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ABSTRACT
Early life adversity (ELA) is a prevalent experience in young populations worldwide and
can come in many forms, including limited access to resources as in many low socioeconomic status households. ELA in humans has been linked to a variety of negative
psychiatric outcomes including increased risk for psychiatric disorders such as
schizophrenia, major depressive disorder (MDD), post-traumatic stress disorder (PTSD)
and substance use disorder (SUD). One characteristic that these disorders share is a
disruption in motivational processes. Motivation is largely regulated by the
mesocorticolimbic dopamine (DA) system but is also modulated by other brain regions
including the medial preoptic area (mPOA) and is crucial for processing of natural
rewards such as sexual reproduction. This circuitry is sensitive to estrogenic and
androgenic signaling in both males and females. Interestingly, estrogens and androgens
can be modulated by the experience of ELA, pointing to gonadal hormones as a potential
mediator for the impact of ELA on motivation and risk for psychiatric disorders. In the
first set of experiments presented here, we characterize the limited bedding and nesting
model (LBN) of early life adversity in rodents, in which rat dams and their pups are
housed in a limited resource environment from postnatal day (PND) 2 through 9. LBN
dams exhibited less self-care behaviors and more pup-directed behaviors, including
grooming and nursing, compared to control dams. This type of maternal care is not
characteristic of healthy rat dam behavior and may represent a compensatory mechanism
to combat the lack of resources. However, LBN-raised pups still exhibit developmental
alterations, notably a decrease in body weight that persisted into adulthood and an
increase in adult plasma estradiol levels specifically in males. We build on these findings
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in the second set of experiments, which explores whether changes in development and
gonadal hormones may also impact male reproductive behavior. We found that LBN
males have a shorter latency to engage in sex behaviors at earlier timepoints in the sex
assay compared to controls, suggesting an enhancement in the acquisition of this
repertoire of behaviors. This enhancement in behavior was accompanied by highly sexspecific changes in gene transcription in the mPOA which underlies reproductive
behaviors. The identification of genes and signaling pathways that are altered by LBN in
the male mPOA lays the groundwork for future studies investigating the mechanisms by
which ELA alters reproductive behaviors and underlying motivational processes.
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CHAPTER 1: THE EFFECTS OF EARLY LIFE ADVERSITY ON MOTIVATED
BEHAVIORS: A ROLE FOR GONADAL HORMONES
Motivation is crucial for survival. It encompasses the processes that allow an
individual to regulate its interactions with stimuli in the environment; for example,
directing organisms toward stimuli that are rewarding and away from those that are
aversive, as well as activating behaviors to seek or avoid different stimuli(Salamone et
al., 2016). Eating, reproducing, and providing parental care can all be considered
motivated behaviors as they direct an individual toward a specific stimulus (e.g., food or
a conspecific) and animals will demonstrate a high level of speed, vigor, or persistence to
initiate or maintain these behaviors (Salamone et al., 2016). This can be contrasted with
reflexive behaviors, for example, which do not require a high level of behavioral
activation. Expression of motivated behaviors depends on the appropriate function of the
neural reward system, including the mesocorticolimbic pathway, which consists primarily
of dopaminergic neurons that project from the ventral tegmental area (VTA) to the
nucleus accumbens (NAc) and prefrontal cortex (PFC)(Kelley & Berridge, 2002;
Salamone et al., 2016). The mesocorticolimbic pathway does not work in isolation and is
highly influenced by hypothalamic and limbic regions involved in social processing, such
as the medial preoptic area (mPOA) (O'Connell & Hofmann, 2011). In addition to
dopamine (DA), other signaling molecules, such as endogenous opioids, are important for
motivated behavior(Spanagel et al., 1992; Devine et al., 1993). Dysregulation of any of
these interacting networks and the signaling molecules involved can therefore disrupt
motivation for natural rewards and contribute to pathology. Either an excess or a lack of
motivation in different contexts can impair an individual’s quality of life and ability to
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survive and is therefore thought to be maladaptive. As an example, continued seeking of
a certain stimulus, such as a drug of abuse, despite negative consequences (e.g., overdose,
loss of job, loss of relationships) is often characterized as maladaptive (Carver, 1997). On
the other end of the spectrum, a lack of motivation for life-sustaining behaviors, such as
eating or socializing, is also considered maladaptive. These types of dysregulated
motivated behavior are linked to the etiology and symptomatology of psychiatric
disorders, such as substance use disorder (SUD), major depressive disorder (MDD), and
schizophrenia(Nestler, 1993; Laruelle et al., 1999; Dailly et al., 2004; Seeman & Seeman,
2014).
The link between maladaptive motivated behaviors and psychiatric disorders has
prompted much research into factors that contribute to disruptions in reward circuitry.
One such factor is early life adversity (ELA). For the purposes of this review, ELA is
broadly defined as any adverse experiences spanning from prenatal development through
the onset of puberty and ranging from mild to severe. In humans, this can take a wide
variety of forms including poverty, abuse, neglect, and more. Clinical studies have
repeatedly shown that ELA increases risk for motivation-related disorders, including
SUD, MDD, and schizophrenia(Jumper, 1995; Molnar et al., 2001; Enoch, 2011). Much
research has focused on how this type of stress directly or indirectly via epigenetic
processes affects brain development and there is evidence that it can alter the maturation
of brain regions, including those involved in motivated behavior(Bath et al., 2016;
Reincke & Hanganu-Opatz, 2017; Goodwill et al., 2018; Honeycutt et al., 2019;
Manzano Nieves et al., 2019). However, ELA can also affect gonadal hormones that
regulate brain function. This review will argue that an important mechanism by which
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ELA can alter motivated behavior is via regulating gonadal hormones, with a focus on
the mPOA. Support for this idea will come from integrating data demonstrating that
gonadal hormones regulate motivated behavior, with data revealing how ELA affects
motivated behavior. Given that gonadal hormones occur at different concentrations in
males and females, this review will also highlight sex differences in hormonal
mechanisms by which ELA can impact motivated behavior.
Gonadal Hormones and Motivated Behavior
Sexual Differentiation of the Brain
Sexual differentiation of both the male and female brain is dependent on gonadal
hormone signaling, as well as chromosomal sex and environmental factors(McCarthy &
Arnold, 2011). While emerging data is highlighting the important role of sex
chromosome effects in contributing to sex differences in behavior(Arnold & Chen, 2009;
Arnold et al., 2012), here we focus on gonadal hormonals, as this review argues that these
hormones mediate some effects of ELA on motivated behavior. There are several periods
in development where gonadal hormones are particularly influential on the brain. The
perinatal period represents a sensitive window during which testosterone (through its
conversion to estradiol in rodents) triggers masculinization and defeminization processes
in the male-typical brain (Amateau & McCarthy, 2004; Wright et al., 2008). Estradiol
exposure during development is also critical for feminization processes in the femaletypical brain(Bakker et al., 2002; Bakker & Brock, 2010; Brock et al., 2011). These
processes lead to permanent, or organizational, effects on brain development and
function. The organization by gonadal hormones, in turn, determines the activational
effects of sex hormones on sex-specific behaviors later in life(Lenz et al., 2011). For
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example, in adult female mammals, circulating ovarian hormones can enact transient
effects on the female-organized brain to activate sex-specific adult behavioral responses,
such as lordosis in rodents(Kow & Pfaff, 1975). Most adult males, on the other hand, will
not display lordosis behavior even when primed with the appropriate ovarian hormones
(Yamanouchi & Arai, 1976). Thus, although both male and female adults have detectable
levels of both estrogens and androgens, these hormones do not have the same activational
effects in males and females because of the organizational sex differences already present
in the brain by adulthood (Sisk & Zehr, 2005). The levels of androgens and estrogens
available both during development to exert organizational effects, as well as during
adulthood to exert activational effects are critical components of male-typical and
female-typical brain development and behavior.
Most studies investigating the effects of gonadal hormones on regions involved in
motivated behavior have explored the effect of circulating levels of these hormones in
adult animals on the mesocorticolimbic dopaminergic pathway(Becker, 1999; Becker &
Hu, 2008; Steinberg et al., 2014; Becker, 2016; Becker & Chartoff, 2019). There is also
evidence for organizational and activational effects of testosterone and estradiol in other
brain regions involved in motivational behaviors and reward processing. Here, we
highlight the role of the mPOA in motivation for natural rewards such as reproductive
behaviors in part by its modulation of the mesocorticolimbic DA system.
Clinical Data on Estrogens and Disorders Characterized by Changes in Motivated
Behavior
SUD, MDD, and schizophrenia are all characterized by changes in motivated
behavior and regulated by gonadal hormones. In general, high levels of estrogens are
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linked to the dysregulated increase in motivated behavior found in SUD(Bobzean et al.,
2014). In contrast, low levels or dropping estrogen levels are associated with the
amotivation that characterizes some patients with depression and schizophrenia(Seeman,
1996; Young et al., 2000). Understanding the nuances of how estrogens affect these
disorders is critical to elucidating their etiology and finding better treatments.
Although historically men have suffered from SUD at higher rates than women,
this sex difference likely has a strong cultural component and as more women have the
opportunity to access drugs of abuse this disparity is getting smaller(Etten et al., 1999;
Van Etten & Anthony, 2001; Becker & Hu, 2008). In fact, when women do access some
drugs, including MDMA and nicotine, they are more likely to report subjective drugs
effects and they escalate their intake more quickly than men on average (Liechti et al.,
2001; Sofuoglu & Mooney, 2009), although men have reported greater subjective effects
of cocaine than women (Lukas et al., 1996; Sofuoglu et al., 1999). Women often take
drugs for different reasons than men, and stress tends to trigger more use in
women(Hudson & Stamp, 2011). Some of these sex differences may be driven by the
higher levels of estrogens in women. For example, estradiol increases the subjective drug
effects of amphetamine. Women in the luteal phase of the menstrual cycle, which is
characterized by relatively high levels of estrogens, report “feeling” amphetamine more
than women in the follicular phase of the menstrual cycle, which is characterized by
relatively low levels of estrogens (Justice & de Wit, 1999). The same researchers also
reported that subjective amphetamine effects were greater during the late follicular phase,
when estrogen levels are rising, than the early follicular phase, when estrogen levels are
low(Justice & De Wit, 2000). To our knowledge, no studies have been conducted to
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directly investigate the role of estrogens in the escalation of drug taking in humans,
which is an important gap in the literature. However, women compared to men tend to
exhibit a shorter latency from the onset of drug taking to seeking treatment for use of
alcohol (Randall et al., 1999) and heroin (Hser et al., 1987). Given that women have
higher levels of ovarian hormones, this finding suggests that these hormones could
potentiate escalation to problematic drug use.
In contrast to SUD, decreased motivation is observed in MDD and schizophrenia.
Reduced estrogens may contribute to this amotivation. The sex difference in MDD
emerges during puberty (Angold & Worthman, 1993; Cyranowski et al., 2000), which
could suggest that higher levels of estrogens are a risk factor for women with MDD.
However, it seems instead that a portion of women after puberty become sensitive to
dropping estradiol levels and this sensitivity contributes to conditions such as
premenstrual dysphoric disorder, postpartum depression, and depressive symptoms in
some perimenopausal women (Payne, 2003). For example, depressive symptoms increase
during the perimenopausal window, when estrogen levels begin to drop (Freeman et al.,
2004), and estrogen treatment seems to improve mood in the peri- and postmenopausal
periods (Grigoriadis, 2002; Schmidt et al., 2015). Similarly, estradiol treatment alleviates
depressive symptoms in postpartum women (Gregoire et al., 1996; Ahokas et al., 2001),
however its widespread use as a treatment is limited because it antagonizes lactation
(Kelsey, 1996).
While in MDD dropping levels of estrogens precipitate symptoms in some
women, in schizophrenia the higher levels of estrogens in women relative to men may
confer resilience. Women tend to have a later schizophrenia onset than men and clinical
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symptoms worsen during phases of the menstrual cycle when estrogen levels are low
(Grigoriadis & Seeman, 2002). The idea of estrogens having protective effects against
schizophrenia is further supported by a study showing that co-administration of
antipsychotics and estrogen treatment reduced symptoms more than antipsychotic
treatment alone in female patients (Akhondzadeh et al., 2003). Variations in the ESR1
gene, which codes for ERα, have also been associated with schizophrenia risk in women
(Miranda-Angulo et al., 2008). Thus, while the specific mechanisms of estrogens’ impact
remain unknown, it is clear estrogen signaling can impact risk and resilience for
motivation-related psychiatric disorders.
In sum, MDD and schizophrenia are very complex disorders and there are many
contributing factors. Collectively though, these studies suggest that low or dropping
estrogens may increase symptoms. One possibility is that low estrogen levels decrease
motivation. More studies are needed to directly test this hypothesis. Also lacking are
neuroimaging studies linking the symptom-reducing effect of estradiol treatment to
changes in the mesocorticolimbic system. Given the inadequate treatments for MDD and
schizophrenia, more studies in patient populations exploring whether estradiol alleviates
amotivation and alters reward circuitry are warranted. That said, as reviewed below,
much preclinical work supports the idea that estrogens alter the function of the
mesocorticolimbic system.
Clinical Data on Androgens and Disorders Characterized by Changes in Motivated
Behavior
Another gonadal hormone associated with symptoms of SUD, MDD, and
schizophrenia is testosterone. In fact, high levels of testosterone are linked to SUD. For

7

example, young men with high testosterone consume more alcohol, engage in more binge
drinking, are more frequently intoxicated, and have a greater incidence of alcohol
dependence than men with low testosterone levels (La Grange et al., 1995; Eriksson et
al., 2005). Anabolic androgenic steroids (AAS) are synthetic derivatives of testosterone
and their use is associated with SUD. Specifically, AAS users are at higher risk for opioid
and alcohol abuse than non-users (DuRant et al., 1993; Wines Jr et al., 1999; Arvary &
Pope, 2000). The role of testosterone in potentiating SUD is consistent with testosteroneincreased responsivity to reward in healthy subjects. Interestingly, women administered
testosterone increase risk taking (van Honk et al., 2004) and show activation of the
ventral striatum during reward anticipation compared to controls (Hermans et al., 2010).
Together, these data suggest that testosterone can enhance reward processes, which may
contribute to SUD.
Lower levels of testosterone have also been linked to MDD. A meta-analysis of
studies of testosterone therapy showed that testosterone administration improved
Hamilton ratings of depression in men across seven studies (Zarrouf et al., 2009).
Testosterone may be especially effective in treating depressive symptoms in aging men
(Carnahan & Perry, 2004), as there is evidence that lower levels of testosterone is
associated with increased risk for depression in older men in particular (Seidman &
Walsh, 1999; Almeida et al., 2008). Interestingly, the protective effect of testosterone on
depression may only be true for men, because depressed women have elevated
testosterone levels compared to controls (Baischer et al., 1995). More research is needed
to elucidate the role of testosterone and sex differences therein in MDD.
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Reduced testosterone levels have also been linked to schizophrenia symptoms.
Free and plasma testosterone levels are lower in male schizophrenia patients than in
controls (Akhondzadeh et al., 2006). Several lines of evidence suggest that lower
testosterone may drive negative symptoms (e.g., flattened affect) rather than positive
symptoms (e.g., hallucinations). For example, testosterone levels are significantly lower
in male patients with predominantly negative symptoms compared to healthy controls,
but no such effect was found for patients with predominantly positive symptoms (Goyal
et al., 2004). There is also a negative correlation between testosterone levels and the
severity of negative symptoms (Ko et al., 2007). Additionally, testosterone levels also
predict cognitive performance in men with schizophrenia, but not in healthy men (Moore
et al., 2013).
In sum, alterations in testosterone are associated with psychiatric disorders. High
testosterone contributes to SUD, while low testosterone is linked to MDD and
schizophrenia symptoms. It is noteworthy that these effects parallel the effects of
estrogens in these disorders, and testosterone can be converted to estradiol via aromatase.
Given the challenges of dissociating the effects of testosterone from estradiol in humans,
it is possible that mechanistically changes in testosterone may affect brain circuits via
their conversion to estradiol. Future studies are needed to assess this possibility.
Preclinical Data on Estrogens and the Mesocorticolimbic DA System
Preclinically, the role of estrogens in motivated behavior has been studied most in
animal models of SUD. Interest in estrogenic effects was initially sparked by studies
revealing sex differences in drug taking behavior. Recall that clinically, women more
rapidly progress from the onset of drug taking to seeking treatment (Hser et al., 1987;
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Randall et al., 1999), which suggests they escalate drug taking more quickly than men.
Alternatively, this could mean that women are more willing than men to seek treatment.
Preclinical studies in rodents provide further evidence for the former interpretation and
reveal that females acquire drug self-administration training procedures faster than males
(Hu et al., 2003; Roth & Carroll, 2004; Lynch, 2006). Compared to male rats, female rats
also show more rapid escalation of drug taking when given prolonged access to drugs
(Reichel et al., 2012), greater motivation to seek drugs (Cummings et al., 2011;
Westenbroek et al., 2013), and more relapse-like behaviors (Hudson & Stamp, 2011).
There is evidence that some of these sex differences are driven by circulating estrogen
levels, because animals exhibit faster acquisition of drug self-administration procedures
following estradiol administration (Lynch et al., 2001; Roth et al., 2002; Hu et al., 2003;
Jackson et al., 2005; Perry et al., 2013). Additionally, female mice exhibit greater
conditioned place preference to cocaine during proestrus/estrus, when circulating
estradiol levels are high, suggesting that estradiol enhances cocaine reward in females
(Calipari et al., 2017).
The link between ovarian hormones and drug self-administration suggests a role
for estrogenic regulation of reward circuits. Such regulation is possible because estrogen
receptors (ERs) are present throughout the mesocorticolimbic DA system (Creutz &
Kritzer, 2002; 2004). For example, the VTA, which is the major source of DA
mesocorticolimbic system, is regulated by estradiol. Ovariectomy (the surgical removal
of the ovaries) in mice and rats reduces the number of neurons in the VTA that are
immunopositive for tyrosine hydroxylase (TH), the rate-limiting enzyme of DA synthesis
(Johnson et al., 2010). Hormone replacement in ovariectomized females with 17β-

10

estradiol, the selective ERα agonist propyl-pyrazole-triol (PPT), or the selective ERβ
agonist diarylpropionitrile (DPN) attenuates the effects of ovariectomy (Johnson et al.,
2010), suggesting that both types of receptors play a role in controlling the population of
dopaminergic neurons in the VTA. It is worth noting that ER agonists such as DPN have
relatively low selectivity and can bind to both ERα and ERβ at high doses (Carroll et al.,
2012). However, complementary work in ER knockout mouse models further support the
roles that ERs play in modulating VTA DA. ERα knockout mice that have lacked the
receptor throughout development show diminished numbers of TH-positive neurons in
the VTA, while ERβ knockout mice show cell counts comparable to control animals
(Johnson et al., 2010), suggesting that ERα is more crucial for this effect than ERβ.
Collectively, these data indicate that estradiol via ERα activation increases TH, an effect
that would enhance the capacity of VTA neurons to synthesize DA.
In addition to increasing the number of TH positive neurons in the VTA, estradiol
also alters their physiology. Although basal DA firing in the VTA is highest during estrus
(relatively low estrogens) and lowest during proestrus (relatively high estrogens) (Zhang
et al., 2008), rats with high estradiol levels show increased sensitivity of VTA DA
neurons to both the excitatory effects of ethanol and the inhibitory effects of administered
DA acting locally on autoreceptors in the VTA (Vandegrift et al., 2017). These findings
suggest that estradiol can enhance both excitatory and inhibitory effects on DA
transmission. Ovariectomized rats, on the other hand, show no VTA fMRI response to
amphetamine, an effect that was rescued by administration of either selective ERα (16αlactone-estradiol) or ERβ (DPN) agonists (Sárvári et al., 2014). Overall, these findings
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point to a key role for estradiol in modulating the effects of drugs on the physiological
action of VTA DA neurons.
One target of VTA DA release is the NAc. Therefore, regulation of the VTA by
estradiol can impact DA release in this brain area. Consistent with this idea, circulating
estradiol in adulthood triggers DA release in the NAc (Alderson & Baum, 1981; Di Paolo
et al., 1985; Hernandez et al., 1994; Becker, 1999; Lammers et al., 1999; Landry et al.,
2002). In fact, DA release in the NAc fluctuates throughout the estrous cycle, with
stimulated DA release increasing during phases characterized by high levels of estrogens
(Thompson & Moss, 1997). Extracellular DA in the dorsolateral striatum is higher in
female rats in cycle stages with high estradiol than ovariectomized females and males
(Xiao & Becker, 1994). Increased DA in the NAc can increase reward sensitivity
(Volkow et al., 1996; Volkow et al., 1999; Drevets et al., 2001), so it may not be
surprising that estradiol alone in the NAc produces conditioned place preference (Walf et
al., 2006). There is evidence that the reward-enhancing effects of estrogens in the NAc
are exerted particularly through ERβ rather than ERα signaling. For instance, in female
mice, estradiol and the ERβ agonist DPN both enhanced cocaine-induced place
preference and induced cFOS expression in the NAc, whereas the ERα agonist PPT had
neither effect (Satta et al., 2018). Similarly, estradiol and DPN, but not PPT, increase
cocaine-induced DA release in the NAc (Yoest et al., 2019). Furthermore, RNA
interference-mediated knockdown of ERβ, but not ERα, impaired cocaine-induced place
preference in female mice (Satta et al., 2018). These studies point to a specific role for
ERβ in mediating the effects of estradiol on DA action in the NAc of female rodents.
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As noted, estradiol can affect DA release in the NAc via direct regulation of DA
neurons in the VTA. However, estradiol can also regulate DA transmission in the NAc
via the modulation of opioid function. Endogenous opioids and their receptors (μ, δ, and
κ) are present throughout the mesolimbic DA system (Dilts & Kalivas, 1989; Unterwald
et al., 1989; Dilts & Kalivas, 1990). Activation of μ and δ opioid receptors in this circuit
can increase DA release, whereas activation of κ opioid receptors reduces DA release
(Spanagel et al., 1990; Spanagel et al., 1992; Ebner et al., 2010; Chartoff et al., 2016).
There is not much research on the role of estradiol in regulating opioid receptors in the
VTA. However, a recent paper found that a supraphysiological dose of estradiol valerate,
known to produce a β-endorphin neuronal deficit, reduced δ opioid receptors in the VTA
(Molina-Martínez & Juárez, 2020). Yet, how physiological levels of estrogens or the
estrous cycle impact opioid receptor expression or function in the VTA is unknown.
More research has been conducted in the NAc. Ovariectomy decreases mRNA levels of
the endogenous opioid preproenkephalin in the core and shell of the NAc, an effect that
was prevented by treatment with estradiol, the ERα agonist PPT, and the ERβ agonist
DPN (Le Saux & Di Paolo, 2005). Estradiol treatment also increases μ opioid receptors in
the NAc (Di Chiara & Imperato, 1988; Le Saux & Di Paolo, 2005). In contrast, estradiol
blunts κ opioid receptor signaling in the NAc (Abraham et al., 2018). A combined
estradiol-induced increase in μ opioid receptor signaling and suppression of κ opioid
receptor signaling would increase DA transmission in the NAc, providing another
mechanism by which estrogens can potentiate DA function.
Motivated behavior is also regulated through DA reuptake, the process by which
DA is taken via DA transporters (DAT) into the presynaptic neuron for degradation and
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resynthesis. Blocking DATs pharmacologically causes DA to stay longer in the synapse
and is linked to increased motivation. For example, administration of the DAT inhibitor
GBR12909 heightened food reward seeking in a progressive ratio breakpoint task in mice
(Young & Geyer, 2010; Milienne-Petiot et al., 2017b), as well as increased motivation
for rewarding intracranial self-stimulation (Esumi et al., 2013). Similarly, genetic
knockdown of DAT in mice results in a heightened progressive ratio breakpoint for
seeking a food reward (Cagniard et al., 2006; Milienne-Petiot et al., 2017a). There is
evidence that estradiol can regulate DA reuptake, but the direction of the effects on
reuptake vary. One study found that 48 h of estradiol treatment in ovariectomized rats
decreased the rate of DA uptake and increased DA clearance time following an injection
of DA into the NAc, an effect that would allow for more DA action in the synapse for a
longer period (Thompson, 1999). In contrast, DA reuptake in the broadly dissected
striatum was shown to peak during proestrus in naturally cycling rats, when estradiol
levels are highest (Morissette & Di Paolo, 1993; Morissette & Paolo, 1993), which could
be a mechanism designed to compensate for excess DA release, as DA levels in the
striatum also peaked during proestrus (Morissette & Di Paolo, 1993). Similarly, other
studies have demonstrated that estradiol treatment of ovariectomized rats increases
binding density at DA uptake sites in the striatum, which would suggest a faster uptake of
DA from the synapse (Morissette et al., 1990), however, this appears to be true only for
nigrostriatal sites, such as the substantia nigra pars compacta, and not true for the NAc
(Morissette & Paolo, 1993). While the exact mechanism of estradiol effects on DA
reuptake in the NAc remains unclear, one possibility is that estrogens directly impact
DAT expression. Treatment of ovariectomized females with the selective ERα agonist,
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16α-lactone-estradiol, increased DAT mRNA in VTA neurons (Sárvári et al., 2014).
However, this effect is not observed following estradiol or DPN treatment. Collectively,
these studies suggest that changing levels of estradiol do impact the rate of DA uptake
and the density of DA binding sites in certain dopaminergic nuclei. Further research on
the effects of estradiol on DA reuptake in specific nuclei of the striatum and the
mechanisms that regulate uptake are warranted.
DA signals through two families of receptors: D1-like (which includes D1 and D5
receptors) and D2-like (which includes D2, D3, and D4 receptors). These receptors
generally have opposite effects at the cellular level, with D1-like activation stimulating
and D2-like activation inhibiting postsynaptic adenylyl cyclase activity (Sibley &
Monsma, 1992; Gingrich & Caron, 1993; Hopf et al., 2003). Additionally, D2-like
receptor activation has been linked to increased K + channel activity and decreased Ca2+
channel activity, effects that can contribute to postsynaptic inhibition, and these types of
receptors can also be located presynaptically as inhibitory autoreceptors (Sibley &
Monsma, 1992; Gingrich & Caron, 1993; Dominguez & Hull, 2005). Estradiol treatment
can increase striatal D1 receptor density in both male (Hruska & Nowak, 1988) and
ovariectomized female rats (Lévesque & Di Paolo, 1989). Similarly, estradiol treatment
increases striatal D2 receptor density in male (Hruska et al., 1980) and female rats (Di
Paolo et al., 1982), including specifically the NAc in females (Di Paolo et al., 1979). In
female rats, estradiol and ERβ agonist (DPN) treatment, but not ERα agonist (PPT)
treatment, also prevented an ovariectomy-induced decrease in D2 binding in the NAc
core (Le Saux et al., 2006). In many cases, a simultaneous increase in D1 and D2
receptors may not alter the net effect of DA on NAc function as these receptors generally
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oppose each other in their effects. However, the two receptors have been shown to work
together for certain outcomes, in a model known as D1/D2 receptor synergism
(Gershanik et al., 1983; Dziedzicka-Wasylewska, 2004). Concurrent activation of D1 and
D2 receptors is necessary for DA-mediated stereotyped behaviors (White et al., 1988)
and simultaneous D1 and D2 receptor activation in the NAc has rewarding effects in rats
(Ikemoto et al., 1997). This synergism between D1 and D2 receptors in the NAc suggests
that estradiol-induced increases in D1 and D2 receptor expression may be able to enhance
reward processing, despite their apparent opposite actions. On the other hand,
ovariectomized female rats show increased D2 receptor expression in the NAc (Gordon
& Fields, 1989). This may lead to an imbalance in D1 and D2 receptors which could
cause hyper- or hypo-activity of the mesolimbic reward system. Furthermore, estradiol
treatment of ovariectomized rats has been shown to increase both D1 and D2 receptor
density in striatum in response to irreversible peripheral DA receptor blockade (Lévesque
& Di Paolo, 1991). These studies point to an important role for estradiol not only in
potentiating DA signaling in the mesolimbic system, but also in regulation and
maintenance of the appropriate balance of D1 to D2 receptor levels.
A focus of the field has been on estrogenic regulation of DA in the NAc,
however, DA release into other brain regions is also regulated by estrogens. Specifically,
dopaminergic projections from the VTA also regulate the PFC to mediate cognitive
control (Floresco & Magyar, 2006; Cools, 2008) and estrogens can also increase
mesocortical DA release (Aubele & Kritzer, 2010). Female rats have a higher proportion
of PFC-projecting DA neurons in the VTA than males at baseline (Kritzer & Creutz,
2008). Estradiol administration increased spinophilin immunoreactivity (suggesting
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greater spine density) in PFC of nonhuman primates and rats (Lasley et al., 2004; Khan et
al., 2013) and increased dendritic spine density in the PFC of aged ovariectomized
females (Bailey et al., 2011; Velázquez-Zamora et al., 2012; Khan et al., 2013). When
synapses are specifically assessed, estradiol treatment increases their number in the PFC
of rats (Chisholm & Juraska, 2012) and restores multisynaptic bouton levels in the aged
female primate PFC (Hara et al., 2016). Collectively, this estradiol-induced plasticity
could make the PFC more responsive to DA afferents. Moreover, estradiol alters DA
function in the PFC. Specifically, estradiol-treated female rats show higher levels of DA
and its metabolites in the PFC compared to ovariectomized controls (Sárvári et al., 2014).
Additionally, estradiol-treated animals showed an upregulation of DA receptors in the
PFC and a more robust blood-oxygen- level dependent signal (BOLD) response to
amphetamine in the PFC (Sárvári et al., 2014). Correspondingly, ovariectomy
significantly lowers spine density in the PFC (Wallace et al., 2006) and increases the
density of DA β-hydroxylase axons in the dorsolateral PFC, suggesting higher rates of
DA conversion to norepinephrine (Kritzer & Kohama, 1999). Together, these findings
demonstrate an enhancing effect of estradiol on DA transmission in the PFC at a variety
of endpoints. The effects of estrogens on the mesocorticolimbic system are summarized
in Table 1. When considered together, there is evidence for estrogenic regulation of the
mesocorticolimbic system at every part of the circuit. Thus, environmental insults, such
as ELA, that can alter estrogen levels would be expected to alter motivated behavior.
Preclinical Data on Androgens and the Mesocorticolimbic DA System
The effects of androgens on the mesocorticolimbic system are summarized in
Table 2. As noted, testosterone can be converted to estradiol and estrogens can regulate
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the mesocorticolimbic system. However, testosterone is also poised to directly regulate
structures in the mesocorticolimbic system because there are androgen receptors (AR)
present in the VTA (Creutz & Kritzer, 2002; 2004). Testosterone has organizational
effects on dopaminergic neurons in the VTA. Specifically, male sheep have more THpositive cells in the VTA than females, and prenatal testosterone exposure increased THpositive cell numbers in females (Brown et al., 2015).
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Table 1. Effects of estrogens in the mesocorticolimbic dopamine system.
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As male rats age and testosterone levels drop (Coquelin & Desjardins, 1982), DA
metabolism in the VTA also decreases (Goudsmit et al., 1990). The AR antagonist
flutamide administered prenatally during late gestation decreased production of MAP2, a
protein found primarily in dendrites, in the VTA and PFC at both prepubertal and adult
timepoints, suggesting a reduction in dendritic arborization (Pallarés et al., 2014).
Animals treated with flutamide also exhibited a reduction in the number of TH-positive
cells in the VTA at a prepubertal time point, but reached normal cell numbers by
adulthood (Pallarés et al., 2014), suggesting testosterone is especially important in
mesocorticolimbic transmission during adolescence. Blocking conversion of testosterone
into dihydrotestosterone (DHT), a non-aromatizable androgen, by finasteride reduced TH
expression in the VTA in adolescent male rats (Li et al., 2018). Together, these findings
show that testosterone plays an important role in the modulation of DA transmission at
the level of the VTA.
Androgens can also regulate opioids in the mesocorticolimbic system. βendorphin binds to μ opioid receptors in the VTA to trigger DA release in the NAc
(Spanagel et al., 1991). VTA levels of β endorphins are increased after exposure to drugs
of abuse, including alcohol (Jarjour et al., 2009) and cannabis (Solinas et al., 2004).
Similarly, AAS can increase β-endorphin levels in the male rat VTA (Johansson et al.,
1997). This effect may explain some of the rewarding effects of AAS and points to
another route by which androgen signaling can enhance mesolimbic DA transmission.
More work is needed to assess how variations in physiological levels of testosterone
affect the opioid system to impact DA transmission.
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Testosterone has similar DA-enhancing effects in the NAc. For example,
intranasal testosterone was found to increase DA in the NAc of male rats (de Souza Silva
et al., 2009) and there is also evidence that intra-NAc testosterone infusion itself has
rewarding properties, explaining the addictive properties of AAS (Packard et al., 1997).
This rewarding effect can be blocked by administration of the DA receptor antagonist αflupenthixol (Packard et al., 1998), demonstrating that testosterone induces its rewarding
effects in the NAc by leading to activation of mesolimbic DA receptors. Similarly,
castration of male rats reduced DA levels in the NAc, while testosterone, estradiol, and
DHT all reversed this effect (Alderson & Baum, 1981), showing further support for the
idea that both androgens and estrogens can enhance NAc DA transmission. In addition to
these activational effects of testosterone in the NAc, there are organizational effects of
testosterone. Specifically, brain masculinization by neonatal administration of
testosterone in female rats decreased NAc DAT expression compared to both controls
and estradiol-treated females (Dib et al., 2018). A decrease in DAT expression in the
NAc would lead to a longer period of action for DA in the synapse, suggesting that
testosterone exposure early in development causes organizational alterations to the brain
that enhance the capacity of DA in the NAc to exert its synaptic effects. Together, these
studies point to a role for testosterone in potentiating dopaminergic transmission in the
mesolimbic reward system. A summary of the effects of both androgens and estrogens at
the mesolimbic DA synapse can be found in Figure 1.
Another key region in the mesocorticolimbic circuit, the PFC, is regulated by
testosterone. Gonadectomy of adult male rats decreased extracellular DA levels in the
mPFC compared to intact controls four days after surgery but increased extracellular DA
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in the long-term (Aubele & Kritzer, 2010). Both effects were rescued by testosterone
replacement (Aubele & Kritzer, 2010). Aged male rats show a reduction in TH fibers in
the PFC, an effect that is not mirrored in aged females (Chisholm et al., 2013). Because
testosterone can be converted into estrogens via aromatization, it is not always clear
whether these effects on mesolimbic DA functioning are due to testosterone signaling or
estrogen signaling. However, some studies have demonstrated that DHT can impact DA
transmission. For instance, one study showed that DHT treatment of castrated males
restored DA turnover in the NAc to normal levels (Yang & Shieh, 2007). In summary,
while both estrogens and testosterone enhance DA function in the mesocorticolimbic
system, there is evidence that some effects directly result from testosterone rather than
indirectly from its conversion to estrogens.
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Figure 1. Estrogens and androgens at the VTA-NAc synapse. This schematic shows how
estrogens and androgens regulate the mesolimbic DA system at the VTA-NAc synapse.
Estrogens enhance DA activity by increasing the number of VTA DA neurons (blue),
increasing DA release, decreasing the rate of DA reuptake, and increasing D1 and D2
receptor density at the postsynaptic neuron (green). Androgens can also enhance DA activity
by increasing TH expression, increasing DA release and decreasing the expression of DAT,
however, some of the effects of androgens may be mediated by aromatization to estrogens.
Different forms of ELS can increase or decrease estrogen and androgen levels in males and
females, altering gonadal hormone regulation of the mesolimbic DA system. DA, dopamine;
TH, tyrosine hydroxylase; DOPA, l-dihydroxyphenylalanine; DAT, dopamine transporter;
VTA, ventral tegmental area.
Preclinical Data on Gonadal Hormone Regulation of DA in the mPOA
In addition to acting directly on the mesocorticolimbic pathway, estrogens and androgens
can also modulate reward processing for reproductive behaviors by acting on brain areas
in the social behavior network that have outputs to the mesocorticolimbic system. The
mPOA is critical for male sexual behavior, as it integrates relevant sensory input and, in
turn, projects to motor regions critical for copulation and the mesocorticolimbic system to
mediate reward (Simerly & Swanson, 1986; 1988). Given its integratory role, the mPOA
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is important for both the consummatory aspects (i.e., execution) of male sexual behavior,
as well as some appetitive (i.e., motivational) aspects of male sexual behavior (Paredes et
al., 1993; Dominguez & Hull, 2005). Early lesion studies found that ablation of the
mPOA reduced or eliminated male sexual behavior in rats (Heimer & Larsson, 1967;
Hansen et al., 1982; Lupo et al., 1983; Paredes & Agmo, 1992; Paredes et al., 1993;
Paredes & Baum, 1995; Paredes et al., 1998), as well as decreased several measures of
sexual motivation, including preference for a receptive female over a non-receptive
female (Edwards & Einhorn, 1986) and precopulatory pursuit behavior (Paredes et al.,
1993). The role of the mPOA in male sexual behavior and motivation is modulated by
gonadal hormone action. The sexually dimorphic nucleus of the mPOA is larger in males
than in females, and this sex difference is organized by estradiol converted from the
perinatal testosterone surge (Döhler et al., 1984a; Döhler et al., 1984b; Bloch & Gorski,
1988). However, it is not this specific nucleus, but rather the larger mPOA that is
necessary for the full expression of male sexual behavior (Arendash & Gorski, 1983).
When considering hormone effects on the mPOA more broadly, activational effects of
gonadal hormones can regulate reproductive behavior. Implants of either testosterone
propionate (Davidson, 1966) or estradiol (Christensen & Clemens, 1975; Davis &
Barfield, 1979) into the mPOA of male rats castrated in adulthood restored sexual
behavior. Furthermore, blockade of aromatization of testosterone into estradiol in the
mPOA prevented testosterone from restoring sexual behavior in castrated male rats,
revealing that estradiol (converted from testosterone) drives this behavior (Christensen &
Clemens, 1975; Clancy et al., 1995; Vagell & McGinnis, 1997). Collectively, these
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studies demonstrate a critical effect of estradiol in controlling male reproductive
behaviors.
DA mediates both the appetitive and consummatory behaviors required for male
reproduction, in part via regulation of the mPOA (Dominguez & Hull, 2005). DA levels
in the mPOA increase in response to a sexual stimulus (e.g., female rat in estrus) and
during copulation (Hull et al., 1993; Hull et al., 1995). An increase in DA in the mPOA
facilitates motivation, genital reflexes, and motor patterns required for copulation (Hull et
al., 1992; Markowski et al., 1994; Hull et al., 1995; Dominguez & Hull, 2005). Gonadal
hormones regulate DA in the mPOA, because gonadectomy reduces DA release in this
region (Du et al., 1998). Testosterone treatment restores DA in the mPOA and normal
copulatory behavior (Putnam et al., 2001). Further studies determined the role of specific
testosterone metabolites on mPOA DA release: estradiol maintains basal levels of DA in
the mPOA, while DHT is required for DA release caused by a sexual stimulus (Putnam et
al., 2003). One way by which testosterone can facilitate mPOA DA release is via the
upregulation of nitric oxide synthesis (Putnam et al., 2005). However, there is much we
do not know about how gonadal hormones regulate DA in the mPOA, because few
studies have investigated how gonadal hormones regulate the incertohypothalamic DA
system. The incertohypothalamic DA system consists of DA-producing cells in the
periventricular hypothalamus (A14 group) and the rostral zona incerta (A13), which
release DA into the mPOA (Lookingland & Moore, 1984; Moore, 1995). Gonadectomy
in male and female rats reduces TH immunoreactivity in the incertohypothalamic DA
system, an effect reversed by hormone replacement (Sanghera et al., 1991). The
similarities between the effect of gonadal hormones on TH in incertohypothalamic
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system and mesocorticolimbic system suggest that these hormones affect dopaminergic
systems similarly throughout the brain. However, TH is just one aspect of DA function
and much more research is needed on the effects of estradiol and testosterone on the
hypothalamic DA system.
The source of DA for the mPOA is hypothalamic, but the mPOA projects to the
mesocorticolimbic dopaminergic system to further regulate motivated behavior (Hull &
Dominguez, 2007). Specifically, there is an important afferent from the mPOA to the
VTA (Simerly & Swanson, 1988; Tobiansky et al., 2016), and there is emerging evidence
that this projection can be regulated by gonadal hormones. There is an organizational
impact of gonadal hormone signaling on this projection, as neonatal overexpression of
ERα in mPOA increases the number of TH-positive neurons in the VTA (Peña &
Champagne, 2015). In adulthood, projections from the mPOA to the VTA continue to
modulate DA signaling, with estrogen-sensitive neurons in the mPOA synapsing onto
both GABAergic and dopaminergic neurons in the VTA. Indeed, microinjections of
estradiol in the mPOA of adult rats enhances DA release in the NAc in response to
cocaine administration (Tobiansky et al., 2016), demonstrating that hormonal signaling
can also impact this circuit indirectly via the mPOA.
Collectively these studies reveal gonadal hormone regulation of DA in the mPOA.
A focus of this work is on male reproductive behavior. However, given the role of the
mPOA in regulating appetitive aspects of natural reward and its ability to modulate the
mesocorticolimbic dopaminergic system, it is possible that gonadal hormone regulation
of the mPOA also contributes to aspects of SUD, or other disorders where reward
circuitry is dysregulated.
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ELA and Motivated Behavior
Typical methods for modeling ELA in rodents
Much of the research exploring the neurobiological mechanisms by which ELA
affects reward circuitry comes from rodent studies using rats and mice. In these species,
several animal models of ELA, including both prenatal and postnatal stressors, have been
developed (Liu et al., 1997; Liu et al., 2000a; Pryce & Feldon, 2003; Ivy et al., 2008;
Rice et al., 2008; Surakul et al., 2011). Some studies employ prenatal stressors aimed at
stressing pregnant dams before parturition. The most common approach is restraint stress
from days 14 through 21 of pregnancy (Ward & Weisz, 1984), but other gestational
timepoints and stressors (e.g., chronic variable stress, swim stress, corticosterone
administration) are also used (Mueller & Bale, 2008; Brummelte & Galea, 2010; Leuner
et al., 2014). A common postnatal stressor is the maternal separation model. In this
manipulation, pre-weaning rat or mouse pups are separated from the dam and removed
from the home cage for a period of time ranging from 15 min to 24 h per day (Schmidt et
al., 2011). Variations of this model that utilize a shorter period of separation result in
increased levels of maternal care behaviors, which is associated with higher stress
resiliency and lower anxiety in offspring, whereas variations that utilize a longer period
of separation induce impaired maternal care behaviors and are used as models of ELA
(Nishi et al., 2013). Another common ELA model is the limited bedding and nesting
manipulation, which is typically implemented from postnatal days 2 through 9. Dams in
the limited resource environment lack accessing bedding and proper nesting materials,
which results in fragmented maternal care that stresses the offspring (Ivy et al., 2008;
Rice et al., 2008). Given the variability in ELA manipulations and implementation, it is
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not surprising that differing ELA protocols can result in different outcomes for the
offspring. However, there are many similarities in the way ELA manipulations affect
motivated behavior and gonadal hormones.
A Role for Estradiol in Mediating the Effects of ELA on Motivated Behavior
Relatively few studies have focused on the interactions between ELA and gonadal
hormones in the mPOA, but many have investigated the mesocorticolimbic system that
the mPOA innervates. Studies on the effects of ELA on mesocorticolimbic signaling
reveal a fairly consistent pattern of downregulation of dopaminergic activity in females.
For instance, in the NAc specifically, prenatal restraint stress decreases DA levels in
adult female rats (Reynaert et al., 2016) and maternal separation decreased D1 receptor
expression in adult female mice(Sasagawa et al., 2017). Further, maternal separation
stress also decreased acute stress-induced DA release in the NAc of juvenile (postweaning but pre-puberty; postnatal day 26–30) male and female rats (McCormick et al.,
2002), suggesting DA suppression following ELA. There are several theories as to why
this occurs. One theory is that ELA disturbs the development of the HPA axis, leading to
changes in circulating glucocorticoid levels which can impact sex-specific organization
of DA circuitry in the early postnatal period (de Kloet et al., 2005; Gillies & McArthur,
2010; Chocyk et al., 2015; Majcher-Maślanka et al., 2017). ELA has also been proposed
to interfere with the normal maturation of DA circuitry by altering the processes of
overproduction and subsequent pruning of dopaminergic synapses (Majcher-Maślanka et
al., 2017; Manzano Nieves et al., 2019). Still another theory suggests that ELA may enact
its changes in brain function by affecting the timing normal maturational processes in
females, with evidence for delayed sexual development (Manzano Nieves et al., 2019), as
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well as altered maturation of parvalbumin systems in the orbitofrontal cortex (Goodwill
et al., 2018). However, one idea that has received less attention is that ELA induces
changes in estradiol, which in turn alters DA signaling in the NAc. A summary of the
effects of ELA on estradiol levels in males and females can be found in Figure 2 and
Figure 3. Estradiol enhances DA signaling in the NAc by multiple mechanisms, including
increased DA release via ERβ activation, increased density of D1 and D2 receptors, and
increased number of tyrosine hydroxylase (TH)-positive neurons in the VTA that project
to the NAc (Di Paolo et al., 1979; Lévesque & Di Paolo, 1989; Le Saux et al., 2006;
Johnson et al., 2010; Satta et al., 2018). Interestingly, both prenatal restraint stress
(Ordyan et al., 2013; Reynaert et al., 2016) and prenatal exposure to lipopolysaccharideinduced immunological stress(Izvolskaia et al., 2016) lower adult estradiol levels in
females relative to their unstressed counterparts. Although more studies are needed, this
result suggests that reduced DA signaling in reward circuity in prenatally stressed
females may result from changes in estrogens.
In unstressed females, estradiol potentiates reward, which could contribute to
aspects of SUD (Justice & de Wit, 1999; Justice & De Wit, 2000). However, abnormally
low levels of DA signaling are also linked to addiction risk (Melis et al., 2005), and as
noted earlier, low estradiol is associated with MDD and schizophrenia (Seeman, 1996;
Young et al., 2000). One shared aspect of these disorders, which may be driven by low
estradiol is anhedonia. Lower baseline levels of mesolimbic DA can lead to anhedonia in
response to natural rewards like food (Melis et al., 2005). This anhedonia can increase
risk for substance abuse because drugs of abuse become the only stimulus potent enough
to induce a rewarding effect (Hatzigiakoumis et al., 2011; Garfield et al., 2013).
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Anhedonia is also reported in patients with MDD and schizophrenia (Gard et al., 2007;
Pelizza & Ferrari, 2009). There is evidence from rodent studies that prenatal stress
increases anhedonia in adult females, an effect that was reversed by estradiol treatment
(Reynaert et al., 2016). Taken together these studies suggest that anhedonia resulting
from prenatal stress in females is mediated by low estradiol. This anhedonic state can
contribute to disorders characterized by maladaptive motivated behaviors.
In contrast to the effect of prenatal stress, postnatal stress seems to impact
estradiol differently and can do so in a sex-specific manner. Exposure to the limited
bedding and nesting manipulation from postnatal day 2–9 significantly increases plasma
estradiol in adult male rats, but not in females (Eck et al., 2019). Consistent with the data
revealing that high estradiol increases DA function in the NAc, studies have
demonstrated enhanced mesolimbic DA signaling following ELA in males. For instance,
in the NAc, parental separation in the biparental mandarin vole has been linked to an
increase in DA levels and D1 receptor expression in adult males and females, as well as
an increase in D2 receptor expression in males only (Yu et al., 2013). In the biparental
Octodon degus, parental separation actually increases DAT density in the NAc in both
male and female adults (Kunzler et al., 2015). This increased DAT would result in faster
DA clearance from the synapse, but perhaps this helps compensate for a stress-induced
increase in DA release. Notably, estradiol and ELA causes the same changes in DA
release, receptors, and uptake, suggesting that effects of postnatal ELA on NAc DA
function in males may be mediated by high estradiol. This elevated estradiol and
subsequent enhancement of DA transmission in the mesolimbic system of stressed males
could increase the risk of developing later substance abuse issues, as elevated DA
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transmission in the NAc has been linked to increased reward sensitivity to drugs of abuse,
including amphetamine (Bradberry et al., 1991; Piazza et al., 1991) and cocaine (Hooks
et al., 1991; Stacy Hooks et al., 1992).
Rodent models of ELA typically alter maternal care, such as increasing time apart
from pups in the maternal separation model or causing fragmented maternal care in the
limited bedding and nesting model (Walker et al., 2017). However, there is variability in
maternal care, even in unstressed dams. There is a large literature on how individual
differences in maternal care affect estradiol signaling in hypothalamic brain regions that
regulate reward circuitry. The paraventricular nucleus (PVN) of the hypothalamus and
mPOA also interact with the mesolimbic pathway to increase DA release in the NAc
(Melis et al., 2007; Succu et al., 2007; Numan & Stolzenberg, 2009). Adult female
offspring of rat dams that engage in low levels of licking and grooming (LG) behaviors
exhibit increased ERα expression in the PVN (Cameron et al., 2008). In contrast, ERα
expression in the mPOA is increased in high LG adult female offspring compared to low
LG adult offspring (Champagne et al., 2003). It is unclear exactly how the altered
maternal care in postnatal stress models would regulate ERs in these regions, but based
on these data, their regulation is likely. Future studies investigating estrogenic mediation
of ELA effects on motivated behavior will also need to consider changes in ERs in
afferents to mesocorticolimbic regions, particularly the mPOA.
A Role for Androgens in Mediating the Effects of ELA on Motivated Behavior
As noted, testosterone has organizational and activational effects that masculinize
the brain. ELA-induced changes in either of these surges could alter motivated behaviors.
Recall that testosterone increases DA release in the NAc and PFC, likely through its
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ability to increase TH, and thus DA synthesis, in the VTA (Pallarés et al., 2014; Brown et
al., 2015; Li et al., 2018). Moreover, DA release in the NAc can further be potentiated by
androgen-induced increases in β-endorphin (Johansson et al., 1997). Therefore, increases
in testosterone facilitate DA function in the mesocorticolimbic circuit.
There is some evidence that ELA causes lasting changes in testosterone that
persist into adulthood, although the degree and consistency of these changes seems to
depend on time of exposure and type of stressor used. A summary of the effects of
different types of ELA on androgen levels in males and females can be found in Figure 2
and Figure 3. Prenatal stress reliably lowers adult plasma testosterone in male rats
(Anderson et al., 1986; Reynaert et al., 2016; García-Vargas et al., 2019), although this
effect was not observed in one mouse study, perhaps indicating a species difference
(Crump & Chevins, 1989). Lower testosterone would be expected to reduce DA function
in reward circuits, an effect that could contribute to symptoms of amotivation that can
occur in MDD and schizophrenia. Interestingly, one study by Reynaert and colleagues
tested the effect of prenatal restraint stress on levels of both testosterone and DHT in
adult male rats. The authors found the expected decrease in testosterone, but also an
increase in DHT (Reynaert et al., 2016). Because testosterone is synthesized into DHT
via the enzyme 5α-reductase, this result is consistent with increased 5α-reductase activity
observed in 10-day old rats following prenatal stress (Reznikov & Tarasenko, 2007).
Reynaert and colleagues (Reynaert et al., 2016) also found that prenatal restraint stress
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Figure 2. The effects of prenatal stress on plasma levels of androgens and estrogens in male
and female rodents.
increased preference for natural rewards in adult male rats, an effect that was mimicked
by DHT in unstressed males and abolished by castration in stressed males. Taken
together, these studies suggest that typically prenatal stress reduces testosterone, but that
change in testosterone can be accompanied by an increase in DHT. Dissociating the
effects of these changes in testosterone and DHT on reward circuitry will be critical to
understand how gonadal hormones mediate effects of ELA on motivated behavior.
Stress manipulations that occur postnatally do not always result in changes in
testosterone, but when testosterone is altered, it is also decreased. One study found that
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Figure 3. The effects of early postnatal stress on plasma levels of androgens and estrogens in
male and female rodents.
maternal separation in male mice led to a reduction in testosterone levels in adulthood
(Tsuda et al., 2011). Yet, another study that used maternal separation in rats demonstrated
a more nuanced effect on testosterone: there were no differences in plasma testosterone
levels in adult male rats, but swim stress caused a smaller increase in testosterone levels
in adult male rats exposed to maternal separation compared to the control housing
condition (Veenema et al., 2006). In contrast, the limited bedding and nesting model did
not alter adult plasma testosterone levels in males (Eck et al., 2019), indicating different
postnatal stressors have different effects on adult testosterone. Collectively, these studies
indicate that prenatal stress is a more potent regulator of adult testosterone levels than
postnatal stress, and thus prenatal stress is more likely to influence motivated behavior
via changes in testosterone levels.
Not only can ELA change adult testosterone levels, but there is evidence that ELA
alters the early androgen exposure that masculinizes the brain. There are sex differences
in dopaminergic mesocorticolimbic circuits that are observed throughout development
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and these differences may be critical for driving aspects of sex-specific reproductive
behavior (Gillies et al., 2014). Although some of these early sex differences are driven by
sex chromosome complement (Sibug et al., 1996; Seney et al., 2013; Arnold, 2014),
testosterone treatment also contributes to sexual differentiation of this system. In fact,
prenatal testosterone exposure increases TH-positive neurons in the VTA (Brown et al.,
2015) and catecholamine activity in the frontal cortex of rats (Stewart & Rajabi, 1994).
Similarly, a sex difference in impulsivity, which is mediated by the mesocortical system,
is organized by perinatal testosterone exposure (Bayless et al., 2013). Many studies have
linked prenatal stress to altered androgen exposure and subsequent demasculinization in
males, and in some cases, masculinization in females (Ward, 1972; Dahlöf et al., 1978;
Sachser et al., 2011). One proxy for androgen exposure is anogenital distance (AGD),
such that a reduction in AGD is associated with lower prenatal androgen exposure in both
sexes (Clemens et al., 1978; Hotchkiss et al., 2007; van den Driesche et al., 2011).
Prenatal stress in rodents and humans is typically associated with shorter AGDs in males
and longer AGDs in females (Vom Saal et al., 1990; Morgan & Bale, 2011; Barrett et al.,
2013; Desaulniers et al., 2016). Interestingly, postnatal stress decreased AGD in both
male and female juvenile rats, suggesting that stress during the postnatal critical period
when androgens can still affect the brain may also alter masculinization (Eck et al.,
2019). Changes in early androgen exposure have been linked to reduced reproductive
behaviors, including decreased preferences for sexual odors, which can be influenced by
reward circuitry (Ward, 1972; Vom Saal & Bronson, 1978; Rhees et al., 1997; Zehr et al.,
2001; Hotchkiss et al., 2002; Freeman et al., 2019). However, how stress-induced
changes in prenatal androgen exposure regulate behaviors more directly related to those
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observed in pathological conditions (e.g., self-administration, anhedonia) is unclear, and
much more research is needed.
Conclusions and Implications
It is well established that ELA contributes to disorders characterized by changes
in motivation. There are multiple mechanisms by which this can occur. However, given
the link between gonadal hormones and reward circuitry, as well as the evidence that
ELA can alter gonadal hormone levels, we propose that ELA-induced changes in gonadal
hormones are one important way by which stress can increase risk for certain psychiatric
disorders.
More research is needed to fully characterize hormonal changes induced by ELA
in rodents and humans, particularly in patient populations. Such research is worthy of
investment because manipulating gonadal hormones is relatively easy to accomplish.
However, it is important to note that enthusiasm for hormone replacement therapies
dwindled after initial findings from the Women’s Health Initiative reported increased risk
of invasive breast cancer and coronary heart disease after the treatment of
postmenopausal women with estrogen plus progestin(Writing Group for the Women's
Health Initiative, 2002). These surprisingly negative outcomes have been attributed to the
timing of replacement, and contrast the beneficial effects observed if replacement is
started within 10 years of menopause (Rocca et al., 2010; Kling & Manson, 2017). The
Women’s Health Initiative did not focus on psychiatric disorders, but limited evidence
suggests a beneficial effect of estrogen therapy. As noted, estradiol replacement reduces
the incidence of depression in vulnerable women as they go through menopause (Schmidt
et al., 2015), and perhaps this occurs via estrogenic regulation of reward circuitry.
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Moreover, estrogen administration as an adjunctive therapy to antipsychotic medication
is more effective at reducing positive schizophrenia symptoms than antipsychotic
medication alone (Akhondzadeh et al., 2003). Much more research is needed. However, it
is possible that in the future, such hormone treatments can be extended to other patient
populations who have experienced ELA-induced endocrine changes to better alleviate
symptoms and improve patient outcomes.
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CHAPTER 2: THE EFFECTS OF EARLY LIFE ADVERSITY ON GROWTH,
MATURATION, AND STEROID HORMONES IN MALE AND FEMALE RATS
The experience of early life adversity can increase risk for developing a range of
psychiatric disorders, including anxiety, depression, schizophrenia, and substance
abuse(Scheller-Gilkey et al., 2002; Scheller-Gilkey et al., 2004; Anda et al., 2006;
Danese et al., 2009; Heim et al., 2010; Enoch, 2011; Heim & Binder, 2012). The
mechanisms by which stressor exposure early in life increases disease risk are still being
elucidated, and much research focuses on how stress directly impacts the developing
brain. Studies on stress effects on brain development report alterations to dendritic
morphology(Brunson et al., 2005; Ivy et al., 2010; Wang et al., 2011a; Yang et al., 2014;
Farrell et al., 2016) and neurogenesis and neural proliferation in rodent brains (Van den
Hove et al., 2006; Naninck et al., 2015; Bath et al., 2016), as well as brain hippocampal–
cortical connectivity (Silvers et al., 2016) and resting‐state cortical activity in humans
(Demir-Lira et al., 2016). However, early life adversity also can affect endocrine systems,
changing gonadal hormones and hypothalamic pituitary adrenal (HPA) axis responses to
stress (Moffitt et al., 1992; Bhatnagar & Meaney, 1995; Mishra et al., 2009; Morgan &
Bale, 2011; Murgatroyd & Spengler, 2011; Boynton-Jarrett et al., 2013; Dismukes et al.,
2015; Ruttle et al., 2015). Alterations in gonadal hormones and the HPA axis have been
linked to increased risk for depression, anxiety disorders, schizophrenia, and substance
abuse (Payne, 2003; Altemus, 2006; Evans et al., 2012; Fernández-Guasti et al., 2012;
Lenz et al., 2012; Quinones-Jenab & Jenab, 2012; Sugranyes et al., 2012; Sinha &
Jastreboff, 2013; Misiak et al., 2018; Soria et al., 2018; Du & Hill, 2019; Gogos et al.,
2019). Gonadal hormones can also affect brain function (Conrad & Bimonte-Nelson,
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2010; Wingenfeld & Wolf, 2015; Kinner et al., 2016). It is therefore critical to investigate
how early life adversity leads to lasting alterations in endocrine systems in order to
understand the etiology of and develop better interventions for psychiatric diseases.
In humans, early life adversity can take a wide variety of forms, but one very
prevalent form of stress is growing up in a low socioeconomic status (SES) household,
which affects millions of people worldwide (Bank, 2015). Low SES can be associated
with limited access to resources (Bradley & Corwyn, 2002). To study how this type of
adversity impacts development, the Baram laboratory developed a rodent model, the
limited bedding and nesting model (LBN), which mimics a low resource environment
(Ivy et al., 2008; Rice et al., 2008; Walker et al., 2017). In LBN, mouse or rat dams and
neonatal pups are housed in an environment where access to nesting materials is
restricted (Gilles et al., 1996; Brunson et al., 2005; Ivy et al., 2008). This model induces
stress in the pups by altering maternal care (Rice et al., 2008; Baram et al., 2012; Molet et
al., 2016). LBN has been shown to affect both the quality of maternal care (e.g., licking,
grooming, nursing), as well as the pattern of care, such that it is often more fragmented
(Ivy et al., 2008; Baram et al., 2012; Goodwill et al., 2018).
The LBN manipulation is typically used to study lasting effects on cognition,
anxiety‐related behavior, and the brain–gut axis (Brunson et al., 2005; Ivy et al., 2008;
Moriceau et al., 2009; Wang et al., 2011b; Dalle Molle et al., 2012; Wang et al., 2012;
Machado et al., 2013; Malter Cohen et al., 2013; Yang et al., 2014; Moloney et al., 2015;
Naninck et al., 2015; Prusator & Greenwood-Van Meerveld, 2015; Moussaoui et al.,
2016). Fewer studies have examined how this model affects gonadal hormones, although
recent reports found that LBN in mice and LBN plus a Western diet in rats leads to
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earlier vaginal opening in females, a sign of precocious puberty (Manzano Nieves et al.,
2019; Strzelewicz et al., 2019). More research has been done on how LBN affects HPA
axis measures in pups immediately following cessation of the model. Typically, baseline
levels of the glucocorticoid, corticosterone, are increased in pups immediately following
LBN exposure (Gilles et al., 1996; Avishai-Eliner et al., 2001; Brunson et al., 2005), but
this is not always reported (Moussaoui et al., 2016). One study measured basal
corticosterone levels in weaning‐aged rats (PND21) and found elevated levels in LBN
animals compared to controls, with a greater elevation in females than in males
(Moussaoui et al., 2016), but these baseline corticosterone differences seem to disappear
in aged (12‐month‐old) rats (Gilles et al., 1996). Another measure of HPA axis reactivity
is a change in corticosterone release in response to a heterotypic stressor, and pups tested
immediately after LBN exposure have decreased corticosterone responses to cold stress
and immobilization stress (Gilles et al., 1996; McLaughlin et al., 2016). However, it is
unknown whether changes in HPA axis reactivity persist into adulthood.
Collectively, these studies have focused on characterizing early developmental
effects of LBN on the endocrine system. However, relatively few laboratories have
investigated the lasting endocrine effects of this model in adult animals. Additionally,
despite known sex differences in stress reactivity (Kudielka & Kirschbaum, 2005; Goel et
al., 2014; Panagiotakopoulos & Neigh, 2014; Bangasser et al., 2019), few studies have
directly compared the effects of LBN in male versus female offspring. The current
experiments begin to address these gaps in the literature by investigating the effects of
LBN on certain indices of reproductive development, as well as adult HPA axis reactivity
and gonadal hormones in both male and female rats. We hypothesize that LBN dams will
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exhibit abnormal maternal care behaviors and pups will show deficits in developmental
measures and elevated corticosterone responses to stress.
Methods
Animals
Adult male and female Long‐Evans rat breeders were obtained from Charles
River. All breeders were used only once. Rats were maintained in standard laboratory
housing conditions (ample cob bedding, ad libitum access to rat chow and water, plastic
hut for enrichment) except for rats undergoing the LBN manipulation as described in the
following section. All experimentation took place under red light during the rats’ dark
cycle unless otherwise noted. Pregnant rat dams were housed individually in the week
leading up to parturition. All animals were kept on a 12‐hr/12‐hr light/dark cycle (lights
off at 11 a.m.) during breeding and up until weaning on PND21. Post‐weaning, pups from
both the LBN‐ and control‐exposed conditions were moved to a separate colony room,
which was kept on a 12‐hr/12‐hr light/dark cycle (lights off at 8:30 a.m.). It should be
noted that this 2.5‐hr shift in light cycle could be an additional peri‐weaning stressor.
However, relative to the stress of the abrupt weaning and rehousing that occurs at this
timepoint (Cook, 1999), the impact of the light cycle shift would be expected to be
relatively minimal. The day of parturition was designated postnatal day (PND) 0. For
organ weights, gonadal hormones, corticosterone assay, and estrous cycle duration
experiments, a maximum of three rats per sex per litter were used. For anogenital
distance (AGD), body weight, vaginal openings, and eye‐opening measures, data were
collected from all pups in a given litter, with the number of litters used for each measure
as follows: AGD, 16 litters; PND10 body weight, 16 litters; PND18 body weight, 21
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litters; post‐weaning body weights, 8 litters; vaginal openings, 7 litters; eye openings, 7
litters. A total of 42 rat dams and 391 pups were used in all studies combined. All studies
were conducted in accordance with the National Institutes of Health guidelines and were
approved by Temple University's Institutional Animal Care and Use Committee.
LBN Manipulation
Pregnant dams were randomly assigned to either control or LBN conditions. On
PND2, all litters were culled to 10 pups with an even representation of the sexes when
possible. Control animals then remained in standard laboratory housing conditions and
were given access to cotton nesting material. From PND2 through PND9, LBN animals
were removed from the standard housing conditions and kept in the experimental housing
conditions. LBN housing consisted of a custom stainless‐steel metal platform (39.37 cm
× 18 cm) that separated the rat dam and pups from accessing bedding and a single paper
towel to use as nesting material. Platforms included 0.95‐cm‐diameter round holes
staggered by 0.635 cm to allow for urine and feces to pass through and had four bolts
attached to elevate the platform 1.27 cm from the cage floor. Litters were left undisturbed
until PND9, when LBN animals were moved back to standard laboratory housing. Pups
from both control and LBN conditions were weaned on PND21 and pair housed with
same‐sex siblings.
Maternal Care Observations
We observed the quality of maternal care by evaluating behavior twice per day
from PND3 to PND11: once during the last two hours of the light cycle from 9:00 a.m. to
11:00 a.m., and once during the dark cycle from 1:00 p.m. to 4:00 p.m. (i.e., between 2
and 5 hr after lights off). For each observation, a trained experimenter observed the litters
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in the colony room for 1 hr. Every 5 min during that hour, a “snapshot” of maternal care
behaviors was taken, with the behaviors being exhibited at that moment being recorded.
Thus, each hour of observations consisted of 13 individual time points, which were then
summed to generate a single data point for each observed behavior. Behaviors recorded
via this method of observation were categorized as either pup‐directed behaviors or self‐
care behaviors. Pup‐directed behaviors included arched‐back nursing, blanket/passive
nursing, and licking/grooming pups. Self‐care behaviors included self‐grooming,
eating/drinking, and resting outside of the nest. Each of these behaviors was analyzed
individually for each day. Additionally, the sum of all pup‐directed behaviors and the
sum of all self‐care behaviors were analyzed to determine the overall effect of LBN on
these behavioral categories.
Developmental Measures
Pup body weights were recorded on PND10, 18, 22, 28–30, 36–38, 50–52, 58,
and 65. Pups' individual identities were not tracked until post‐weaning. Therefore, body
weight data from pre‐weaning aged animals were analyzed as between subjects, while
data from post‐weaning aged animals were analyzed as within subjects.
Pups’ eyes were checked daily from PND14 to PND16. Eye openings were
checked during the dark cycle between 1 p.m. and 4 p.m. each day. PND15 was used for
analysis because that was the day that enough animals had their eyes open to do a
meaningful comparison.
Reproductive and Gonadal Hormones Measures
In males and females, AGD, defined as the distance in millimeters between the anus
and the genitals, was measured between PND28‐30. In females, the day of vaginal
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opening was recorded as an indication of the onset of puberty. Adult females were
lavaged daily in order to evaluate estrous cycle phase as previously described (Bangasser
& Shors, 2008). The average duration of estrous cycle (from estrus to estrus) was
measured in LBN and control females in adulthood (after PND60). The duration of at
least three full estrous cycles was recorded and averaged for each animal.
Plasma was extracted from trunk blood of adult male and female rats following
decapitation. Plasma 17b‐estradiol was measured using an MPBiomedicals 17b‐estradiol
double antibody kit (0713810‐CF) with an I‐125 tracer. This kit detects plasma 17b‐
estradiol in the 0–3,000 pg/ml range. This 17B‐estradiol antibody cross‐reacts 100% with
estradiol‐17b, 20% with estrone, 1.51% with estriol, and 0.68% with 17a‐estradiol. The
intra‐assay variation is 4.7, and the inter‐assay variation is 9.1 (% C.V.). Plasma
testosterone levels were measured using MPBiomedicals testosterone double antibody kit
(0718910‐CF) with an I‐125 tracer. This kit detects plasma testosterone in the 0–10 ng/ml
range. This testosterone antibody cross‐reacts 100% with testosterone, 3.4% with 5a‐
dihydrotestosterone, 2.2% 5a‐androstane‐3b, 17b‐diol, 0.95% 11‐oxotestosterone, 0.71%
5b‐androstane‐3b, 17b‐diol, 0.63% 5b‐dihydrotestosterone, 0.56% androstenedione, and
0.2% epiandrosterone. The intra‐assay variation is 9.1–11.1, and the inter‐assay variation
is 10–12 (%C.V.). Testosterone levels were not detectable in our female rats; therefore,
only plasma from male rats was analyzed for testosterone.
Organ Weights and Corticosterone ELISA
Adult LBN and control animals were killed by live decapitation for organ measures.
Thymus, spleen, and adrenals were dissected and organ weight as a percentage of body
weight was recorded.

44

Corticosterone response curves to acute restraint stress were generated. Adult rats
were placed in restraint tubes for 1 hr. Blood samples were collected at baseline before
restraint (Time 0), immediately after cessation of restraint (Time 60), and 30 min after
cessation of restraint (Time 90). Blood was collected from the saphenous vein for Time 0
and Time 60 in an awake animal. At Time 90, blood was collected from the saphenous
vein for a subset of animals and from trunk blood following decapitation from another
subset of animals. All blood samples for corticosterone analysis were collected between 8
and 11 hr into the animals’ dark cycle. Plasma corticosterone was measured using an
Enzo corticosterone ELISA kit (ADI‐900‐97). The kit detects plasma corticosterone in
the 32–20,000 pg/ml range. The corticosterone cross‐reacts 100% corticosterone, 28.6%
deoxycorticosterone, 1.7% progesterone, 0.13% testosterone, 0.28%
tetrahydrocorticosterone, 0.18% aldosterone, and 0.046% cortisol. The intra‐assay
variation is 6.6–8.0, and the inter‐assay variation is 7.8–13.1 (%C.V.).
Statistical Analysis
Maternal care behaviors, estrous cycle length, vaginal opening day, and plasma
testosterone levels were analyzed with independent samples t‐tests. Pre‐weaning body
weights, AGDs, estradiol levels, and organ weights were analyzed with 2 × 2 ANOVAs
with sex and housing condition as factors with two levels. Post‐weaning body weights
and corticosterone levels were analyzed with mixed factors ANOVAs with sex and
housing condition as between‐subjects factors and time as a within‐subjects factor.
Significant interactions and simple main effects were followed up with LSD post hocs. A
chi‐squared analysis was used to determine the proportion of rats with their eyes open
from the LBN and control housing conditions on PND15. The time to vaginal opening
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was also assessed, using the Log‐rank (Mantel‐Cox) test, and plotted as a survival curve.
Values that exceeded 2 SDs above or below their respective group mean for the
dependent variables assessed were considered outliers and dropped. Results were
considered statistically significant at p < .05.
Results
LBN Increases Pup‐Directed Behaviors and Decreases Self‐Care Behaviors in Rat Dams
To investigate the effects of the LBN manipulation on the quality of maternal care
provided by rat dams, pup‐directed behaviors (arched‐back nursing, blanket/passive
nursing, and licking/grooming pups) and self‐care behaviors (eating/drinking, resting
outside of the nest, and self‐grooming) were quantified. We looked for any aggressive
behaviors towards pups, but they were not observed except in one case where a control
mom cannibalized her pups, and she was dropped from the study. LBN dams exhibited
significantly more pup‐directed behaviors [t(26) = −3.00, p = .006, d = 1.12] and less
self‐care behaviors [t(26) = 2.45, p = .021, d = 0.95] overall than control dams during the
dark cycle on PND5. LBN dams also exhibited significantly more pup‐directed behaviors
overall than control dams [t(22) = −2.30, p = .032, d = 0.93] during the dark cycle on
PND7. LBN dams exhibited more overall pup‐directed behaviors [t(26) = −2.76, p =
.010, d = 1.02] than control dams on PND9 during the light cycle. Levene's test for
equality of variances was significant for overall self‐care behaviors during the light cycle
on PND9 [F(1, 14) = 13.76, p = .002], and Welch's t‐test revealed that LBN dams
engaged in less self‐care behaviors than control dams at this time point [t(12.69) = 2.813,
p = .015, d = 1.16]. There was no effect of LBN on overall pup‐directed behaviors or
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overall self‐care behaviors at any other time point during the dark cycle nor during the
light cycle. All dark cycle maternal care behavior data can be found in Figure 4 A-J.
Individual pup‐directed and self‐care behaviors were also analyzed. Levene's test for
equality of variances was significant for arched‐back nursing [F(1, 26) = 16.65, p < .001]
and resting outside of the nest [F(1, 26) = 4.86, p = .036] during the dark cycle on PND5,
and resting outside of the nest during the light cycle on PND7 [F(1, 14) = 10.99, p =
.005] and PND9 [F(1, 14) = 8.73, p = .010], so Welch's t‐test values are reported for those
measures. LBN dams showed a trend toward increased arched‐back nursing during the
light on PND3 [t(22) = −1.86, p = .076, d = 0.80]. During the dark cycle on PND5, LBN
dams exhibited significantly more arched‐back nursing [t(13.73) = −2.41, p = .030, d =
0.94], more licking/grooming pups [t(26) =
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Figure 4. The effects of LBN on pup‐directed behaviors and self‐care behaviors during the
dark cycle on PND 3, 5, 7, 9, and 11. (A–E) Stacked bars depict the frequency of pup‐directed
behaviors (arched‐back nursing, blanket/passive nursing, licking/grooming pups). LBN
increased overall pup‐directed behaviors on PND5 and PND7 and specifically increased
arched‐back nursing and licking/grooming pups on PND5. (F–J) Stacked bars depict the
frequency of self‐care behaviors (self‐grooming, resting outside the nest, eating/drinking).
LBN decreased overall self‐care behaviors on PND5 and specifically decreased time spent
resting outside of the nest on PND7. Asterisks indicate p < .05 for an effect of LBN.
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−2.22, p = .036, d = 0.83], and less time resting outside of the nest [t(23.30) = 2.05, p =
.052, d = 0.76] than control dams. During the dark cycle on PND7, LBN dams spent
significantly more time resting outside of the nest than control dams [t(22) = 2.95, p =
.007, d = 1.23] and showed a trend toward increased blanket/passive nursing [t(22) =
−1.78, p = .089, d = 0.48]. During the light cycle on PND7, LBN dams spent significantly
more time licking/grooming pups than control dams [t(21) = −2.31, p = .031, d = 0.95]
and showed trends toward increased self‐grooming [t(21) = −1.83, p = .082, d = 0.76] and
decreased time resting outside of the nest [t(12.86) = 2.01, p = .066, d = 0.82]. During
the light cycle on PND9, LBN dams spent less time eating/drinking than control dams
[t(26) = 2.61, p = .015, d = 0.99] and showed a trend toward decreased time resting
outside the nest [t(11.613) = 2.00, p = .069, d = 0.84]. There was no significant effect of
LBN on any other individual maternal care measures. For the dark cycle, PND3 control n
= 10, LBN n = 14; PND5 control n = 15, LBN n = 13; PND7 control n = 13, LBN n = 11;
PND9 control n = 11, LBN n = 16; PND11 control n = 13, and LBN n = 9; for the light
cycle, PND3 control n = 10, LBN n = 14; PND5 control n = 16, LBN N = 14; PND7
control n = 12, LBN n = 11; PND9 control n = 11, LBN n = 17; PND11 control n = 11,
and LBN n = 10.
LBN Slows Pup Development in Terms of Body Weight Gain but Not Eye Opening
In pre‐weaning animals, on both PND10 [F(1, 266) = 10.53, p = .001, ηp2 = 0.038]
(male control n = 64; male LBN n = 81; female control n = 52; female LBN n = 73) and
PND18 [F(1, 178) = 17.20, p < .001, ηp2 = 0.088] (male control n = 42; male LBN n =
51; female control n = 38; female LBN n = 51), LBN pups had significantly lower body
weights than control animals (Figure 5A). As expected, females weighed significantly
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Figure 5. Limited bedding and nesting (LBN) decreased body weight gain. (a) On
PND10 and PND18, LBN males and females weighed significantly less than sex‐
matched controls. (b) LBN males and females continued to weigh less and showed
slower weight gain over time than sex‐matched controls into adulthood. Asterisks
indicate p < .05 for an effect of LBN.
less than males at both of these time points [PND10, F(1, 266) = 5.35, p = .022, ηp2 =
0.020; PND18, F(1, 178) = 5.66, p = .018, ηp2 = 0.031]. There was no significant LBN by
sex interaction effect on PND10 body weights [F(1, 266) = 1.18, p = .279] or PND18
body weights [F(1, 178) = 1.404, p = .238].
We analyzed the effect of sex and housing condition on post‐weaning weight
gain. Mauchly's test of sphericity was significant [χ2(20) = 226.14, p < .001]; therefore,
degrees of freedom were corrected using Greenhouse‐Geisser estimates of sphericity (ε =
0.31). All rats gained weight over time [F(1.89, 90.53) = 2,739.1, p < .001, ηp2 = 0.983]
(male control n = 14; male LBN n = 12; female control n = 15; female LBN n = 11). As
expected, there was a sex by week interaction, such that females gained less weight over
time than males [F(1.89, 90.53) = 110.1, p < .001, ηp2 = 0.696]. There was also a LBN by
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week interaction such that LBN‐exposed rats gained less weight over time [F(1.89,
90.53) = 10.75, p < .001, ηp2 = 0.183].
There was no significant sex by LBN by week interaction [F(1.89, 90.53) = 1.56, p =
.217]. There was also a sex by LBN interaction [F(1, 48) = 4.80, p = .033, ηp2 = 0.091],
and post hoc tests revealed that LBN males weighed less than control males (p < .001),
and LBN females weighed less than control females (p < .001) (Figure 5B).
The proportion of rats with their eyes open on PND15 was assessed for a subset
of litters, and 19 out of 26 rats in the control housing condition and 24 out of 29 rats in
the LBN condition had their eyes open. A chi‐square test of independence was performed
and revealed no significant difference in the proportion of rats with their eyes open
between the two groups [χ2 (1, N = 55) = 0.75, p = .385]. Data are not depicted.
LBN Does Not Affect Adult Adrenal, Thymus, or Spleen Weights
Limited bedding and nesting did not affect adrenal weights as a percentage of
body weights in adult rats [F(1, 37) = 0.63, p = .433] (male control n = 12; male LBN n =
8; female control n = 11; female LBN n = 10). Adrenal weights accounted for a
significantly larger percentage of body weights in adult females than in adult males [F(1,
37) = 39.11, p < .001, ηp2= 0.514] (Figure 6A). There was no significant LBN by sex
interaction on percent adrenal weights [F(1, 37) = 0.12, p = .732]. Neither LBN [F(1, 35)
= 0.10, p = .757] nor sex [F(1, 35) = 2.63, p = .114] affected thymus weights as a
percentage of body weights in adult rats, and there was no significant LBN by sex
interaction on thymus weights [F(1, 35) = 1.93, p = .174] (male control n = 10; male LBN
n = 8; female control n = 11; female LBN n = 10) (Figure 6B). LBN did not affect spleen
weights as a percentage of body weights in adult rats [F(1, 35) = 0.13, p = .719] (male
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Figure 6. The effects of limited bedding and nesting (LBN) on organ weights and
corticosterone in adulthood. LBN had no effect on the weights of adrenals (A), thymus (B), or
spleen (C). The corticosterone response to 1‐hr restraint stress was assessed (black bars
indicate stressor duration), but LBN did not alter corticosterone levels in males (D) or females
(E). Asterisks indicate p < .05 for a main effect of group.
control n = 10; male LBN n = 8; female control n = 11; female LBN n = 10). Spleen
weights accounted for a significantly larger percentage of body weights in adult females
than in adult males [F(1, 35) = 19.90, p < .001, ηp2= 0.362]. There was no significant
LBN by sex interaction on percent spleen weights [F(1, 35) = 0.16, p = .695] (Figure 6C).
The Effect of LBN on Stress‐Induced Corticosterone Release
To test whether LBN exposure altered the HPA axis, we assessed the
corticosterone response to 1‐hr restraint stress in adult rats exposed to LBN or the control
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nesting environment (male control n = 8; male LBN n = 7; female control n = 8; female
LBN n = 8). There was a main effect of time [F(2, 54) = 35.0, p < .001, ηp2 = 0.564] with
corticosterone levels at 60 min being significantly higher than corticosterone levels at
baseline (time 0 min, p < .001) and at 90 min (p = .005) (Figure 6D-E). This finding
indicates that we observed the expected corticosterone peak response to stress followed
by recovery. There was also a main effect of sex [F(1, 27) = 9.75, p = .004, ηp2 = 0.265],
such that females had higher levels of corticosterone than males. However, there was
neither an LBN by time interaction [F(2, 54) = 0.20, p = .821] nor an LBN by sex by time
interaction [F(2, 54) = 0.76, p = .474]. These results suggest that exposure to LBN early
in development does not reprogram the HPA axis response to acute stress.
LBN Alters Certain Reproductive and Gonadal Hormone Measures
We measured AGD at a time point just before adolescence, between PND28 and
30. As expected, males had significantly longer AGD than females [F(1, 102) = 269.25, p
< .001, ηp2 = 0.725] (male control n = 25; male LBN n = 32; female control n = 22;
female LBN n = 28). PND28‐30 body weight covaried with PND28‐30 AGD [F(1, 102)
= 17.75, p < .001, ηp2 = 0.148], but there was still a significant effect of housing
condition with LBN rats having smaller AGD than controls [F(1, 102) = 8.13, p = .005,
ηp2 = 0.074] (Figure 7A). There was no significant LBN by sex interaction effect on AGD
[F(1, 102) = 1.39, p = .242].
The average day of vaginal opening in adolescent females did not differ between
LBN (n = 22) and control (n = 17) groups (Figure 7B). Levene's test for homogeneity of
variance was significant [F(1, 37) = 10.7, p = .002], so we ran a Welch's t‐test [t(23.1) =
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−0.939, p = .357]. The time of vaginal opening was plotted with survival curves and
evaluated using the Log‐rank
(Mantel‐Cox) test, but no differences were found [X2(1) = 0.03, p = .874] (Figure 7C).
Rats from all treatment groups displayed vaginal openings by PND35. The average
duration of the estrous cycle in adult females also did not differ between LBN (n = 12)
and control (n = 12) groups [t(22) = −0.53, p = .602] (Figure 7D).
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As expected, plasma estradiol levels were significantly higher in adult females
than in adult males [F(1, 31) = 16.16, p < .001, ηp2] (Figure 7E). Rats exposed to LBN
had significantly higher plasma estradiol levels than controls [F(1, 31) = 7.78, p = .009,
ηp2 = 0.201] (male control n = 9; male LBN n = 9; female control n = 8; female LBN n =

Figure 7. Limited bedding and nesting (LBN) altered measures of reproductive and gonadal
hormones. (A) On PND28‐30, as expected females had smaller anogenital distances (AGDs)
than males, but LBN reduced AGD in both sexes. (B) LBN did not affect the timing of
vaginal opening in adolescent females. (C) Survival curves show that the percentage of rats
with vaginal opening over development did not differ between LBN and control rats. (D)
LBN did not affect the average duration of the estrous cycle in adult females. (E) Adult
females had higher levels of estradiol than adult males. LBN increased plasma estradiol
levels, and this effect was driven by males. (F) LBN had no effect on plasma testosterone
levels in adult males. Asterisks indicate p < .05 for a main effect of group. ^ indicates a
significant difference from the same‐sex controls.
9). There was no LBN by sex interaction on plasma estradiol levels [F(1, 31) = 0.33, p =
.569]. However, cycle stage data were not collected on all female samples, so it could be
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possible that the effect of LBN in females was attributable to a greater number of LBN
females being in cycle phases with higher estradiol levels. Therefore, we conducted a
separate independent samples t‐tests on estradiol levels for females and males. There was
no significant difference in plasma estradiol between LBN and control females [t(15) =
−1.451, p = .167]. However, LBN increased plasma estradiol levels in males [t(16) =
−2.58, p = .020, d = 1.21]. These results reveal that LBN specifically affects estradiol
levels of males and that the main effect of LBN on estradiol levels is not likely due to
potential cycle stage differences between the LBN and control group. Plasma testosterone
levels in adult males were not significantly different between LBN (n = 8) and control
groups (n = 9) [t(15) = −0.20, p = .846] (Figure 7F).
Discussion
These studies examined the effect of the LBN model on maternal care, pup
development, and endocrine changes in adulthood. A feature of the design was the
comparison of male and female offspring, which is different than most studies using this
model that either focus on one sex or do not disambiguate data between the sexes
(Avishai-Eliner et al., 2001; McLaughlin et al., 2016; Walker et al., 2017; Manzano
Nieves et al., 2019). We found that dams in the LBN condition spent less time engaged in
self‐care, but more time engaged in pup‐directed care, including an increase in nursing.
However, this, perhaps compensatory, change in care to deal with the low resource
environment did not prevent all adverse outcomes for pups. For example, male and
female rats exposed to the LBN manipulation gained less weight than those in the
standard housing condition. There was also evidence of endocrine disruption, as pups of
both sexes exposed to LBN had smaller AGDs than controls when measured prior to
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puberty, indicative of a reduction in perinatal androgen exposure. We also wanted to
assess the lasting effects of LBN on the HPA axis and other steroid hormones. There
were no differences in the weight of the spleen, thymus, and adrenals in adult rats
exposed to LBN or control housing. Consistent with no effect of LBN on adrenal weight,
the corticosterone response to 1‐hr restraint stress was comparable between LBN and
control rats. LBN exposure did not alter the estrous cycle duration in females or plasma
testosterone levels in adult males. However, it did increase plasma estradiol in males.
This result, considered together with the smaller observed AGD, suggests that LBN may
have a demasculinizing effect in males, meaning that their brains show less
masculinization due to insufficient androgen exposure. This demasculinizing effect could
contribute to changes in the adult brain and behavior.
The LBN Model Alters Maternal Care
The hallmark of the LBN model is that it alters maternal care. One fairly
consistent finding in rats and mice is that dams in the LBN condition make more nest
departures causing maternal care to be more fragmented than in standard housing
conditions (Ivy et al., 2008; Rice et al., 2008; Baram et al., 2012; Goodwill et al., 2018),
but this effect is not always reported (McLaughlin et al., 2016). Behavior on the nest has
also been assessed in rats, and there are different findings about the quality of maternal
care. An early report suggested that LBN dams spend less time licking and grooming
their pups and less time engaging in arched‐back nursing than standard housed dams (Ivy
et al., 2008). Yet, others reported that LBN does not alter licking and grooming and, in
some cases, increases nursing (McLaughlin et al., 2016; Moussaoui et al., 2016). These
discrepancies could reflect strain differences or other differences in environmental
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conditions (e.g., handling, shipping dams while pregnant or not, amount of enrichment in
the standard housing condition, cage changes during the model, method of scoring care,
timing of scoring care) (Tractenberg et al., 2016; Murthy & Gould, 2018).
We counted a variety of maternal care behaviors and classified them as pup‐
directed or self‐care. In the dark cycle toward the middle period of the LBN exposure
(PND5 and PND7), we found a significant increase in pup‐directed behaviors, including
more arched‐back nursing on PND5 in the LBN dams. In contrast, LBN dams spent less
time engaging in self‐care behaviors. For example, LBN dams were rarely found resting
outside the nest, an effect that reached significance on PND7. The pattern of altered
maternal care in the LBN condition (i.e., more pup‐directed behaviors and less self‐care
behaviors) was also observed on PND3 and PND9, although it did not reach significance.
Fewer significant effects were observed in the light cycle, which is consistent with other
reports (e.g., (McLaughlin et al., 2016; Strzelewicz et al., 2019)) and highlights the utility
of dark cycle observations for assessing maternal care. It should be noted that we did not
do continuous monitoring of maternal care, so neither the sequence of care nor the degree
of fragmentation (as assessed by nest entries and exits) were evaluated. However, a
recent analysis using continuous video monitoring in mice found that, compared to
control dams, LBN dams make more nest entries and exits, while also spending more
time on their nests (Gallo et al., 2019). It is likely that a similar pattern of behavior would
be observed in our rats if we were able to conduct in‐depth, continuous monitoring.
Interestingly, this increased nest time and pup‐directed care in the LBN condition may be
an attempt by LBN dams to compensate for the limited resources provided.
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Increased maternal care can improve certain pup outcomes (Francis et al., 1999;
Liu et al., 2000b; Lacagnina et al., 2017). However, excess time on the nest engaged in
care does not reflect the typical pattern of maternal care in a more naturalistic setting. To
better mimic the living conditions of rats in the wild, researchers have developed
enriched environments, which typically consist of large multilevel spaces with many
objects to interact with (Makowska & Weary; Bradshaw & Poling, 1991). Rat dams in an
enriched environment spend less time on the nest than dams in standard housing
conditions (Connors et al., 2015; Strzelewicz et al., 2019). However, when on the nest,
dams in the enriched environment have an increase in arched‐back nursing relative to
dams in standard housing. Thus, in a naturalistic setting, dams spend much of their time
engaged in activities that do not involve pups, but when they do provide care, it is of a
high quality. When compared to dams and pups exposed to enriched environments, dams
raising pups in standard laboratory housing conditions have been equated to “helicopter
parents” due to the large amount of time spent with their pups and the fact that their
offspring are less adaptable to potentially threatening environments (Connors et al.,
2015). Relative to standard housing conditions, we found that the LBN model increased
dams’ pup‐directed care, while reducing their time spent engaged in self‐care behaviors.
It is unclear what drives the altered care, but perhaps the stress of the limited resources
causes a high arousal state in the dams resulting in hypervigilance toward the pups.
Unfortunately, the increased nursing and care by LBN dams does not appear to mitigate
against all of the negative effects of early exposure to a low resource environment,
because their offspring gain less weight and have altered endocrine profiles compared to
pups raised in a standard housing environment as detailed below.
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The LBN Model Affects Weight Gain, but Not Other Measures of Development
Consistent with previous reports, we found that LBN pups weighed less than
those raised in the standard housing condition when assessed immediately following
exposure to the LBN environment (Brunson et al., 2005; McLaughlin et al., 2016;
Moussaoui et al., 2016). Even after being returned to standard housing conditions, LBN‐
exposed pups gained less weight and this effect persisted into adulthood in our hands.
There were no sex differences in the effect of LBN on weight gain, although females
weighed less than males, which is an expected finding. This delayed growth seems
specific to metabolic processes because other markers of development, such as eye
opening and vaginal opening, were unaffected by the LBN manipulation. It is important
to note that we found that LBN dams spent more time nursing their pups than dams in
standard housing conditions. Thus, these results suggest that the stress of the LBN
environment changes the quality, not the quantity, of nutrition provided by the dams,
causing lasting metabolic changes in the offspring. In support of this, prior studies found
that LBN‐exposed pups have reduced levels of certain micronutrients, glucose, white
adipose tissue, and plasma leptin, and these changes could contribute to their decreased
weight (Moussaoui et al., 2016; Naninck et al., 2016; Yam et al., 2017). Interestingly,
dietary supplementation to dams restored micronutrient levels in pups and rescued LBN‐
induced cognitive deficits, implicating changes in the micronutrients in aspects of brain
programming by LBN exposure (Naninck et al., 2016).
LBN Does Not Affect Organ Weights and HPA Axis Reactivity in Adulthood
Dating back to the pioneering work of Dr. Selye, chronic stress has been known to
alter the weight of organs critical for immune and endocrine responses to stress, including
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the thymus, spleen, and the adrenal glands (Selye, 1937). We assessed the weight of these
organs in adult rats exposed to LBN and control nesting. To our knowledge, we are the
first group to test whether the weight of the thymus and spleen was altered by LBN
exposure in adult rats, though studies have reported a LBN‐induced reduction in thymus
weight in PND10 mouse pups (Naninck et al., 2016), but no effect of LBN on PND10 rat
pups (Guadagno et al., 2018) nor thymus weights in adult mice (Naninck et al., 2015).
Similarly, we found no effect of LBN on adult thymus weights in rats. LBN also had no
effect on spleen weights. However, consistent with previous reports, the spleen per body
weight was higher in females than in males (Albino Rat et al., 1947; Piao et al., 2013).
These results may suggest that LBN exposure has no effect on these organs. However,
taking organ weight is a gross measure, so it remains possible that a molecular
assessment of these tissues would reveal an effect of LBN, and such endpoints could be
tested in future studies.
Consistent with reported findings, we found that adult female rats had heavier
adrenal glands per body weight than male rats (Trieb et al., 1976; Westenbroek et al.,
2003a; Westenbroek et al., 2003b), but there was no effect of LBN on adrenal weights in
either sex. Although prior studies did not evaluate females, our findings are consistent
with male data revealing that LBN does not induce adrenal hypertrophy in adulthood
(Brunson et al., 2005). In contrast, adrenal hypertrophy is typically found in pups after
cessation of the LBN manipulation (Avishai-Eliner et al., 2001; Brunson et al., 2005),
suggesting a transient effect of LBN on adrenals that recovers in adulthood.
Adrenal hypertrophy is associated with excess glucocorticoid secretion and, as
noted, baseline corticosterone levels in pups are often higher in those exposed to LBN
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than standard housing (Gilles et al., 1996; Avishai-Eliner et al., 2001; Brunson et al.,
2005). Although one study found a decrease in adrenal weights and basal corticosterone
levels in LBN‐exposed pups, a discrepancy that was attributed to strain differences
(Moussaoui et al., 2016). Chronic stress not only alters basal corticosterone levels, but it
can also alter HPA axis reactivity to a heterotypic stressor (Dallman, 1993). As noted,
prior studies have found that immediately following LBN exposure there is a decrease in
HPA axis hormones in response to a heterotypic stress (Gilles et al., 1996; McLaughlin et
al., 2016). Collectively, these studies reveal that upon completion of the LBN stressor
exposure, there are observable changes in the HPA axis of pups. However, it remained
unclear whether the LBN condition caused a lasting increase in HPA axis reactivity to a
heterotypic stressor that persisted into adulthood. We tested this here by exposing adult
male and female rats in the LBN or control manipulation to 1‐hr restraint stress and
assessing the time course of corticosterone release. Consistent with prior studies (Kitay,
1961; Weinstock et al., 1998), we found that female rats had higher levels of
corticosterone than male rats. However, LBN exposure did not alter the corticosterone
response to stress in adulthood in either sex. When considered with adrenal weight data,
which was also unaffected by LBN, these findings indicate that LBN exposure does not
reprogram the HPA axis. Thus, effects of LBN on metabolism and other endpoints cannot
be attributed to alterations in the endocrine response to stress.
Effect of LBN on Reproductive Development and Gonadal Hormones
Limited bedding and nesting exposure reduced AGD in both prepubertal male and
female rats, even when controlling for body weight. To our knowledge, this is the first
report of a postnatal stressor altering AGD in developing rats. Prenatal stressors either
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decrease or increase AGD, depending on the stressor and timing of exposure (Morgan &
Bale, 2011; Barrett et al., 2013; Ashworth et al., 2016; Desaulniers et al., 2016). There is
also evidence that postnatal stressors can alter the onset of puberty in both male and
female rodents (Biagini & Pich, 2002; Bodensteiner et al., 2014; Cowan & Richardson,
2019; Knop et al., 2019). Yet, fewer studies have investigated the impact of postnatal
stressors on AGD. The studies that have addressed this question report no effect of
maternal separation stress (Biagini & Pich, 2002; Mesquita et al., 2007) nor neonatal
corticosterone administration on AGD (Biagini & Pich, 2002). The results presented here
are therefore novel in demonstrating that AGD development can still be sensitive to
disruption by stressors as late as the first week of postnatal life.
A reduction in AGD is associated with lower prenatal androgen exposure in both
sexes (Clemens et al., 1978; McDermott et al., 1978; Hotchkiss et al., 2007; MacLeod et
al., 2010; van den Driesche et al., 2011). Interestingly, the LBN manipulation happens
postnatally after the perinatal surge in testosterone observed in males (Corbier et al.,
1992). Thus, the LBN condition could not alter the perinatal testosterone surge itself in
males. Rather something about the sensory experience of the pups in the LBN condition
is likely affecting hormone exposure. Prior work has found that variations in maternal
care can alter estrogen receptor (ER)α gene expression in the brains of offspring via
methylation of the ERα gene (Champagne et al., 2006; Kurian et al., 2010; Edelmann &
Auger, 2011). Yet, the methylation pattern and direction of ERα expression differ
between reports, and these differences are thought to be attributed to the brain region
specificity, offspring age, and/or type of maternal care manipulation (i.e., natural
variations in care vs. experimenter simulated care) (Champagne et al., 2006; Kurian et al.,
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2010; Edelmann & Auger, 2011). However, given that testosterone is aromatized into
estradiol to masculinize the brain, an LBN‐induced downregulation of ERα could reduce
that efficacy of androgens on brain masculinization. Future studies are needed to examine
this idea. Another untested possibility is that LBN affects androgen receptor expression
via an epigenetic process.
Despite evidence for changes in early androgen exposure, plasma testosterone
levels in adult males were not affected by LBN. This result could indicate that androgens
are not permanently altered throughout development. In contrast, plasma estradiol levels
in males were increased by LBN exposure. In males, plasma estradiol is primarily
derived from testosterone by aromatase in fat and, in fact, estradiol levels in males
correlate with fat mass (Vermeulen et al., 2002). In our model, LBN‐exposed males
weighed less but had higher levels of plasma estradiol, so the change in hormones cannot
be attributed to the change in weight. Given that LBN exposure in males does not
increase testosterone but it does increase estradiol, it is likely that LBN increases
aromatase activity, causing a more efficient conversion of testosterone to estradiol.
As noted, LBN reduces AGD but does not affect plasma testosterone levels in
adult males, suggesting that LBN causes a transient change in androgen exposure.
However, even a transient change in hormone exposure early in life can have lasting
consequences on brain development. In rats, testosterone exposure (via its conversion to
estradiol) during the sensitive period, between embryonic day 18 and PND 7, can
masculinize the brain causing changes that persist throughout the lifespan (Rhees et al.,
1990; Rochellys Diaz et al., 1995). The LBN manipulation, which occurs from PND 2–9,
overlaps with a portion of this sensitive period. We found that the LBN manipulation
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caused a demasculinizing effect on the body by reducing AGD in males. It is therefore
possible that this manipulation is also causing a demasculinizing effect on the brain.
Consistent with this idea, maternal separation stress during the sensitive period alters
male sex behavior, increasing latencies to mount and intromit, as well as reducing
ejaculations (Rhees et al., 2001). Experiments discussed in Chapter 3 will address
whether LBN similarly disrupts male reproductive behavior.
We assessed aspects of female reproductive development and found that LBN
exposure neither altered the timing of vaginal opening during puberty nor the duration of
estrous cycle in adult females. Consistent with this, maternal separation in rats from PND
2–9 also had no effect on these endpoints (Rhees et al., 2001). In mice, the estrous cycle
in adulthood was also unaffected by LBN exposure between PND 4 and 11, but this
manipulation did delay vaginal opening, a discrepancy that may be due to a species
difference or slight differences in the timing of the model (Manzano Nieves et al., 2019).
In humans, abuse early in life is associated with precocious puberty (Li et al., 2014; Noll
et al., 2017). It is possible that the LBN model in rats is not traumatic enough to cause
these changes. Another factor to consider, however, is diet. Many people in developed
countries eat a Western diet, characterized by high levels of fat. In our study, rats were
fed standard chow that is relatively low in fat. However, female rats exposed to both
LBN and a Western diet high in fat had earlier vaginal opening and alterations in the
hypothalamic kisspeptin system (Strzelewicz et al., 2019). Thus, early life stress and a
Western diet may interact to accelerate puberty. In support of this idea, girls adopted
from developing countries into Western countries go through puberty earlier than their
peers that remain in the developing country, an effect that has been attributed to the
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change in diet but also could be exacerbated by the stress of adoption into a different
culture (Virdis et al., 1998).
Conclusions
The studies here add to the literature on how early life adversity affects dams and
their offspring. We found that LBN exposure caused lasting metabolic and endocrine
effects but did not alter all aspects of development. Although female reproductive
behavior seemed unaffected, the smaller AGD and higher plasma estradiol observed in
LBN males suggests that this manipulation may have altered steroid hormone exposure in
males. These findings highlight a need to consider the effect of LBN on reproductive
hormones and reproductive function in males. Moreover, given that estradiol regulates a
host of other behaviors, such as memory and anxiety, LBN‐induced changes in steroid
hormones may contribute to the alterations in cognition and affect observed by others
using this model (Walker et al., 2017).
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CHAPTER 3: EFFECTS OF EARLY LIFE ADVERSITY ON MALE
REPRODUCTIVE BEHAVIORS AND THE MEDIAL PREOPTIC AREA
Millions of people around the world experience some form of early life adversity
(Jiang et al., 2015). Stressful experiences early in life have been tied to a variety of
negative health outcomes, including alterations in gonadal hormone levels and
reproductive milestones such as pubertal timing(Li et al., 2014; Noll et al., 2017; Eck et
al., 2019). Early life adversity can come in many different forms, and both the severity
and type of stress experienced can play roles in the outcomes observed. One very
prevalent form of early life adversity is limited access to resources, for example, in
families from a low socioeconomic status or living in poverty. Much more research is
needed to understand how this form of early life adversity impacts reproductive behaviors
and development. To model this type of early life adversity in the laboratory, we use the
limited bedding/nesting model (LBN), in which rat dams and pups are housed in a limited
resource environment from postnatal day (PND) 2-9 (Ivy et al., 2008; Rice et al., 2008).
This model works by inducing stress in the dams, altering their maternal care behaviors,
which in turn induces stress in the pups. We have shown that LBN dams engage in more
pup-directed behaviors and fewer self-care behaviors compared to their control
counterparts (Eck et al., 2019). While this increase in care given to pups may intuitively
appear beneficial, these behaviors are not in line with the type of maternal care given by
healthy dams living in an enriched environment with ample resources (Strzelewicz et al.,
2019).
We have previously shown that LBN increases plasma estradiol levels in adult
males, but not females, and has no effect on hormone-mediated endpoints in females,
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including the timing of puberty onset and the average duration of estrous cycle (Eck et
al., 2019). More research is necessary to investigate how these lasting LBN-induced
changes in estradiol affect hormone-dependent endpoints in males. One motivated
behavior that is modulated by estradiol in males is sex behavior, which depends largely
on the hormone-sensitive medial preoptic area (mPOA). During copulation, the mPOA
integrates sensory input and projects to motor regions critical for physical behavior and
the mesocorticolimbic system to mediate reward and motivation (Simerly & Swanson,
1986; 1988). The current study investigates the impact of LBN on male sex behavior in
adulthood. To gain further understanding of how LBN might impact gene expression in
the mPOA to alter these behaviors, we also ran RNAsequencing (RNAseq) on the mPOA
of adult males and females.
Changes in estradiol levels early in life can also alter sexual differentiation of the
brain. The protein calbindin-D28K (calbindin) is expressed in a distinct subregion of the
mPOA called the sexually dimorphic nucleus (SDN/POA), and this subregion contains
more neurons in adult male rodents compared to females (Sickel & McCarthy, 2000;
Gilmore et al., 2012). Expression of calbindin in the SDN/POA is highly dependent on
estrogen signaling through estrogen receptor alpha (ERα) early in life. Therefore, the
number of calbindin-containing cells in the adult SDN/POA was also quantified as an
indicator of sexual differentiation to determine whether LBN alters masculinization of the
brain in male and female rats. Additionally, the timing of preputial separation was
recorded in LBN and control males to determine whether pubertal onset was changed by
LBN. Together these studies better characterize the impact of LBN-induced changes in
gonadal hormones in male rats.
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Methods
Animals
Long Evans rats (Charles River Laboratories, Wilmington, MA) were bred in-house
at Temple University. On postnatal day (PND) 2, litters were culled to 10 pups with an
even male-female split where possible and were randomly assigned to either control
housing or limited bedding and nesting model (LBN) housing conditions as described
below. Animals were given ad libitum access to food and water and were kept on a 12h
reverse light/dark cycle (lights off at 11:00AM) until weaning at PND21 when offspring
were pair-housed and moved to a separate colony room on a 12h light/dark cycle with lights
off at 8:30AM. All experiments were approved by and in accordance with guidelines
implemented by Temple University’s Institutional Animal Care and Use Committee and
the National Institutes of Health guidelines.
Limited Bedding and Nesting Model
Dams with litters that were assigned to control housing conditions were reared in
standard laboratory housing: ample cob bedding, one plastic tunnel enrichment, and two
cotton Nestlets. Dams with litters that were assigned to LBN conditions were moved to a
limited resource environment in which a metal grate separated the animals from accessing
the cob bedding, there was no plastic enrichment, and only a single paper towel was
available as nesting material (Eck et al., 2019). Animals in both conditions were left
undisturbed from PND2 through PND9. On PND10, all dams and litters were rehoused in
clean control housing conditions. Animals were weaned on PND21 and housed with samesex littermates.
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Preputial Separation
The PND of preputial separation was recorded in LBN and control males as a
measure of pubertal onset. Beginning at weaning on PND21, males were checked for
preputial separation daily as described (Au - Hoffmann, 2018). To check for preputial
separation, the skin around the penis was gently pushed back. Preputial separation was
recorded if the preputial skin slid back easily to reveal the glans penis.
Sex Behavior Assay
Adult male offspring from control and LBN conditions were tested in a sex
behavior assay for 3 sessions over the course of 3 consecutive weeks. All males were
virgins between PND80-120 at the start of testing. This age range was selected to be
consistent with previous reports (Ågmo, 1997). In each session, males were placed alone
in a clean cage. After 5 minutes of habituation, a novel hormonally primed stimulus
female was added to the cage. Each session was 30 minutes long and was video recorded
(GoPro Hero 5) for later behavioral scoring. All video data was scored using DOSBox
v0.74-3 by raters blind to experimental conditions and was subsequently analyzed using a
behavioral observation program (Cabilio, 1998). Males were scored for both number and
latency of mounts, intromissions, and ejaculations. Males that did not engage in any
sexual behaviors were dropped from analysis (n=1). All behavioral testing took place
between 2-5pm.
All stimulus females used were retired breeders who had successfully raised at least
one litter. All stimulus females underwent surgical ovariectomy (OVX) to prevent
pregnancy and natural cycling of hormones. Animals were anesthetized using isoflurane
(4-5% isoflurane at 0.6mL/min for induction; maintained at 1-2% for remainder of
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surgery). A bilateral OVX was conducted through a single incision on the dorsal side, and
both oviducts were tied off prior to wound closure. The incision was sealed with staples,
and a dose of Flunixin (2.5 mg/kg) was administered both immediately after surgery and
the following day. Staples were removed one week post-surgery. Stimulus females were
given a minimum of two weeks of post-surgical recovery and one week of artificial
hormone cycling before the start of testing. A repeating 4-day regimen of estradiol
benzoate (EB, 10µg/0.1mL of sesame oil) and progesterone (P, 50µg/0.1mL of sesame oil)
was administered subcutaneously to artificially cycle OVX females. On day 1 OVX
females received 0.1mL EB between 1PM and 3:30PM, on day 3 OVX females received
0.1mL P between 9AM and 11AM. No hormones were administered on days 2 or 3. The
sex behavior assay was timed such that stimulus females received EB and P injections 48
hours and 4 hours prior to testing, respectively.
Statistical Analysis
Mixed factorial ANOVAs were run for the number of mounts, intromissions, and
ejaculations and for the latency to first mount and intromit in the sex behavior assay. All
data were analyzed across the three weeks and were split by condition. Greenhouse-Geisser
corrections were used for those cases where Mauchly’s test of sphericity was violated.
Because we expected that sex behavior would change over the course of the three-week
testing period (Dewsbury, 1969; Pfaus et al., 1990), we also used a priori independent
samples t-tests for each of the three timepoints. Welch’s t-tests were used instead of
student’s t-tests in the cases where equal variances could not be assumed. Non-parametric
Mann-Whitney U tests were used to analyze the latency to first ejaculation, as a number of
subjects did not ejaculate within the 30-minute time frame across all three weeks.
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Immunohistochemistry
One hour after the end of the third and final sex behavior testing session, males
were deeply anesthetized with Euthasol (IP: 0.5 mL/kg) and transcardially perfused with
4% paraformaldehyde (PFA). Brains were extracted and placed in PFA for at least one
hour before being stored in 20% sucrose azide until sectioning. Brains from an additional
cohort of adult virgin females reared in LBN or control conditions were also collected to
be used for comparison during immunohistochemistry (IHC). Due to inconsistencies in the
calbindin staining between brains, an additional 4 brains from virgin adult males (1 control,
3 LBN) were used in IHC. Because calbindin expression in the SDN/POA is organized
before adulthood by estrogen exposure during the early postnatal period (Sickel &
McCarthy, 2000; Orikasa & Sakuma, 2010), there is evidence that the number of calbindincontaining neurons in the mPOA is not changed by sexual experience (Jean et al., 2017),
and we did not see any effect of LBN on behavior in the final testing session, we do not
expect sexual experience to be a confounding factor.
All brains were sectioned with a cryostat at 30 µm. All brains were stained for the
presence of calbindin-immunoreactive (cb-ir) cells using immunohistochemistry with ABC
amplification as described previously (Bangasser et al., 2013). Every fourth section
throughout the brain was quenched (0.75% Hxo2, 20 min), blocked (phosphate buffered
saline, triton, and 0.4% bovine serum albumin, 30 min), and then incubated for 24 hours at
room temperature with monoclonal anti-calbindin (1:5000, SigmaAldrich C9848).
Following rinses in blocking buffer, sections were incubated for 90 min in donkey antimouse conjugated to biotin (1:200, Jackson ImmunoResearch 715-065-151). Sections were
then rinsed and incubated for 90 min in avidin-biotin complex reagent using a kit
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(Vectastain Elite ABC Kit, Vector Laboratories PK-6100). Sections were then rinsed and
processed for diaminobenzidine (DAB) with nickel sulfate (DAB + Nickel Substrate kit,
Vector Laboratories SK-4100).
Sections containing the SDN/POA were mounted onto slides, dehydrated, and
coverslipped with Permount. Sections were imaged at 10× magnification using a camera
(Leica DFC450) affixed to a microscope (Leica DM5500). Cells were counted by hand by
an experimenter blind to the sex and rearing condition of the samples. The total number of
cb-ir cells in the bilateral SDN/POA was quantified from one representative SDN/POA
section per animal (corresponding to Bregma -0.48mm (Paxinos & Watson, 2006), and
analyzed by two-factor (sex and rearing condition) ANOVA.
RNA Sequencing and Analysis
A separate cohort of adult (PND70-120) male and female, LBN and control
housing rats was used for RNA-seq. This age range was selected to be consistent with the
age of male rats at the time of the first sex behavior test. These animals were sacrificed
by rapid decapitation and their brains were flash frozen in 2-methyl butane and stored at 80C until sample collection. To extract RNA from mPOA punches, tissue was
homogenized in 700ul of Trizol followed by the addition of 140ul chloroform. Samples
were spun at 12,000×g for 15 minutes, and the aqueous layer was removed and mixed
with 1× volume of 70% ethanol. RNA was further extracted using a RNAeasy Micro Kit
(Qiagen). RNA was quantified using the Qubit RNA HS Assay kit (Invitrogen, USA) and
RNA quality was assessed using an Agilent 2100 Bioanalyzer RNA 6000 nano kit
(Agilent, USA) and via Nanodrop. RNA used for sequencing all had an RNA integrity
number (RIN) > 8. Libraries were prepared using an Ultra II RNA library prep kit for
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Illumina (NEBNext, USA) and Multiplex oligos for Illumina (NEBNext). Library quality
was assessed using an Agilent DNA 1000 Kit (Agilent, USA).
RNA-sequencing and analysis was performed as previously described (Ordoñes
Sanchez et al., 2021). Briefly, RNA-sequencing was performed by Genewiz on a HiSeq
4000. Fastqc software (version 0.11.8) evaluated the quality of reads (Andrews, 2015)
with adaptors and non-paired reads removed using Trimmomatic (version 0.39)(Bolger et
al., 2014). RNA-seq analysis was performed and differentially expressed genes (DEGs)
were identified using an adjusted p-value of <0.05 and a 50% change in the expression
(|log 2 Fold change|>.58) as cutoffs to determine significance. The RRHO version 2 test
(Cahill et al., 2018) evaluated the degree of overlap in gene signatures between sexes.
HOMER identified putative transcription factors of the DEGs and their motifs(Heinz et
al., 2010). GSE analysis was conducted using DEGs from the male and female groups,
separately. KEGG pathways and Wikipathways with adjusted p-value <0.05 were
selected.
Results
LBN Decreases Latency to Engage in Male Sexual Behavior
We analyzed the effect of housing condition on the latency of males to mount,
intromit, and ejaculate across three weeks of testing. ANOVAs revealed that Mauchly’s
test of sphericity was significant for both mounts [χ2(2)=7.09, p=.029] and intromissions
[χ2(2)=7.19, p=.027], so Greenhouse-Geisser estimates were used for correction (ε =.73
for both measures). There were significant main effects of week such that the latency to
mount [F(1.45, 23.25)=6.16, p=.012, ηp2=.28] and intromit [F(1.47, 24.96)=8.35, p=.004,
ηp2=.33] decreased over the course of the three weeks (Figure 8A-B). There was no main
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effect of housing condition on latency to mount or latency to intromit. There was also no
week by housing condition interaction effects.
Planned comparison independent samples t-tests on the latency to mount and
intromit each week showed that LBN males had a shorter latency to mount on week 2
[t(19)=2.15, p=.044, d=.92], but there were no significant differences on week 1 or week 3
(Figure 8A). Intromissions were not significantly different between LBN and control
groups for week 2 or week 3. However, the latency to intromit reached significance on
week 1 such that LBN males were quicker than controls [t(11.36)=2.18, p=.051, d=.93]
when Welch’s t-test was used to correct for the violation of homogeneity of variance
(Levene’s test: [F(1, 20)=21.22, p<.001]) (Figure 8B).
There were a number of males that did not ejaculate within the thirty-minute time
frame across the three weeks, so these data were compared at each time point using MannWhitney U tests. While there was no difference between control (n=11) and LBN (n=12)
males in terms of ejaculation latency during week 1 [U=59, z=-0.44, p=.695, r= -.09] or
week 3 [U=56, z=-0.62,
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Figure 8. Male sex behavior across three consecutive weeks in control and LBN-exposed rats.
(A) Mean latency to mount per session. LBN males had a shorter latency to mount compared to
control males during week 2. (B) Mean latency to intromit per session. LBN males trended
toward a shorter latency to intromit compared to control males during week 1. (C) Box plots
displaying median latency to ejaculate per session. LBN males had a shorter latency to
ejaculate compared to control males during week 2. (D) Mean number of mounts per session
was unaffected by LBN. (E) Mean number of intromissions per session was unaffected by
LBN. (F) Mean number of ejaculations per session was unaffected by LBN. (G) Experimental
design* indicates p<.05
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p=.566, r= -.13], LBN males showed a significantly shorter latency to first ejaculation than
control males during week 2 [U=29, z=-2.30, p=.023, r= -.48] (Figure 8C). Independent
samples t-tests revealed was no effect of LBN on post-ejaculatory recovery time (time
between first ejaculation and next mount/intromission) at any time point (all p>.05). Data
are not depicted.
LBN Does Not Affect Frequency of Male Sex Behaviors
Both the control and LBN groups increased the number of mounts [F(2, 36)=9.25,
p=.001, ηp2=.34], intromissions [F(1.46, 29.50)=4.78, p=.024, ηp2=.19], and ejaculations
[F(2, 40)=4.88, p=.013, ηp2=.20] over successive testing sessions (Figure8D-F). For
intromission number, Mauchly’s test of sphericity was significant [χ2(2)=8.36, p=.015], so
the Greenhouse-Geisser correction was used to adjust the degrees of freedom (ε=.74).
There was no effect of housing condition on the number of mounts, intromissions, or
ejaculations, and there were no significant week by housing condition interactions. Planned
comparison t-tests revealed no significant differences in the number of mounts,
intromissions, or ejaculations between control and LBN-reared animals at any time point
(all p>.05). Experimental design for animals used in sex behavior assay is shown in Figure
8G.
LBN Does Not Affect Number of Calbindin Cells in the SDN/POA or Pubertal Onset in
Males
Representative images of calbindin immunoreactivity in the SDN/POA of LBN
and control males and females can be found in Figure 9A. Males exhibited significantly
more cb-ir cells in the SDN/POA than females [F(1,32)=65.689, p<.001] (Figure 9B).
There was no main effect of housing condition on the number of cb-ir cells and no
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significant sex by housing condition interaction. We predicted a priori that males would
have significantly more cb-ir cells in the SDN/POA than females, as has been reported
previously (Khbouz et al., 2019) and conducted a planned comparison independent
samples t-test on control versus LBN males alone.
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Figure 9. LBN did not change number of cb-ir cells or timing of preputial separation. (A)
Representative images showing cb-ir cells in the SDN/POA of adult control and LBN
males and females. (B) Males showed significantly more cb-ir cells in the SDN/POA
than females, as has been previously reported (Khbouz et al. 2020). (C) LBN did not
affect the timing of preputial separation in adolescent males measured in a separate
cohort of rats. (D) Survival curves show that the percentage of rats displaying preputial
separation over development did not differ between LBN and control males.
(E)Experimental design for calbindin immunohistochemistry and preputial separation.
*** indicates p<.001
Planned comparison t-test revealed no significant difference in the number of cb-ir cells
in the SDN/POA of control males directly compared to LBN-raised males.
The average PND of preputial separation did not differ between control (n=22)
and LBN (n=29) males [t(49)=-1.43, p=.160] (Figure 9C). The timing of preputial
separation was plotted using survival curves and analyzed using the Log-rank (Mantel-
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Cox) test, but no differences were found [X2(1)=1.069, p=.301] (Figure 9D). Rats from
both treatment groups displayed preputial separation by PND40. Experimental designs
for rats used for calbindin immunohistochemistry or preputial separation observation are
depicted in Figure 9E.
LBN Alters Gene Transcription in the mPOA of Male and Female Rats
To investigate molecular signatures in the mPOA that may underlie LBN-induced
changes in behavior, we conducted RNAseq in bilateral mPOA punches from adult
behaviorally naïve male and female rats (n=6 per group). We first used rank-rank
hypergeometric overlap (RRHO) analysis to compare overall gene expression patterns in
males and females induced by LBN. This analysis included all genes that were
differentially expressed, including gene changes not reaching the threshold of statistical
significance, and thus facilitated the agnostic comparison of gene expression patterns
after LBN in males and females. There was little overlap in genes
similarly up- or down-regulated in both males and females (Figure 10A; top right and
bottom left quadrants). We found that LBN induced unique gene transcription changes in
males and females. Many genes that were upregulated in females were downregulated in
males (Figure 10A; top left quadrant) and vice versa (Figure 10A; bottom right quadrant).
We next narrowed down our analysis to genes showing a significant difference between
control and LBN and found 176 differentially expressed genes (DEGs) in males and 212
DEGs in females. These gene expression changes were largely sex-specific, with only 15
common genes altered by LBN in both sexes (Figure 10B). While there was very little
overlap in specific DEGs between males and females, heatmaps sorted by fold change of
LBN DEGs revealed similar proportions of up- and down-regulated genes: in males,
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46.0% of identified DEGs were downregulated following LBN while in females, 51.9%
of DEGs were downregulated (Fig. 10C-D). Thus, LBN induces gene
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Figure 10. Transcriptomic regulation in the mPOA by LBN. (A) Threshold-free rank-rank
hypergeometric overlap. Color-coded pixels show overlap of gene transcription changes in LBN
males and females. Upper left and lower right quadrants include genes with expression that
changed in opposite directions in males and females. Upper right and lower left quadrants
represent co-upregulated and co-downregulated genes, respectively. (B) Venn diagram of DEGs
in males and females. RNA-sequencing analysis identified 176 DEGs in LBN males and 212
DEGs in LBN females, with 15 DEGs overlapping between the sexes. (C) Heatmap sorted by
fold change of DEGs in males (bottom) compared to the expression of those genes in females
(top). (D) Heatmap sorted by fold change of DEGs in females (bottom) compared to the
expression of those genes in males (top). (E) Heatmap of the 15 DEGs overlapping in both
sexes, sorted by fold change of DEGs in males (bottom compared to the expression of those
genes in females (top). (F) Selected top KEGG and Wikipathways enrichment terms identified
in males following LBN. The number of DEGs within each term is listed in parentheses to the
right of the term. All selected enrichment terms have an adjusted p-value < .05. (G) Selected top
KEGG and Wikipathways enrichment terms identified in females following LBN. The number
of DEGs within each term is listed in parentheses to the right of the term. All selected
enrichment terms have an adjusted p-value < .05.
transcription changes in unique sets of genes in males and females, with similar levels of
up- and down-regulation. Of the 15 common DEGs between males and females, only 7
were regulated in the same direction in both sexes while the remaining 8 were changed in
opposite directions (Figure 10E).
KEGG and Wikipathways pathway analysis examined the biological processes
altered by LBN. Top gene ontology (GO) terms are displayed in Figure 10F-G. We
focused on pathways involved in neurotransmitters, neurosignaling, and the immune
system as these pathways were most relevant to changes in brain function(Walker et al.,
2021). Largely different sets of DEGs were regulated within this network (Prkcb, Rac1,
and Hspb1 in males; Akt1 Atf1, Prkcb, Stat3, and Jak1 in females), indicating unique
transcriptional profiles following LBN in males and females.
Discussion
Early life adversity has been linked to a variety of developmental and hormoneregulated changes in humans (Virdis et al., 1998; Li et al., 2014; Noll et al., 2017) yet the
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mechanisms by which these changes occur are not well understood. Previously, we have
shown that the LBN model of limited resources increases plasma estradiol levels in adult
male rats (Eck et al., 2019). In this study, we show that LBN also alters reproductive
behavior in adult males. LBN males exhibited shorter latencies to mount, intromit, and
ejaculate at certain timepoints in the sex behavior assay, pointing to enhancements in
both motivational and consummatory aspects of reproduction. The presence of these
enhancements only at early timepoints in the sex behavior assay suggest that LBN males
acquire the repertoire of sex behaviors more quickly than controls. Quantification of cb-ir
cells in the SDN/POA revealed no effect of LBN in adult males or females, suggesting
LBN does not alter early estrogen-dependent sexual differentiation of the brain. Gene
transcription changes in the adult mPOA were measured using RNAseq analysis.
Transcription changes were found to be largely sex-specific, which was expected due to
the high level of sexual dimorphism in the mPOA. KEGG and Wikipathways analyses
identified several pathways involved in cell signaling and plasticity that were changed by
LBN exposure primarily in males and multiple immune-related pathways altered by LBN
primarily in females, pointing to many possible mechanisms of changed mPOA function.
LBN Enhances Acquisition of Male Sex Behavior
LBN males showed an enhancement in the latency to engage in mounts,
intromissions, and ejaculations over time. Rats were tested for sex behaviors over the
course of three tests over three consecutive weeks. This design allows for the animals to
gain efficiency in these behaviors over time. Indeed we showed that both LBN and
control males increased the number of behaviors they engaged in per session and
decreased the latency to engage in behaviors over the course of the three weeks of testing,
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as has been reported previously (Dewsbury, 1969; Lumley & Hull, 1999; López et al.,
1999; Lagoda et al., 2004; Alvarenga et al., 2010; Vigdorchik et al., 2012). Previous
studies found that latencies to engage in mounts and intromissions typically decrease
following a single copulation experience while latencies to ejaculate only begin to
decrease after multiple experiences (Bialy et al., 2000; Alvarenga et al., 2010).
Interestingly, LBN males exhibited shorter latencies to intromit compared to controls
during the first testing session. This suggests a more rapid induction of sex behavior in
LBN males. LBN males also exhibited a shorter latency to ejaculate during week 2, after
just one prior testing session. It is worth noting that by week 3, the difference in latencies
to behave disappear between LBN and control males. Given adequate experience, males
from both conditions are able to perform equally.
The molecular changes underlying acquisition of sex behaviors are not well
characterized. However, the mPOA, and specifically the SDN/POA, are believed to be
critical for acquisition. Lesions to the SDN/POA increases latencies to engage in mounts,
intromissions, and ejaculations in naïve males (De Jonge et al., 1989) but lesions in
sexually experienced males do not impair sex behavior (Arendash & Gorski, 1983).
Furthermore, pharmacological disruption of the mPOA impairs the acquisition of sex
behavior in male rats. These effects have been linked to glutamatergic (Vigdorchik et al.,
2012), dopaminergic (Lumley & Hull, 1999), and nitric oxide (Lagoda et al., 2004)
signaling in the mPOA. Further research is necessary to understand both how male sex
behaviors are acquired at baseline as well as how this acquisition is altered by LBN.
The LBN-induced enhancement of male sex behavior is not consistent with
reports that a different model of early life stress, maternal separation stress, increased

85

latencies (Rhees et al., 2001) and decreased frequencies of sex behaviors (Bodensteiner et
al., 2014) compared to control males. However, others have reported decreased latencies
to behave in maternal separated male rats (Greisen et al., 2005). Discrepancies in the
impact of early life stress between laboratories is not uncommon. The impact of early life
stress is dependent on the timing, severity, type of stress, and test species (Murthy &
Gould, 2018). More severe stressors tend to induce negative outcomes whereas more
mild stressors can often confer resilience and adaptability (Masten, 2001). Davis and
colleagues used a modified, milder version of LBN in which the metal grate is absent,
and rats are given a lower volume of bedding compared to controls. They reported no
impact of LBN on male sex behavior, but an enhancement of sexual motivation as
measured in the partner preference test, with LBN males spending more time with a
stimulus female compared to controls (Davis et al., 2020). The LBN-induced
enhancement of male sex behavior observed in the present study may thus be
representative of a resilience phenotype in response to a moderate stressor (i.e., less
severe than long-duration maternal separation stress and more severe than the modified
LBN model).
LBN Enhances Motivational and Consummatory Aspects of Male Sex Behavior
Male reproductive behavior is composed of motivational and consummatory
behaviors, both of which rely on the mPOA (Paredes et al., 1993; Dominguez & Hull,
2005). Reduced latencies to initiate copulation (i.e., reduced latencies to mount and
intromit) have been interpreted as evidence of enhanced sexual motivation (Ågmo, 1997;
Vigdorchik et al., 2012; Jean et al., 2017). Reduced latencies to ejaculate as well as
increased numbers of behaviors, on the other hand, have been interpreted as evidence of

86

enhancements in the consummatory aspect of sex behavior (Sura et al., 2001; Jean et al.,
2017). In the current study, we observed LBN-induced decreases in the latencies to
mount, intromit, and ejaculate during the first two weeks of testing, indicating
enhancements in both motivational and consummatory aspects of sex behavior at certain
timepoints.
The observed enhancements in sex behavior are consistent with our previous
finding that LBN males have elevated levels of plasma estradiol (Eck et al., 2019).
Estradiol is involved in both consummatory and appetitive aspects of male sexual
behavior (Paredes et al., 1993; Dominguez & Hull, 2005). Administration of estradiol
(Christensen & Clemens, 1975; Davis & Barfield, 1979; Clancy et al., 1995; Vagell &
McGinnis, 1997) into the mPOA restores sexual behavior in castrated male rats. One way
that estrogens can impact sex behavior is via regulation of dopamine (DA) transmission
in the mPOA (Du et al., 1998; Eck & Bangasser, 2020). DA in the mPOA facilitates
motivation as well as genital reflexes and motor patterns required for copulation (Hull et
al., 1992; Markowski et al., 1994; Hull et al., 1995; Dominguez & Hull, 2005). Estrogens
in the mPOA can further impact motivated behavior via projections to the
mesocorticolimbic dopaminergic system (Hull & Dominguez, 2007). There is an
important afferent from the mPOA to the VTA (Simerly & Swanson, 1988; Tobiansky et
al., 2016) that is both organized by estrogens early life (Peña & Champagne, 2015) and
regulated by estrogens in adulthood (Tobiansky et al., 2016). If the increased levels of
estradiol observed in the plasma of LBN males is mirrored locally in the mPOA, this may
contribute to the enhanced sex behavior observed in LBN males. Future studies should
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investigate how LBN may change signaling between the mPOA and dopaminergic
transmission.
LBN Does Not Affect Masculinization of the SDN/POA or Pubertal Onset in Males
We quantified the number of cb-ir cells in the SDN/POA and found no effect of
LBN on this measure in males or females. We did, however, observe a significant sex
difference in the number of cb-ir cells in the SDN/POA, with males displaying much higher
numbers of cb-ir cells than females. This sex difference is characteristic of the SDN/POA
in mice and rats (Sickel & McCarthy, 2000; Orikasa & Sakuma, 2010; Khbouz et al., 2019).
The expression of calbindin is determined by perinatal estrogen exposure in rodents (Sickel
& McCarthy, 2000). Specifically, ERα signaling has been linked to the sexual
differentiation of calbindin expression (Khbouz et al., 2019). Calbindin in the SDN/POA
is detectable by PND2 but does not begin to show a sexual dimorphism until PND8 (Sickel
&

McCarthy,

2000).

Treatment

with

estradiol

benzoate

on

PND1-5

plus

dihydrotestosterone on PND1 masculinized the expression of calbindin neurons in female
mice (Orikasa & Sakuma, 2010). The LBN manipulation spans from PND2-10, which
overlaps with the sensitive period for organization of calbindin expression in the
SDN/POA. However, we saw no changes in cb-ir in the SDN/POA, so

the LBN

manipulation does not appear to alter estradiol signaling through ERα in the SDN/POA
during early postnatal development.
Another developmental measure that is dependent on gonadal hormones is the
timing of puberty onset. We have previously shown that LBN does not affect puberty onset
in females as measured by the timing of vaginal opening (Eck et al., 2019). Here, we took
the analogous measure in males, preputial separation. Preputial separation is dependent on
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androgenic signaling in male rats, as testosterone and dihydrotestosterone but not estradiol
replacement in castrated rats restores the normal onset of preputial separation (Korenbrot
et al., 1977). We found that LBN had no effect of the timing of preputial separation.
Together with the finding that LBN does not alter calbindin expression in the SDN/POA,
these results suggest LBN does not alter gonadal hormone-mediated endpoints until
adulthood. Future studies should track the onset of the previously observed elevation of
estradiol as well as possible changes in androgen signaling throughout development in
LBN males.
Previous studies in both humans and animal models have found that early life
adversity can lead to precocious puberty (Virdis et al., 1998; Li et al., 2014; Noll et al.,
2017; Manzano Nieves et al., 2019; Strzelewicz et al., 2019). From an evolutionary
perspective, precocious maturation could be an adaptive response to early life adversity.
Animals that are raised in environments with limited access to resources are likely to live
out the rest of their lives in those same limited-resource environments. This means that
these animals may have a shorter life expectancy and it would be in their best interest,
evolutionarily speaking, to pass on their genes to the next generation as quickly as
possible. In a study of the effects of a limited resource environment on tadpole
development, researchers found that tadpoles that were raised in a low water level pond
developed to sexual maturity more quickly than their counterparts who were raised in
high water level pond. This precocious development came at a cost, however, with low
water level tadpoles having smaller overall body weights than control counterparts
(Gomez-Mestre et al., 2013). While we do not see precocious puberty in LBN males as
reported here, or in LBN females as reported previously (Eck et al., 2019), we do see an
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enhancement in the acquisition of male sex behavior. We have also previously observed a
reduction in body weight in LBN males and females (Eck et al., 2019). Thus, while we do
not replicate the finding that early life adversity leads to precocious puberty, LBN males
do show an enhancement in sex behavior in adulthood compared to controls which may
represent a similar compensation for lack of resources.
LBN Has Sex-Specific Effects on mPOA Gene Expression
We investigated gene expression in the mPOA of male and female adult rats
raised in LBN versus control housing conditions. RNAseq analysis revealed that LBNinduced gene expression changes in the mPOA were highly sex-specific, as can be seen
in the generated RRHO, Venn diagram, and heatmaps. The sex specificity of these
findings is not unexpected. The mPOA is a highly sexually dimorphic region of the brain
and is involved in many sexually dimorphic behaviors including male sexual behavior as
highlighted here as well as female sexual behavior and parental behavior (Stolzenberg &
Numan, 2011). LBN may thus alter these sexually dimorphic endpoints in females as
well as males. Further studies should investigate how female reproductive behaviors may
be altered by LBN exposure.
One gene that was downregulated in LBN males compared to control males was
Slc6a9, which encodes glycine transporter 1. A decrease in the amount of available
glycine transporter would allow for glycine to remain in the synapse longer, protracting
the transmitter’s ability to exert its effects. Glycine in the mPOA is linked to male sex
behaviors. For instance, microinjections of glycine into the mPOA decreased the latency
to first ejaculation and post-ejaculatory recovery time in sexually experienced male rats
(Zhuravleva et al., 2015). Furthermore, blocking mPOA glycine receptors leads to a
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deficit in both appetitive and consummatory aspects of male sex behavior in rats
(Zhuravleva et al., 2020). Glycine in the mPOA has also been linked to increases in
plasma prolactin in males (Banzan & Donoso, 1983). Plasma prolactin levels increase in
male rats with successive ejaculations (Hernandez et al., 2006). Furthermore, alterations
to Slc6a9 expression have previously been linked to stress. Following social defeat male
mice exhibit increased expression of Slc6a9 in the hypothalamus (Babenko et al., 2020).
We see an opposite effect in the current study, with male rats exhibiting decreased Slc6a9
expression following early life stress as induced by the LBN model. However, we also
see that LBN males tend to show an adaptive behavioral response to this stress. A
decrease in glycine transporter availability and concomitant enhancement of glycine
signaling may help explain the behavioral enhancement in ejaculation latency observed in
LBN males. Interestingly, glycine also interacts with glutamate signaling, acting as a
coagonist at the NMDA receptor (Johnson & Ascher, 1987). Thus, the downregulation of
the gene encoding glycine transporter 1 may also interact with glutamate signaling in the
mPOA which has been previously linked to the acquisition of male sex behaviors in
rodents (Vigdorchik et al., 2012).
KEGG and Wikipathways pathway analyses revealed that LBN altered multiple
pathways involved in cellular signaling and plasticity in males, including
phosphatidylinositol signaling, inositol phosphate metabolism, VEGF signaling, MAPK,
and Wnt signaling. Phosphatidylinositol, inositol, VEGF, and MAPK signaling in the
mPOA have all been linked to estrogen. For instance, MAPK in the male mPOA is
rapidly phosphorylated following sexual stimulation (Taziaux et al., 2011) and in the
female mPOA, MAPK phosphorylation is dependent on estrogen receptor signaling
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(Bryant et al., 2005). Hypothalamic expression of genes involved in phosphatidylinositol
3-kinases, which can be metabolized into inositols, has previously been shown to be
estrogen-dependent (Malyala et al., 2008); and VEGF signaling is crucial for cell survival
of hypothalamic gonadotropin releasing hormone neurons (Cariboni et al., 2011). These
signaling pathways represent additional mechanisms by which LBN may alter mPOA
function.
While the current study did not investigate any behavioral endpoints in females,
we did examine the impact of LBN on mPOA gene transcription in females. There were
more pathways significantly regulated by LBN in females than in males, including
pathways involved in signaling (including phospholipase D signaling, HIF-1 signaling,
and mTOR signaling) and the immune system (including IL-1, IL-2, IL-3 IL-5, IL-6, IL9). How these altered pathways may impact the functioning of the mPOA and the
behaviors it regulates, such as maternal behavior, remain to be investigated.
Conclusions
The present study describes an enhancement in the acquisition of male sex
behaviors following early life adversity in the form of the LBN model of limited
resources. LBN males exhibited significantly shorter latencies to engage in reproductive
behaviors compared to controls at earlier timepoints in the sex behavior assay. This may
represent an evolutionarily adaptive response to the experience of early life adversity.
Despite changes in male sex behavior, we did not observe any effect of LBN on
masculinization of the SDN/POA as measured by calbindin-expressing cells. RNAseq
revealed sex-specific changes in gene transcription in the mPOA following LBN,
including a downregulation of glycine transporter 1 in males which may help explain the
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observed behavioral enhancement. RNAseq analysis also identified multiple pathways
involved in cell signaling and immune action that were altered in LBN males and
females. These findings lay the groundwork for future studies investigating the
mechanisms by which LBN exerts its effects on the mPOA and how those changes
underlie behavior.
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CONCLUSIONS
Early life adversity (ELA) causes changes in motivated behavior in humans,
leading to increased risk for psychiatric illnesses including major depressive disorder
(MDD), schizophrenia, and substance use disorder (SUD) (Jumper, 1995; Molnar et al.,
2001; Enoch, 2011). It is important to understand the mechanisms of these effects in
order to develop effective treatment and prevention therapies. Outside of psychiatric
illness, healthy motivational processes are important for regulation of natural rewards
such as food, social interaction, or sex. Recall that motivation is regulated by the
mesocorticolimbic dopamine (DA) system, consisting of projections from the ventral
tegmental area (VTA) to the nucleus accumbens (NAc) and prefrontal cortex (PFC). This
system receives inputs from other brain regions to modulate motivation. As detailed in
Chapter 1, one of these afferents is the medial preoptic area (mPOA) which is critical for
social and sexual motivation in males and females. Projections from the mPOA to the
VTA modulate DA release and reward processing. One family of signaling molecules
that has a big effect on this reward circuitry is gonadal hormones. Androgens and
estrogens can enhance dopaminergic transmission at the level of the VTA, NAc, PFC,
and mPOA. Gonadal hormones have also been reported to be either increased or
decreased by various types and severities of ELA. Thus, gonadal hormones are poised to
mediate some of the impact of ELA on motivated behaviors and the underlying circuitry.
ELA can come in many different forms and levels of severity in humans, and
stressors can also occur at different timepoints during development spanning from
prenatal to early postnatal. This variety of experience is reflected in the different types of
ELA models that have been developed rodents. The experiments reported in Chapter 2
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characterize one model of ELA, the limited bedding and nesting model (LBN), in rats.
Notably, we found that LBN alters maternal care, causing dams to spend more time
engaged in pup-directed behaviors like licking and grooming, and less time engaged in
self-care behaviors such as resting outside of the nest, compared to control dams. This
compensatory shift in maternal care behaviors is not characteristic of healthy dam
behavior and in fact dams that raise pups in enriched environments with ample resources
tend to spend less time on the nest compared to those raised in standard laboratory
housing conditions (Strzelewicz et al., 2019). Despite this increase in pup-directed care
behaviors, we observed that LBN pups have smaller body weights, an effect that
persisted into adulthood. This effect could point to important metabolic changes in LBN
animals.
Another key finding in the characterization of the LBN model is that LBN males,
but not females, have elevated levels of plasma estradiol in adulthood. LBN females also
showed no change in reproductive measures including the timing of vaginal opening or
average estrus cycle duration. We also found that LBN decreased anogenital distance
(AGD) in pre-pubertal males, again pointing to changes in gonadal hormone signaling
(Eck et al., 2019). In the set of experiments presented in Chapter 3, we follow up on these
LBN-induced hormone changes by investigating male sex behavior, sexual differentiation
of the brain, and gene transcription changes in the mPOA. First, we found that LBN
males acquire the repertoire of sex behaviors more quickly than controls, exhibiting
shorter latencies to mount, intromit, and ejaculate at earlier timepoints in the behavior
assay. The mechanisms underlying this acquisition are not well understood, though there
is evidence that copulation-induced behavioral sensitization is regulated by various
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signaling pathways in the mPOA including glutamate (Vigdorchik et al., 2012), DA
(Lumley & Hull, 1999), and nitric oxide (Lagoda et al., 2004). Further research is needed
to understand the mechanism behind LBN-induced enhancement to behavioral
sensitization in male rats.
In addition to mediating the acquisition of male sex behavior, the mPOA is also
important for both motivational and consummatory aspects of reproduction. In Chapter 3,
we observed enhancements in both of these components at certain timepoints. Reduced
latencies to mount and intromit can be interpreted as enhanced motivation while reduced
latency to ejaculate points to enhanced consummatory behavior. Estrogen signaling in the
mPOA is important for modulating appetitive and consummatory sex behavior. Thus, our
behavioral findings are in line with the increased estradiol levels in LBN males reported
in Chapter 2. Estradiol in the mPOA regulates sex behavior via modulation of DA, as
discussed in Chapter 1. Future studies should investigate whether the increases in
estradiol observed in plasma are mirrored locally in the mPOA, and how LBN-induced
changes in gonadal hormones can alter DA signaling to modulate motivational and
consummatory sex behavior. Changes in mPOA and mesocorticolimbic DA signaling
could have important implications for the risk of developing motivation-related
psychiatric disorders such as MDD, schizophrenia, and SUD.
We took several measures in LBN males that are dependent on early life gonadal
hormone signaling. We found no effect of LBN on the number of calbindin-containing
cells in the SDN/POA or the timing of pubertal onset as determined by preputial
separation. The number of calbindin neurons in the SDN/POA is organized by perinatal
estrogen signaling via ERα (Khbouz et al., 2019). The null result on this measure

96

indicates that LBN males do not have altered estrogenic signaling in the SDN/POA early
in life. Preputial separation, on the other hand, is dependent on androgenic signaling in
male rats, as testosterone and dihydrotestosterone but not estradiol replacement in
castrated rats restores the normal onset of preputial separation (Korenbrot et al., 1977).
Interestingly, we previously reported that LBN decreases AGD in prepubescent males.
AGD development is also dependent on early androgen signaling (Clemens et al., 1978;
McDermott et al., 1978; Hotchkiss et al., 2007; MacLeod et al., 2010; van den Driesche
et al., 2011). Mechanisms mediating the dissociation between these two androgendependent developmental measures in LBN males should be investigated by future
research.
It is interesting to note that we observed changes in gonadal hormone-mediated
endpoints in LBN males at post-puberty timepoints (plasma estradiol and sex behavior)
but not at pre-puberty timepoints (calbindin expression in SDN/POA and preputial
separation), despite the LBN manipulation taking place at an early postnatal timepoint.
The mechanisms underlying these age-dependent hormone-signaling changes are unclear.
One possibility is that LBN males have an increase in aromatase activity that underlies
conversion of testosterone to estradiol. In males, plasma testosterone levels are relatively
low in prepubescent animals, then increase during puberty and remain elevated in
adulthood(Romeo et al., 2002). Therefore, while relatively low levels of testosterone
before puberty may not provide sufficient precursors to be aromatized to estradiol,
elevated testosterone levels after puberty could be sufficient to allow for increased
aromatization to estradiol. Future studies should investigate whether pubertal
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development triggers this shift in estradiol availability or signaling and the mechanism
behind this shift.
Finally, to identify possible mechanisms of behavioral changes, we conducted
RNA-sequencing analysis on the mPOA of male and female LBN and control animals in
adulthood. LBN-induced changes in the transcriptome were highly sex-specific, which
was expected because of the sexually dimorphic nature of the mPOA and the behaviors it
controls. One gene that was downregulated in the mPOA of LBN males is Slc6a9 which
encodes glycine transporter 1. Glycine in the mPOA has been demonstrated to be
important for the expression of sex behaviors in males (Zhuravleva et al., 2015;
Zhuravleva et al., 2020) and a downregulation of glycine transporter may allow glycine
to stay in the synaptic cleft longer and exert greater effects in LBN males. Glycine also
interacts with glutamatergic signaling by acting as a coagonist at the NMDA receptor
(Johnson & Ascher, 1987). Glutamate signaling via NMDA receptors in the mPOA has
been linked to the acquisition of male sex behaviors (Vigdorchik et al., 2012). Thus,
changes in glycine signaling may also impact glutamatergic synapses to further alter
behavior.
RNA-sequencing identified several signaling pathways that were altered in males
that could contribute to functional changes in the mPOA underlying sex behavior.
Pathways identified by KEGG and Wikipathways included phosphatidylinositol
signaling, inositol phosphate metabolism, VEGF signaling, MAPK, and Wnt signaling.
Several of these pathways have been shown to be estrogen-sensitive and altered by sexual
experience and represent future directions for investigating the mechanisms underlying
sex behavior alterations in LBN males. While we did not investigate female behavior in
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the current studies, RNA-sequencing also identified many pathways that were changed by
LBN in females, including a large number of immune-related pathways. Identification of
mPOA-mediated behaviors that are impacted by these pathway changes represent an
additional direction for future investigation.
In summary, the present studies characterize the impact of LBN on growth,
development, male reproductive behaviors, sexual differentiation of the brain, and the
mPOA transcriptome. Much more research is needed to understand the mechanisms by
which LBN impact reproductive and motivated behaviors in males and females. Here we
identify multiple possible mechanisms for LBN-induced changes via RNA-sequencing
analysis of the mPOA which is critical for motivational and consummatory aspects of
male sex behaviors as well as the acquisition of those behaviors. These findings lay the
groundwork for future studies to investigate the mechanisms by LBN alters behavior and
brain function and add to the body of literature characterizing the ways in which various
experiences of early life adversity alter development and behavior in males and females.
Understanding these mechanisms will lead to a better understanding of risk factors for
motivation-related psychiatric illnesses and contribute to the development of better
treatment and prevention interventions.
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