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Abstract

This study used a rat model of Fetal Alcohol Syndrome to investigate whether combined prenatal
and postnatal ethanol exposure affects met-enkephalin levels in the brains of male and female
Long—Evans adult rats. Intragastric ethanol was administered to a group of rats (ET) from
gestational day (GD) 1 through 22 and from postnatal day (PD) 2 through 10. The control groups
consisted of a nontreated control group (NTC) and an intubated control group (IC) that received
the intragastric intubation procedure but no exposure to ethanol. We measured met-enkephalin
levels in the prefrontal cortex, nucleus accumbens, hypothalamus, central and basolateral nucleus
of amygdala and ventral tegmental area. Met-enkephalin levels in the hypothalamus of male and
female ET animals were significantly higher than those in either the NTC or IC animals. Met-
enkephalin levels in the central nucleus of the amygdala of male and female ET animals were
significantly lower than the levels in the NTC animals. Met-enkephalin levels in the nucleus
accumbens of ET females were significantly greater than those in the IC females. These results
demonstrate that the combination of prenatal and postnatal ethanol exposure affects basal met-
enkephalin levels in specific regions in a sex-specific manner. These changes in met-enkephalin
levels may explain how early ethanol exposure affects opioid-regulated behaviors such as social
play, sexual behavior, and other social behaviors.

Keywords

Fetal alcohol syndrome; Social behavior; Opioid; Prenatal alcohol; Sex-dependent differences;
Fetal alcohol spectrum disorder

1. Introduction

Fetal Alcohol Spectrum Disorder (FASD) is a term used to classify people who were
exposed to alcohol in utero and manifest mild to severe disturbances of physical, behavioral,
emotional, and/or social functioning [36]. The disturbances in social functioning in FASD
can be severe and include inappropriate sexual behavior and failure to understand the
consequences of their actions [35,37]. The social deficits in FASD may be the result of poor
judgment, planning, organizational skills, impulse control, and decision-making skills seen
in these individuals [35,37]. These changes in social behavior are apparent even when 1Q
scores and socioeconomic backgrounds have been controlled [38].
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Animal models of FASD also demonstrate that prenatal and/or early postnatal ethanol
exposure affects social behavior {reviewed in Ref. [16]}. Animal models have shown that
prenatal ethanol exposure decreases ultrasonic vocalizations [14], disrupts male sexual
behavior [29] and pup-elicited maternal behavior [25], and increases aggression [31].
Postnatal ethanol exposure alters both social interactions and social communication in a
sexually dimorphic manner [15]. A combination of prenatal and postnatal alcohol exposure
increases ultrasonic vocalizations [22], alters pacing of sexual behavior in females [9],
increases social reactions after isolation [18], and decreases aggression [19]. Even though it
is very clear that prenatal, postnatal, and combined prenatal and postnatal ethanol exposure
affect social behavior, it is not clear what ethanol-induced changes in neural structures or
neural systems underlie the changes in social behavior.

One possible mediator of an ethanol-induced alteration in social behavior is met-enkephalin.
Met-enkephalin is a neuropeptide that binds to mu and delta opioid receptors [20]. There
have been many studies that demonstrate the role of opioid receptors and opioid peptides in
various aspects of social behavior. Opioid receptor agonists suppress ultrasonic
vocalizations in pups on postnatal day (PD) 10 [3]. Social interaction in adult rats increases
met-enkephalin levels in the nucleus accumbens [2]. Met-enkephalin appears to play a
critical role in sexual behavior. Indeed, there is a significant increase in met-enkephalin
levels in hypothalamus, cortex, and midbrain twenty-four hours after ejaculation and levels
remain elevated in the hypothalamus forty-eight hours after ejaculation [30]. Furthermore, a
persistent inability to mate in male rats is likely due to high basal met-enkephalin levels in
the hypothalamus [11,30]. In general, it appears that social behavior increases the levels of
met-enkephalin in different brain areas, although it should be noted that the findings are
almost exclusively in males. Given that a sex-dependent difference has been found in delta
opioid receptor immunoreactivity in the amygdala of rats [43] and that human females have
increased mu receptor binding in the prefrontal cortex, amygdala, thalamus, and anterior
cingulate cortex compared to males [45], sexually dimorphic involvement of opioids in
social behaviors might be expected.

Early ethanol exposure clearly affects social behavior across the life-span of the rat, and
met-enkephalin appears to play a role in many of these behaviors. Earlier studies that have
investigated the effect of early ethanol exposure on opioid peptides have either attributed
any changes in the peptide to stress [34] or investigated only whole brain levels of met-
enkephalin in adolescent rats [24]. Studies have not examined how ethanol exposure affects
opioid peptides in specific neural regions in adults. Furthermore, no investigation has
examined the effect of three trimester equivalents of exposure on met-enkephalin. Because
of the deficits in social behavior induced by ethanol exposure during development and the
sexually dimorphic nature of the opioid system, the current study examined the effect of a
combination of prenatal and postnatal ethanol exposure on neural regions that have been
shown to be involved in social behavior: prefrontal cortex, nucleus accumbens,
hypothalamus, central nucleus of the amygdala, basolateral nucleus of the amygdala, and the
ventral tegmental area. We hypothesize that perinatal ethanol exposure will result in a
change in met-enkephalin levels in some neural areas and the effect of ethanol exposure on
met-enkephalin may interact with the sex of the animal.

2. Methods
2.1. Subjects

All animals were housed in the animal colony of the Department of Psychology in the
University of South Carolina. The colony temperature was maintained at 22 °C, with a 12-h
light—dark cycle. Female Long—Evans rats were placed with a proven breeder male
overnight for breeding. Vaginal smears were done the next morning to check for the
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presence of sperm. Once sperm was detected, that day was assigned as Gestational Day 1
(GD). On GD 1, the pregnant rats were housed singly in polypropylene cages with wood
shavings, and the dams were assigned to one of three groups: ET (ethanol-treated group), IC
(intubated control), and NTC (non-treated control).

2.2. Dam treatments

All treatments occurred in the latter half of the light cycle. Dam treatments were given from
GD 1 through 22. ET dams were weighed daily and received daily intragastric (i.g.)
intubations of ethanol in water (4.5 g/kg in a volume of 20 ml/kg) from GD 1 to 22.
Intragastric intubations were given by first dipping the stainless-steel gavage tube in corn
oil, to provide lubrication; the tube was then inserted down the esophagus of the rat. ET
dams were also given unlimited access to water and rat chow and their rat chow was
weighed daily to monitor food intake. A maltose—dextrin solution made isocaloric to the
ethanol solution was given to IC dams every day during gestation (GD 1-22) by i.g.
intubation in a volume of 20 ml/kg. IC dams were initially matched to an ET dam of similar
age and weight and then given as much food as their matched ET dam during pregnancy.
The NTC group was weighed daily, given free access to food and water, but did not receive
any other treatments.

2.3. Pup treatments

The day of birth (GD 23) was designated postnatal day 1 (PD 1) and the dams and pups did
not receive any intubations on this day. Litters were culled to 10 pups (5 males and 5
females) when-ever possible. On PD 2 through 10, pups from all groups were removed from
their litter, one at a time, weighed and marked with nontoxic marker for identification. In
addition, the ET and IC pups were given two intragastric intubations on PD 2 through 10.

All intubations (i.g.) given to the pups were administered using PE10 /nframedic tubing,
which was dipped in corn oil to facilitate the procedure. ET pups received a 3.0 g/kg dose of
ethanol in a volume of 0.0278 ml/g milk (PD 2-10). Two hours after the first intubation, ET
pups were intubated a second time with the milk solution only (0.0278 ml/g). The milk
solution was made to resemble rat’s milk [42]. The IC pups received the same procedure
(two intubations) as the ET pups except that solutions were not given. NTC pups were
weighed every day but did not receive any intubations or solutions.

On PD 10, pups were permanently paw-marked with India ink for identification purposes
[10] throughout development. Pups were housed with their dam until PD 21, when the pups
were separated from their dam and housed in same-sex pairs. Only one animal per sex from
each litter was assigned to this study; remaining animals were assigned to other studies. In
some cases we used only one animal per litter in this study, which led to the use of more
total litters being used than is apparent in the experimental group size.

2.4. Blood alcohol concentrations (BACs)

On GD 20, 10 pl of blood was taken via a nick to the tail from the ET and IC dams three
hours after the intubation procedure. On PD 10, 10 ul of blood was taken via a nick to the
tail from each ET and IC pup two hours after the first intubation. The tail nick procedure
was done quickly and every attempt was made to reduce the stress to the animals. The blood
from the ET dams and pups was used to measure BACSs via a colorimetric enzymatic assay
as previously described [6,22]. The BAC data represent values from the blood samples
collected from all the dams and pups used in this study. The alcohol doses were chosen
because they produce similar peak BACs prenatally and postnatally and the time points were
chosen to assay peak BACs [22].
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2.5. Brain preparation

Females received daily vaginal smears for a period of five to seven days to determine the
stage of estrus. There were no obvious differences in the estrus cycle across groups; cycling
and cell types appeared similar across groups. Females in diestrus and males were
decapitated at approximately 90-120 days of age and the brains were removed and frozen on
crushed dry ice. All frozen brains were then wrapped in Parafilm® and aluminum foil and
stored —80 °C until time of the assay.

2.6. Assay for met-enkephalin levels

3. Results

Radioimmunoassay (RIA) kits (Peninsula Laboratories Inc.) were used to asses the levels of
methionine-enkephalin [S-2119 (RIK 8602)] in ET, IC, and NTC male and female rats. The
kit is very specific for met-enkephalin with a percent cross-reactivity of 100% for met-
enkephalin and, 3% cross-reactivity to leu-enkephalin, 0.1% cross-reactivity to Met-
enkephalin-Arg-Phe and B-endorphin and zero percent cross reactivity to other opioid
peptides. The microdissections taken for radioimmunoassay were collected according to
punch coordinates in a microdissection guide [27]. A microtome was used to section the
brains into 1 mm frozen slices and a 1.0 mm diameter punch was used to isolate various
nuclei. Bilateral sections of dissected tissue were weighed, placed in 1.5 ml microfuge tubes,
and 550 pl of 2 M acetic acid was added to the tubes. The tubes were then boiled in a block
heater for 15 min with cap locks and then sonicated until all tissue was homogenized. Three
30 pl aliquots of the homogenized solution were transferred into 12 x 75 mm glass tubes for
analysis of protein levels using the method of Lowry et al. [17]. The remaining sample was
centrifuged at 1500 xg at 22 °C for 5 min. Following centrifugation, three 150 pl aliquots of
the supernatant were placed in 12x75 mm polystyrene tubes and samples were dried using a
vacuum evaporator. Each tube containing extracted peptide from the ET, IC, and NTC rat
tissue was reconstituted with 100 ul of RIA buffer, vortexed, and sonicated. Tubes for
determining a standard curve, non-specific binding, total binding and total counts were
included in each assay. On day 1 of the RIA procedure, 100 pl of the primary antibody was
added to 100 pl of the reconstituted peptide from the ET, IC, and NTC tissue. The tubes
were then incubated in a cold room at 4 °C for 18 to 24 h. On day 2, 100 pl of 125]-peptide
(1.0-1.5 x 10% cpm per tube) was added to each tube. On day 3 (18-24 h later), 100 pl of
goat anti-rabbit 1gG serum and 100 pl of normal rabbit serum were added to tubes (except
for total counts tubes). Following a 90 min incubation period at room temperature, all the
tubes were centrifuged at 1500 xg for 20min at 4 °C. The supernatant was aspirated off, and
the levels of 1251 remaining in the pellet were counted in a gamma counter for one minute.
The picograms of met-enkephalin in the samples were determined from the standard curve
using log-logit transformation of the data outlined in the RIA kit. Data are expressed as pg
of met-enkephalin/mg total protein in the sample.

Our initial studies included a sample size of five per sex within a group. However, based on
the variance in some brain areas, we analyzed an additional set of samples for RIAs to
increase the statistical power. We did not do further RIAs on some brain areas.

3.1. Dam weight data

There were no significant differences among dam group weights during gestation (Table 1).
A mixed ANOVA on dam weights throughout gestation GD 1-22 indicated that all dams
gained a significant amount of weight over pregnancy (main effect of day, A/21,672) =
224.50, p< 0.001).
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3.2. Pup weight data

A mixed-design ANOVA indicated that there were no significant weight differences among
the groups over days PD 2-10 (Table 2). In general, males weighed significantly more than
females across PD 2-10 (main effect of sex, A1,42) = 5.171, p< 0.05). A significant weight
gain was seen in all groups over PD 2-10 (main effect of day, A8,336) = 1500, p< 0.001).
No significant interactions were found.

The different groups showed no differences in weight when they reached adulthood:;
ANOVA:Ss of weights on PD 60 and 90 did not reveal any significant differences among
groups. Males weighed more than females on PD 60 and 90 (main effects of sex, A1, 47) =
334.31, p<0.001 and A1, 47) = 353.12, p< 0.001, respectively).

3.3. BAC Data

There was no significant difference between the BACs of male and female ET pups. No
significant differences were found between dam and pup BACs The means and standard
errors of the mean (SEMs) of the BACs in mg/dl in male pups, female pups and dams were
311 +36.2, 333 + 48.3, and 368 * 36.6, respectively.

3.4. Neurochemical data

3.4.1. Hypothalamus—Ethanol exposed animals had a significant increase in met-
enkephalin levels in the hypothalamus compared to controls (Fig. 1). There were no effects
of sex or interactions so hypothalamus data from males and females was combined. A
between-subjects ANOVA indicated a significant main effect of group in the met-
enkephalin level of the hypothalamus A2, 39) = 9.985, p< 0.001. Tukey’s post hoc analyses
indicated that the ET animals had higher met-enkephalin levels compared to NTC and IC
animals (p < 0.05), and the NTC and IC animals were not significantly different from one
another.

3.4.2. Nucleus accumbens—Ethanol exposed females had significantly higher levels of
met-enkephalin compared to the IC group (Fig. 2). A between-subjects ANOVA indicated a
significant group by sex interaction in the met-enkephalin levels of the NA, A2, 41) =
3.256, p < 0.05. Further analyses indicated that there was a main effect of group in the
female animals, A2, 21) = 4.635, p< 0.05, and that the ET females had significantly higher
levels of met-enkephalin than the IC females (p < 0.05). The control groups were not
significantly different from one another. No differences between groups were seen in males.

3.4.3. Central nucleus of the amygdala—Ethanol exposed animals showed
significantly lower met-enkephalin levels compared to NTC animals (Fig. 3). There was no
main effect of sex and no interaction so data from males and females were combined. A
between-subjects ANOVA indicated a main effect of group in the met-enkephalin levels of
the CEA A2, 37) = 3.698, p< 0.05. Tukey’s post hoc analyses indicated that the met-
enkephalin levels of the ET group were significantly lower than those of the NTC group.

3.4.4. Other brain regions, protein levels, and tissue weights—Analyses of the
met-enkephalin levels in the PFC, BLA, and VTA did not show any significant differences
between ET, NTC and IC groups (Table 3). The analyses of mg of protein per total tissue
weight and total tissue weight in the PFC, NA, CEA, hypothalamus, and VTA indicated no
significant differences or interactions between groups or sex. However, a significant
difference in mg of protein per tissue weight in the BLA was found between the ET animals
and the controls, A2, 24) = 6.345, p< 0.05. Tukey’s post hoc analyses indicated that the ET
group (males and females were combined) had a higher amount of tissue protein levels in
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BLA tissue compared to the IC and NTC groups, which did not differ from one another
(means and SEMS in mg of protein/g of tissue: ET males = 0.28 + 0.03; ET females = 0.25
+ 0.04; IC males = 0.17 + 0.04; IC females = 0.27 + 0.04; NTC males = 0.22 +£ 0.03; NTC
females = 0.18 + 0.01). The analyses of total tissue weight in the BLA indicated no
significant differences or interactions between any of the groups or sex.

4. Discussion

The study supports the hypothesis that a combination of prenatal and postnatal ethanol
exposure affects met-enkephalin levels in specific areas of the brain and can do so in a sex-
specific manner. Ethanol exposure affected basal met-enkephalin levels in the hypothalamus
and CEA of male and female rats, but only affected female met-enkephalin levels in the NA.
The basal met-enkephalin levels in the control groups are similar to those found in other
studies and the percent change induced by ethanol exposure is similar to that seen after
different manipulations in other studies [30,32]. The changes in met-enkephalin levels may
help explain many of the behavioral changes seen in ethanol-exposed animals.

A two fold increase in basal met-enkephalin levels was seen in the hypothalamus of both
male and female ET animals. This finding could explain why ethanol exposed males show a
higher persistent non-mater rate [40] since high basal levels of a met-enkephalin precursor
neuropeptide in the hypothalamus are present in persistent non-maters [30].Additionally,
administration of the opioid antagonist naloxone converts persistent non-maters into
successful maters [11]. It is possible that the high rate of persistent non-maters in males
prenatally exposed to ethanol may be reversed by the administration of naloxone. Systemic
or direct injection of naloxone into the hypothalamus of ET males would address the
possibility of reversing the high non-mater rate in ET males. The increase in basal met-
enkephalin in the hypothalamus of ET females may be responsible for the change in pacing
behavior seen in perinatal ethanol exposed females [9]. Female rats given an injection of
met-enkephalin into the third ventricle have an enhanced lordosis response to males [39].
Changes in opioid peptides in the hypothalamus have a large effect on male sexual behavior
and may also be very important in mediating female sexual behavior.

The increase in met-enkephalin levels in the NA of females exposed to ethanol during the
perinatal period may affect motivational processes. NA is commonly known to play an
important part in motivation, and opioids are believed to play a very important role in the
motivational aspect of sexual behavior in females [28]. The role of NA in motivation may
make it another structure that plays an important role in mediating the increased lordosis
seen in female rats that received a ICV injection of met-enkephalin into the third ventricle
[39]. Localized injections of met-enkephalin into the NA or hypothalamus may help to
clarify which structure mediates sexual motivation in females. In addition, levels of met-
enkephalin in NA can be significantly increased by social interactions. This may explain
why females exposed to early ethanol exposure show an increase in social interactions
compared to control females [15]. The sex-specific change in met-enkephalin levels may
also explain why only ethanol-exposed female mice are less sensitive to the low-dose
stimulant effect of ethanol [1]. Acute ethanol exposure increases the opioid peptide beta-
endorphin in NA [21,26]. Additionally, enkephalinase inhibitor, which potentiates the action
of endogenous enkephalins, increases alcohol intake [8], while an opioid antagonist
administered into the NA decreases the animal’s response to alcohol [12]. It may be that ET
females are more sensitive to the acute effects of ethanol and may show an increase in intake
of ethanol compared to males. Future studies could investigate whether prenatal and
postnatal ethanol exposure also affects drug sensitivity and intake in a sex-specific manner.
However, caution should be taken in interpreting the increase of met-enkephalin levels in
ET females since the increase was significantly different from IC females and not NTC
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females. The change may be due to a synergistic effect that can occur between early ethanol
exposure and stress [33,41,44].

Another structure involved in reward and motivation that has an ethanol-induced change in
met-enkephalin levels was the CEA. There is evidence that ethanol sensitivity and intake are
highly regulated through opioid receptors and enkephalin. Neurons in the CEA that express
pro-enkephalin are sensitive to the acute effects of ethanol [5] and direct injection of
naltrexone into CEA decreases the animal’s response to ethanol [7]. There is also a lower
amount of met-enkephalin found in the amygdala of an alcohol-preferring mouse strain
compared to an alcohol non-preferring strain [13]. In addition, it has been found that there is
a higher amount of mu-opioid receptor binding in amygdala nuclei in alcohol-preferring rats
compared to alcohol non-preferring rats [23]. It is not clear what the effect of a higher basal
level of met-enkephalin would have on the animals. The higher level may result in a down-
regulation of mu and delta opioid receptors. This would then be the opposite of what is seen
in alcohol-preferring rats and could imply that an increase in met-enkephalin in the CEA
could decrease the animal’s sensitivity to ethanol [23]. Investigating the effect of a direct
injection of met-enkephalin into the CEA on ethanol sensitivity and intake could help to
clarify the role of met-enkephalin in the CEA. However, caution should also be taken when
interpreting the decrease of met-enkephalin levels in ET animals since the decrease was
significantly different from NTC animals and not IC animals. This change may be primarily
due to the synergistic effect between early ethanol exposure and stress such has been
reported in several studies [33,41,44].

The opioid system has to our knowledge not been investigated in the human FASD
population; furthermore, little research on peptide levels has been conducted in animal
models of FASD. This study shows that the opioid system is affected by early alcohol
exposure and since met-enkephalin levels were examined in adulthood, the effect appears to
be permanent. Investigation into mu and delta opioid receptors, beta-endorphin levels, and
other aspects of the opioid system will help to provide a complete picture of what aspects of
the opioid system ethanol is affecting. Many of the social behavior abnormalities seen in
FASD patients may be mediated through the opioid system. This line of research may lead
to possible treatments for the social deficit changes induced by ethanol because opioid
receptor antagonist medications currently exist and have been shown to alleviate some of the
social deficits seen in other disorders such as autism {reviewed in Ref. [4]}.
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Fig. 1.

The met-enkephalin levels for the hypothalamus for the NTC, IC, and ET groups. Ethanol
exposure significantly increased basal met-enkephalin levels in the hypothalamus compared
to the levels in both the IC and NTC groups. The sample sizes for NTC males, NTC
females, IC males, IC females, ET males, and ET females were n=6,7,7,7,9, 9,
respectively. The asterisk indicates a significant difference. Data are collapsed across sex.
Error bars depict standard errors of the mean (SEMs).
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Fig. 2.

The met-enkephalin levels for the Nucleus Accumbens for the NTC, IC, and ET groups
divided by sex. Ethanol exposure significantly increased the basal met-enkephalin levels in
the ET females compared to the IC females. The sample sizes for NTC males, NTC females,
IC males, IC females, ET males, and ET females were n=7, 8, 8, 8, 8, 8, respectively. The
asterisk indicates a significant difference. Error bars depict SEMs.
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Fig. 3.

The met-enkephalin levels for the Central Nucleus of the Amygdala for the NTC, IC, and
ET groups. Ethanol exposure significantly decreased basal met-enkephalin levels in the
CEA compared to those in the NTC group. The sample sizes for NTC males, NTC females,
IC males, IC females, ET males, and ET females were n=8, 6, 6, 6, 8, 8, respectively. The
asterisk indicates a significant difference. The data are collapsed across sex. Error bars
depict SEMs.
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Dam variables: mean body weights (g) and SEMs and sample size

Group NTC IC ET
n=12 n=13 n=14
GD1 268+6.1 260+59 252+3.8
GD5 268 +5.2 258+51 255+4.6
GD10 279+£53 267+6.0 27047
GD15 298+55 287+6.3 290%4.7
GD20 340+5.8 327+81 332%5.2
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Offspring variables: mean body weights (g) and SEMs on postnatal days 2, 10, 21, 30, 60, 90 from

Table 2

experimental animals

NTC IC ET
PD 2 6.8+0.1 6.5+0.1 6.0+0.1
PD10 18906 176+03 17.6+0.6
PD21 471+34 420%12 429%14
PD60 256 +13 259 +13 249+ 13
PD90  345+22 339+ 22 313+ 18

Data are collapsed across sex.
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Table 3

Means, SEMs, and sample size for met-enkephalin levels (pg/mg protein) for the prefrontal cortex (PFC),
basolateral amygdala (BLA), and ventral tegmental area (VTA)

Group Sex PFC BLA VTA

NTC F 30.2+57 124.1+400 97.7+25.1

n=5 n=5 n==8
M 49.1+4.8 133.6 +254 90.7+19.8
n=>5 n=>5 n=8
IC F 365+7.9 1134+221 61.1+10.2
n=>5 n=4 n=8
M 35419 119.0+325 63.0+9.2
n=5 n=4 n=8
ET F 354 6.7 160.6 +53.7 93.8+18.6
n=>5 n=>5 n=8

M 37.4+157 785+228 85.3+23.3

n=5 n=4 n=7

There were no significant differences or interactions between groups or sex.
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