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Abstract

The association between gestational exposure to ethanol and adolescent ethanol abuse is well established. Recent animal
studies support the role of fetal ethanol experience-induced chemosensory plasticity as contributing to this observation.
Previously, we established that fetal ethanol exposure, delivered through a dam’s diet throughout gestation, tuned the
neural response of the peripheral olfactory system of early postnatal rats to the odor of ethanol. This occurred in
conjunction with a loss of responsiveness to other odorants. The instinctive behavioral response to the odor of ethanol
was also enhanced. Importantly, there was a significant contributory link between the altered response to the odor of
ethanol and increased ethanol avidity when assessed in the same animals. Here, we tested whether the neural and
behavioral olfactory plasticity, and their relationship to enhanced ethanol intake, is a result of the mere exposure to
ethanol or whether it requires the animal to associate ethanol’s reinforcing properties with its odor attributes. In this later
respect, the opioid system is important in the mediation (or modulation) of the reinforcing aspects of ethanol. To block
endogenous opiates during prenatal life, pregnant rats received daily intraperitoneal administration of the opiate antagonist
naltrexone from gestational day 6-21 jointly with ethanol delivered via diet. Relative to control progeny, we found that
gestational exposure to naltrexone ameliorated the enhanced postnatal behavioral response to the odor of ethanol
and postnatal drug avidity. Our findings support the proposition that in utero ethanol-induced olfactory plasticity
(and its relationship to postnatal intake) requires, at least in part, the associative pairing between ethanol’s odor quality
and its reinforcing aspects. We also found suggestive evidence that fetal naltrexone ameliorated the untoward effects of
gestational ethanol exposure on the neural response to non-fetal-exposure odorants. Thus, gestational naltrexone may
also have a neuroprotective and/or neuroproliferative impact on olfactory development.
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Introduction

Gestational ethanol can have considerable untoward effects
for the human fetus during development that is both exten-
sive and enduring. The timing of ethanol exposure during
fetal development, and the duration and dose are important
factors in determining the myriad sequelae which can
include, for example, cranial and facial malformations,
reduced nursing reflexes, decreased birth weight' > and
developmental defects in the nervous system.® Fetal
ethanol exposure also results in substantive behavioral
changes.”™”
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Despite these profound consequences, there are other
clinically important, yet understated, negative long-term
consequences. Adolescent and adult ethanol addiction is
prominently associated with fetal ethanol exposure.
Human studies reveal: (a) that fetal ethanol exposure is
the number one predictor of later misuse'®~** and (b) that
the younger the experience with ethanol the greater the like-
lihood of persistent misuse into adulthood.'” There have
been emerging data outlining how fetal exposure enhances
ethanol avidity.

An extensive literature has addressed the issue regard-
ing the information the developing fetus can acquire
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behaviorally about odorant stimuli present in the fetal
milieu. Indeed, the developing fetus can respond to chemi-
cal stimuli present in the amniotic surroundings and
‘remember’ the information gained by this experience into
postnatal life."*=2° In this respect, ethanol, while being
both potentially neurotoxic and teratogenic during fetal
development, is also, nonetheless, a chemosensory stimulus.
Studies show that maternal ethanol intake during preg-
nancy can alter the subsequent predilection and avidity
for ethanol by a mother’s progeny. Indeed, both human™'
and animal studies demonstrate that in ufero experience
alters the responsiveness to particular chemosensory qual-
ities of ethanol (see reviews*>?’). Importantly, the smell
and taste qualities of ethanol are considered to be key deter-
minants of ethanol intake.**~2°

Recent evidence supports the role of fetal ethanol
experience-induced chemosensory plasticity as a key contri-
butor to the foregoing observations and, in turn, the pro-
gressive epidemiological pattern of ethanol abuse noted
above. The prevailing data indicate that there are epigenetic
chemosensory mechanisms (i.e. smell, taste and oro-somato-
sensory) by which maternal ethanol use can be conveyed
to offspring.***” With specific regard to olfaction, animal
studies have shown an important relationship between the
neural responses of the peripheral olfactory system, the
reaction to ethanol odor and enhanced postnatal ethanol
avidity, stemming from fetal drug experience. Fetal
exposure, delivered via a dam’s diet throughout gestation,
tuned both the neural response of the olfactory epithelium
(OE) as well as the innate behavioral response to the odor
of ethanol in infant rats.”?® Moreover, the initial behavioral
response was attributable to the neural effect. Ethanol
intake was also enhanced in these animals.” Notably, the
magnitude of the fetal experience on the enhanced odor
response predicted the extent of the prenatal effect on
ethanol avidity when assessed in the same animals, and
there was a significant causal relationship.** This collection
of behavioral findings persisted into adolescence.?****!
Continuation of the increased response to the odor of
ethanol, however, does not appear to be dependent on the
founding peripheral neural effect, which ameliorates by
adolescence.® This latter finding suggested that more
central mechanisms, for instance changes in olfactory bulb
(OB) circuitry, underlie the later increased ethanol odor
response.’” In short, the preceding studies demonstrated
that in utero experience increases ethanol affinity by enhan-
cing the encoding and odor qualities that are important for
ethanol odor preference and flavor.?

Regarding the above, a fundamental mechanistic question
is whether the founding neural and behavioral olfactory
plasticity, and their relationship to increases in the affinity
for ethanol is a function of the simple experience with
ethanol (i.e. stimulus-induced plasticity) and/or does it
require the animal to associate ethanol’s pharmacological
properties with its odor qualities. There is evidence that
supports the potential for both possibilities. On the one
hand, passive odorant exposure in neonatal animals alters
the peripheral neural and behavioral response to the
exposure odorant.>*** Moreover, animals exposed in utero
to odorants without a known reinforcing property,

delivered via the dam’s diet, develop enhanced peripheral
neurophysiological sensitivity’*® and increased preference
for the exposure odorant.?® On the other hand, evidence
shows that the opioid system is important in the mediation
or modulation of the reinforcing aspects of ethanol con-
sumption both in general®”® and as an effect of fetal
exposure, as well. In this latter respect, Chotro and Arias®
demonstrated that ethanol exposure during the last four
gestational days enhanced postnatal drug affinity through
a conditioned response that required the postabsorptive
properties of ethanol. In terms of olfactory function, at
a minimum, opioid inputs to the OB**~** have, along with
other centrifugal connections,®~4>#2-51 peen shown to be
important to bulbar effects that can encode the associative
significance of an odor.

In the present study, we took advantage of the abilit
to block endogenous opiates during prenatal life.”>
Throughout gestation, pregnant rats received daily intraper-
itoneal administration of an opiate antagonist jointly with
ethanol delivered via their diet. Relative to the progeny of
control treated dams, we determined whether and to what
degree gestational exposure to an opiate antagonist alters
the known enhanced: (1) olfactory neural and behavioral
odor response to ethanol (Experiment 1) and (2) postnatal
affinity for ethanol (Experiment 2) that stems from in utero
ethanol exposure.

Materials and methods

Upstate Medical University’s Institutional Animal Care and
Use Committee approved all methods used in this study.

Dietary treatment of pregnant dams

Preliminary study

On gestational (G) day 4, pregnant rats (Long-Evans;
Harlan-Sprague Dawley, Indianapolis, IN, USA) were
initially separated into weight-matched pairs. The
members of each pair, in turn, were randomly assigned
to two maternal treatment groups. The groups, relative to
their maternal dietary and drug treatments were designated
as CTL/NTX (free-choice control liquid diet and naltrexone
injection) and CTL/H,O (free-choice control liquid diet and
control injection) (see description of control diet delivery
below).

Experiments 1 and 2
Similar to the above, the members of weight-matched triads
of rat dams (Long-Evans; Harlan-Sprague Dawley) were
randomly assigned to one of three maternal treatment
groups on gestational (G) day 4, as per previously estab-
lished protocol.?®* The groups, relative to their combined
maternal dietary and drug treatments, were designated as
ET/NTX (ethanol-containing diet and naltrexone injection),
ET/H,0O (ethanol-containing diet and control injection) and
CTL/H,O (free-choice control liquid diet and control injec-
tion) (see rationale for treatment groups below).

From G4 to 5, all dams, independent of maternal treat-
ment group, were fed a free access control liquid diet
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(L100252; Research Diets, New Brunswick, NJ, USA) prior
to the start of maternal treatment on Gé6. Following this
diet familiarization process, ET/H,O and ET/NTX dams
received a free-choice liquid diet (L10251; Research Diets)
that contained ethanol (6.7% v/v) during G11-20.%-%
Animals were introduced to the diet from G6 to 10 with
increasing amounts of ethanol.”*=° This previously estab-
lished method yields a rather consistent amount of exposure
that models moderate to high intake®*® during a time
period of olfactory development in which olfactory
neurons begin responding to stimuli and their axons
connect with the OB.”**” The weight-matched free-choice
liquid diet dams (CTL/H,O) had continuous access to
water and the same liquid diet (L100252; Research Diets)
they received during the familiarization period.

Drug treatment

Previous work has demonstrated that a single daily in-
traperitoneal injection of naltrexone given at a dose of
50 mg/kg is sufficient to prevent endogenous opioids
from binding with their receptors for 24 h.°>*> Moreover,
these same studies showed there were no untoward
consequences on the duration or progress of pregnancy,
the viability of dams or their offspring or the general
development of the fetus. Consequently, from G6 to 21
(note that naltrexone was given one day longer than the
ethanol-containing and control diets), dams receiving
NTX treatment (i.e. ET/NTX or CTL/NTX) were given a
daily intraperitoneal injection of 50 mg/kg naltrexone
hydrochloride (NTX; Sigma Chemical, St Louis, MO,
USA). Injections occurred at 16:00 hours each day
(i.e. the time the liquid diet was changed in the cages).
In contrast, dams receiving control injections (i.e. ET/
H,O or CTL/H,O) were injected with an equal quantity
of sterile water vehicle (H,O). Each day the dams were
weighed and the NTX dose or H,O volume modified
appropriately. NTX was made weekly and kept in the
dark at 4°C.

Experimental subjects

Following birth, all litters were surrogate-fostered to a set of
control dams fed lab chow and water during gestation. Two
days after fostering, litter size was reduced to a maximum of
10 pups per litter with as close a 50/50 balance of male and
females as possible.

For each experiment, we tested animals between the ages
of postnatal (P) day 12-14. We selected this time window
because it represents preweanling ages that can recall
the in utero experience with ethanol.””~®? Furthermore, pre-
vious work has shown an association between fetal
exposure, olfactory neural and behavioral function, and
the affinity for ethanol in early postnatal rats.*?%%°

In each of our experiments, only one male and one female
per litter were assigned to a specific experiment. This
procedure was followed in order to avoid inflating the like-
lihood of type I error by treating animals from the same
litter as independent observations.
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Olfactory behavioral and neural response

We evaluated the unconditioned innate sniffing response
to the odor of ethanol and mapped the neurophysiological
response of the OE, using whole-body plethysmography
and optical recording methods, respectively.

Behavior

An animal’s sniffing behavior is the act of moving air
through the nose. Important to our purpose, animals
are known to reflexively change their odor sampling behav-
ior in response to odors in their surroundings.®® In this
respect, the assessment of sniffing provides a method
for quantifying the attentiveness/responsivity to odorant
stimuli.”**®*** Therefore, in keeping with our previous
work studying the effect of in utero ethanol exposure on
the innate odor-mediated responses to ethanol,**?® we
used our procedure for evaluating olfactory function that
is based on an animal’s instinctive odorant-induced sniffing
response.

Briefly, using whole-body plethysmography and compu-
ter controlled olfactometry, we recorded changes in an
animal’s breathing patterns in response to ethanol odor.?**
Stimuli were presented into a testing chamber through
which airflow was continuously delivered. Animals were
first habituated to the testing chamber. Odor and air stimuli
were presented randomly in groups of 20 trials (10 air and
10 odorant). A trial lasted six seconds. Five different concen-
trations of ethanol were used (expressed as the fraction of
vapor saturation at 20°C: 3.125 x 1072, 6.25 x 102, 1.25 x
1072, 25x 1072 and 5 x 107?). Each concentration was
used for a single group of 20 trials. Concentration/block
was tested from the lowest to highest concentration.

For each stimulus presented, the recorded sniffing pattern
was analyzed with respect to 14 response variables.”®*
These variables were: the sniffing frequency for a stimulus
trial; the number of inspirations and expirations; the dur-
ation, volume, average flow rate, and peak flow rate of an
inspiration and expiration; the total inspiratory and expira-
tory volume; and the total apneic duration.

As we have previously described, an animal’s sniffing
responses are multifaceted and vary with odorant stimuli
(both concentration and quality).” Furthermore, despite
the finding that these responses can be dissected into
many descriptive parameters (e.g. flow rate, volume), data
obtained from a single variable is inadequate to assess
a differential reflexive behavioral response to odorant
stimuli.® Therefore, we used our established approach
and created an ‘index’ that incorporated the descriptive
variables of the animal’s reflexive responses to odor stimu-
lation into a single primary measure.**! Importantly, for
our purposes, fetal ethanol-induced changes in ethanol
intake is causally linked to the fetal exposure effect on this
primary odor response measure.**

To generate the behavioral index, we took the following
approach. Each animal provided a 14 x 5 data matrix to
the complete data-set (i.e. 14 response pattern variables
for each concentration of ethanol odorant stimulation). The
14 response pattern variables (that is to say, dimensions of
behavioral response) of the entire experimental data-set



were condensed into two orthogonal dimensions (namely,
Factors 1 and 2) by principle components analysis (PCA).
The calculated values of the two resultant PCA factors (at
each odorant concentration) defined the behavioral response
of an individual animal to a specific stimulus concentration.
This process reduced each animal’s 14 x 5 data matrix to
2 x 5: two response variables for every concentration of
ethanol evaluated. These data were used in a preliminary
analysis to test the consistency of the experimental differ-
ences related to main effects based on the observational
erTor.

To begin making inferences of a causal nature related
to treatment effects (using appropriately adjusted error
terms), we specifically examined the effect of fetal naltrex-
one on the overall behavioral response. As such, to
express each animal’s 2 x 5 matrix as a 2 x 1 matrix that
integrated the animal’s responses over all odorant concen-
trations in each uncorrelated dimension (viz, Factor 1 and
Factor 2), we calculated the average response across the
five concentrations of odorant. This resulted in x and y
pairs that located each ET/NTX, ET/H,O and CTL/H,O
animal in an ethanol odor-mediated behavioral response
space. The x and y data pairs were subsequently used to
determine the impact of naltrexone treatment on the
innate response to the odor of ethanol.

Neurophysiology

For every behaviorally tested animal, we recorded the
odorant-induced responses of their OE, using our standard
optical methods and a voltage-sensitive dye.*%°~%° We
recorded from a 3.5 x 3.5 mm expanse of the OE on the
flat surface of the turbinates, using a 12-bit CCD camera
(array size: 120 x 120 pixels; Dalsa, Waterloo, ON,
Canada). To accomplish this, rats were anesthetized, killed
by decapitation and the right nasal cavity split along the
long axis. The tissue was then immersed in the voltage-
sensitive dye di-4-ANEPPS and processed, following estab-
lished procedures.?®¢~% Just before testing, the exposed
half of the nasal cavity was mounted in a chamber that
had a clear plastic cover and an input and output port.”
Odorant was drawn across the OE by a vacuum applied
to the output port. During a trial, computer-activated
valves changed the flow from blank to odorized air.

In addition to the odor of ethanol, we assessed the OE’s
response to carvone, citral, propyl acetate and ethylacetoace-
tate. With respect to these latter four stimuli, we previously
found that fetal ethanol exposure had an untoward effect on
the neural response.”

For each tissue evaluated, we randomly presented each
of the five odorants. An amyl acetate standard was also
presented as the first and last stimulus. For each odorant
presentation, we measured the magnitude of neural
response by determining the peak response height.

Voluntary ethanol intake

Early preweanling rats do not ingest fluid from a sipper
tube. Thus, we assessed the affinity for ethanol by directly
infusing an appropriate solution into the mouth using a
cannula inserted through the animal’s cheek.****%1>71

Briefly, three hours prior to testing, an individual pup was
placed in a plastic cage. Pups were kept warm with a heat
lamp. After one hour, the rat had a flanged polyethylene
tube (PE10 tubing; Clay Adams, Parsippany, NJ, USA)
inserted into the center of its cheek. Because of the position
of the cannula, the pups had the opportunity to either
swallow or reject the infused solution.

Immediately prior to intake testing, the anogenital region
of each animal was stimulated in order to initiate bowel and
bladder emptying. The rats were then weighed, placed in
another heated open plastic chamber (15 x 7 x 15 cm) and
the cannula connected to an infusion pump that delivered
a 5.0% v/v solution of ethanol.

Each test was preceded by a 10-minute habituation
period in the chamber. The ethanol solution was then
infused over 15 min with a 3.0s ‘on” and 10s ‘off” duty
cycle. The infusion rate for an individual animal provided
a volume equivalent to 5.5% of the preinfusion body
weight. The affinity for ethanol was defined by the grams
of absolute ethanol ingested per kilograms of body
weight. The amount ingested was determined by the
difference in the measured pre- and postinfusion body
weights.

Results
Preliminary study

We initially performed a study to specifically evaluate
whether gestational naltrexone, per se, altered the behavioral
and/or neurophysiological response to odorant stimulation
(see Experiment 1, below, for analytic details). In this study,
we used the offspring of dams that were fed: (1) a liquid
control diet and control injection (CTL/H,O, N =8 male
and 8 female) and (2) a liquid control diet and naltrexone
injection (CTL/NTX, N = 8 male and 8 female). The exper-
imental subjects represent one randomly selected male
and female animal from each of eight CTL/H,0O and eight
CTL/NTX dams.

In keeping with previous reports that neonates exposed
to naltrexone during fetal development are larger in body
weight compared with control offspring,® we also found
that CTL/NTX animals were larger in terms of body
weight than CTL/H,O animals (mean + SEM: 27.73 +
0.742 and 24.01 + 0.548, respectively). ANOVA (analysis of
variance) demonstrated a significant main effect of treat-
ment and sex (F [1, 20] =69.93; P=nil and F [1, 20] =
9.93; P = 0.005). There was no sex by treatment interaction
(F [1, 20] = 0.332; P = 0.570).

Reflexive sniffing response to ethanol odor

MANOVA (multivariate analysis of variance: Wilk's
Lambda criterion) using weight as a conditional covariate,
revealed no strong evidence for an overall differential
main effect of treatment (F [2, 141] =1.25; P =0.142)
on the behavioral response to the odor of ethanol
While, on average, there was a significant main effect
of sex (F [2, 141] =3.62; P =0.029), importantly, there
was no sex by treatment interaction (F [2, 141] =2.01;
P =0.136).



Youngentob et al. Joint exposure to gestational naltrexone and ethanol

Optical recording of odorant-induced mucosal activity
In keeping with prior studies of the odor response of the
OE, there was a highly significant differential response
to different odorants (F [4, 136] = 19.40; P=r1il).28'66‘69
Nonetheless, there was no evidence for an effect of maternal
treatment (F [1, 140] = 0.743; P =0.39), sex (F [1, 136] =
0.049; P =0.825), sex by treatment (F [1, 136] = 0.020;
P =0.887) or treatment by odor interactions (F [4, 136] =
0.010; P = 0.999).

Experiment 1: Does gestational naltrexone ameliorate
the fetal ethanol-induced enhanced behavioral and
neural response to the odor of ethanol?

Given the foregoing findings, we limited the subsequent
design of Experiment 1 to an analysis that included only
a CTL/HO control group. We did so in order to more
tightly focus the test of our a priori primary hypothesis.

We used the progeny of dams that were fed: (1) a liquid
diet containing ethanol and received naltrexone injec-
tions throughout gestation (ET/NTX, N =10 male and
10 female); (2) a liquid diet containing ethanol and received
control injection (ET/HO, N = 10 male and 10 female) and
(3) a liquid control diet and control injection (CTL/H,O,
N =10 male and 10 female). The experimental subjects rep-
resent one randomly selected male and female animal from
each of 10 ET/NTX, 10 ET/H,O and 10 CTL/H,O dams.
The ET/H,0 dams served to control for the injection pro-
cedure. More importantly, these animals represented our
standard gestational exposure procedure that results in an
enhanced response to the odor of ethanol.**** The CTL/
H,O animals, although also controlling for the effect of
experimental handling and injection, set the standard by
which to judge the effects of gestational naltrexone treat-
ment. That is, whether and to what degree naltrexone treat-
ment throughout gestation ameliorates the enhanced
ethanol odor-mediated response in the offspring of the
ET/NTX-treated dams.

Reflexive sniffing response to ethanol odor

For the ET/NTX, ET/H,0 and CTL/H,O controls, ANOVA
showed that, on average, body weight significantly varied
with maternal treatment (F [2, 45] = 5.86; P = 0.005). There
was no differential effect of sex (F [1, 45] =1.53; P =
0.223) or sex by treatment interaction (F [2, 45] = 0.334;
P =0.718). Thus, as above, in subsequent behavioral ana-
lyses, the animals’ weights were used as a conditional
covariate.

In the first step of our analysis, the 2 x 5 behavioral
response data (i.e. two PCA variables at each odorant con-
centration) were evaluated to test the reliability of observed
differences related to main effects. This test of effects was
based on observational error. MANOVA (with odorant con-
centration, treatment and sex as main effects) demonstrated
a significant effect of odorant concentration (F [8, 558] =
21.22; P = nil) and treatment (F [4, 558] = 5.46; P = 0.0003)
on the innate response to the odor of ethanol. There was
no evidence of a sex effect (F [2, 279] = 1.278; P = 0.280).
However, there was a significant sex by treatment inter-
action (F [4, 558] = 5.27; P = 0.0004).
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The central element of our study was to test whether the
known enhanced responsiveness to the odor of ethanol
(stemming from prior fetal exposure) requires the animal
to associate ethanol’s reinforcing properties with its odor
attributes. Thus, the subsequent behavioral analysis was
directed toward testing our a priori hypothesis that gesta-
tional naltrexone would ameliorate the known conse-
quences of in utero ethanol exposure. As described above,
each animal provided a pair of x and y values that located
its comparative position in an ethanol odor-mediated
behavioral response space (Figure 1a). As qualitatively illus-
trated in this figure, on average, there was an unambiguous
division between the ET /H,0 animals and the ET/NTX and
CTL/H,O groups in the behavioral response space.

Given the above, to more formally evaluate our hypoth-
esis (based upon appropriately adjusted error terms), the
two-dimensional response data were first used to quantify
and assess the degree of difference between ET/NTX
versus CTL/H,0. To accomplish this, we tested the hypo-
thesis that the weighted city-block distance of sized differ-
ences between two treatment groups was zero. The
weighted city-block distance, in terms of the effect sizes
for the two indexes, was defined as the combination of
absolute values of the individual effect sizes. The weighting
scheme for the city-block distance was based on the a priori
conjecture that any true effect size on an individual princi-
pal component factor is reflected by the excess of its Eigen
value above the Kaiser criterion of 1 used in the PCA. As
illustrated in Figure 1 (right panel b, left column), the ET/
NTX versus CTL/H,O comparison quantified the extent
to which naltrexone treatment altered the consequences
of fetal ethanol exposure. Importantly, we found no strong
evidence for a differential effect between these two maternal
treatments (mean + SEM: 0.195 + 0.36) (one-tailed ¢ [56] =
0.54; P = 0.296).

On the basis of the above finding, we next quantified
and tested the magnitude of the effect of our standard
fetal ethanol exposure paradigm (i.e. ET/H,O) relative to
the average effects (in two dimensions) of the ET/NTX
and CTL/H,0O exposures. In this latter respect, the average
effect of these two maternal treatment groups contains
elements of both NTX and CTL exposures. As such, a
formal test of this contrast represented a conservative com-
parator for evaluation of our hypothesis. In other words, if
there was a significant difference between ET/H,O animals
versus the average effect of the ET/NTX and CTL/H,O
groups and there was no evidence of a difference between
ET/NTX versus CTL/H,0O animals, then given the finding
of our preliminary study (i.e. no difference between CTL/
NTX versus CTL/H,0), it would be parsimonious to con-
clude that NTX treatment ameliorated the known conse-
quences of in utero ethanol exposure on the response to
ethanol odor. Indeed, in keeping with our prior studies
and a priori prediction,**?® the altered behavioral response
to the odor of ethanol was significant for the ET/H,O
versus the average effect of the ET/NTX and CTL/H,O
maternal treatment groups (mean + SEM: 0.622 + 0.31)
(one-tailed t [57]=2.0; P=0.025) (Figure 1b, right
column). Importantly, comparison of the two columns illus-
trated in Figure 1b show that, relative to the average effects
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maternal treatment groups. (b) ‘Ethanol Effect Size’ (mean + SEM from the weighted effect size analysis) as a function of maternal treatment comparison. The
left column quantifies the degree of difference between ET/NTX versus CTL/H,0 in (a). The right column quantifies the magnitude of the effect of our standard
fetal ethanol exposure paradigm (i.e. ET/H,0) relative to the average effects (in two dimensions) of the ET/NTX and CTL/H,O exposures. ET/H,0, ethanol-
containing diet and control injection; ET/NTX, ethanol-containing diet and naltrexone injection; CTL/H,0O, free-choice control liquid diet and control injection;
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of ET/NTX and CTL/H,O exposures, gestational naltrexone
decreased the enhanced behavioral response to the odor of
ethanol by approximately 3.2-fold.

Optical recording of odorant-induced mucosal activity
Previously, we observed that in utero experience with ethanol
resulted in a neural tuning to the exposure odorant.”® That is,
relative to control, fetal ethanol-exposed animals showed a
control level of neural responsiveness to the odor of
ethanol in the face of a decrease in response magnitude to
stimulation with non-fetal-exposure odorants. We also
found that gestational ethanol exposure did not alter the
unique differential patterns of neural response for different
odorants.?**72 Thus, our present analysis focused on explor-
ing the specificity of these same foregoing effects, as a conse-
quence of combined gestational ethanol and naltrexone.

To this end, we first performed an overall analysis to test
the null hypothesis that there were no observed differences
related to main effects on the response of the OE (ANOVA:
odorant, sex, treatment, sex by treatment or odor by treat-
ment effects). As expected,®” there was a significant differen-
tial odorant effect on the peak magnitude of the response
(F [4, 263] = 9.57; P = nil). Importantly, there was strong
evidence for a maternal treatment effect (F [2, 263] = 5.94;
P =0.003). There was no evidence of an average main
effect of sex, sex by treatment or odor by treatment inter-
actions (all Ps >0.2).

We next performed additional analyses to examine
whether there were specific differential effects between
maternal treatment and the response to the odor of
ethanol, as opposed to maternal treatment and the effect
on the neural response to the non-fetal-exposure odorants.
In keeping with our prior study on the effect of gestational

ethanol exposure on the neurophysiological olfactory
response to ethanol odor in early postnatal animals, there
was no evidence of a maternal treatment effect®®
(F [2,43] = 0.77, P=0.467). Moreover, there was no sex
(F [1,43] = 0.002; P = 0.959) or sex by treatment interaction
(F [243] = 0.22; P = 0.799).

For the four non-fetal-exposure odorants, as expected,
ANOVA illustrated a significant main effect of odorant
stimuli on the neural response (F [3, 208]=7.59;
P =0.0001). Furthermore, there was strong evidence of a
maternal treatment effect (F [2, 208] =5.09; P = 0.007)
with no main effect of sex (F [1, 208] = 0.086; P = 0.77),
sex by treatment (F [2, 208] = 0.22; P = 0.799) or odorant
by treatment (F [6, 208] = 0.259; P = 0.954) interactions. In
this latter respect, the clear absence of an odorant by treat-
ment interaction emphasized that the differential responses
due to treatment were uniform across the non-fetal exposure
odorants. Such a finding was consistent with our prior
observations.”®

Despite the observation of an overall maternal treatment
effect, as illustrated in Figure 2, on average, there was the
impression that naltrexone treatment improved the unto-
ward impact of in utero ethanol on the response of the OE
to the non-fetal-exposure odorants. Post hoc analysis (using
Fisher’s least significant difference criterion) for multiple
pair-wise comparisons of our a priori contrast of treatment
means between ET/H,O versus CTL/H,O showed, as
expected,”® a significant negative impact (mean
difference = 0.30; P = 0.002). Importantly, comparison of
ET/NTX and CTL/H,O animals revealed no strong evi-
dence for a difference (mean difference = 0.13; P = 0.063).
Nonetheless, there was also no difference between ET/
H,0 versus ET/NTX animals (P = 0.175).
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Figure 2 Neural response to the non-fetal-exposure odorants as a function
of maternal treatment group. The figure illustrates the peak height of the
neural response (height of the bars: mean + SEM) averaged across the four
non-fetal-exposure odorants. The data are the means (+ SEM) for each
maternal treatment group derived from the analysis of variance. The response
is expressed as the percent change in optical fluorescence from baseline
activity. See text for details (NS, not significant). ET/H,0, ethanol-containing
diet and control injection; ET/NTX, ethanol-containing diet and naltrexone
injection; CTL/H,0, free-choice control liquid diet and control injection

Experiment 2: Does gestational naltrexone ameliorate
fetal ethanol-induced increases in ethanol intake?

We used ET/NTX (N =14 male and 14 female), ET/H,O
(N =14 male and 14 female) and CTL/H,O (N = 14 male
and 14 female) exposed progeny. The experimental subjects
represent one randomly selected male and female animal
from each of 14 ET/NTX, 14 ET/H,O and 14 CTL/H,O
dams.

In keeping with the animals evaluated for their behavioral
response to the odor of ethanol, ANOVA again indicated
that prenatal treatment significantly affected body weight
(F [2, 65] =10.79; P = nil); however, there was no effect
of sex (F [1, 65] = 0.166; P = 0.685) or sex by treatment inter-
action (F [2, 65] = 1.824; P = 0.169).

The focus of Experiment 2 was to examine the relation-
ship between gestational ET/NTX exposure and postnatal
ethanol avidity. Given the finding of a treatment effect on
the weights of the animals, we examined the conditional
effect of maternal treatment by including weight as a covari-
ate in our analysis.”’ That is, we adjusted for the possible
contributory mediating consequence of the maternal treat-
ment, per se, on the animals” weights. As such, the analysis
tested whether, for rats of a particular weight, ethanol
intake per unit weight differs as a result of fetal exposure.
The analysis showed a significant treatment effect (F [2,
64] = 4.157; P = 0.02) on ethanol avidity. There was no evi-
dence of an effect of sex (F [1, 64] = 0.606; P = 0.439) or sex
by treatment interaction (F [2, 64] = 0.047; P = 0.954).

Figure 3 qualitatively illustrates how absolute ethanol
intake (grams of ethanol per kilogram body weight)
varied with the dam’s treatment during pregnancy. In
keeping with our own findings,*** and those of others
(e.g. see refs?*?®), we again found that fetal ethanol

P =0.02

0.8 P=0.018 | |

0.6

0.4

Absolute ethanol intake (g/kg)

0.2

0.0

ET/NTX ET/H;0

Maternal treatment

CTL/H,0

Figure 3 Ethanol acceptance as a function of maternal treatment. The data
show grams of absolute ethanol ingested per kilogram of body weight as a
function of prenatal exposure to ethanol and naltrexone. The data are
expressed as the mean + SEM. See text for details (NS, not significant).
ET/H.0, ethanol-containing diet and control injection; ET/NTX, ethanol-
containing diet and naltrexone injection; CTL/H,0, free-choice control liquid
diet and control injection

exposure (i.e. evaluation of the progeny of ET/H,O-treated
dams) increased postnatal ethanol intake relative to
control exposure (i.e. CTL/H,O treated dams). More impor-
tantly, however, naltrexone treatment ameliorated the
enhancement effect of fetal exposure on drug avidity. Post
hoc analysis (using Fisher’s least-significant-difference
criteria) for pair-wise comparisons of our a priori contrast
of treatment means between ET/NTX and ET/H,O
animals revealed a significant impact of gestational naltrex-
one treatment on reducing the effect of prenatal ethanol
exposure on subsequent ethanol avidity (mean difference =
0.15; P =0.018). Importantly, paired comparison of ET/
NTX and CTL/H,O animals revealed no evidence of an
effect (mean difference = 0.011; P = 0.861), whereas com-
parison of ET/H,O vs CTL/H,O also showed significant
evidence of increased postnatal avidity for ethanol (mean
difference = 0.139; P = 0.020).

Discussion

A variety of studies reveal an association between fetal
exposure to ethanol and the likelihood for ethanol abuse
in later life.""~"> The precursors contributing to this obser-
vation are likely many. Nevertheless, there is a rich exper-
imental literature that specifically speaks to the impact
fetal experience with ethanol’s chemosensory qualities
has on subsequent predilection for and intake of the
drug,22?9616273=7% I this respect, we previously reported
that fetal ethanol experience-induced olfactory plasticity
developmentally altered the olfactory system, enhancing
the odor ‘qualities” of ethanol that are central to both odor
preference, intake and flavor (the integration of odor, taste
and oro-somatosensation). We found that rats exposed
to gestational ethanol showed evidence of a neural and be-
havioral tuning of the olfactory response to the odor of



ethanol and enhanced ethanol intake when tested in pre-
weanling animals.*®** More importantly, we showed that
while a significant part of the postnatal odor-mediated be-
havioral effect was attributable to the impact of ethanol
exposure on the neural response,28 elevated ethanol intake,
in turn, was coupled to the enhanced behavioral odor
response.”*

Mechanistically, the present work addressed whether the
previously observed neural and behavioral olfactory plas-
ticity, and their relationship to enhanced ethanol intake
results from the simple exposure to ethanol, i.e.
stimulus-activated plasticity, or does it potentially require
the pairing of ethanol’s odor quality with its pharmacologi-
cal effects (i.e. associative conditioning). In so doing, this
study extends upon previous work by others examining
the potential mechanisms underlying the manifestation of
prenatal ethanol-related enhancements in postnatal drug
intake 8-2424-29,39,45,80,81

Using behavioral and neurophysiological methods, the
results of Experiment 1 confirmed previous observations
that gestational ethanol exposure through diet results in
an enhanced responsiveness to the odor of ethanol in
early postnatal rats.”**® More specifically, compared with
control animals (CTL/H,0), fetal ethanol exposure (ET/
H,0): (a) altered the innate behavioral response to the
odor of ethanol and (b) tuned the ethanol odor response
of the OE in conjunction with an untoward effect in re-
sponsiveness to the other non-fetal exposure odorants (for
details see ref.”®). The replication of these previous findings
was important not only in their own right, but, importantly,
they set the standard by which to evaluate whether and to
what extent the endogenous opioid system may be impor-
tant to these observed effects.

Relative to our a priori hypothesis, in Experiment 1, we
also found that, compared with control exposure (CTL/
H,0), administration of gestational naltrexone to pregnant
rats in conjunction with an ethanol-containing diet (ET/
NTX) ameliorated the enhanced behaviorally mediated
ethanol odor effect in their progeny (Figure 1la and b). We
come to this interpretation based on several important
observations. (1) We found no significant difference in the
behavioral response to ethanol odor between ET/NTX
versus CTL/H,O animals. (2) There was strong evidence
for the conservative comparison between ET/H,O animals
versus the average effect of the ET/NTX and CTL/H,O
groups. Indeed, naltrexone treatment concomitant with
gestational ethanol exposure resulted in a 3.2-fold reduction
in the behavioral effect observed in the foregoing compari-
son. (3) Finally, in our initial study, we found no strong evi-
dence for a differential behavioral response to ethanol odor
between CTL/NTX versus CTL/H,0O animals. Importantly,
the lack of a behavioral difference between the CTL/NTX
versus CTL/H,O animals highlight the specificity of the
interaction between fetal ethanol and fetal naltrexone
exposures in the ET/NTX group rather than our obser-
vations resulting from more general effects of naltrexone.

With respect to the neurophysiological response of the
OE, recall that compared with CTL/H,O animals, ET/H,O
progeny demonstrated a maintained neural response to
the odor of ethanol along with a highly significant loss of

responsivity to the non-fetal-exposure odorants (Figure 2).
In short, consistent with our prior work,?® the responsive
neurons to ethanol odor were stabilized against a landscape
of ethanol’s toxic effects on OE neurons responsive to the
non-exposure odorants. Interestingly, for these same odor-
ants, there was no strong evidence for a difference in
response between the ET/NTX versus ET/H,O and ET/
NTX versus CTL/H,0O comparisons. Taken together, these
findings are consistent with the notion of an intermediate
effect of combined ET/NTX exposure.

As outlined below, there are two possible interpretations
to the overall findings of Experiment 1 which are not necess-
arily mutually exclusive, namely (1) that naltrexone treat-
ment blocked the reinforcing or pharmacological
properties of ethanol and (2) that, perhaps, gestational nal-
trexone had a neuroprotective and/or neuroproliferative
impact on olfactory development.

With regards to the first alternative, specifically where
and how in the olfactory pathway the fetus develops a con-
nection between ethanol’s odor quality and its pharmaco-
logical consequence is not definitively known at this time.
However, one interesting possibility is the OB. Data
suggest that the OB can be considered a key odor processing
structure,®> so as to encode that a stimulus has gained
associative significance.**®~* To this point, there are
important descending central influences on the OB that
can alter its responsiveness to odor based on prior experi-
ence. In infant and adult animals, for example, central des-
cending monoaminergic and noradrenergic activity onto the
OB that signal ‘reward’ are needed to alter the bulb’s
responses to odors that have gained biological signifi-
cance.’ ! There are also studies showing that the OB
receives inputs, for example, from the mesolimbic dopamine
system:”" an area thought to be important in the develop-
ment and maintenance of ethanol reinforcement”~** and
dopamine has also been implicated in associative modu-
lation of the OB.”>% Importantly, ethanol administration
differentially modulates opiod receptors in the mesolimbic
pathways.”” Finally, endogenous opiates appear to play a
role in early associative OB effects,**"** and the opioid
systems are believed to mediate (or modulate) the reinfor-
cing effects of ethanol®”*”~ through a variety of struc-
tures.'” Some of these structures are intimately related
with olfaction (olfactory tubercle and amygdala'®') and con-
nected to the foregoing pathways. Thus, there is ample pro-
spect for the developing fetus to encode both the odor
quality of ethanol and acquire associative pairing. In short,
pairing the activation of olfactory sensory neurons that are
responding to ethanol with descending ethanol-related
influences on OB circuits may serve as an encoding mechan-
ism that can be blocked by the non-selective opioid antagon-
ist, naltrexone.

The suggestive finding that ET/NTX animals were inter-
mediate in terms of the untoward consequences of in utero
exposure on the OE’s response to the non-fetal exposure
odorants indicates a possible neuroprotective effect on per-
ipheral olfactory development and even, perhaps, olfactory
system development, in general. Indeed, naltrexone has
been shown as a neuroprotectant in experimental models
of neural damage'*® and studies have clearly demonstrated
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the general damaging impact of fetal exposure on pre- and
postnatal olfactory development.'®~1%

Naltrexone can also be neuroproliferative. Systemic doses
like those used in the present study are known to accelerate
cell proliferation and growth.106 Taken together, therefore,
the potential neuroprotective and neuroproliferative
effects of naltrexone might be expected to compromise the
general development of fetal ethanol-induced olfactory
plasticity. Recall that the behavioral effect observed in
early postnatal animals is causally mediated, in part, by
the initial founding outcome of fetal exposure on the
OE.?® These fetal exposure effects, however, wane over
time absent any further experience with the drug.**'
Thus, it is intriguing to speculate that fetal naltrexone
exposure might contribute to the amelioration of the early
founding process, not only by blocking the associative
pairing of ascending and descending inputs to the OB,
but also by interfering with the stabilization and tuning
of ethanol stimulus-activated channels. In other words,
naltrexone-induced neural protection and the enhancement
of normally occurring neurogenesis at the level of the
OE'Y71% and OB might accelerate the process of
ethanol odor returning to a biologically ‘neutral’ status
(the lack of biological significance).'"!

A note of caution must be raised regarding our discussion
of the potential neuroprotective effects of naltrexone in our
study. In this respect, we do no wish to suggest that prenatal
naltrexone might be useful as a neuroprotective agent and/
or a method for reducing prenatal alcohol effects. To this
point, there are many studies describing the potential unto-
ward effects of opiate blockade in ufero, as endogenous
opioids serve a number of developmental processes in
addition to neuromodulation.

Indeed, continuous opiate blockage like that used in
the present study has a significant impact on both pre-
and postnatal physical development® as well as behavioral
development during postnatal life.'"* For example, fetal
naltrexone-exposed rats have larger wet weights of brain,
heart, lungs and kidneys. Behaviorally, weanling animals
have reduced motor activity, and the incidence of activities
such as grooming and face washing, to name a few.

In Experiment 2, we again found that gestational
exposure to ethanol (at a dose approximating moderate-
high daily ethanol ingestion®) significantly increased
ethanol intake in the preweanling ET/H,O animals.**?*
These results further add to the general animal literature
demonstrating that fetal exposures ranging from the
chronic intake mimicked with the present maternal
feeding paradigm to limited exposure during the last few
days of gestation”*? result in enhanced postnatal avidity.

Critical to the goals of this study, however, was the
finding that gestational naltrexone in conjunction with
chronic maternal ethanol exposure (ET/NTX animals),
indeed, blocked enhanced postnatal drug avidity. Given
the foregoing odor-mediated behavioral and neurophysiolo-
gical results, and our previous observation of a causal
link between postnatal ethanol avidity and the enhanced be-
havioral response to the odor of ethanol,** such a finding is
important to the fundamental interpretation of the overall
study. That is, despite the possible neuroprotective and
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neuroproliferative effects of naltrexone, our results are con-
sistent with the notion that fetal ethanol experience-induced
olfactory plasticity (and its relationship to enhanced post-
natal intake) requires, at least in part, the paired association
between ethanol’s odor quality and its reinforcing aspects.
In this respect, our observation that naltrexone reduced
ethanol intake is consistent with previous studies, using
short prenatal ethanol exposures (i.e. single intragastric
infusions during the last four days of gestation)***®! and
another non-specific opioid antagonist, naloxone. Given
the consistency of findings across the two widely differing
fetal exposure paradigms and the short time course of
ethanol exposure during late gestation in the naloxone
studies, it is difficult to reconcile a highly prominent role
for the potential neuroprotective and neuroproliferative
effects of naltrexone.

Finally, the flavor of ethanol is the integration of odor,
gustation and oro-somatosensation and, as we have noted,
in utero exposure increases ethanol intake, in part, by enhan-
cing its olfactory qualities.** As such, the results of our
study also add to the proposition that fetal exposure alters
the flavor profile of ethanol®””® and that the opioid system
mediates this effect.®’
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