviors when the data were
collapsed across Diet conditions.

Several features of the pattern of gene expression–behavior relationships are apparent.
Perhaps most important, although there were numerous behavioral measures that were
quantified, the only measures for which there were significantly different regression slopes
for IEG expression and behavior correlations were social behavioral measures related to
investigation (sniffing) or other forms of interaction (wrestling/boxing); Measures of
environment-directed behaviors (e.g., rearing) were not correlated with IEG expression in
frontal cortex and did not differentiate saccharin- and ethanol-exposed rats with respect to
these correlations. With respect to AID, increased c-fos expression in saccharin-exposed rats
was associated with increased body sniffing, but decreased anogenital sniffing and
wrestling/boxing. In contrast, for ethanol-exposed rats there was little relationship between
c-fos expression in AID for body sniffing. A similar pattern for saccharin- and ethanol-
exposed rats is apparent in the graphs for LO. With the exception of the correlations for
body sniffing and expression in VLO, for regions VLO, Cg3, Fr1, and Fr2 there were
positive correlations for saccharin-exposed rats for body sniffing and anogenital sniffing,
whereas the correlations were either negative or weak for ethanol-exposed rats. This is
captured particularly well by the significant differences in regression slopes for anogenital
sniffing and c-fos expression in VLO, Cg3, and Fr1. A general characteristic of the
relationship between c-fos expression and wrestling/boxing was that the relationships were
positive for most areas for ethanol-exposed rats, whereas the relationships were negative for
saccharin-exposed rats. This is most obvious in LO and Fr2. Overall, a broad interpretation
of the pattern of correlations reported here suggests that AID (and to a lesser degree LO) and
Cg3 are important for distinguishing Diet conditions with respect to one form of social
investigation (body sniffing), whereas more medial regions are more important for
distinguishing Diet conditions with respect to anogenital sniffing. With respect to wrestling/
boxing, Diet conditions are distinguished by different directions of correlations compared to
measures of investigation, with the strongest distinctions made in areas LO and Fr2.

We did not detect any significant correlations or differences in regression slopes for the two
Diet conditions with respect to Arc expression and behavior correlations. One possibility is
that the lack of significant correlations, in the context of increased social-induced Arc
expression in AID for saccharin-exposed rats, may be related to multiple, combined
experiential factors that were not analyzed here. Future studies with greater statistical power
should employ multiple regression analyses to address the combined behavioral/experiential
factors as they relate to gene expression in brain regions involved in social behavior.

2. Discussion
Several observations from the combined findings of our prior experiments [24] along with
the present findings are relevant to the goals of the present paper. The major findings from
our previous study [24] and the present analyses regarding social-experience-related c-fos
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and Arc in saccharin-exposed and ethanol-exposed rats are summarized in Fig. 3. Rats
exposed to saccharin prenatally displayed robust social-experience-related increases in c-fos
expression in agranular insular cortex (AID)[24], prelimbic cortex (Cg3)[24], and lateral
orbital cortex (LO), with a similar trend toward increased c-fos expression in the
ventrolateral orbital area (VLO). Robust increases in Arc expression were observed in AID
[24], however, non-significant increases in Arc expression were observed in LO, VLO, and
Cg3. No experience-related alterations in c-fos or Arc expression were observed in frontal
cortex regions Fr1–Fr2 for saccharin controls. In contrast, fetal-ethanol-exposed rats failed
to display significant increases in c-fos or Arc in any of the regions under investigation.
There were, however, non-significant trends toward increases in both c-fos and Arc
expression in VLO and a trend toward increased c-fos expression in AID. Further, an
increase in c-fos expression in Fr2 that approached significance also differentiated fetal-
ethanol-exposed rats from saccharin controls.

These observations indicate that, in normal rats, ventrolateral aspects of frontal cortex,
regions along the dorsal bank of the rhinal sulcus, and regions in the medial bank of frontal
cortex display social-experience-related increases c-fos expression. In contrast, dorsomedial
and dorsolateral aspects of rodent frontal cortex do not appear to display social-experience-
related increases in c-fos expression. This pattern is somewhat different than that observed
for Arc in that the most robust experience-related increases in expression were observed in
the most ventrolateral aspects of frontal cortex (AID), with less robust increases in
expression in the more medial regions along the dorsal bank of the rhinal sulcus, and no
apparent increases in expression in medial frontal cortex or the dorsomedial/dorsolateral
aspects of frontal cortex. One broad conclusion from this observation, based on the role of
Arc expression in synaptic plasticity, is that the ventrolateral aspects of frontal cortex are
more critically involved in social-experience-related plasticity. It is interesting to note that
social experience has been associated with more robust structural plasticity in AID
compared to medial aspects of frontal cortex [24,57], therefore, one possibility is that there
is a correspondence between the pattern of social-experience-related Arc expression and
structural plasticity in frontal cortex. The precise linkages between these two observations
have not been systematically investigated, however, both suggest that, in normal rats, there
is an important dissociation between ventrolateral and medial aspects of frontal cortex that is
consistent with other demonstrations of either independent or reciprocal effects in medial
frontal and orbitofrontal cortices [8,16,38]. Although there were no significant effects of sex
observed in the present analyses or our previous findings, it is important to note that the
pattern of numerical differences between males and females observed in the frontal cortex
regions under investigation here (data not shown) fit well with the major theme of this
paper. Saccharin-exposed males displayed more robust experience-related IEG expression in
the ventrolateral aspects of frontal cortex, whereas saccharin-exposed females displayed
more robust experience-dependent IEG expression in medial aspects of frontal cortex,
particularly in Cg3.

The basic pattern of experience-related IEG expression in frontal cortex observed in normal
rats did not hold for rats exposed to moderate levels of ethanol during prenatal brain
development. Social-experience-related IEG expression was either weak (AID, VLO) or not
observed (LO, Cg3, Fr1) throughout frontal cortex, with the exception of a near significant
increase in c-fos expression in medial agranular cortex (Fr2). Collectively, these
observations indicate that various regions of frontal cortex are not recruited normally in
ethanol-exposed rats, with increased activation observed in some regions not normally
recruited during social interaction. Importantly, the findings in Fr2 indicate that experience-
related increases in IEG can be observed in ethanol-exposed rats, thus, ethanol-related
deficits in IEG expression observed in other regions are not related to a general decrease in
capacity for experience-related IEG expression.
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It is tempting to speculate that the ethanol-related behavioral effects described by Hamilton
et al. [24] may be direct consequences of the alterations in recruitment of the frontal cortex
regions under investigation here. As described above, the primary social behavioral
alteration observed in the cohort of rats in this study was an increase in wrestling among
male ethanol-exposed rats [24]. Based on extant lesion data [7,37,50] it seems reasonable to
expect that reduced recruitment of ventrolateral frontal cortex may contribute to increases in
this and similar behaviors. It is also important, however, to recognize that alterations in
behavior and experience during social interaction likely contribute to the differential patterns
of IEG expression observed in the frontal cortices of ethanol-exposed rats. Social experience
and interaction provide a rich source of sensory, cognitive, and behavioral stimulation, and
the precise components of experience and behavior that may have led to the observed results
is not known. The results of the correlational analyses described in Section 1.3.4 suggest that
different patterns of c-fos expression are related to different patterns of social behaviors in
saccharin- and ethanol-exposed rats. Of particular interest are the observations that the
overall patterns of correlations between behaviors and c-fos expression in frontal cortex
were different for saccharin- and ethanol-exposed rats. The aforementioned increase in
wrestling amongst ethanol-exposed rats is related to increasing levels of c-fos expression in
several regions of frontal cortex, whereas decreased c-fos in the same regions were
associated with increased wrestling in saccharin-exposed rats. Body sniffing was most
strongly associated with increased c-fos expression in the AID of saccharin-exposed rats,
whereas negative relationships in the same region were observed for anogenital sniffing and
wrestling/boxing. Although the correlational data presented here provide initial evidence
that the pattern of relationships between IEG expression and behavior differ for ethanol- and
saccharin-exposed rats, the results are not as compelling as the planned comparisons
conducted for social-experience-related IEG expression with respect to the medial vs.
ventrolateral dissociation that motivated the present paper. Future efforts should include
multiple regression approaches that allow non-unique contributions of the variables of
interest to be accounted for. This approach was not possible in the present analyses due to
the comparatively low numbers of observations for some of the brain regions. Further, the
present approach was focused exclusively on relationships between a small number of
behavioral measurements and IEG expression. It is also possible, if not probable, that the
ethanol-related effects observed in the present study are also due to other factors such as
stress, locomotor activity during social interaction, and potentially many other aspects of
experience that were not quantified. Additional research is needed to clarify the precise
factors that contributed to the observed ethanol-related alterations in IEG expression.
Regardless of the precise experiential factors that underlie the observed effects on IEG
expression in frontal cortex, the present findings are nonetheless consistent with a functional
dissociation along a medial vs. ventrolateral axis, and demonstrate that this pattern is not
represented normally in ethanol-exposed rats.

We wish to emphasize the importance of the observations described here for understanding
functional dissociations between lateral and medial aspects of frontal cortex in normal
animals [38], as well as understanding the long-term consequences of moderate prenatal
ethanol exposure. Moderate prenatal ethanol exposure results is a broad range of subtle
deficits, many of which can reasonably be linked to alterations in frontal cortex function
(discussed in Ref. [24]). Considerable emphasis has been placed on the effects of prenatal
ethanol exposure on the hippocampus and cerebellum and related behavioral and cognitive
deficits. The results presented here as well as the results from other recent studies [24,26,65]
indicate that alterations in frontal cortex are also important consequences of ethanol-
exposure during brain development. The various aspects of frontal cortex investigated here
contribute to a diverse set of behavioral, sensory, and cognitive functions. Persistent ethanol-
related alterations in frontal cortex structure and function may, therefore, result in a variety
of long-lasting behavioral and cognitive deficits, with social interaction being just one of
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many related behavior and cognitive deficits to which ethanol-related alterations in frontal
cortex function contribute. Given the diversity of potential behavioral and cognitive effects
that could result from alterations in frontal cortex function and plasticity, the development of
rational treatment strategies that target frontal cortex may hold considerable importance for
attenuating a broad spectrum of behavioral and cognitive consequences associated with
moderate fetal ethanol exposure. The dissociation between lateral and medial aspects of
frontal cortex with respect to experience-related IEG expression suggested here may further
provide a novel dimension along which the effectiveness of rational treatment strategies for
alleviating effects of prenatal ethanol exposure can be developed and evaluated.
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Fig. 1.
Coronal sections (adapted from Zilles, 1985) showing regions in which immediate early
gene expression was quantified by Hamilton et al. [24] [agranular insular cortex (AID) and
prelimbic cortex (Cg3)] and the additional regions of interest in the present study [lateral
orbital area (LO), ventrolateral orbital area (VLO), and frontal cortex regions 1–2 (Fr1,
Fr2)]. Distance anterior to bregma is provided next to each section. Abbreviations for other
areas shown here but not included in the present analyses: aci = anterior commisure
(intrabulbar), AO= anterior olfactory nucleus, Cl = claustrum, DPC = dorsal peduncular
cortex, IL = infralimbic cortex, lo = lateral olfactory tract, Par1 = parietal cortex, Pir =
piriform cortex, TT = taenia tecta, Tu = olfactory tubercle, MO=medial orbital area, VO=
ventral orbital area.

Hamilton et al. Page 14

Behav Brain Res. Author manuscript; available in PMC 2011 December 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Mean (S.E.M.) c-fos (A–F) and Arc (G–L) expression in each of the six regions of interest
for each combination of Diet and Social condition. All values are expressed as the
percentage of Saccharin-Control expression, which was calculated separately for each
combination of immediate early gene and brain region. ‘*’ indicates a significant effect of
Social experience within Diet condition at p < .05. ‘#’ indicates an effect that approached
significance, at p = .059. Data from AID and Cg3 were previously published in Ref. [24].
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Fig. 3.
Summary of social-experience-related increases in c-fos and Arc expression observed in
Saccharin and EtOH rats (see Fig. 2 for means). Large, solid black arrows indicate
significant activity-related increases within each Diet condition (p < .05). Dotted black
arrows indicate non-significant activity-related increases that reached an arbitrary threshold
of 10% (relative to the Control condition for each Diet condition).
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Fig. 4.
Scatterplots and regression lines for c-fos expression in each of six frontal cortex regions
and three behavioral measures: body sniffing (total time), anogenital (total time), and the
combined frequency of boxing and wrestling during the 10 min session. Data for each brain
region are presented in separate rows and data for each behavior are presented in separate
columns. Data are presented separately for saccharin-exposed and ethanol-exposed rats
within each individual graph. The x-axes represent c-fos expression (% of Saccharin-Control
rats). ‘*’ in the top left corner of each graph indicate significant differences in regression
slopes for saccharin-exposed and ethanol-exposed rats.
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