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Abstract

A number of parental experiences, even when occurring prior to conception, have been shown to
induce transgenerational effects beyond the first generation. In the case of exposure to drugs of
abuse, studies in rodents suggest that offspring demonstrate significant differences in how they
respond to the drug to which their parent was exposed. We have previously observed significant
alterations in morphine analgesia, conditioned place preference and self-administration in the
offspring of females exposed to morphine during adolescent development. In addition to effects on
pain perception and reward, morphine also modulates the hypothalamic pituitary adrenal (HPA)
axis. The purpose of the current study was to determine whether female adolescent morphine
exposure results in transgenerational effects on regulation of the HPA axis by morphine in future
generations. Adolescent morphine was administered to female Sprague Dawley rats using a 10
day, escalating dose regimen of morphine (5-25 mg/kg; from 30-39 days of age). Control animals
received saline. Both saline and morphine exposed females (SAL-FO and MOR-FO, respectively)
were mated with drug naive males beginning at least 3 weeks after the final injection. Plasma
corticosterone levels were measured in male and female offspring (F1) during adulthood following
0, 0.1, or 10 mg/kg morphine. In addition, expression of corticotropin releasing hormone (Cr#)
and mu opioid receptor (OprmZ) in the paraventricular nucleus (PVN) were measured using
quantitative PCR. MOR-F1 males, but not females, had blunted morphine-induced corticosterone
secretion. This effect was specific to offspring from females exposed to morphine during
adolescence as those exposed during adulthood produced offspring in which the effect was absent.
In addition, MOR-F1 males had significantly lower levels of PVN Crh following saline. These
effects were not driven by PVN gprm1 in the F1 males as there were no differences based on
maternal adolescent exposure. To determine the persistence of the blunted morphine-induced
corticosterone effect, SAL-F2 and MOR-F2 males were examined. Blunted morphine-induced
corticosterone secretion extended into the MOR-F2 generation, as well as effects on CrA. In
addition, there was additional dysregulation of OprmZ expression in the PVN in MOR-F2
compared with SAL-F2 males. These findings suggest that sex-specific alterations in opioid-
mediated regulation of the HPA axis are transgenerationally transmitted for at least two
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generations following female adolescent morphine exposure. These effects may play a role in the
previously observed changes in morphine analgesia and reward-related behaviors observed in this
phenotype. In addition, alterations in HPA functioning such as these may play a broad role in
transgenerational epigenetic transmission.
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Introduction

A growing body of evidence suggests that parental experiences, including those that occur
prior to conception, can influence the neurodevelopment and subsequent phenotype of future
offspring [1-4]. Some of the initial studies in this area focused on maternal effects, and in
particular on behavioral differences in rodent maternal care resulting in epigenetic
modifications that alter the regulation of the stress axis [5-8]. More recently, findings in
both males and females, have implicated stress dysregulation as a potential trigger for
phenotypic variations in future generations [9, 10]. Similar to the effects of stress,
preconception exposure to drugs of abuse have also been shown to affect future generations
[11]. Once again, these effects are reported following exposure in both males and females
and in response to a number of different substances including alcohol, cocaine,
cannabinoids, and opiates [12]. The nature of these next generation effects suggests
modifications in systems that influence reward-related behaviors, with differences in drug-
induced locomotor sensitization [13], conditioned place preference [14, 15], and drug self-
administration reported in adult offspring [16-18]. Of note, all of these reward-related
behaviors can be regulated by stress hormones and stress-related neuropeptides [19-21].
Moreover, both the hypothalamic-pituitary-adrenal (HPA) axis and central corticotropin
releasing hormone (CRH) system have been repeatedly implicated in the development and
expression of substance abuse, suggesting significant interplay between drugs of abuse and
stress physiology [22].

Using a model of female adolescent morphine exposure in rats (FO generation), we have
previously reported significant next generation effects in both male and female offspring [13,
14, 18, 23-25]. In all of our studies females were drug free for several weeks prior to
mating. A number of the effects observed using this model suggest a dysregulation of the
HPA axis. For example, we observed significantly augmented corticosterone secretion
following repeated exposure to the D2/D3 agonist quinpirole in the male offspring of
adolescent morphine exposed females (MOR-F1) as compared to male offspring of
adolescent saline exposed control females (SAL-F1). Moreover, similar effects were
observed in the F2 generation (derived from F1 females) [13]. More recently, we reported
decreased corticosterone secretion in response to morphine in prepubertal MOR-F1 males
[25]. Of note, no differences in corticosterone were observed in F1 females. In addition, no
differences in response to a saline injection were observed in either study [13, 25]. Thus,
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these findings suggest that one transgenerational consequence of female adolescent
morphine exposure may be a shift in drug-mediated effects on the HPA axis.

Endogenous opioids are critical regulators of the HPA axis, although the nature of these
effects can be both region and state dependent [26]. In rats, acute morphine administration
stimulates corticosterone secretion [27, 28] and these effects are mediated in part via the
activation of mu opioid receptors within the paraventricular nucleus (PVN) [29]. Moreover,
these effects result in increased levels of both corticotropin releasing hormone (CRH) and
adrenocorticotropin hormone (ACTH) in a manner that is both time and dose dependent
[30]. Thus, differences in the stimulatory effect of acute morphine on corticosterone
secretion may implicate a shift in the mu opioid receptor activity within the PVN and a shift
in opioidergic regulation of the HPA axis.

The purpose of the current study was to examine the transgenerational effect of female
adolescent morphine exposure on acute morphine-stimulated corticosterone secretion in
adult offspring. Initial experiments examined the sex specificity of these effects while
subsequent experiments examined the persistence of the effect in the F2 generation.
Additionally, quantitative PCR was used to examine potential changes in both Crf7and mu-
opioid receptor (OprmI) gene expression in the PVN to begin to identify potential neural
mechanisms underlying these effects.

As has been previously shown, an acute morphine injection increases secretion of
corticosterone in rats. Shown in Figure 1A, F1 males displayed increased corticosterone
levels 30 minutes after an acute injection (10mg/kg) of morphine (F1 animals: main effect
dose F,66) = 37.3; p<0.0001). However, a significant blunting of morphine-induced
corticosterone secretion was observed in the MOR-F1 males. Thus, there was a significant
main effect of maternal adolescent exposure (Fy, 66] = 4.1; p=0.05) with MOR-F1 males
demonstrating lower corticosterone secretion in response to morphine compared with SAL-
F1 males. To determine whether these effects persist in a transgenerational manner, we next
examined the F2 generation. As shown in Figure 1B, the expected increased corticosterone
secretion 30 min after acute morphine administration was observed in all F2 males (main
effect dose; F[2,57]=247.4; p<0.0001) following the 10 mg/kg dose (all p’s < 0.001). There
was also a significant main effect of adolescent exposure (Fpy 57j=4.4, p<0.05) and a
significant interaction (F[2 571=6.0, p < 0.01). Post hoc analyses indicate that these effects
were due to significantly blunted corticosterone secretion observed in MOR-F2 males
following the 10 mg/kg injection (p < 0.001). Thus, blunted corticosterone secretion was
observed in both the MOR-F1 and MOR-F2 male generations.

In F1 females, morphine also induced a significant increase in corticosterone (Figure 1C;
main effect dose: F[p, 54) = 8.1; p<0.001), with higher levels of corticosterone observed
following the 10 mg/kg dose (p’s < 0.001 when compared to all other doses). However, there
was no main effect of maternal adolescent exposure (Fy 541 = 0.2; p=.6) and no interaction
(F2,541 = 0.53; p=.58), indicating that the effect of adolescent morphine exposure on
morphine-induced corticosterone secretion in future offspring is sex-specific, with
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significant differences only observed in male offspring. In addition, male offspring from
adult exposed females were also examined for their corticosterone secretion following 0 or
10 mg/kg morphine. There were no differences in morphine-induced plasma corticosterone
indicating that the effect is specific to adolescent exposure (Figure 2).

To determine whether changes in neural systems that regulate morphine-stimulated
corticosterone secretion are modified by maternal adolescent opioid exposure, expression of
Crhin the PVN was examined. As shown in Figure 3A, Cr/gene expression in males was
regulated by dose (main effect dose; F[2,36]=96.28, p<0.0001) and maternal adolescent
exposure (main effect maternal adolescent exposure; F[1,36]=32.43, p<0.0001). In addition,
there was also a significant dose by maternal adolescent exposure interaction
(F[2,36]=13.68; p<0.0001). Sidak’s multiple comparisons test revealed a significant
decrease in Crf1gene expression in MOR-F1 males at the 0.1 mg/kg dose (p<0.0001). In
both SAL-F1 and MOR-F1 males, the 0.1 mg/kg morphine dose significantly increased Crh
gene expression when compared to either acute saline or 10 mg/kg morphine (all p’s<0.01).
Again, this effect extended into the subsequent generation with MOR-F2 males
demonstrating significantly blunted Cr/ expression levels in the MOR-F2 males compared
with SAL-F2 males (main effect of maternal adolescent exposure F[1,40]=4.41; p<0.05),
shown in Figure 3B. In female F1 animals, there was a significant effect of morphine dose
on Crhgene expression in the PVN (main effect dose; F[2,31]=6.47, p<0.01), but no effect
of maternal adolescent exposure nor an interaction (Figure 3C). In addition to examining
PVN Crh, relative expression of Oprm1 in the PVN was also determined. In male F1
animals, there was no effect of maternal adolescent exposure (F[1,35]=0.45, p=0.51) and no
FO condition by dose interaction (F[2,35]=.69, p=0.51). There was, however, a main effect
of morphine dose (F[2,35]=7.5, p<0.01) which was due to significantly lower Oprm1 gene
expression levels following administration of 10 mg/kg morphine (Figure 4A). Differences
in Oprm1 expression were also observed in F2 males with a main effect of grandmaternal
adolescent exposure (F[1, 40]=4.31, p<0.05) as well as a significant interaction
(F[2,40]=6.12; p<0.01). Post hoc analysis revealed that there was significantly lower Oprm1
MRNA expression in saline injected MOR-F2 males compared with SAL-F2 males (t40=4.1;
p<0.0001), Figure 4B. Data from female F1 animals revealed a significant main effect of
maternal adolescent treatment (F[1,31]=9.07; p<0.01), see Figure 4C.

Discussion

The current findings indicate that female exposure to morphine during adolescent
development, even in the absence of continued use during pregnancy, can affect the
physiological response of their future offspring to morphine in a sex-specific manner.
Moreover, this effect extends into the grandoffspring (F2) generation indicating a
transgenerational phenotype. Thus, MOR-F1 and MOR-F2 males demonstrated blunted
corticosterone secretion in response to morphine. No significant effects on corticosterone
secretion were observed following a saline injection in either MOR-F1 or MOR-F2 males,
suggesting that these effects are not due to a general reduction in HPA activity. Indeed,
previous findings using this same adolescent morphine paradigm reported no significant
effects on corticosterone levels between SAL-F1/F2 and MOR-F1/F2 males following either
an acute injection of saline or the D2 agonist quinpirole [13]. In addition, the effect is
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specific to the female exposure during the adolescent window of development as exposure
during adulthood did not produce the same blunted corticosterone response in F1 offspring.
Together, these findings suggest that adolescent morphine exposure in females induces
transgenerational effects on the regulation of the HPA axis which may result in different
outcomes depending upon the nature of the stimulus. Indeed, previous work has shown a
similar blunted cort response following acute morphine injections in juvenile F1 animals
[25] as well as alterations in anxiety-like behavior measured using open field as well as
elevated plus maze [23, 24]. Moreover, we also showed alterations to the rewarding and
motivational properties of morphine across multiple generations [14, 31]. Interestingly, male
animals responded differently for lower doses, and not the 10mg/kg dose, when tested in
conditioned place preference [14]. This is likely due to divergent effects of morphine on
HPA activation and reward. Unlike the effects observed in males, no differences between
SAL-F1 and MOR-F1 females with corticosterone secretion were observed. Thus, maternal
adolescent exposure modified the effects of morphine on the regulation of corticosterone
secretion in a sex-specific manner.

In the current set of findings, we observed significant effects on both Criand Oprm1
expression within the PVN as a function of FO condition, with some of these effects being
dose-dependent. When compared to SALF1 males, MORF1 males displayed decreased
expression of CRH in the PVN following a saline injection, with a similar trend towards
reduced expression following a subthreshold dose of morphine (0.1 mg/kg). These
differences were not discerned following the higher dose of morphine (10 mg/kg). It is
unclear whether the down-regulation of CRH mRNA observed in the absence of morphine
(i.e. following saline) plays a role in the decreased morphine-stimulated corticosterone
secretion observed in MORF1 males. Unexpectedly, the 0.1 mg/kg dose of morphine
significantly increased CRH expression in both SALF1 and MORF1 males while having no
statistically significant effect on corticosterone secretion. The 0.1 mg/kg dose was not
anticipated to have any discernable effects on any measures and the large effect it had on
CRH expression was quite surprising. In addition, the effect on ¢r/7in F1 animals in response
to this subthreshold dose was much larger than that of F2 animals. This may indicate an
effect due to direct exposure of the oocytes to either an injection stress or morphine. A more
complete time course evaluation would be needed to determine whether increased
corticosterone secretion would be observed at later time points following this low dose. The
mechanism underlying the stimulatory effect of this dose on Crftranscription is unknown.
Indeed, we could not find another article that attempted to utilize such a small dose. This
may represent a more physiological level agonism of the mu opioid receptor that may be
important for neuronal-endocrine effects. Further studies are necessary to follow up on this
finding. We also examined the effects of morphine administration on OprmZ in the PVN. In
males, morphine down regulated Oprm1 expression regardless of maternal adolescent
exposure. In contrast, MOR-F2 males accumulated additional dysregulations showing
significantly lower levels of the mu opiate receptor mRNA in the PVN following saline. The
observation of accumulated dysregulations is not uncommon in the transgenerational
field[31-33]. Indeed, we previously showed that gene expression changes within the nucleus
accumbens accumulate in F2 males [31]. This phenomenon represents a spiraling of effects
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that may become enhanced across generations as dysregulations in one generation cause
more irregularities in the next.

While female morphine exposure occurred several weeks prior to conception, direct effects
of the drug on germline cells could underlie the observed reduction in morphine-induced
corticosterone secretion in F1 males. The presence of dysregulated HPA-related genes in the
F2 males indicates a transgenerational transmission of this physiological phenotype, which
is particularly striking when it is considered that F2 males were generated along the
maternal line, given that F1 females do not demonstrate the effect. Moreover, these results
might indicate divergent mechanisms for the observed blunting of corticosterone secretion
following morphine between F1 and F2 generations with cr/h expression in the PVN playing
arole in the F1 males and both Criand Oprm1 acting in the F2 males.

In rats, morphine-stimulated corticosterone secretion is centrally mediated [34] with mu-
opioid receptor activation increasing CRH content, as well as stimulating ACTH and
corticosterone release both in vivoand in vitro [35, 36]. Acute morphine administration
increases the immediate early gene Fos in the PVN [37]; however, there is some suggestion
that these effects may not be mediated solely by effects on CRH but may involve additional
central regulators of ACTH [38], including vasopressin, which has been shown to be
modified by mu opioid receptor activation at the level of the PVN [39].

These findings support the hypothesis that adolescent morphine exposure prior to pregnancy
results in transgenerational effects on the regulation of the HPA axis. They do not, however,
provide a clear mechanism of action. Direct injections of morphine into the PVN would be
needed to confirm whether this region plays a critical role regarding blunted morphine-
induced corticosterone. A number of other brain regions may be involved in modulating this
effect, such as the nucleus of the solitary tract, central amygdala or bed nucleus of the stria
terminalis, all of which express mu opioid receptors and are regulators of the HPA axis [22].
We have previously reported significant differences in MOR-F1 males and females on a
number of parameters following repeated morphine exposure; these include differences the
development of analgesic tolerance [24], conditioned place preference [14], and self-
administration [31]. These effects are often sex-specific and some have been documented in
the F2 generation as well. As all of these parameters can be influenced by the HPA axis,
further investigations into the potential role played by both glucocorticoids and CRH in
mediating the observed transgenerational effects of adolescent morphine exposure are
warranted.

Finally, the mechanism of transmission underlying these effects remains unknown. As all
animals were reared by their biological mothers, a shift in maternal behavior cannot be ruled
out as a factor in transmission. We have previously conducted a detailed examination of
maternal responding in these animals and observed few effects [40]. Indeed, the only
significant difference between SAL-FO and MOR-FO dams was a decreased frequency of
nursing in the dark period on postnatal day 4 and yet no difference in time spent nursing was
observed when using continuous video recording during the dark period on postnatal day 5
[40]. Moreover, at the time of weaning on postnatal day 21, MOR-F1 animals had gained
more weight than their SAL-F1 counterparts [40]. Thus, the changes in maternal behavior

Brain Res. Author manuscript; available in PMC 2019 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vassoler et al.

Page 7

are quite subtle. Nonetheless, other alterations in the postnatal environment could contribute
to the observed transgenerational effects, including differences in milk components.
Interestingly, a number of the bioactive peptides present in milk, which includes opioid
peptides, could influence neurodevelopment [41]. Future studies utilizing untreated donor
mothers will be needed to begin to parse pre- versus postnatal effects. Moreover, direct
epigenetic modifications on the germline that are maintained across generations cannot be
ruled out as a contributing factor in the observed effects.

In summary, the current findings support the premise that adolescent morphine exposure
alters the physiological response of future offspring and grandoffspring to morphine, and
that these effects may be mediated by alterations in opioidergic regulation of the HPA axis.

Material and Methods

Animals—Female Sprague-Dawley rats (23 days of age for adolescent exposure and 200—
225¢ for adult exposure) were purchased from Charles River Breeding Laboratories
[Crl:CD(SD)BR; Kingston, NY, USA]. Upon arrival animals were group-housed in light-(on
0700-1900 hours) and temperature- (21-24°C) controlled rooms and provided with food and
water ad /ibitum. All animals were maintained in accordance with the National Research
Council (NRC) Guide for the Care and Use of Laboratory Animals and all procedures were
approved by the Institutional Animals Care and Use Committee of Tufts University.

Adolescent Morphine Exposure—Beginning at 30 days of age (or 200-225 grams for
adult exposure) females received daily subcutaneous (s.c.) injections of saline or morphine
(morphine sulfate; Butler-Schein, Dublin, OH, USA) for a total of 10 days using an
increasing dose regimen. The doses used in this paradigm are based on allometric scaling to
approximate human use [42] and the increasing dose paradigm is used to model human use
patterns, which typically include rising and falling levels of opiates. On day 1, animals
received 5 mg/kg morphine sulfate (s.c.) between 0900 and 1100 h. Injections continued
daily with the dose of morphine increased by 5 mg/kg every other day, such that by the final
day of treatment subjects received 25 mg/kg. Age-matched control animals received saline
vehicle (0.9% NacCl, s.c.). Bodyweights were recorded daily throughout the treatment and
during drug withdrawal. Adolescent morphine exposed females are referred to as MOR-FO
while saline-treated controls are referred to as SAL-FO. Adult morphine and saline exposed
females are referred to as MOR-FOa and SAL-FOa, respectively.

Generation of F1 and F2 Animals—Beginning three weeks after morphine exposure,
females were placed in breeding cages with drug naive colony males at a ratio of 2 females
to 1 male. Females were single housed when they were visibly pregnant. To generate F2
males, drug-naive F1 females were mated with colony males. Litters were culled to 10 pups
(5 male and 5 female) on post-natal day 1 (PND1, parturition = PNDO). On PND21 animals
were weened and housed with same sex littermates until adulthood (>PND60). In order to
avoid potential litter effects, only one pup of each sex per litter was used in any experiment.
Previous studies using this morphine exposure paradigm have not observed any effects on
fertility or fecundity. Additionally, no differences in litter birth weights, litter size, or gender
distribution have been observed [13, 24, 40]; however, for completeness all of these
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measures were recorded in the current set of studies with no significant effects observed
(data not shown).

Experimental Design

To measure corticosterone secretion in response to acute morphine administration adult F1
and F2 animals (60-90 days of age) were injected with morphine (0, 0.1, or 10 mg/kg; s.c.)
in their home cage and sacrificed 30 min later. All injections were made between 0900-1000
h to avoid fluctuations in diurnal corticosterone secretion. Additional F1 and F2 animals
generated from adolescent exposed females were examined for potential alterations in gene
expression. In these studies, subjects were injected with morphine (0, 0.1, 10 mg/kg) and
sacrificed 30 min later. Expression of Criiand OprmI mRNA in the PVN were examined
using gPCR. Only one subject per litter per dose was used to minimize potential litter
effects.

Collection of trunk blood and brains—All animals were sacrificed by rapid
decapitation following brief (60 sec) exposure to CO2 as required by current IACUC
protocols. Trunk blood was collected into heparinized tubes and immediately stored on ice.
Brains were removed and rapidly frozen in —20°C 2-methylbutane. Brains were stored at
—80°C until further processing. Blood was centrifuged at 2500 x g for 20 minutes at 4°C
after which plasma was frozen at —20°C prior to assay.

Corticosterone Radioimmunoassay—Plasma corticosterone was determined using a
standard radioimmunoassay according to manufacturer’s directions (Corticosterone Coat-a-
Count, Seimens, CA). All samples were run in duplicate.

Quantitative PCR—Brains were cryostat-mounted and bilateral tissue punches (1 mm3)
were taken from the PVN. Total RNA was extracted using RNeasy (Qiagen) followed by
cDNA conversion using RETROscript®. Real time PCR was performed on an ABI Prism
7700 (Applied Biosystems, Foster City, CA). Tagman® primers were purchased from
Applied Biosystems and were as follows: Cr7— Rn01462137; Oprm1— Rn01430371_m1;
GusB - Rn00566655_m1. GusB was used as the housekeeping gene based on preliminary
analysis demonstrating similar expression across all treatment groups. Final quantification of
mRNA was obtained using the comparative cycle threshold (Ct) method [43] with data
relative to the housekeeping gene GusB (ACt) and then to the mean of the SA-LF1 or SAL-
F2 subjects injected acutely with saline (AACt). The data is then expressed as 2" AACt to
obtain relative expression levels.

Statistical analyses—Data were analyzed using two-way analyses of variances
(ANOVA) with maternal adolescent exposure and drug dose as factors. Males and females
were analyzed separately. Significance was defined as p < 0.05 and post hoc analyses were
conducted using Bonferroni’s correction.
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Highlights
Preconception adolescent morphine exposure in females results in attenuated morphine-

induced corticosterone secretion in first (F1) and second (F2) generation male offspring.

Preconception adolescent morphine exposure in females results in altered Crh and Oprm1
gene expression within the PVN of both first (F1) and second (F2) generation male
offspring.

Observed effects are specific to the female adolescent exposure as offspring from adult
exposed females did not show a similar blunted corticosterone response.
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Figure 1.

Mean (£SEM) plasma corticosterone levels (ng/ml) as measure 30 minutes after acute (0,
0.1, 10 mg/kg) morphine administration in adult F1 males (panel A), adult F2 males (panel
B), and adult F1 females (panel C). F1 males: Main effect of dose (F[2,66]=37.2; p<0.0001).
Main effect of maternal adolescent exposure (F[1,66)=4.081; p<0.05). F2 males: main effect
of dose (F[2,57]=247.4; p<0.0001); main effect of grandmaternal adolescent exposure
(F[1,57]=4.4; p<0.05); significant interaction (F[2,57]=6.0; p<0.01). *p<0.05 as compared
SAL-F1; ***p<0.0001 compared to Sal-F1. F1 females: main effect of dose (F[2,54]=8.1;
p<0.001). Sample sizes as follows: Male SAL-F1/MOR-F1; 0 mg/kg N=12/11; 0.1 mg/kg
N=12/12; 10 mg/kg N=12/13. Male SAL-F1/MOR-F1; 0 mg/kg N=11/10; 0.1 mg/kg
N=10/11; 10 mg/kg N=11/10 Female SAL-F1/MOR-F1; 0 m/kg N=10/10; 0.1 mg/kg
N=7/10; 10 mg/kg N=12/11.
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Figure 2.
Mean (£SEM) plasma corticosterone levels (ng/ml) as measure 30 minutes after acute (0, 10

mg/kg) morphine administration in adult F1 males derived from adult-exposed FO females.
Main effect of dose (F[1,23]=8.8; p<0.01) N=6/group.
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Figure 3.
Mean (xSEM) relative expression of CrimRNA in the PVN of adult F1 males (panel A),

adult F2 males (panel B), and adult F1 females (panel C) as measured 30 minutes after
morphine administration (0, 0.1, 10 mg/kg). F1 males: main effect of dose (F[2,36]=96.28;
p<0.0001); main effect of maternal adolescent exposure (F[1,36)=32.43; p<0.0001);
interaction (F[2,36]=13.68; p<0.0001). Sidak’s post hoc analysis (p<0.0001 at 0.1 mg/kg).
F2 males: maternal adolescent exposure (F[1,40]=4.413; p<0.05). F1 females: Main effect of
dose (F[2,31)=6.47; p<0.001). All N’s = 6-8 per group.
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Figure 4.
Mean (£SEM) relative expression of OprmI mRNA in the PVN of adult F1 males (panel A),

adult F2 males (panel B), and adult F1 females (panel C) as measure 30 minutes after
morphine administration. F1 males: main effect of dose (F[2,35]=7.5; p<0.01). F2 males:
main effect of grandmaternal adolescent exposure (F[1,40]=5.71; p<0.05), significant
interaction (F[2,40]=6.12; p<0.01). *** p<0.0001 as compared to SAL-F2 males at same
dose. F1 females: Main effect of maternal adolescent exposure (F[1,31]=9.07; p<0.01) All
N’s = 6-8 per group.
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