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Abstract

Prenatal exposure to alcohol has adverse effects on offspring neuroendocrine and behavioural 

functions. Alcohol readily crosses the placenta, thus directly affecting developing foetal endocrine 

organs. In addition, alcohol-induced changes in maternal endocrine function can disrupt the 

normal hormonal interactions between the pregnant female and foetal systems, altering the normal 

hormone balance and, indirectly, affecting the development of foetal metabolic, physiological 

and endocrine functions. The present review focuses on the adverse effects of prenatal alcohol 

exposure on offspring neuroendocrine function, with particular emphasis on the hypothalamic-

pituitary-adrenal (HPA) axis, a key player in the stress response. The HPA axis is highly 

susceptible to programming during foetal and neonatal development. Here, we review data 

demonstrating that alcohol exposure in utero programmes the foetal HPA axis such that HPA 

tone is increased throughout life. Importantly, we show that, although alterations in HPA 

responsiveness and regulation are robust phenomena, occurring in both male and female offspring, 

sexually dimorphic effects of alcohol are frequently observed. We present updated findings on 

possible mechanisms underlying differential effects of alcohol on male and female offspring, with 

special emphasis on effects at different levels of the HPA axis, and on modulatory influences 

of the hypothalamic–pituitary–gonadal hormones and serotonin. Finally, possible mechanisms 

underlying foetal programming of the HPA axis, and the long-term implications of increased 

exposure to endogenous glucocorticoids for offspring vulnerability to illnesses or disorders later in 

life are discussed.

Keywords

prenatal ethanol; foetal alcohol spectrum disorder (FASD); sex differences; stress; hypothalamic–
pituitary–adrenal axis; hypothalamic–pituitary–gonadal axis; foetal programming

Alcohol (ethanol) consumption in adulthood results in clinical abnormalities of endocrine 

function and neuroendocrine regulation (1–3). Ethanol acts both directly and indirectly 

on many hormone systems, including the adrenal, gonadal, and thyroid axes, as well as 

on aldosterone, growth hormone, parathyroid hormone, calcitonin, insulin, and glucagon. 
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Changes in peripheral hormone metabolism and hormone binding have been reported with 

ethanol consumption, and withdrawal from ethanol may also impact endocrine function. 

Furthermore, secondary complications such as liver disease, malnutrition and other medical 

conditions often present in alcoholics may, in themselves, have endocrine consequences and 

can potentially exacerbate the adverse effects of ethanol (1).

Exposure to alcohol or other drugs during the prenatal or early postnatal periods constitutes 

an early insult to the organism that may significantly alter normal growth and development. 

Whether ethanol-induced endocrine imbalances contribute to the etiology of the foetal 

alcohol spectrum disorders (FASD) is unknown, but it is certainly a possibility (4). The 

effects of ethanol on interactions between the pregnant female and foetus are complex (5–8), 

resulting in both direct and indirect effects on foetal development. Ethanol readily crosses 

the placenta, thus directly affecting developing foetal cells and tissues, including those 

related to endocrine function. In addition, ethanol-induced changes in endocrine function 

can disrupt the normal hormonal interactions between the pregnant female and foetal 

systems, altering the normal hormone balance and, indirectly, affecting the development 

of foetal metabolic, physiological and endocrine functions. Ethanol-induced changes in 

metabolic and/or endocrine function can also affect a female’s ability to maintain a 

successful pregnancy, resulting in miscarriage or, if the foetus is carried to term, possible 

congenital defects. Of particular relevance to the present review is that disturbances of 

the reciprocal interconnections between the pregnant female and foetus, or the maternal 

and neonatal hypothalamic-pituitary-adrenal (HPA) axes, may provide a common pathway 

for foetal programming (9). Foetal/early programming refers to the concept that early 

environmental or nongenetic factors, including pre- or perinatal exposure to drugs or other 

toxic agents, can permanently organise or imprint physiological and behavioural systems 

and increase vulnerability to illnesses or disorders later in life (10–13).

The present review focuses on the adverse effects of prenatal alcohol exposure (PAE) on 

offspring neuroendocrine function, with particular emphasis on sex differences and the 

HPA axis. The HPA axis is highly susceptible to programming during foetal and neonatal 

development (11–13). Data indicate that prenatal or early postnatal exposure to ethanol is an 

early environmental insult that can programme the offspring HPA axis such that HPA tone 

is increased throughout life. Here, we review data demonstrating that ethanol exposure in 
utero alters HPA function in the offspring. Importantly, we show that, although alterations 

in HPA responsiveness and regulation are robust phenomena, occurring in both male and 

female offspring, sexually dimorphic effects of ethanol are frequently observed. Studies 

investigating the mechanisms underlying differential effects of ethanol on male and female 

offspring are discussed, with special emphasis on altered modulatory influences of the 

hypothalamic-pituitary-gonadal (HPG) hormones and serotonin on offspring HPA function. 

Finally, possible mechanisms underlying foetal programming of the HPA axis, and the 

long-term implications of increased exposure to endogenous glucocorticoids for offspring 

vulnerability to illnesses or disorders later in life, are discussed. This review is based, in part, 

on previously published reviews (14, 15), and on published and ongoing studies. However, 

this review presents both a new perspective and new data on sex differences following PAE, 

and their potential implications for later life outcomes. We present updated findings on the 

regulation of the HPG and HPA axes in both males and females, including recent novel data 
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on the regulation of the HPG axis in PAE females by kisspeptin. In addition, we discuss the 

possible significance of PAE on the development of depressive/anxiety-like behaviours in 

adulthood.

Foetal alcohol spectrum disorder: description in human and animal studies

FASD in humans

FASD is an umbrella term that describes the range of adverse effects that can occur in 

children born to women who drink alcohol during pregnancy (16, 17). At the most severe 

end of the spectrum is foetal alcohol syndrome (FAS), which can occur with chronic 

consumption of high doses of alcohol (18, 19). The diagnostic criteria for FAS include pre 

and postnatal growth retardation, a characteristic facial dysmorphology, and central nervous 

system (CNS) involvement, including neurological abnormalities, developmental delays, and 

intellectual impairment (20). Exposure to alcohol at levels that do not produce the full 

syndrome can result in partial FAS, where only some of the diagnostic features occur, 

or in numerous alcohol-related effects that are either primarily physical (alcohol-related 

birth defects) or primarily neurobehavioural (alcohol-related neurodevelopmental disorder) 

(20). Interestingly, regardless of level of prenatal alcohol exposure, children may exhibit 

similar cognitive, neuropsychological, and behavioural problems (e.g. hyperactivity, poor 

attention span, impaired habituation, cognitive and perceptual problems, impulsivity, lack of 

inhibition, and poor sensitivity to social cues) (21–23). In addition, secondary disabilities are 

frequently associated with FASD in both children and adults. These include a high incidence 

of mental health problems, with depression and anxiety constituting a large proportion of 

those problems (24–27). Furthermore, the link between prenatal alcohol and depression 

occurs not only in those with low IQ, but also in children (28, 29) and adults (30) with 

normal intelligence.

Animal models of PAE

Features similar to those observed in human FASD are observed in rodent models of 

prenatal ethanol exposure (e.g. retarded pre and postnatal growth and development, physical 

malformations, and CNS abnormalities) (7, 31–36). Studies have also reported physiological 

abnormalities such as altered hormonal and immune function (8, 14, 15), as well as a wide 

range of cognitive and behavioural changes, including hyperactivity, hyper-responsivity to 

stressors, deficits in response inhibition, and deficits in appropriate use of environmental 

cues (37–47). These findings are a correlate of the cognitive and behavioural abnormalities 

observed in alcohol-exposed children. Such deficits can impair the organism’s ability to 

function in its environment (e.g. to recognise and act upon significant stimuli, to inhibit 

responses to irrelevant stimuli, and to adapt to new and changing environmental conditions). 

Importantly, these findings may have implications for the secondary disabilities observed 

in children with FASD, such as mental health problems, disrupted school experience, 

and trouble with the law. As will be discussed later in the section ‘Future directions’, 

foetal programming of HPA activity by prenatal ethanol exposure may play a role in the 

vulnerability to neurobehavioural alterations and, in particular, the increased vulnerability to 

mental health problems such as depression and anxiety, observed in children and adults with 

FASD (25, 26, 48).
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A major question in animal models of PAE relates to the issue of appropriate control groups. 

Ethanol-consuming animals typically reduce their food intake, and therefore their nutrient 

intake, below the levels that they would consume if given the same diet without ethanol. 

Therefore, it is common practice to include a control group that is ‘yoked’ or ‘pair-fed’ (PF) 

to the alcohol group. Each PF animal receives a control diet, typically with a carbohydrate 

such as maltose-dextrin isocalorically substituted for alcohol, in the amount (g/kg body 

weight) consumed by its ‘yoked’ alcohol partner on the same day of gestation. However, 

pair-feeding is an imperfect control procedure. For example, although pair-feeding controls 

for the reduced intake of the ethanol-consuming animals, it can never control for the effects 

of ethanol on absorption and utilisation of nutrients. Indeed, we must accept that ethanol 

intake always produces secondary nutritional effects that cannot be controlled and that are 

part of its effects on the body. In addition, pair-feeding is, in itself, a type of treatment 

beyond its effects on caloric intake (49–52). Despite the fact that most experimental alcohol 

diets are formulated to provide optimal nutrition during pregnancy, and despite our finding 

(53) that the nutrient intake of PF dams in our model meets the published requirements 

for pregnant laboratory rats (54), these animals are underfed compared to their ad lib-fed 

counterparts. As a result, they are hungry, and typically consume their entire daily food 

ration within a few hours of presentation, remaining food deprived for the rest of the 

day. We have suggested (51, 55) that pair-feeding is thus a mild prenatal stressor, and 

that its effects on offspring behavioural and physiological responsiveness represent, at least 

partially, an effect of stress above and beyond the nutritional aspect of receiving a reduced 

food ration. Moreover, in some cases, pair-feeding in itself can have effects that differ 

from those seen in PAE animals. For example, we found (49) that following adrenalectomy, 

PF animals showed adrenocorticotrophin (ACTH) and corticotrophin-releasing hormone 

(CRH) increases similar to those seen in PAE animals, and greater than those of their 

control counterparts, which would typically be interpreted as indicating mediation by the 

nutritional effects of ethanol. However, specific effects of pair-feeding were also observed. 

Corticosterone replacement following adrenalectomy failed to decrease CRH mRNA levels 

in PF females and arginine vasopressin (AVP) mRNA levels in PF males and females 

as it did in PAE animals, suggesting differential central regulation of HPA activity in 

PAE compared to control animals. There are many other examples in the literature where 

pair-feeding in itself has effects different from those of ethanol (50, 51, 56, 57). Thus, even 

if behavioural or hormonal responsiveness is similar in PAE and PF animals, examination 

of the brain or of the unique effects of pair-feeding suggests that mechanisms underlying 

the changes observed may differ in PAE and PF animals rather than occurring along 

a continuum of effects on the same pathway. Moreover, one must consider that food 

restriction in itself can programme physiological systems and have long-term effects on 

outcome measures in adulthood (58–61). Further research will continue to elucidate possible 

differential mechanisms underlying ethanol and pair-feeding effects.

Gestational ethanol exposure and HPA activity

Human studies

Compared to the fairly large literature on the effects of ethanol consumption on the HPA 

axis of adults following acute or chronic ethanol intake, only a few human studies have 
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examined the effects of drinking during pregnancy on the HPA axis of the developing child. 

In case studies by Root et al. (62), plasma cortisol concentrations were within the normal 

range in children with FAS. On the other hand, data from Jacobson et al. (63) showed 

that heavy drinking at conception and during pregnancy is associated with higher basal 

and post-stress (blood draw) cortisol concentrations in 13-month-old infants. Basal cortisol 

levels were also higher in 2-month-old infants exposed in utero to ethanol or cigarettes (64). 

Recently, Haley et al. (65) examined cortisol, heart rate and negative affect in 5–7-month-old 

infants during a modified ‘still face’ procedure, a standardised developmental paradigm used 

to study emotion and stress regulation. They found that greater prenatal ethanol exposure 

was associated with greater cortisol reactivity, negative affect, and elevated heart rate. Of 

relevance to the present review, these effects differed in boys and girls, with girls showing 

greater changes in heart rate and negative affect than boys, and boys showing greater 

changes in cortisol than girls, indicating that sex differences can occur even prior to puberty 

(see ‘Organisational and activational effects of sex hormones’).

Animal studies

Animal studies strongly support these findings of marked ethanol effects on the offspring 

HPA axis. Data from both rodent and primate models have shown that, in adulthood, 

animals prenatally exposed to ethanol are typically hyper-responsive to stressors and to 

drugs such as ethanol and morphine (6, 7, 14, 15, 66–68). However, the timing of alcohol 

administration has a significant influence on the effects observed. Work by Rivier et al. 
(69) indicates that alcohol exposure during the second, but not the first or third week 

of gestation enhances ACTH secretion and increases CRH biosynthesis and expression in 

weanling rats. Interestingly, the second week of gestation represents the time of maximal 

development of the foetal HPA axis (70). To put these data into perspective in relation to 

human development, we can divide human gestation into the period of the ovum (first 2 

weeks), the embryonic period (weeks 3–8, the major period of organogenesis), and the foetal 

period (weeks 9–38, when organogenesis and differentiation are completed, and marked 

growth occurs), with the brain growth spurt occurring primarily during the third trimester 

(weeks 25–38). For the rat, the embryonic period is approximately the first 7–10 days, and 

the foetal period from day 11–21. Importantly, the first 10 postnatal days represent the third 

trimester equivalent, and comprise the period of the brain growth spurt. Development of the 

human adrenal gland begins during gestation weeks 6–8, and continues with differentiation 

and growth during the foetal period, becoming functional prior to birth. Similarly, the rat 

adrenal gland begins to develop during the first week of gestation, can secrete corticosterone 

by day 13–14, and then continues to differentiate and grow, becoming fully functional 

during approximately the last 4 days of gestation.

Sex differences in ethanol effects—Importantly, while hyper-responsiveness is a 

robust phenomenon, occurring in both male and female offspring, and in a variety of test 

paradigms, sexually dimorphic effects on offspring HPA activity are often observed, and 

are dependent on the nature of the stressor, and the time course and hormonal endpoints 

measured (71–75).
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Early studies on female PAE offspring consistently demonstrate enhanced responses to 

stressors, such as intermittent footshock, cardiac puncture, noise and shake, and ether, 

and to drugs such as ethanol and morphine (74, 76–78). Furthermore, studies comparing 

responses of male and female offspring to acute or short duration stressors often show 

greater changes in females than in males. For example, in response to acute restraint or 

swim stress, or acute ethanol or morphine challenge, corticosterone and/or ACTH levels are 

greater in PAE females compared to their control counterparts, whereas prenatal treatment 

had no significant effects in males (68, 71, 79–81). Similarly, PAE females but not males 

show deficits in their ability to use or respond to environmental cues (47, 71). By contrast, 

in studies using stressors of different intensity or duration, HPA hyper-responsiveness is 

observed in PAE males or in both male and female offspring. For example, PAE males but 

not females show HPA hyperactivity in response to prolonged restraint or cold stress (72, 

82). By contrast, both PAE males and females show HPA hyper-responsiveness following 

repeated restraint stress, but their responses differ depending on the experimental conditions. 

Following five or ten exposures to restraint, PAE females show greater plasma levels 

of corticosterone and ACTH but not β-endorphin compared to controls, whereas PAE 

males show greater β-endorphin responses following five or ten exposures to restraint, but 

greater corticosterone and ACTH responses following 16 exposures to restraint compared 

to controls (83). Furthermore, both male and female offspring typically exhibit increased 

corticosterone and/or ACTH responses to immune challenges such as interleukin-1β or 

lipopolysaccharide (LPS; an endotoxin used to mimic infection or inflammation) compared 

to controls (6, 66, 68, 75, 84, 85). Furthermore, following the combination of moderate 

prenatal alcohol exposure and noise stress, both male and female rhesus monkeys show 

increased HPA responses to the stress of maternal separation, with intercorrelated basal and 

stress ACTH levels that predict behaviour during separation (67, 86).

Possible mechanisms mediating ethanol-induced HPA hyper-

responsiveness

The mechanisms underlying HPA hyper-responsiveness in PAE offspring are beginning to 

be elucidated, and appear to involve changes at several levels of the axis. Furthermore, 

the sexually dimorphic effects of PAE on the HPA axis suggest that the gonadal hormones 

or altered gonadal–adrenal interactions probably play a significant role in mediating the 

effects of prenatal ethanol on HPA activity. Here, we discuss possible mechanisms related 

to ethanol-induced alterations at the levels of the hypothalamus, pituitary, adrenal, and 

hippocampus, as well as altered interactions between the HPA and HPG axes, and the HPA 

axis and the serotonergic system.

PAE induces HPA alterations at multiple levels of the axis

Hypothalamus—Stimulatory inputs or drive to the paraventricular nucleus (PVN) of the 

hypothalamus are enhanced by PAE. For example, weanling PAE offspring have increased 

basal concentrations of CRH mRNA in the PVN (69), and adult PAE male but not female 

offspring exhibit increased basal concentrations of hypothalamic CRH and glucocorticoid 

receptor (GR) mRNA (87, 88). However, Kim et al. (82) report no differences in basal 

CRH or AVP mRNA concentrations between adult PAE and control animals, and Lee et 
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al. (85) found no differences in basal CRH heteronuclear (hn)RNA, or in basal CRH and 

AVP median eminence protein concentrations in PAE compared to control rats. Importantly, 

however, the latter investigators showed that, in response to both footshock and LPS 

challenge, PAE males and females both exhibit enhanced hypothalamic neuronal activity 

compared to controls, as reflected in increased mRNA concentrations of the immediate 

early genes c-fos and NGFI-B, as well as significantly increased CRH hnRNA content. 

These changes were accompanied by higher CRH but not AVP hnRNA levels in the 

PVN and a marginal increase in responsiveness to AVP among PAE females only. These 

data provide important evidence for a selective stress- and LPS-induced increase in the 

activity of hypothalamic CRH neurones in PAE animals, indicating a potential hypothalamic 

mechanism through which ethanol may upregulate the HPA axis.

We have undertaken studies aiming to resolve the issue of whether changes in central HPA 

regulation occur in PAE animals under basal or nonstressed conditions, and the extent to 

which sex differences in outcome are observed. Two studies utilised adrenalectomy, with 

or without corticosterone replacement, as a probe to investigate steady-state HPA function 

and the role of corticosterone in mediating changes in HPA regulation. We found that 

PAE males, but not females, showed a greater ACTH response to adrenalectomy, whereas 

hypothalamic CRH mRNA concentrations were significantly higher in both PAE males 

and females compared to controls (49, 89). Increased steady-state activity of hypothalamic 

CRH neurones could increase HPA tone and thus play a role in mediating alterations in 

stress-related HPA activity.

Pituitary—Although the hypothalamus appears to represent a major site of prenatal ethanol 

effects (85), some studies suggest a possible role for the pituitary in mediating effects 

of PAE on HPA activity, and similar to studies on the hypothalamus, indicate a marked 

sexual dimorphism in the effects of PAE. For example, studies report increased pituitary 

pro-opiomelanocortin (POMC) mRNA in PAE males but not females (88), and a reversal 

of this effect by maternal adrenalectomy. It was suggested that these findings indicate 

feedback changes at the level of the pituitary, although we cannot rule out the possibility 

that changes also may have occurred at higher levels of the axis. In relation to this, we 

have shown that PAE males but not females have lower pituitary CRH-R1 mRNA expression 

under both intact and adrenalectomised conditions (Fig. 1), but no change in POMC mRNA 

levels compared to controls (49). By contrast, we report altered pituitary responsiveness 

to secretagogues and to stressors in both PAE males and females. If pre-treated with 

dexamethasone (DEX) to block endogenous HPA activity, PAE animals exhibit increased 

ACTH responses to CRH (90) and greater corticosterone and ACTH elevations following 

ether stress (91) compared to their respective controls. Interestingly, the effects were 

particularly robust when testing occurred in the late afternoon during the circadian peak, 

when HPA feedback regulation is less efficient (90, 91). The finding by Lee et al. (85) that 

CRH infusion without prior DEX treatment does not differentially alter ACTH responses 

in PAE compared to control animals suggests that blocking endogenous HPA activity may 

help to unmask HPA abnormalities in PAE animals. On the other hand, following the stress 

of chronic alcohol exposure in adulthood (74), PAE males show decreased pituitary POMC 

and increased pituitary GR mRNA levels, whereas PAE females show no change in pituitary 
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POMC but decreased pituitary GR mRNA levels. These data suggest that, in contrast to 

the response to ether or restraint stress, there is a specific HPA-related vulnerability in 

males to the deleterious effects of ethanol consumption in adulthood. Interestingly, results 

from in vitro studies have shown both direct effects of alcohol on pituitary corticotrophs 

(92), as well as indirect activation through alcohol’s action on CRH and AVP (93). Further 

studies are needed to understand fully the possible role of the pituitary in mediating HPA 

hyper-responsiveness in PAE animals.

Adrenal—There is also a body of evidence indicating a role for the maternal HPA axis 

in mediating ethanol’s effects on PAE offspring. Studies by Taylor et al. (94) reveal 

that maternal adrenalectomy but not adrenal demedullation reverses the alcohol-induced 

decrease in birth weight among PAE pups. By contrast, Redei et al. (95) found that maternal 

adrenalectomy leads to decreased birth weight and increased foetal corticosterone, and that 

these changes are reversed by administration of corticosterone to the adrenalectomised 

dams. Methodological differences may account for the conflicting findings obtained. 

Interestingly, there is evidence from in vitro studies that alcohol may have direct stimulatory 

effects on the adrenal cortex (96). That is, addition of ethanol to the medium of isolated 

rat adrenal glands resulted in secretion of corticosterone at levels similar to those observed 

when ACTH was added. Whether the effects of PAE on offspring HPA activity are mediated 

to any extent at the level of the adrenal gland remains to be determined.

Hippocampus—We are the only group that has explored changes in hippocampal 

mineralocorticoid receptor (MR) and GR mRNA concentrations to assess feedback 

regulation in PAE animals at the level of the hippocampus (49). We found that PAE females 

showed a greater MR response and PAE males a greater GR response to adrenalectomy, and 

that corticosterone replacement was less effective in normalising MR mRNA levels in PAE 

compared to control males (Fig. 2). The alterations in MR and GR mRNA concentrations 

are noteworthy, as previous studies found no ethanol-induced differences in MR and GR 

receptor concentrations or binding affinity in the hippocampus or other brain regions 

between PAE and control animals (97, 98). Moreover, we have shown that MR and GR 

regulation are differentially altered in PAE compared to control females across the oestrous 

cycle (see further discussion in ‘Interactions between the HPA axis and the serotonergic 

system in PAE females’). Together, these data suggest that PAE may alter both HPA drive 

and feedback regulation and/or the balance between drive and feedback in a sex- and 

hormone-specific manner.

Summary of HPA changes—In summary, the data presented above demonstrate HPA 

dysregulation in PAE animals following stressor, drug and immune (LPS) challenges. 

Moreover, we have shown that HPA dysregulation also occurs under basal conditions, 

even in the face of similar basal hormone levels, and that differences are further unmasked 

following perturbations of the system by adrenalectomy. Dysregulation is evident at multiple 

levels of the axis, and appears to reflect changes in both HPA drive and feedback regulation 

and/or in the balance between drive and feedback. The altered CRH-R1 mRNA responses 

and the lack of differences in POMC mRNA concentrations in PAE animals suggest possible 

compensatory mechanisms, probably at the level of the pituitary, such that the enhanced 
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activation seen at the hypothalamus does not translate directly into enhanced pituitary 

activity. This may be protective for ethanol-exposed animals, minimising enhanced basal 

pituitary activity in the face of enhanced hypothalamic drive. Finally, the sexually dimorphic 

effects of PAE suggest a role for the gonadal steroids or possibly an alteration in gonadal–

adrenal interactions in mediating the effects of ethanol on HPA activity and regulation.

HPA changes induced by PAE are not mediated by the same mechanisms as 
those induced by prenatal stress—Like prenatal alcohol exposure, prenatal stress can 

have long-term effects on offspring HPA activity and regulation (99) and some studies have 

questioned whether prenatal alcohol exposure is really just a prenatal stressor. However, 

studies have shown that this is not the case. Prenatal stress effects are most pronounced if 

stress occurs during the third week of gestation (100, 101), whereas prenatal alcohol effects 

are mediated primarily by alcohol exposure during the second week of gestation (69). In 

addition, a number of studies demonstrate a significant role for the maternal glucocorticoids 

in mediating prenatal stress effects on the foetus (99, 102). By contrast, as noted, the 

effects of ethanol on the foetal HPA axis are complex (5–8), involving both direct effects 

of ethanol and indirect effects of elevated maternal glucocorticoids. An elegant study by 

Lee and Rivier (103) provides strong evidence that the HPA changes in offspring prenatally 

exposed to high levels of corticosterone are not the same as those produced by PAE. 

Adrenalectomised dams were given corticosterone at levels that mimicked those previously 

measured in intact dams exposed to ethanol during days 8–14 of gestation. Importantly, 

weanling pups exposed to corticosterone prenatally showed no increase in basal or stress 

ACTH levels or in hypothalamic CRH mRNA levels compared to controls. Moreover, 

corticosterone responses to shock were actually lower, and not higher, in offspring exposed 

prenatally to corticosterone compared to controls. Thus, elevated maternal corticosterone 

levels do not appear to be the primary mediator of prenatal ethanol effects.

Altered HPG–HPA interactions

The interaction between the HPG and HPA axes is bidirectional. Stress inhibits reproductive 

function, and in turn, the gonadal steroids modulate HPA activity at all levels of the axis 

(104–108). Sex differences in basal and stress-related HPA activity as well as in central 

regulation have been reported (104). Females have higher basal corticosterone, as well as 

a faster onset of corticosterone secretion, and greater corticosterone and ACTH responses 

to stress compared to males (108, 109). Females also have higher levels of corticosterone 

binding globulin, which buffer stress-induced corticosterone increases. Females are most 

sensitive to stress during early pro-oestrous (110, 111), when oestradiol levels are high. 

Oestradiol facilitates ACTH release during stress, whereas progesterone inhibits the 

facilitatory effects of oestradiol (111). Oestrogen regulation of HPA activity appears to 

occur at sites upstream from the PVN, as few PVN CRH neurones contain oestrogen 

receptor mRNA (112). Importantly, the stimulatory effects of oestrogen occur only against 

a background of low progesterone levels (112). Both oestrogen and progesterone appear 

to have antagonistic effects on glucocorticoid feedback, acting primarily at GR (108, 113). 

Conversely, males typically have lower ACTH and corticosterone responses under both basal 

and stress conditions, as well as lower CRH and CRH mRNA levels in the PVN than 

females, mediated, at least in part, by the inhibitory effects of testosterone (106). Consistent 
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with the data in females, testosterone effects on HPA regulation occur upstream from the 

PVN (107), at the level of the amygdala and bed nucleus of the stria terminalis (114), as 

there is little overlap in androgen receptor and CRH mRNA in the PVN (113). Testosterone 

also modulates corticosterone feedback effects on MR and GR (104, 115–118). Hormone 

responses to stressors as well as CRH mRNA levels are increased by gonadectomy, and 

normalised by treatment with testosterone, an effect mediated by androgen receptors (106, 

119, 120).

Organisational and activational effects of sex hormones—Mature males and 

females have sexually distinct reproductive capabilities and behaviours. This sexual 

dimorphism is the result of several interacting forces. These include genetic influences, 

which control gonad determination during foetal development, organisational effects, which 

are the permanent structural changes arising from the actions of perinatal sex hormones, 

and activational effects, which are the direct and temporary influences of circulating gonadal 

hormones on function and behaviour following puberty and throughout adulthood (121). 

Activational effects of sex hormones arise at puberty, and post-pubertal circulating sex 

hormones interact with sexually differentiated brain structures to promote sex differences 

in behaviour (121) and in numerous physiological functions. Thus, sex differences can 

be observed in young organisms, prior to puberty, through organisational effects, and in 

post-pubertal organisms through a combination of organisational and activational effects of 

the HPG hormones.

Prenatal ethanol exposure has marked effects on development and 
maturation of the HPG axis of both male and female offspring—Adverse effects 

of ethanol on the foetal testis have been reported in PAE males, including decreased 

numbers of Leydig cells, the presence of vacuoles in the seminiferous tubules, and 

insensitivity to luteinising hormone (LH) (122). Both the pre- and postnatal testosterone 

surges are also suppressed in PAE foetuses/neonates (122–124). At birth, PAE males 

exhibit decreased brain and plasma testosterone, and deficits in testicular steroidogenic 

enzyme activity compared with control pups (125, 126). In addition, PAE neonates exhibit 

a decreased anogenital distance compared to controls, suggesting feminisation (127–130). In 

adulthood, PAE males may show reduced weights of testes, prostate and seminal vesicles 

(131), decreased serum testosterone and LH levels, and altered neurotransmitter responses 

to testosterone (132), suggesting central dysregulation of HPG activity. Deficits in sexual 

behaviour (131), as well as feminisation of nonsexual sexually dimorphic behaviours, 

have also been reported in PAE males (128, 133–136). These findings are supported by 

neuroanatomical data indicating reduced volume of the sexually dimorphic nucleus of the 

preoptic area in PAE compared to control males (130, 137).

Among PAE females, sexual maturation (vaginal opening) (138–140), onset of follicle 

stimulating hormone (FSH) secretion (141), and onset of puberty (142) may be delayed. 

Altered developmental patterns of prolactin and LH secretion have also been reported (139). 

Furthermore, alterations in LH and FSH activity and responsiveness following gonadectomy 

and hormone replacement indicate defects in both pituitary and central regulation (143–

145). The volume of the PVN is also smaller in PAE than PF females (135). Also, PAE 
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females exhibit no LHβ-mRNA response to gonadotrophin-releasing hormone (GnRH) and 

decreased LHβ-mRNA responses to oestradiol in vitro (146), as well as an earlier incidence 

of acyclicity (premature reproductive ageing) (147). Parameters of sexual and maternal 

behaviour are also adversely affected by prenatal ethanol (133, 148).

Previous studies provide support for the hypothesis that the HPG hormones may 

differentially modulate HPA activity in PAE and control offspring. Aird et al. (149) studied 

the effects of ethanol-induced elevations in maternal glucocorticoids on the ontogeny of 

steady-state levels of pituitary POMC and hypothalamic CRH in male and female offspring. 

In control neonates, the developmental increase in CRH expression typically occurs 

faster in females than in males, and prenatal alcohol exposure delayed and exaggerated 

the rise of CRH expression. By contrast, anterior pituitary POMC mRNA levels were 

suppressed in PAE male but not female offspring at day 21. These studies demonstrate a 

sex-dependent sensitivity of the foetus to prenatal ethanol exposure and changes in maternal 

glucocorticoids, and suggest that, since these sexually dimorphic changes in gene expression 

occur before the presence of adult levels of sex steroids, the HPG hormones have an 

organisational effect on developing HPA function. These findings were extended in work by 

Lee and Rivier (75) who demonstrated that, as with the response to stressors, PAE animals 

also show increased responsiveness to immune challenges including interleukin-1β, LPS and 

turpentine. Interestingly, removal of circulating ovarian steroids prior to puberty attenuated 

the differences in ACTH released by PAE and control females. The authors concluded 

that these findings suggest the presence of a functional relationship between the pathways 

influenced by prenatal ethanol and those influenced by female sex steroids, both of which 

are important in regulating HPA activity.

Recent work in our laboratory has investigated specific modulatory influences of the HPG 

hormones on the differential HPA responsiveness of PAE males and females, compared 

to each other and to their control counterparts. Here, we present updated findings on the 

regulation of the HPG and HPA axes in both males and female, under basal conditions and 

following stress. As well, we discuss recent novel data on the regulation of the HPG axis in 

PAE females by kisspeptin.

Effects of prenatal ethanol exposure on HPG–HPA interactions in male 
offspring—We examined the effects of gonadectomy in unmasking the extent to which 

prenatal ethanol influences both HPG and HPA activity and regulation (150). In terms 

of HPA function, we found that, under intact conditions, PAE males showed significantly 

higher ACTH levels than controls following 30 min of restraint stress, suggesting increased 

responsiveness to stress at the level of the pituitary. There were no differences among 

prenatal groups in CRH mRNA levels, but PAE males had lower AVP mRNA levels 

than PF and control males 90 min post-stress. AVP is a weak ACTH secretagogue on its 

own, but acts synergistically with CRH and plays an important role in sustaining pituitary 

responsiveness during chronic stress (151, 152) or to a novel heterotypic stressor following 

repeated stress (153). Moreover, CRH biosynthesis in the PVN is corticosterone-dependent, 

whereas AVP biosynthesis is testosterone-dependent (106). Thus, these data suggest that 

intact PF and control males have a greater propensity to utilise AVP than intact PAE 

males. In terms of HPG function, we found that intact PAE males had blunted testosterone 
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responses to restraint stress compared to PF and control males, and that only control males 

showed a stress-induced increase in LH levels.

Importantly, gonadectomy unmasked differential HPG influences on HPA activity, as well 

as differential responsiveness of central components of the HPG axis to androgens in PAE 

compared to control males. Gonadectomy selectively increased the ACTH stress response in 

controls such that the differences between intact PAE and control males were eliminated, 

and also eliminated the differences in AVP mRNA levels among prenatal groups. In 

addition, following gonadectomy, basal GnRH mRNA levels were significantly higher in 

PAE than control males, and gonadectomised PAE males had higher LH levels than PF 

males 90 min post-stress. These data suggest a potential shift in how testosterone regulates 

GnRH transcription (154), as well as stress-induced LH responses in PAE compared to 

control males. Together, these findings demonstrate ethanol-induced alterations in regulation 

of both the HPA and HPG axes, and suggest that the normal testicular influences on HPA 

function are markedly reduced in PAE males.

We then examined whether the differential HPA responsiveness in PAE and control males 

depends on testosterone. We explored dose-related effects of testosterone on HPA regulation 

and responsiveness to determine whether testosterone has a decreased capacity to regulate 

HPA activity (155–157). Adult PAE, PF and control males were subjected to: (i) Sham 

gonadectomy (INTACT); (ii) gonadectomy; (iii) gonadectomy and implantation of silastic 

capsules that provided circulating testosterone concentrations approximating low (1 ng/ml) 

or (iv) high (4–6 ng/ml) physiological levels.

HPA activity in PAE males showed a number of alterations that relate specifically to 

testosterone status. Sensitivity of the adrenal to circulating testosterone was reduced in 

PAE rats, and gonadectomy increased CORT levels for PF and control but not PAE 

males, indicating that PAE males were less sensitive to the effect of androgen removal 

than controls. In addition, low testosterone replacement restored corticosterone levels for 

gonadectomised PF and control males, whereas high testosterone levels were needed to 

restore corticosterone levels for gonadectomised PAE males. The finding that a negative 

correlation exists between pre-stress testosterone and post-stress corticosterone levels in 

control but not in PAE and PF males further demonstrates the reduced adrenal sensitivity to 

testosterone. Importantly, prenatal ethanol altered the capacity of testosterone to regulate 

central CRH and AVP pathways (Fig. 3). Basal CRH mRNA levels in the medial 

parvocellular dorsal part of the PVN were increased by gonadectomy in PF and control 

but not PAE males. Intact PAE also had lower CRH mRNA levels in the fusiform nucleus of 

the anterior bed nucleus of the stria terminalis (BNST) than Intact control males, but higher 

CRH mRNA levels under high testosterone replacement conditions in the central amygdala 

(CeA). CRH mRNA levels in the fusiform nucleus of the anterior BNST were reduced 

following gonadectomy, indicating that testosterone exerts a stimulatory effect on CRH 

mRNA expression in this region (107). On the other hand, CRH mRNA levels in the CeA 

are known to vary negatively with testosterone, but only in the presence of corticosterone 

(107). Thus, lower CRH mRNA levels in the fusiform nucleus of the anterior BNST and 

higher CRH mRNA levels in the CeA in PAE rats might reflect a reduced influence of 

testosterone on CRH mRNA expression in these regions. Taken together, these findings 
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suggest reduced sensitivity of central CRH pathways to testosterone in PAE males. By 

contrast, testosterone appears to have greater effects on central AVP pathways in PAE and/or 

PF compared to control males. Both PAE and PF males showed higher AVP mRNA levels in 

the posterior BNST following high testosterone replacement compared to either intact or low 

testosterone replacement conditions, respectively, and PAE males had higher AVP mRNA 

levels under intact conditions in the MeA compared to controls. Furthermore, although 

testosterone had an inhibitory role in both MR and GR mRNA levels in the hippocampus 

across all prenatal groups, prenatal ethanol exposure appeared to differentially regulate basal 

hippocampal GR expression, with PAE males showing GR upregulation compared to PF 

and/or control males.

In terms of specific HPG effects of PAE, we found that testosterone had less of an inhibitory 

effect on stress-induced LH increases in PAE than in PF and control males. In addition, 

AR mRNA levels in the median preoptic nucleus and the principal nucleus of the posterior 

BNST were lower in PAE and PF compared to control males under intact conditions. If 

decreased AR mRNA levels in key brain areas reflects downregulation of AR levels, this 

may counteract the increased inhibitory AVP signals upstream from the PVN, and thus 

contribute to the HPA hyper-responsiveness observed in PAE males.

Together, these data suggest that altered HPA activity in PAE males represents a complex 

balance between reduced sensitivity of central CRH pathways and increased sensitivity of 

central AVP pathways to the inhibitory effects of testosterone, with some effects possibly 

mediated by the nutritional effects of ethanol.

Effects of prenatal ethanol exposure on HPG–HPA interactions in female 
offspring—A number of novel findings demonstrate effects of PAE on both peripheral 

and central measures of HPG and HPA function (158). Under our conditions, PAE females 

showed relatively normal oestrous cyclicity but delayed sexual maturation. Importantly, 

prenatal ethanol effects on HPA function varied according to oestrous cycle stage. PAE 

females had lower basal corticosterone levels than control females in oestrous, but elevated 

basal and stress corticosterone levels and elevated stress ACTH levels compared to PF 

and/or control females during pro-oestrous. Moreover, positive correlations between basal 

oestradiol and corticosterone were found in PAE and PF but not control females. In addition, 

both PAE and PF females had higher basal and stress oestradiol levels in pro-oestrous 

compared to other phases of the cycle, as well as higher stress oestradiol levels than control 

females during pro-oestrous. PAE and PF females also showed downregulation of GnRH 

mRNA compared to control females in dioestrous, when oestradiol levels are low. However, 

PAE females showed greater variation in LH levels than PF and control females across 

the cycle, and in pro-oestrous, showed a significant LH increase following stress (158). 

Together, these data support the possibility that ethanol-induced changes in HPA activity 

may reflect differential regulation by ovarian steroids in PAE compared to control females, 

with increased HPA sensitivity to oestradiol. Once again, nutritional effects of ethanol may 

also play some role in the changes that were observed, although different mechanisms may 

underlie the changes in PAE and PF females.
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Recently, we have investigated the role of the neuropeptide kisspeptin in modulating HPG 

function, as well as the role of oestrogen in regulation of kisspeptin expression in PAE 

compared to control female rats (159). The family of kisspeptin neuropeptides is derived 

from the 145-amino-acid precursor peptide coded for by the KISS-1 gene; post-translational 

processing results in C-terminal peptide fragments (kisppeptin-54, −14, −13, and −10) that 

activate the G-protein coupled receptor 54 (GPR54) (160–162). In the brain, kisspeptin 

neurones are most numerous in the arcuate nucleus (ARC), and two major populations are 

also found in the periventricular and anteroventral periventricular (AVPV) nuclei (163, 164). 

Interestingly, there are sex differences in the expression of kisspeptin in the AVPV, with 

female rats having a 10-fold greater KISS-1 expression than males (165).

Studies have shown that central and peripheral administration of kisspeptin result in a dose-

dependent increase in secretion of GnRH and gonadotrophins (163, 166–169), mediated by 

binding to GPR54 (170). In mice, oestradiol is stimulatory to kisspeptin neurones in the 

AVPV, but inhibitory to kisspeptin neurones in the ARC, which is mediated by oestrogen 

receptor α (164). Thus, kisspeptin neurones in the ARC appear to be interneurones 

mediating the negative feedback effect of the gonadal steroids on the HPG axis (171), while 

kisspeptin neurones in the AVPV may mediate the GnRH/LH surge induced by the positive 

feedback action of oestrogen (172).

To determine whether the expression of kisspeptin is altered in adult female PAE rats, 

offspring from PAE, PF and control conditions were ovariectomised, with or without 

oestradiol replacement. We found that, regardless prenatal treatment, oestradiol replacement 

decreased the number of kisspeptin-ir cells in the ARC compared to that in ovariectomised 

animals. Importantly, the number of kisspeptin-ir cells was decreased more in PAE than 

in control females following oestradiol replacement (159) (Fig. 4). To our knowledge, 

this is the first report of changes in kisspeptin expression in adult PAE females. In view 

of the role of kisspeptin neurones in the ARC in oestradiol negative feedback (164, 

173), the present data suggest that prenatal ethanol exposure may potentiate the inhibitory 

actions of oestradiol on kisspeptin neurones in the ARC. Indeed, it is possible that ethanol-

induced changes in kisspeptin expression play an important role in mediating the HPG axis 

dysregulation observed in PAE animals, and thus are a major factor in mediating the altered 

HPG-HPA interactions and the HPA hyper-responsiveness in these animals.

Interactions between the HPA axis and the serotonergic system in PAE females

Serotonin, or 5-hydroxytryptamine (5-HT) is implicated in the control of numerous 

behavioural and physiological functions, including mood, emotion, sleep and appetite. In 

addition, 5-HT plays a crucial role in modulating the HPA axis (174). The effects of prenatal 

ethanol exposure on the 5-HT system have received special attention because 5-HT also acts 

as a neurotrophic factor, and early insult to this system may affect its own development as 

well as that of other neurotransmitter systems. Of relevance to this review, PAE decreases 

the concentrations of 5-HT or its metabolites during foetal life and in weanling rats (175, 

176), and results in long-lasting 5-HT deficits in mice, possibly through selective apoptosis 

(177). Foetal ethanol exposure also increases the number of binding sites for the 5-HT 

transporter in some areas of the developing rat brain, but decreases transporter binding 
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site numbers in other areas (178). Importantly, prenatal administration of buspirone, or 

ipsapirone, partial 5-HT1A agonists, in conjunction with ethanol, ameliorates some of these 

ethanol-induced changes (179). On the other hand, postnatal ethanol exposure increases 

hypothalamic 5-HT content in adult rats of both sexes, with females showing greater overall 

concentrations than males (180), whereas exposure during both pre- and postnatal life does 

not differentially alter hypothalamic 5-HT concentrations (181). Together, these studies 

indicate that ethanol exposure in utero permanently alters 5-HT levels and 5-HT transporter 

binding sites in the developing brain, with the effects being dependent on the period of 

exposure and the brain region examined.

We found that animals prenatally exposed to ethanol exhibit physiological and behavioural 

abnormalities consistent with altered 5-HT function. For example, PAE animals exhibit 

altered hypothermic responses to the 5-HT1A receptor agonist 8-OH-DPAT [8-hydroxy-2–

2(di-n-propylamino)tetralin], and PAE females, but not males, show an increased rate of 

‘wet dog shakes’ in response to the 5-HT2A/C receptor agonist DOI [1-(2,5-dimethoxy-4-

iodophenyl)-2-aminopropane hydrochloride], suggesting ethanol-induced alterations in 5-

HT receptor function (55). Furthermore, PAE females but not males exhibit blunted ACTH 

responses to 8-OH-DPAT, but increased ACTH responses to DOI compared to controls, 

suggesting an altered interaction between the HPA axis and the 5-HT system in PAE animals 

(182).

In view of the above findings, we examined the modulatory effects of the gonadal hormones 

and the 5-HT system on HPA regulation in adult PAE females tested across the oestrous 

cycle under basal conditions (183). We hypothesised that an MR/GR imbalance may 

underlie the HPA hyper-responsiveness observed in PAE females, manifested differentially 

as a function of the oestrous cycle. Our data demonstrate, for the first time, long-lasting 

consequences of prenatal ethanol exposure on basal levels of hippocampal MR, GR and 

5-HT1A mRNA as a function of oestrous cycle stage, supporting a role for the gonadal 

hormones in mediating these effects. Hippocampal MR mRNA levels were decreased in 

PAE compared to PF and control females, with the greatest effects in pro-oestrous, and PAE, 

but not PF or control females also had higher hippocampal GR mRNA levels in pro-oestrous 

than in oestrous and dioestrous, suggesting a possible shift in the MR/GR balance in PAE 

females. In addition, 5-HT1A receptor mRNA levels were increased in PAE compared to PF 

and control females in dioestrous (Table 1). Taken together, these data suggest that altered 

interactions between the serotonergic and HPA systems may play a role in mediating the 

HPA hyper-responsivity reported in PAE animals following stress. In addition, these data 

may have important implications for understanding the increased incidence of secondary 

disabilities, and in particular, the increased rate of depression, reported in children with 

FASD (25, 26, 48).

Dysfunction of the serotonergic system is observed in a wide range of conditions or 

disorders including alcoholism, anxiety, depression, suicide and insomnia (184–188). 

Similarly, psychopathologies including anxiety and depression are hypothesised to involve 

persistent changes in HPA activity (189, 190) and expression of hippocampal corticosteroid 

receptors (191). Moreover, a growing literature suggests that adverse experiences during 

early life (e.g. early stressful or traumatic experiences) increase the risk for development 
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of depression and anxiety disorders in adulthood (192–194). In light of these findings, we 

suggest that prenatal alcohol exposure is one type of early adverse experience that can 

increase the risk for depression and anxiety disorders in adulthood.

Prenatal ethanol exposure reprogrammes foetal HPA function

The concept of programming refers to the associations between environmental events 

(internal and external to the organism) and stable alterations in phenotype (195). According 

to this concept, maternal adversities (e.g. stress, alcohol, tobacco, and/or protein deprivation) 

predict foetal growth retardation and increased HPA activity, which in turn, leads to 

lower offspring body weight and increased HPA responses to stressors later in life. 

Greater HPA reactivity confers increased risk for metabolic disorders in adulthood, 

such as hypolipidemia, hyperglycemia and hypertension (195). Importantly, although 

these outcomes are deleterious, and may appear maladaptive, the biological ‘purpose’ of 

programming is probably adaptive, preparing the offspring to face postnatal life under 

adverse conditions (196). By the same token, programming during foetal and early neonatal 

life can have positive effects. Supportive and nurturant environments for the mother and the 

neonate can enhance foetal growth and development, modulate HPA reactivity, reduce the 

risk for diseases or disorders in adulthood, and increase resiliency throughout life (195).

The routes by which the foetal and early neonatal environment can programme adult 

HPA function and behaviour are described eloquently by Matthews et al. (12), Welberg 

and Seckl (13) and Meaney et al. (195), amongst others. The developing limbic system, 

primarily the hippocampus, hypothalamus, and anterior pituitary, synthesises high amounts 

of GRs and is highly sensitive to glucocorticoids. Exposure to high concentrations of 

glucocorticoids during early life can alter the development and subsequent function of both 

the limbic system and the HPA axis. The limbic system regulates HPA activity and, in 

turn, endogenous glucocorticoids modify numerous limbic system functions. Mechanisms 

underlying these mutual effects involve modification of developing neurotransmitter 

systems, the development of MR and GR expression in the hippocampus, and the 

development and responsiveness of the hypothalamic PVN which regulates glucocorticoid 

secretion. Furthermore, it is likely that the perinatal environmental and genetic factors 

mutually influence each other in determining the development of HPA activity and 

regulation. The overall effect of early developmental programming is altered exposure 

to endogenous glucocorticoids throughout life (12, 197) which, in turn, can modify 

behaviour, cognition, learning, memory and emotion, and either predispose the individual 

to cardiovascular, metabolic, immune and mental/cognitive disorders, or promote resilience 

to later life challenges. Moreover, though the effects of programming are often long-lasting, 

postnatal and later environmental events can modulate prenatal programming effects.

Early experiences can result in long term consequences from the behavioural to the 

molecular level through epigenetic processes (198). In the model of Weaver et al. (198), 

naturally occurring variations in maternal behaviour are associated with the development 

of individual differences in behavioural and HPA responses to stressors. Thus, offspring 

of mothers showing high levels of maternal behaviour (licking, grooming and arched 

back nursing) are less fearful and show better modulated HPA responses to stressors than 
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offspring of mothers showing low levels of maternal behaviour. This outcome is not due 

to a change in the underlying genetic profile, as they have shown that if pups are cross-

fostered from ‘low behaviour’ to ‘high behaviour’ mothers at birth, the offspring profile is 

associated with the adoptive, rather than the biological mother. Therefore, it appears that 

variations in maternal behaviour can serve as a mechanism for nongenomic transmission of 

individual differences in stress reactivity across generations. At least two major epigenomic 

mechanisms are thought to be involved: demethylation of one key site in the NGFI-A 

binding sequence of the first exon of the GR gene, and increased acetylation of the histones 

surrounding the GR gene (198). These two alterations result in increased expression of 

GRs and increased access of transcription factors to GRs, thus increasing HPA feedback 

regulation and altering the physiological and behavioural profiles of the offspring.

In our model, prenatal ethanol exposure is the adverse early life environmental variable that 

programmes the foetal HPA axis, resulting in long-term alterations in the physiological and 

behavioural profiles of the offspring. We have reviewed evidence demonstrating long-term 

alterations in HPA regulation and responsiveness under both basal and stress conditions, 

reflecting increased HPA tone throughout life. In view of the evidence (199, 200) that foetal 

programming of the HPA axis, at least in part, underlies the connection between the early 

environment and adult stress-related and behavioural disorders in humans, further studies are 

essential to elucidate mechanisms underlying PAE effects on HPA programming.

A new collaborative programme of research (collaborators: S. Innis and A. Devlin, 

University of British Columbia) is investigating possible epigenetic mechanisms underlying 

foetal programming of HPA activity by prenatal ethanol exposure. We are exploring the 

hypothesis that prenatal ethanol exposure disrupts the methionine cycle in both the dam and 

the foetus, and thus provides the basis for alterations in DNA methylation. Methionine is 

the precursor to S-adenosylmethionine, the primary methyl donor in numerous biological 

reactions, including the methylation of DNA and histones (201). Alterations in the 

methionine cycle are associated with changes in tissue methylation capacity and may 

affect DNA and histone methylation, thereby altering epigenentic regulation of gene 

expression and causing long-term phenotypic changes. Our preliminary results suggest 

that maternal ethanol consumption increases homocysteine levels in the dams, and results 

in increased methionine levels, decreased activity of the choline cycle, and decreased 

methionine adenosyltransferase levels in both PAE dams and foetuses compared to their 

control counterparts (202). It remains to be determined if these marked alterations in 

methionine metabolism during prenatal exposure to ethanol result in long-term changes 

in tissue methylation capacity and epigenetic modifications, thereby contributing to the HPA 

programming observed in PAE animals.

Summary and conclusions

The present review discusses the adverse effects of PAE on offspring neuroendocrine 

function, with particular emphasis on the HPA axis and sex differences in outcome. We have 

shown that prenatal ethanol exposure programmes the foetal HPA axis such that HPA tone 

is increased throughout life, with alterations in HPA regulation under both basal and stress 

conditions. Ethanol-induced disturbances of the reciprocal interconnections between the 
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pregnant female and the foetus may provide a common pathway for foetal programming by 

early life events. The finding that ethanol causes alterations in the methylation state within 

cells (201), together with our preliminary data showing foetal ethanol-induced changes in 

methionine metabolism, provides support for the possibility that epigenetic mechanisms 

similar to those described by Weaver et al. (198) could mediate the changes induced by 

ethanol exposure in utero. Data from such investigations may have important implications 

for the development of therapeutic interventions focused at reversing the long-term adverse 

effects of prenatal alcohol exposure.

Future directions

Currently, we are investigating some of the functional outcomes of PAE. Specifically, one 

line of investigation is testing the hypothesis that foetal programming of HPA activity 

by PAE sensitises neuroadaptive mechanisms that underlie the stress response, increases 

reactivity to subsequent stressful life events, and mediates the link between PAE and 

increased vulnerability to depression.

Mental disorders are common secondary disabilities among FASD populations (26, 29, 

30, 48, 203), and HPA dysregulation is often observed in major depression (204–206). 

Consistent with these findings, brain areas implicated in depression overlap with areas that 

mediate the stress response, with the HPA axis a key player in both (205, 207–209). Studies 

suggest that pre-existing HPA abnormalities may be a major contributory factor in the 

genesis of some forms of depression (206, 210). In particular, a large literature points to a 

relationship between depression in adulthood and adverse early life events (211, 212). We 

propose that prenatal exposure to ethanol can be considered an adverse early life event that 

results in HPA abnormalities similar to those seen in depression, and which could underlie 

an increased vulnerability to depression in adulthood. Indeed, work from our laboratory 

and others has demonstrated that PAE results in HPA hyperactivity and dysregulation in 

a manner parallel to that seen in depression. As noted, PAE animals are typically hyper-

responsiveness to stressors (6, 66, 68, 71–73, 83–85), and show increased HPA drive (49, 

69, 75, 87, 89) and deficits in HPA feedback regulation (50, 91, 214). Furthermore, our data 

(214) suggest an alteration in MR-mediated corticosterone signalling, and perhaps an altered 

MR/GR balance, which is proposed to underlie neurobiological alterations in depression 

(191). Finally, PAE animals exhibit altered neurotransmitter regulation of HPA activity, 

particularly in the serotonergic system (55, 182, 215, 216), suggesting altered serotonergic 

influences on HPA activity similar to those seen in depression.

We are currently examining the links among PAE, stress system abnormalities, the 

gonadal and serotonergic systems and depressive/anxiety-like behaviours in adulthood. We 

have developed a multidimensional battery of behavioural tests selected from categories 

measuring ‘behavioural despair’ (Porsolt forced swim test, 217), anhedonia (sucrose contrast 

test), social interaction and exploratory behaviour (open field), and anxiety (elevated plus 

maze; EPM). This latter is noteworthy, as depression and anxiety are comorbid in a large 

percentage of individuals diagnosed either with depression or an anxiety disorder (218–220). 

Further, to test our hypothesis that PAE would increase vulnerability to the effects of 

later life stressors on depressive symptomatology, we have developed a modified chronic 

Weinberg et al. Page 18

J Neuroendocrinol. Author manuscript; available in PMC 2022 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mild stress (CMS) protocol (221), designed to model milder “everyday life” stressors. 

Preliminary data suggest that PAE offspring subjected to CMS in adulthood show increased 

anxiety and depressive-like behaviours, with changes occurring in a sex-dependent manner. 

PAE males were more anxious on the elevated plus maze, showed anhedonic behaviour 

in the sucrose contrast test, and showed decreased affiliative and non-affiliative behaviours 

in the social interaction test. By contrast, PAE females were more immobile in the forced 

swim test, and had significantly greater elevations of corticosterone and progesterone, but 

lower oestradiol levels following acute stress compared to PF and control females. These 

data suggest that the behavioural effects of CMS on anxiety/depressive-like behaviour are 

dissociable by sex in animals prenatally exposed to ethanol. Furthermore, these data support 

the hypothesis that prenatal exposure to ethanol reprogrammes the HPA axis, sensitising 

the organism to subsequent stressful experiences, and thereby increasing the propensity 

to develop depression in adulthood. Currently, studies in our laboratory are exploring the 

possibility that anti-depressants that specifically target the HPA axis may ameliorate or 

reverse the anxiety- and depressive-like behaviours as well as the increased HPA activity 

observed among PAE animals.
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Fig. 1. 
Anterior pituitary corticotrophin-releasing hormone (CRH)-R1 mRNA and pro-

opiomelanocortin (POMC) mRNA levels in male and female rats from prenatal alcohol 

exposure (E), pair-fed (PF) and control (C) groups, 7 days following sham surgery or 

adrenolectomy (ADX) without or with corticosterone replacement. Values represent the 

mean ± SEM of 5–6 rats per group. Main effect of prenatal treatment (*E < C, P < 0.05; #E 

< C, P = 0.065). Reprinted with permission [49].

Weinberg et al. Page 31

J Neuroendocrinol. Author manuscript; available in PMC 2022 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Mineralocorticoid receptor (MR) mRNA in prenatal alcohol exposure (E), pair-fed (PF) 

and control (C) males (A–C) and females (D–F) in dorsal hippocampal subfields CA1a, 

CA3 and the dentate gyrus (DG), 7 days following sham surgery or adrenolectomy (ADX) 

without or with corticotrophin (CORT) replacement. Values represent the mean ± SEM of 

semi-quantitative densitometry of slides hybridized with a 35S-dUTP-labeled riboprobe for 

MR (n = 4–6 rats per group). *P < 0.05; **P < 0.005; ***P < 0.001 compared to PF and 

control; #P = 0.07 compared to PF; ^P < 0.07 compared to PF and control. Reprinted with 

permission [49].
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Fig. 3. 
Working models to illustrate possible effects of testosterone on neuropeptide and steroid 

receptor expression within the limbic forebrain circuits that project to the mpd PVN in 

normal (A) and prenatal alcohol exposed (PAE) (B) adult male rats. Findings suggest 

a reduced capacity for testosterone to regulate corticotrophin-releasing hormone (CRH) 

mRNA expression in central CRH pathways, but enhanced effects of testosterone on central 

arginine vasopressin (AVP) pathways in PAE and/or pair-fed (PF) compared to control 

males. PAE males had lower CRH mRNA levels in the fusiform nucleus of the anterior 

division of the bed nucleus of stria terminalis (aBNST) and higher CRH mRNA levels 
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in the central nucleus of amygdala (CeA). In addition, basal CRH mRNA levels were 

increased by GDX in PF and control but not PAE males in the medial parvocellular dorsal 

part of the paraventricular nucleus (mpd PVN). By contrast, both PAE and PF males 

showed higher AVP mRNA levels in the posterior division of the BNST (pBNST) following 

high testosterone replacement compared to either intact or low testosterone replacement 

conditions, and intact PAE had higher AVP mRNA levels in the medial nucleus of amygdala 

(MeA) than intact control males. See text for further discussion. CORT, corticosterone; 

aBNST fu, Fusiform nucleus of the anterior division of the bed nucleus of stria terminalis; 

MPOA: medial preoptic area; MPN: medial preoptic nucleus; AR: androgen receptor; MR: 

mineralocorticoid receptor; GR: glucocorticoid receptor; NTS: nucleus of the solitary tract 

[155].
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Fig. 4. 
Working model illustrating kisspeptin regulation of the hypothalamic-pituitary-gonadal 

axis in normal (A) and prenatal alcohol exposure (PAE) (B) adult female rats. Kisspeptin 

released by neurons in the anteroventral periventricular (AVPV) and arcuate nucleus (ARC) 

stimulates gonadotrophin-releasing hormone (GnRH) release, which induces the release of 

luteinising hormone (LH) and follicle-stimualting hormone (FSH). The ovaries respond 

to gonadotrophins by secreting oestradiol, which feeds back to regulate the activity of 

kisspeptin neurons, inhibiting kisspeptin expression in the ARC and inducing the expression 

in the AVPV (modified from Dungan et al., 2006). Adult PAE females had a decreased 
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number of kisspeptin-immunoreactive neurons in the ARC, which would result in less 

GnRH and LH/FSH release, and decreased stimulation of the ovary. We speculate that 

PAE females show increased sensitivity to oestradiol, which leads to downregulation of 

kisspeptin-immunoreactive neurones in the ARC. The role of kisspeptin regulation at 

the level of AVPV is currently under investigation. See text for further discussion. +, 

Stimulation; − and − − − −, inhibition; ?, unknown action.

Weinberg et al. Page 36

J Neuroendocrinol. Author manuscript; available in PMC 2022 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Weinberg et al. Page 37

Table 1.

Summary of Changes in Basal Hypothalamic-Pituitary-Adrenal (HPA) and Hypothalamic-Pituitary-Gonadal 

(HPG) Hormone Levels and Hippocampal Mineralocorticoid Receptor, Glucocorticoid Receptor and 5-HT1A 

Receptor mRNA Levels in Adult PAE Female Rats Across the Oestrus Cycle.

Outcome measured Result

HPA hormones

 Corticotrophin ↑ (Proestrous)

 Adrenocorticotrophin -

HPG hormones

 Oestradiol -

 Progesterone -

Hippocampal receptors

 Mineralocorticoid receptor mRNA ↓ (Proestrous)

 Glucocorticoid receptor mRNA Proestrous > oestrous = dioestrous

 5-HT1A mRNA ↑ (Dioestrous)

↑, increased; ↓, decreased, -, no change; ( ), stage(s) of the oestrus cycle where changes were the most prominent. PAE, prenatal alcohol exposed.
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