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Abstract

Background—Despite considerable knowledge that prenatal ethanol exposure can lead to
devastating effects on the developing fetus, alcohol consumption by pregnant women remains
strikingly prevalent. Both clinical and basic research has suggested that, in addition to possible
physical, behavioral, and cognitive deficits, gestational exposure to alcohol may lead to an
increased risk for the development of later alcohol-related use and abuse disorders. The current
work sought to characterize alterations in endogenous opioid signaling peptides and gene
expression produced by ethanol exposure during the last days of gestation.

Methods—Experimental subjects were 4-, 8-, and 12-day old infant rats obtained from pregnant
females that were given daily intubations of 0, 1, or 2 g/kg ethanol during the last few days of
gestation (GD17-20). Using real-time RT-PCR, western blotting analysis, and enzyme
immunoassays, we examined mRNA and protein for three opioid receptors and ligands in the
nucleus accumbens, ventral tegmental area, and hypothalamus.

Results—Three main trends emerged - (1) mRNA for the majority of factors were found to
upregulate across each of the three postnatal ages assessed, indicative of escalating ontogenetic
expression of opioid-related genes; (2) prenatal ethanol significantly reduced many opioid
peptides, suggesting a possible mechanism by which prenatal exposure can affect future
responsiveness towards ethanol; and (3) the nucleus accumbens emerged as a key site for ethanol-
dependent effects, suggesting a potential target for additional assessment and intervention towards
understanding the ethanol's ability to program the developing brain.
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Conclusion—We provide a global assessment of relatively long-term changes in both opioid
gene expression and protein following exposure to only moderate amounts of ethanol during a
relatively short window in the prenatal period. These results suggest that, while continuing to
undergo ontogenetic changes, the infant brain is sensitive to prenatal ethanol exposure and that
such exposure may lead to relatively long-lasting changes in the endogenous opioid system within
the reward circuitry. These data indicate a potential mechanism and target for additional
assessments of ethanol's ability to program the brain, affecting later responsiveness towards the
drug.
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1. Introduction

Despite considerable knowledge that drinking ethanol during gestation leads to devastating
effects to the developing fetus, alcohol consumption by pregnant women remains strikingly
prevalent. Consequences of ethanol consumption during gestation depend, in part, on the
overall amount of alcohol consumed per intake session and the gestational period in which
the drug was administered (e.g., [1], [2], and [3]). For example, intake of large amounts of
alcohol throughout gestation often lead to severe developmental consequences, sometimes
including mental retardation and the hallmark cranial-facial malformations associated with
Fetal Alcohol Syndrome [1] and [4]. Consumption of smaller amounts of ethanol during this
critical period of development, however, may result in less obvious, yet equally devastating
consequences. Recent research suggests that even moderate exposure to ethanol during the
last portion of gestation or early postnatal life may enhance ethanol intake [5], [6], [7], [8],
[9], [10], and [11], preference [6], [12], and [13], and reinforcement [14], [15], [16], and
[17] throughout life. The neurochemical and neuroanatomical mechanisms mediating these
effects, however, are currently unknown.

Studies examining alcohol intake and reinforcement have indicated that the endogenous
opioid system plays an important role in many prenatal ethanol effects. Known to be
involved in ethanol intake and reinforcement during adulthood, the endogenous opioid
system has also been implicated in ethanol's appetitive effects during early postnatal life
(e.9., [18], [9], [19], [20], and [14]). Administration of a mu or kappa opioid receptor
antagonist, for example, was sufficient to eliminate ethanol reinforcement normally
observed in the infant rat [19] and [20]. Additionally, naloxone, a nonselective opioid
antagonist, administered in combination with ethanol to pregnant females eliminated
evidence of augmented alcohol consumption typically found following prenatal exposure to
ethanol alone [5], and [7]. Taken together, these results imply activation of the endogenous
opioid system following ethanol administration and, perhaps, an obligatory role of opioid
activity in order for ethanol to function as an effective positive reinforcer during early
infancy.

Multiple groups have already reported a relationship between ethanol-induced opioid
activity and increased ethanol preference and/or intake [21], [22], [23], [24], [25], and [26].
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It appears that, in alcohol preferring strains of rodents and individuals considered to be at
high risk of developing alcoholism, the endogenous opioid system is particularly sensitive to
ethanol-induced activation. This is in contrast to low-risk individuals and animals
genetically selected to avoid alcohol, for whom ethanol does not seem to be particularly
effective at stimulating opioid peptide release [27] and [22]. Ethanol-induced enhanced
sensitivity seems to be particular to the mu-opioid system in which beta-endorphin release,
the endogenous ligand for the mu-opioid receptor, is especially responsive to ethanol
administration [22]. Augmented opioid signaling contributes to enhanced ethanol
reinforcement and/or intake through the release of dopaminergic cell bodies from
GABAergic inhibition [22] and [23]. Similar work in animal models has implicated not only
mu, but the delta-opioid system as well [22]. In contrast, the kappa-opioid receptor system is
typically thought to convey aversive aspects of ethanol administration. While this generally
seems to be the case for older infants [28] and adult animals, KOR activation is thought to
convey appetitive and not aversive information during early postnatal life [20], [53], and
[54]. What remains to be determined, however, is the consequence of prenatal ethanol
administration on the basal development or activity of the endogenous opioid system (i.e., in
the absence of a subsequent post-natal ethanol challenge).

Given that increases in alcohol intake are reported following prenatal exposure to the drug, it
would be especially useful to examine the molecular and neurochemical mechanisms
associated with prenatal exposure to ethanol during early infancy. Certainly, prenatal
ethanol-induced changes in the neural mechanisms thought to mediate alcohol addiction
may serve as one possible means by which fetal exposure to ethanol might increase the
likelihood of future alcohol-related use and abuse disorders.

The current body of work sought to do just this by examining the expression of some of the
key members of the opioid signaling family (including both ligands and receptors) in infant
rats born to females intubated with ethanol during the last days of gestation. Specifically, we
used real time RT-PCR to examine mMRNA for the opioid receptors, mu, kappa, and delta,
along with precursors for their endogenous ligands - proopiomelanocortin (POMC),
preprodynorphin (PPD), and preproenkephalin (PPE), and western blotting analysis or
enzyme immunoassay to assess protein for these same receptors and endogenous ligands
(i.e., endorphin, dynorphin, enkephalin). All factors were assessed in the ventral tegmental
area and nucleus accumbens, key mesolimbic structures known to be involved in ethanol
intake and reinforcement. Additionally, we chose to assess these same factors in a third,
offsite structure - the hypothalamus, due to its rich opioid activity, involvement in
consummatory behavior, and connection to ethanol intake [31] and reinforcement [22].
Brain tissue was collected across several days during early postnatal life (PDs 4, 8 and 12),
focusing on ages at which ethanol intake is known to be relatively low, moderate, and high,
respectively [30] and [31]. To the extent that ethanol intake is mediated by the endogenous
opioid system (e.g., [32], but see [33]) and differs across early ontogeny, and prenatal
exposure to the drug alters subsequent consumption (e.g., [5], [6], [7] [8], [9], [10], [11],
and [34] and reinforcement [14], [15], [16], and [17] of the drug, we expected to see
differences in basal levels of opioid mRNA and/or protein as a function of both ontogeny
and prenatal alcohol exposure (PAE). More specifically, we expected to see ontogenetic-
dependent upregulation of opioid systems, indicative of ongoing developmental changes
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within this system. Additionally, based on previous work [35] and others [34], we expected
to see ethanol-induced changes in mu-, kappa, and possibly delta- opioid receptors that
reflect site-specific responsiveness to PAE. We anticipated that KOR expression would be
reduced, while MOR may, depending upon the structure, be found in greater concentration
following PAE. Lastly, we predicted that the majority of ethanol-dependent effects would be
observed within the nucleus accumbens, a structure that seems especially responsive to
ethanol-dependent effects.

2. Materials and Methods
2.1.1 Breeding

Rat pups derived from experimentally naive Sprague-Dawley rats (Taconic, Germantown,
NY) were used as experimental subjects. For breeding, a single male and female were
housed in a wire-hanging cage and the droppings below each cage were checked daily for
the appearance of a waxy sperm-plug. On the day detected, deemed as gestational day (GD)
0, females were removed and re-housed in standard maternity tubs with at least one other
female impregnated on the same day. On GD 20, females were singly housed and observed
daily for parturition; the day of delivery was deemed as postnatal day (PD) 0. On PD 1,
litters were culled to a total of 10 animals, maintaining equal sex ratios whenever possible
[36]. All animals were maintained in a temperature controlled environment (22° C), on a
14:10 light-dark cycle with lights on at 0700 hours and both food and water available ad
libitum (Purina “Formulab Diet”, 5008, breeding formula, Ralston-Purina, St. Louis, MO).
All animals were treated in accordance with the guidelines set forth by the National Institute
of Health (1986) and the protocols approved by the IACUC of Binghamton University.

2.1.2 Subjects and procedures—A total of 45 pregnant females, giving rise to 72
experimental subjects, were assigned to 1 of 3 prenatal treatment groups and given daily
intubations (i.g.; GDs 17-20) of 0, 8.4, or 16.8% ethanol (v/v; total volume of 1.5% of body
weight) to obtain a final dose of 0, 1, or 2 g/kg ethanol, respectively. Briefly, females were
gently restrained in a soft towel and a stainless steel feeding tube, roughly 7.6 cm in length,
was inserted through the intraoral cavity and into the stomach where fluid was infused. On
PDs 4, 8, or 12, a total of 2 pups from each litter (1 male and 1 female) were removed from
the dam and immediately killed for the assessment of MRNA for key members of the opioid
family (Experiment 1). Four additional pups from each litter (2 male and 2 female) were
removed from the dam and immediately killed for the assessment of basal opioid-related
peptides (Experiment 2). The final design consisted of 3 prenatal conditions (0, 1, or 2 g/kg)
and 3 postnatal ages (PD 4, 8, or 12), for which tissue was collected to assess for both
mRNA (Exp 1) and protein (Exp 2) of 3 opioid receptors (i.e., mu, kappa, and delta) and 3
opioid ligands (i.e., POMC / B-endorphin, preproenkephalin / enkephalin, and
preprodynorphin / dynorphin), in 3 separate brain regions (i.e., nucleus accumbens, ventral
tegmental area, and hypothalamus) (n=8-10/group; see Figure 1 for summary and overview).

2.2.1 Experiment 1 - RNA extraction and real time RT-PCR—For the examination
of gene expression changes in Experiment 1, animals were quickly decapitated
(unanesthetized) and brains were removed, placed in ice-cold physiological saline for
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roughly 30 sec, and then immediately transferred to a neonatal brain matrix. Tissue was then
sectioned into 1 mm slices and incubated, at 4° C, in 350 ul of RNAlater (Qiagen) for 24 hr
prior to storage at —20° C. At the time of dissection, two regions implicated in ethanol
reinforcement (i.e., the ventral tegmental area (VTA) and nucleus accumbens (nAC)) along
with a single offsite structure (i.e., hypothalamus (HYPQ)), were identified according to the
atlas of Altman and Bayer [37]. Tissue was microdissected and returned to RNAlater
(Qiagen) at -20° C until the time of RNA extraction. Total RNA was extracted from tissue
using a hand-held motorized homogenizer in the presence of 500 pl ice-cold Trizol® RNA
reagent (Invitrogen). Tissue homogenate was then removed, passed through a QiaShredder
(Qiagen) to shear residual genomic DNA and incubated with 100 ul chloroform for roughly
2 min before centrifugation at 12000 g (15 min). Following centrifugation, the aqueous
phase of each sample was removed and added to 500 pl of 70% ethanol. Samples were then
purified through RNeasy columns (Qiagen), according to manufacture protocol, and eluted
with 30 pl of RNAse free water (65° C). RNA purity and yield were determined
electrophoretically using the BIORAD Experion system and cDNA synthesis was performed
on 0.1 pg of RNA in a total volume of 20 pl using a commercially available First-Strand
cDNA synthesis kit containing a blend of random hexamers and oligoDT primers, and
included a DNAse treatment step (QuantiTect Reverse Transcription Kit; Qiagen). PCR was
performed on samples diluted 1:4 with RNAse free water.

For PCR reactions, a 20 ul volume containing 10 pl SYBR Green Supermix (Qiagen), 1 pl
primer (final concentration of 250 nM; see Table 1), 1 ul cDNA template and 8 pul RNAse
free water was pipetted into 96 wells (BioRad). Following a 3 min incubation period at 95°
C, the PCR reaction consisted of 30 sec denaturation at 95° C, 30 sec annealing at 60° C,
and 30 sec extension at 72° C for a total of 50 cycles. PCR was run on an iQ5, real time-
PCR machine from BioRad. Following amplification, a melt-curve beginning at 55° C and
increasing to 95° C in 0.5° C increments was used to ensure that only a single PCR product
resulted. Primers used in Exp 1 (see Table 1) were designed to amplify mRNA for the opioid
receptors — mu, kappa, and delta, along with the precursors for the endogenous ligands with
greatest affinity for mu-, kappa- and delta-opioid receptors — proopiomelanocortin (POMC),
preprodynorphin (PPD), and preproenkephalin (PPE), respectively.

Previous work from our lab has demonstrated that administration of ethanol, either during
pre- or postnatal life, may increase the overall amount of variability in mRNA for some
housekeepers (unpublished results). For this reason, data were first analyzed using the
gqBASE system [38] and exported to geNORM [39], a software program designed to
determine overall variability in each housekeeper. The application of g¢gNORM allowed for
the selection of those housekeepers that should be retained for subsequent comparison
purposes. In all tissue compartments, 18s RNA was immediately discarded due to large
amounts of variability across samples. Next, data were analyzed using the gBASE system
with cyclophilin+beta-actin or cyclophilin+beta-actin+GAPDH as housekeepers. Analysis
revealed similar findings with both methods, therefore, the inclusion of three housekeepers
was chosen as the preferred method of analysis. All data are expressed using the gBASE
method where relative expression levels are normalized using a set of reference primer pairs
for three housekeeping genes (i.e., beta-actin, cyclophilin and GAPDH), and analyzed using
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separate between-groups ANOVA with any significant differences clarified with Fishers
protected least significant difference (Fishers, PLSD).

2.2.2 Experiment 2 - Protein extraction and quantification via Western Blotting
analysis and Enzyme Immuno Assay—For the examination of protein in Experiment
2, animals were quickly decapitated (unanesthetized) and brains were removed, placed in
ice-cold physiological saline for roughly 30 sec and then transferred to a cold-plate for
anatomical identification and isolation. As in Exp 1, several regions implicated in ethanol
reinforcement and known to be high in opioid activity (e.g., VTA, nAC, and HYPO), were
identified according to the atlas of Altman and Bayer [37], microdissected, and placed in a
1.5 ml eppendorf tube and flash-frozen for later protein extraction and assessment of opioid
peptide.

For assessment of the opioid receptors (i.e., mu, kappa, and delta) using Western Blotting
analysis, tissue from 2 of the 4 animals in each litter (1 male and 1 female) was incubated
with 250 ul ice-cold homogenization buffer (pH 7.2, 4° C) containing 50 mM Tris, 1 mM
EDTA, 6 mM MgCI2, and Complete Mini Protease Inhibitor Cocktail Tablets (Roche
Applied Science). Tissue was then sonicated for 10 sec using an ultrasonic dismembrator
(Fisher, model 100) and centrifuged for 15 min at 14000 rcf (4° C). Supernatants were
collected and total protein content was measured using the method of [40]. Samples were
then adjusted to a final concentration of 1 ug/ul in a total volume of 50 pl. An equal volume
of Laemmeli's buffer was then added to each tube prior to a 5 min boil. Samples were loaded
onto a 12% Tris-glycine acrylamide gel and separated by SDS polyacrylamide gel
electrophoresis (SDS-PAGE). Separated proteins were electrophoretically transferred from
gels to PVDF membrane. Membranes were blocked using 5% BSA in 1X TBST for 1 hr and
incubated overnight (4° C) with primary antibody specific for mu- (MOR-1 (H-80)
sc-15310), kappa- (KOR-1 (H-70) sc-9112) or delta- (DOR-1 (H-60) sc-9111) opioid
receptors, diluted 1:500 in 5% BSA. Secondary antibody (anti-rabbit, diluted 1:5000 in 5%
BSA; Santa Cruz, CA) was applied the following day and immunopositive bands were
visualized by chemiluminescence (Western Lightening® Plus; PerkinElmer). Optical
density of immunopositive bands on X-ray film was measured with an image analysis
system using Quantity One software (BioRad). Although we recognize the limitation of not
examining a standard housekeeper protein in these samples, our pilot studies indicated
degradation of signal after 2 cycles of stripping and re-probing. Thus, it was deemed higher
priority to analyze all 3 receptor targets in the same samples than to include a housekeeper
protein. To partially account for this limitation, PVDF membranes were incubated with each
of the three antibodies in counter-balanced order. Prior to re-incubation with subsequent
antibodies, membranes were stripped of primary and secondary antibodies with a stripping
buffer (Restore PLUS Western Blot Stripping Buffer, Pierce Protein) for 15 min and re-
blocked for 1 hr. Effectiveness of the stripping procedure was confirmed by the absence of
bands in a subset of PVDF membranes in which stripped blots were incubated with Western
Lightening® Plus and exposed to X-ray film. Due to the low sample volume available from
neonatal pups, it was not possible to utilize a housekeeper approach to control for (i)
specificity of experimental effects and (ii) potential loading errors. However, the
examination of multiple proteins from the same samples on reprobed blots essentially serves
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the same purposes, and was viewed as a viable alternative to the (somewhat arbitrary)
selection of an unrelated housekeeper protein.

Tissue processing for assessment of 3-endorphin, enkephalin and dynorphin through
Enzyme Immuno Assay was similar to that just described. The remaining samples (2 from
each litter; 1 male and 1 female) were incubated with 250 pl ice-cold homogenization buffer
and sonicated, as described above. Following centrifugation (14000 rcf for 15 min at 4° C),
supernatants were transferred to 1.5 ml tube and stored (-80° C) for later sample purification
and concentration. Samples were purified via column separation using Strata C18 Separation
Columns according to manufacturer protocol (Phoenix Pharmaceuticals, CA). Following
purification, samples were dehydrated (using a SpeedVac) and reconstituted in 250 pl assay
buffer (Phoenix Pharmaceuticals, CA). Total protein content was determined using Experion
protein analysis chips (BioRad), according to manufacturer protocol (BioRad). A total of 80
samples were included for the assessment of opioid ligands using EIA Kkits according to
manufacturer protocol (EK-022-33; EK-021-03; EK-024-21; Phoenix Pharmaceuticals, CA).

3.1.1 Experiment 1 - Ontogenetic effects on opioid-related mRNA

Based on the ontogenetic profile of ethanol intake and reinforcement across early infancy
[41], [42], [30], and [31], we hypothesized that opioid receptors and/or ligands would be
differentially expressed across the three postnatal ages assessed. Indeed, initial analyses
examining Age x PAE revealed that nearly every factor assessed changed significantly
across the three postnatal days under examination. Upon further investigation of PAE
effects, however, it became apparent that the traditional multifactorial approach to these
analyses would lead to two major limitations, namely that (1) ontogenetic effects would be
artificially inflated by PAE and (2) larger ontogenetic changes in the endogenous opioid
system would preclude our ability to observe smaller ethanol-dependent effects. Therefore,
we chose a more conservative approach - to analyze and discuss our data using very
focused, a priori, comparisons examining the consequences of both ontogeny and PAE
separately. As is tradition, however, multifactorial ANOVAs were performed and are
included, along with all other results, in Tables 2-4. It should also be noted that, since both
male and female offspring were included in the experimental design, initial comparisons
examined for potential sex differences. Since no sex-differences in opioid related mRNA
were observed, we collapsed across sex for all remaining analyses.

Firstly, we sought to examine age-dependent effects on opioid gene expression. For this
comparison, only those animals receiving water during gestation (i.e., 0 g/kg), and not
ethanol, were examined for developmental changes in the amount of mRNA for opioid-
related factors in the ventral tegmental area (VTA), nucleus accumbens (nAC), and
hypothalamus (HYPO). Analysis of factors within the hypothalamus revealed significant
main effects of age on MRNA for POMC [F(2,20) = 5.062, p<0.05], preprodynorphin
[F(2,21) = 4.403, p<0.05], and preproenkephalin [F(2,21) = 24.587, p<0.0001], precursors
for the endogenous ligands with greatest affinity for mu-, kappa- and delta-opioid receptors,
respectively. Subsequent post hoc analyses revealed that mRNA for POMC was
significantly greater on both PDs 8 and 12 than on PD 4 (Table 4). Similarly, mRNA for
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PPD was significantly greater on PD 12 than PD 4 (Table 4). Lastly, PPE mRNA was
significantly greater on PD 8 than PD 4 and again on PD 12 than both PDs 4 and 8 (Table
4). There were no significant differences in mMRNA for any of the receptors across the three
postnatal days assessed.

Assessment of opioid-related mRNA in the VTA revealed fewer ontogenetic differences
than in the hypothalamus. No differences in mMRNA were present for opioid receptors as a
function of postnatal age. Analyses of ligands revealed a main effect of age in POMC
[F(2,18) = 6.629, p<0.01], but not PPE or PPD, in which POMC mRNA was significantly
greater when examined on PD 12 compared to the two younger ages assessed (Table 3).

In contrast to the VTA and HYPO, far more age-dependent alterations in mRNA for opioid-
related factors were observed within the nucleus accumbens. Analysis of opioid-receptor
expression in this structure revealed a significant main effect of age in DOR mRNA [F(2,21)
=5.123, p<0.05]. Subsequent post hoc analyses revealed that DOR mRNA was significantly
greater on PD 12 than PD 4; mRNA for DOR on PD 8 did not differ from that on either PD
4 or 12 (Table 2). Examination of mMRNA for opioid ligands revealed significant increases in
both PPE [F(2, 21) = 8.249, p<0.01] and PPD [F(2,21) = 11.354, p<0.001] as a function of
ontogeny. Subsequent post hoc analyses revealed that, for PPD, mRNA was significantly
greater on PD8 than 4, and greater on PD 12 than both PDs 4 and 8 (Table 2). Similarly,
PPE mRNA was significantly greater on PD 12 than PDs 4 and 8; PPE mRNA did not differ
between PDs 4 and 8 (Table 2).

3.1.2 Experiment 1 - Ethanol effects on opioid related mRNA

As mentioned previously (see 3.1.1), age-related differences in the endogenous opioid
system substantially limited our ability to observe ethanol-dependent effects. Therefore, we
again chose to utilize focused, a priori, comparisons examining the effects of PAE
separately at each age at assessment. Again, since both male and female offspring were
included in the experimental design, initial analyses accounted for potential sex differences.
Since no sex-differences in opioid related mRNA were observed, we collapsed across sex
for all remaining analyses. A summary of results is presented in Tables 2-4.

Analysis of MRNA within the hypothalamus revealed a main effect of prenatal ethanol
treatment on KOR mRNA [F(2, 21) = 8.49, p<0.005] at PD 4, but not PDs 8 or 12. Kappa-
receptor mMRNA was significantly reduced in infants born to females intubated with either 1
or 2 g/kg ethanol during gestation compared to controls. No other factors were found to
differ as a function of prenatal ethanol treatment within the hypothalamus (Table 4).
Analysis of opioid mMRNA within the VTA revealed a significant main effect of prenatal
treatment on PPD mRNA, again on PD 4 [F(2,17) = 4.041, p < 0.05] - infants born to
females intubated with 2 g/kg during the last day of gestation exhibited an increase in
mRNA for preprodynorphin within this structure (Table 3). There were no differences in
VTA opioid-related mRNA on PDs 8 or 12.

Again, the majority of gene expression changes were observed in the nucleus accumbens. In
particular, analyses revealed a significant main effect of prenatal treatment on mRNA for
kappa-receptor [F(2,20) = 11.821, p < 0.0005], POMC [F(2,19) = 3.657, p < 0.05], PPD
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[F(2,21) =3.711, p < 0.05] and PPE [F(2,20) = 3.508, p < 0.05] within this same structure.
In the case of KOR, PPE and PPD, mRNA from infants born to females intubated with 2
g/kg ethanol during the last days of gestation was significantly greater than from pups in the
remaining two groups (Table 2). POMC mRNA, on the other hand, was found to be
significantly less in ethanol-treated infants compared to water-intubated controls (Table 2).
There were no effects of prenatal alcohol exposure on opioid-related gene expression
apparent in the nAC on PD12.

3.2.1 Experiment 2 - Ontogenetic effects on opioid related protein

As in Exp 1 (see 3.1.1), assessments of age-dependent effects in opioid peptides were
restricted to the analysis of water-intubated control animals (i.e., 0 g/kg). In doing so, we
observed a significant main effect of age on MOR within the nAC [F(2,20) = 4.501, p <
0.05] (Table 2) and KOR within the VTA [F(2, 20) = 5.36, p < 0.05] (Table 3). Subsequent
post hoc analyses revealed that, in both cases, protein for the respective receptors was
significantly greater on PD 12 than PD 8. In addition, KOR in the VTA was greater on PD 4
than on PD 8. No other differences in opioid-receptor protein were observed with respect to
ontogeny.

With respect to endogenous opioid ligands, there was a significant age-related increase in
hypothalamic enkephalin [F(2,25) = 8.917, p < 0.005] in which tissue obtained from infants
on PD 12 revealed significantly greater enkephalin compared to animals from the two
previous age groups (Table 4). There were no developmental differences in ligand protein
within the VTA. Like the previous results, the majority of changes were observed within the
nucleus accumbens. In particular, 3-endorphin [F(2,23) = 8.145, p < 0.005] and dynorphin
[F(2,24) = 4.269, p < 0.05] were found to differ significantly as a function of ontogeny.
Dynorphin was significantly greater on PD 8 than PD 12 (Table 2) and B-endorphin was
greatest on PD 4 compared to the later two ages assessed (Table 2).

3.2.2 Experiment 2 - Ethanol effects on opioid related protein

Analysis of opioid receptors within the hypothalamus revealed a significant main effect of
prenatal ethanol administration on MOR on PD 4 [F(2,20) = 3.75, p < 0.05]. In particular,
hypothalamic MOR protein was significantly greater in four-day old animals born to
females intubated with 2 g/kg ethanol during the last days of gestation than in pups exposed
prenatally to lower doses of ethanol (Table 4). Like Experiment 1, relatively few ethanol-
induced effects were observed in the ventral tegmental area. The lone exception was a
significant main effect of KOR within the VTA when assessed on PD 12 [F(2, 24) = 6.43, p
< 0.05] in which infants exposed to ethanol during the last days of gestation expressed less
kappa receptor protein than those born to water intubated controls (Table 3).

Assessment of opioid-receptor protein in the nucleus accumbens revealed a significant main
effect of prenatal treatment on MOR when assessed on PD 4 [F(2,23) = 3.519, p < 0.05] in
which MOR protein was significantly less in infants born to females intubated with 1g/kg
compared to infants from the remaining groups (Table 2). Additionally, analysis of NAC
opioid-receptor protein revealed a significant main effect of prenatal treatment on MOR
[F(2,22) = 45.866, p < 0.0001], KOR [F(2,22) = 3.498, p < 0.05] and DOR [F(2,23) = 3.826,
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p <0.05] on PD 12 (Table 2). In all cases, immunopositive banding was significantly less in
12-day old infants born to females intubated with 2 g/kg during the last days of gestation
compared to water-intubated controls. MOR from infants given the highest ethanol dose
during gestation was also significantly less compared to pups given 1 g/kg during this same
prenatal period.

Relatively few ethanol-dependent effects were observed in assessment of endogenous opioid
ligands. As mentioned previously, effects of prenatal ethanol administration on opioid
peptides was assessed independently at each age. Analyses of dynorphin within the nucleus
accumbens revealed a significant main effect of prenatal treatment on PD 8 [F(2,23) =
3.062, p < 0.05] (Table 2). Similarly, hypothalamic enkephalin differed significantly as a
function of prenatal ethanol administration when assessed on PD 12 [F(2,23) = 4.014, p <
0.05] (Table 2). In both cases, protein for the respective ligand was significantly reduced in
infants born to ethanol-exposed dams compared to water intubated controls. There were no
effects of PAE on opioid ligands in PD 4 tissue.

4. Discussion

The current body of work sought to characterize basal levels of opioid-related mMRNA and
protein in infant rats exposed to ethanol while in utero. In contrast to studies examining
consequences of fetal alcohol exposure following the administration of large doses of
alcohol (e.g., liquid diets contributing 25-36% of daily calories from ethanol) throughout the
majority of gestation, the current work focused on consequences of moderate ethanol
exposure (i.e., 1 and 2 g/kg) given during only a small portion of the gestational period (GD
17-20). The days in which alcohol was administered are not only those in which the fetus
can successfully detect ethanol within the amniotic fluid (e.g., [43] and [44]) but,
importantly, are also those in which ethanol exposure is capable of modifying subsequent
intake of and responsiveness towards the drug (see [8] and [12] for reviews).

We chose to examine the effects of both age and prenatal alcohol exposure (PAE) on opioid
protein and mRNA for the opioid receptors mu, kappa, and delta, along with their
endogenous ligands, p-endorphin, dynorphin, and enkephalin. These factors were carefully
selected based on their known involvement in both ethanol intake and reinforcement
throughout early development (e.g., [9], [14], [18], [19], [20], and [35]) and adulthood (e.g.,
[21], [22], [23], [24], [25], and [26]). Each factor was examined in three brain regions - the
nucleus accumbens, ventral tegmental area, and hypothalamus - sites known to be both high
in opioid-containing neurons and implicated in general consummatory behavior or ethanol's
appetitive effects. Tissue from animals prenatally exposed to either ethanol (1 or 2 g/kg) or
water (0 g/kg) was later collected on one of three postnatal days - PD 4, 8, or 12 - days in
which infants have been known to exhibit relatively low, moderate, and high ethanol
consumption, respectively [30], and [31]. See Figure 1 for a summary of the entire
experimental design.

The results presented here revealed a complex series of interactions between ontogeny,
prenatal ethanol administration, brain structure, and factor of interest (see Tables 2-4 for a
summary of results). After careful consideration of both age- and PAE- dependent effects,
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three main trends began to emerge. Firstly, age-dependent differences in opioid mMRNA
appear to be indicative of general upregulation of opioid signaling across the three postnatal
ages assessed. Similar, albeit somewhat mixed, results were observed at the level of protein.
Previous evaluations of opioid development have determined that, at the time of birth,
opioid receptor density and localization within the CNS only partially resembles that of the
adult [45]. Using in situ hybridization, both mu and kappa opioid receptor mRNA have been
detected in the CNS as early as GD 13 - well before the age of assessment used here. In
contrast to early developing mu- and kappa-opioid receptors, delta opioid receptor mRNA is
not detected until GD 21 [45]. Delta-receptor mRNA first appears in, among other
structures, the nucleus accumbens and soon thereafter, at birth, resembles the patterns (but
not the density) of expression found in the adult [45]. Although we are unsure of the exact
age at which adult-like opioid expression is apparent, one might suspect that the pattern of
results observed here, in which the majority of factors were found to upregulate across early
postnatal life, likely reflects continuing ontogenetic development and organization of this
complicated system. Importantly, as we will now note, this developmental organization can
be significantly affected by PAE.

Secondly, exposure to ethanol during the last days of gestation led to significant reductions
in opioid-related protein, most notably within the nucleus accumbens. Importantly, one must
be reminded that ethanol was administered only during the last days of gestation (GD 17-20)
and not during postnatal life. Therefore, any effects of prenatal drug exposure observed at
the time of assessment reflect relatively long-term alterations in basal opioid expression
patterns and not acute activational responses to ethanol exposure at the time of tissue
collection. Nevertheless, PAE effects on mRNA did not necessarily reflect these same
alcohol-dependent reductions in protein. Consistent with other assessments of ethanol's
effects on opioid gene expression (e.g., [46] and [47]), changes in mMRNA produced by the
prenatal treatment do not necessarily reflect alterations in protein for the same factors.
Because there is a large divergence in the results obtained with mMRNA and protein, it is
especially difficult to interpret the ultimate consequence of ethanol's effects on the opioid
system. Upon further investigation, however, one may notice that, at least within the nAC,
the upregulation of MRNA for POMC, PPD and PPE present on PDs 4 or 8 are met by a
reduction in protein for the mu-, kappa- and delta-opioid receptors on PD 12. Several
interpretations can be generated to explain these findings. For example, early ontogeny and
exposure to ethanol may both be associated with a reduction in the translational efficiency of
mMRNA and/or alterations in mMRNA stability. A second interpretation of the present findings
might be increased utilization of ligands as a result of PAE. Lastly, limitations in the
sensitivity of our peptide quantification method could be responsible for the divergence
between mRNA and protein observed here. Studies that have made use of
radioimmunoassay have successfully found increases in met-enkephalin, the endogenous
ligand for the DOR, within the nAC and hypo following a similar prenatal manipulation
[34]. While future studies will be necessary to clarify the reasons for the dissociation
between mRNA and protein observed here, such effects are common (e.g., [48] and [49], but
see [50]) and underscore the importance of examining both mRNA and protein as a function
of experimental treatment. Regardless, the present data provide important information
regarding functional plasticity of the opioid system across early ontogeny and highlight the
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vulnerability of this system to prenatal programming effects of PAE. These results support
the notion that dynamic changes in opioid signaling pathways are likely to play a role in
age-related differences in ethanol reinforcement and, perhaps, long-term changes in
responsiveness towards the drug.

Thirdly, ethanol-related effects were most abundant in the nucleus accumbens, a brain
region that has been highly implicated in the consumption and dependence of nearly every
drug of abuse. Among the main findings here were a significant reduction in accumbal mu-,
kappa-, and delta-opioid receptors at 12 days of age. This seems especially important since
mu- and delta-opioid receptor activation has been implicated in ethanol acceptance during
adulthood (see [22], [23], [24], [51], and [52] for reviews), and kappa-receptor activation
seems to be necessary to observe ethanol reinforcement during early infancy [20]. However,
likely due to the relatively late emergence of delta-opioid receptors, this system has not yet
been implicated in ethanol's appetitive effects during early infancy. Although the
involvement of delta-opioid receptors in ethanol-related behavior during infancy was
thought to be marginal at best, the current results suggest that delta-opioid receptors located
within the nAC are susceptible to the programming influence of prenatal ethanol
administration.

The kappa-opioid receptor system, on the other hand, in contrast to what is typically
observed in the adult, has been found to be uniquely involved in ethanol-related behavior
during early development. Previous work examining ethanol-related behaviors during early
infancy have made mention of the unique ontogenetic shift in KOR activity (e.g., [20], [35],
and [28]. Additional studies have led to the discovery that kappa-receptor activation may
convey appetitive, and not aversive, information during the first few days of life [53] and
[54] and, importantly, activation at the KOR seems necessary to observe ethanol
reinforcement during early infancy [20]. More recently, we have found that prenatal
exposure to ethanol, in doses similar to those used here, led to a reduction in kappa opioid
receptor expression on PD 14 and alterations in the sensitivity of these receptors to KOR
activation [35]. Interestingly, it is around this time when KOR activation first begins to
convey some of the aversive-aspects of ethanol administration [28]. While it is not yet
known precisely when the developmental shift in KOR activity occurs, nor whether the
differences in DOR observed here are functionally involved in changing responsiveness
towards the drug, these results highlight the unique sensitivity of the endogenous opioid
system to early ethanol exposure. Certainly, the generalized reduction in all 3 opioid
receptors produced by prenatal exposure to 2g/kg ethanol might reflect either (i) a
generalized switch in phenotype of cells in the nAC incurred by prenatal ethanol exposure;
or (ii) epigenetic modifications in the endogenous opioid system that could, potentially,
contribute to long-term changes in ethanol acceptance and/or reinforcement. Though we
cannot rule out the possibility that these effects might be reflective of ethanol-induced
neurotoxicity and the result of general cell loss, it can be noted that cell loss typically
requires substantially larger doses of ethanol [55] or longer ethanol exposure periods [56]
than were employed in the present studies. Nevertheless, our data point to the Nucleus
Accumbens as an excellent candidate site to target with future micro-injection studies to
further delineate the functional role of the endogenous opioid system as a neurobiological
substrate of ethanol reinforcement across early ontogeny.
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One potential limitation worthy of discussion is that the present studies did not utilize a
separate group of non-manipulated rats to control for the potential influence of the
intubation procedures and/or dietary alterations produced by such manipulations. There are
several reasons for this choice. First of all, water intubated controls effectively control for all
experiential aspects of the primary experimental manipulation (ethanol exposure) and was
deemed as the most appropriate control group for these experimental purposes. Second,
ethanol was not delivered as part of the pregnant dam's diet (as many other studies do), but
instead was delivered via intragastric intubation, which typically produces less dietary
disturbance than ethanol diets per se, suggesting that dietary fluctuations as a result of
gestational ethanol exposure should be minimal. Importantly, it should be noted that all
dams (and offspring) were given ad libidumaccess to food and water at all times, and thus
were able to self-regulate food and water consumption freely and without distress associated
with food-restricted controls. Finally, adding another experimental group to the large, multi-
factorial design would have adversely impacted the feasibility of the study, and threatened
our ability to successfully execute such a large, multi-factorial project. With that said, the
present results should be considered within the context of this minor limitation, and future
studies might be necessary to take into account the potential influence of the intubation
procedure on ethanol-related changes in opioid activity.

4. Conclusion

The endogenous opioid system has often been implicated in ethanol consumption and
reinforcement (e.g., [19], [57], [58], [59], and [60]). Enhanced sensitivity of this system to
alcohol administration is thought to underlie an increased vulnerability to high alcohol
intake, at least in alcohol preferring animals and adult humans considered to be at high risk
for the development of alcoholism [61], [62], [63], [64], [65], and [66]. While much is
known regarding the opioid response to ethanol challenges during adulthood, considerably
less is understood regarding this same response during early development or following
prenatal exposure to the drug. The results presented here provide the first global assessment
of the opioid family at the level of mMRNA and protein across several brain regions and at
three different ontogenetic time points. We suggest that exposure to moderate amounts of
ethanol during only the last days of gestation are sufficient to produce relatively long-term
alterations in basal opioid gene expression and protein. Importantly, these changes appear to
be relatively site specific — being most robust in the nucleus accumbens - and differ as a
function of early ontogeny. These results provide an early ontogenetic perspective on how
opioid tone may influence alcohol intake as a function of age or prenatal ethanol treatment,
thereby setting the stage for future studies to examine (a) programming effects of prenatal
ethanol that persist into adulthood and (b) prenatal — postnatal ethanol interactions as a
predictor for exposure-dependent enhancement of ethanol reinforcement.
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Life history and experimental timeline:

GDO

1

[RERRRR

Pregnant

Tissue collection and analysis:

A expression of opioid ligands & receptors
from P4->P12

¥ MOR, DOR and KOR protein in the nAC of
P12 rats exposed gestationally to 2 g/kg
EtOH

4 The nucleus accumbens appears to be a
key target for prenatal alcohol effects, and
may provide a substrate for enhanced

— dam ethanol consumption later in life
—
e '
—
—
Gp17 [ >

Prenatal Alcohol Exposure:
GD18 | —® | + 0.1 or2glkg daily via

GD19 p— —> intragastric intubation from

GD17-20

GD20 = —>
e s Parturition

Ligands: Receptors:
g-endorphin * Mu
Enkephalin * Delta

+ Dynorphin + Kappa

-
L —_—
= .ﬂJ

PND4 | e PND4
_
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—
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— * Ventral Tegmental Area
Ji= i Hypothalamus
—

Figure 1.

Visual summary of experimental design and analysis. The timeline on the left corresponds to
the both the prenatal and early postnatal period of experimental subjects. Ethanol was
administered to pregnant dams on GD 17-20 and tissue was later collected from offspring on
PDs 4, 8, or 12. Three brain regions were collected from each animal and examined for
mRNA and protein for receptors and ligands in the opioid family. Results were indicative of
a general upregulation of opioid factors and reduced opioid receptor expression in
preweanlings given gestational exposure to ethanol (G17-20). The results also highlight the
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nucleus accumbens as a particularly vulnerable region for ethanol-induced effects on opioid-
related genes.
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Table 1

Forward and reverse primer sequences along with corresponding amplicon size and accession numbers for
real-time RT-PCR primers used in Experiment 1. Primers were designed to span an intron when possible.
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1duasnuen Joyiny

Primer Sequence Amplicon (bp) | Accession Number

Ligands POMC Forward 5’ TCC ATA GAC GTG TGG AGC TG ¥ 173 NM_139326
Reverse 5 ACG TAC TTC CGG GGATTT TC 3/

Preprodynorphin (PPD) | Forward 5’ GGG TTC GCT GGATTC AAATA % 83 NM_019374
Reverse 5 TGT GTG GAG AGG GAC ACT CA ¥

Preproenkephalin (PPE) | Forward 5 AAA ATC TGG GAG ACC TGC AA ¥ 197 NM_017139
Reverse 5" CAT GAA ACC GCC ATACCTCT 3

Receptors Mu Receptor (MOR) Forward 5 ATC GTC AAC GTC TGC AAC TG 3/ 81 NM_001038598

Reverse 5 CCC TGC CTG TAT TTT GTG GT ¥

Kappa Receptor (KOR) Forward 5 CTT TGG CAGATGCTTTGTT 3’ 243 NM_017167
Reverse 5 CAT CTC CAA AAG GCC AAG AA Y

Delta Receptor (DOR) Forward 5 AGC ATC TTC ACG CTC ACC AT 3/ 136 NM_012617
Reverse 5 CAA CAC CTG AAG CCAAGACC ¥
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