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Abstract
Puberty and adolescence are major life transitions during which an individual’s physiology and
behavior changes from that of a juvenile to that of an adult. Here we review studies documenting
the effects of stressors during pubertal and adolescent development on the adult brain and
behavior. The experience of complex or compound stressors during puberty/adolescence generally
increases stress reactivity, increases anxiety and depression, and decreases cognitive performance
in adulthood. These behavioral changes correlate with decreased hippocampal volumes and
alterations in neural plasticity. Moreover, stressful experiences during puberty disrupt behavioral
responses to gonadal hormones both in sexual performance and on cognition and emotionality.
These behavioral changes correlate with altered estrogen receptor densities in some estrogen-
concentrating brain areas, suggesting a remodeling of the brain’s response to hormones. A
hypothesis is presented that activation of the immune system results in chronic neuroinflammation
that may mediate the alterations of hormone-modulated behaviors in adulthood.
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1. Introduction
Puberty is a major life transition from that of a non-reproductive juvenile into a
reproductively competent adult. Puberty and adolescence, the developmental period
associated with puberty, are times of great physiological, psychosocial and cultural changes.
As such, puberty and adolescence are also times of great developmental plasticity (Dahl and
Gunnar, 2009; Patton and Viner, 2007). The neuroplasticity of puberty may also contribute
to vulnerability for the development of mental diseases (Andersen, 2003). The National
Comorbidity Survey Replication study, which assessed over 9000 people representative of
the US population, indicate that affective disorders such as anxiety, bipolar disorder, and
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major depression emerge during adolescence, with the peak age of onset for these diseases
of 14 years (Kessler et al., 2005; Paus et al., 2008). A major predictor of an individual’s
susceptibility to mental disease is his or her sex: women show higher rates of anxiety and
depression, and men have higher rates of autism spectrum disorders, schizophrenia, and
attention deficit hyperactivity disorder (Astbury, 2001; Eaton et al., 2012). However, the 2:1
female-male prevalence in depression and anxiety disorders emerges only after puberty
(Angold and Costello, 2006). Moreover, the pubertal status (Tanner stage III) predicts this
sex difference better than age alone (Hayward and Sanborn, 2002; Patton et al., 1996),
suggesting that ovarian hormones, particularly in puberty/adolescence, play a role in the
etiology of affective disorders.

Recently, studies have demonstrated that peri-pubertal or adolescent exposure to stressful
life experiences contributes greatly to an individual’s vulnerability to mental disease (Ge et
al., 2001; Grant et al., 2003; Grant et al., 2004; Silverman et al., 1996; Turner and Lloyd,
2004). Yet little is known about how stress could disrupt normal neural development during
the pubertal or adolescent period to produce a brain that is particularly vulnerable to mental
diseases. Therefore, it is important to understand the neural mechanisms by which a pubertal
stressor may produce a brain that is susceptible to specific mental diseases. Using animal
models, we are beginning to learn the unique ways in which a pubertal organism responds to
a stressor, and how the experience of stressors during pubertal development alters adult
physiology and behavior.

The focus of this review is to present results of recent studies that demonstrate i) that
stressors experienced in puberty alter steroid hormone-influenced behaviors in adulthood
and ii) that these behavioral changes may be mediated through alterations in the ongoing
processes of brain development. First, we provide a short background on some of the major
developmental processes that occur during puberty and adolescence. Next, we discuss the
ability of stressors during pubertal development to alter the display of sexual behaviors,
anxiety- and depression-like behaviors, and learning, memory and cognitive behaviors,
giving special attention to the possible neural correlates and mechanisms of these behavioral
responses. Finally, we postulate a novel mechanism by which stressors may act to achieve
enduring effects in the adult brain and behavior.

2. Puberty and Adolescence
2.1. Definitions of puberty and adolescence

Puberty and adolescence are commonly conflated; however, in order to understand the ways
that puberty and adolescence can influence the brain’s response to hormones, it is critical to
disambiguate and use precise definitions of both puberty and adolescence, as they are
distinct processes. Puberty refers to the developmental transition from a non-reproductive
state into a reproductive state, culminating in reproductive competence (Sisk and Foster,
2004; Waylen and Wolke, 2004). Even though it is sometimes referred to as a singular
event, puberty is a prolonged, developmental process. The term is not only used to indicate
the attainment of reproductive competence, but also it is used to describe the reproductive
changes culminating in reproductive competence. Throughout this review, we will refer to
the changes that occur in reproductive status as pubertal developments and the time during
which these pubertal developments occur as the pubertal period. In contrast, adolescence
refers to the social and cognitive maturation associated with and resulting from the hormonal
changes of puberty (Sisk and Foster, 2004). While the biological hallmarks of pubertal
development have been extensively categorized as the Tanner Stages, the biological
hallmarks of adolescence are more nebulous and include the neuroplasticity and
development of the cortical and limbic areas of the brain.
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Pubertal development in humans comprises several physiological and physical changes
(Figure 1), including the development of secondary sexual characteristics (e.g., breast
budding in girls and testicular enlargement in boys and the growth of pubic hair) and
culminating in the onset of reproductive competence (e.g., menarche and ovulatory
menstrual cycles in girls and semenarche and spermarche in boys) (Marshall and Tanner,
1969; Marshall and Tanner, 1970; Tanner, 1962). The pubertal processes are dependent on
the presence of estrogens and progestins in girls and androgens in boys (Tanner, 1962).
Typically girls begin pubertal development around ages 10–11 and have completed the
process by ages 15–16 (Marshall and Tanner, 1969; Tanner, 1962), whereas boys begin
puberty slightly later at ages 11–12 and have completed it by 16–17 (Marshall and Tanner,
1969; Tanner, 1962).

In female rodents, the first stage of pubertal development is typically the first external sign
of ovarian activity (i.e., vaginal opening), and puberty is considered complete with the onset
of the first reproductive (i.e., estrous) cycle. Although variable and dependent on housing
conditions (e.g., (Vandenbergh, 1967; Vandenbergh, 1969)), the day of vaginal opening is
approximately postnatal day 35 (P35) in rats (Ojeda and Urbanski, 1994; Ojeda et al., 1976)
and P25 in C57Bl/6 mice and P30 in CD1 mice housed in single sex rooms (Ismail &
Blaustein, unpublished observations). Female rats can have quite a short latency between
vaginal opening and estrous cycles. This latency can be as prolonged as a week (Lohmiller
and Sonya, 2006), but can be as brief as the same day (Ojeda et al., 1976; Parker and
Mahesh, 1976). In female mice, however, the pubertal period may last several weeks when
females are housed in the absence of male mice. While the presence of a male or male odor
can both advance vaginal opening and shorten the interval between vaginal opening and first
estrus (i.e., 7–10 days instead of 20 days), this pubertal period is still considered extended,
compared to rats (Vandenbergh, 1967; Vandenbergh, 1969). It is important to note that girls
also have an extended pubertal period of 2 – 3 years, if one considers the timing of
analogous events beginning with the development of pubic hair and breast budding (Tanner
Stage II) and ending with menarche and regular ovulatory menstrual cycles (Sizonenko,
1989).

The external markers of pubertal development in male rodents are the separation of the
prepuce from the glans penis, or preputial separation, and the presence of mature motile
sperm in the caput epididymis (Korenbrot et al., 1977). In rats, these events can be separated
by a few days to a week (Korenbrot et al., 1977), but the average day of preputial separation
is P42. Although preputial separation is also used as a marker of pubertal development in
male mice, the timing of separation and the presence of mature sperm remain to be
determined.

While animal work may inform the mechanism by which the pubertal brain is particularly
vulnerable to insult, it can be difficult to reconcile animal work and the human condition. In
particular, work in humans often does not precisely define pubertal stage but rather focuses
on age or events that occur during adolescence. Additionally, studies using rodents typically
use chronological age, rather than pubertal status, to categorize the animals using a
classification system of early adolescence (P21–P34), mid-adolescence (P35–46), and late
adolescence (P47–59) (Tirelli et al., 2003). Another widely used convention for
classifications within the rat literature defines the adolescent period as P28–42 (Spear,
2000). Therefore, the adolescent and pubertal periods of males are not orthogonal; rather
they are overlapping, resulting in ambiguity in the results of many experiments (Figure 1).
That is, it can be difficult to determine whether the particular effects are due to manipulation
at a particular chronological age or to a particular reproductive stage. Therefore, in this
review, we will focus on the pubertal stage of development when possible.
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2.2. Puberty as time of neuroplasticity and neural development
The pubertal and adolescent periods are times of great neuroplasticity and neural
development in both humans and in rodent animal model species. The pubertal period shares
many developmental processes with the prenatal and early postnatal periods: I) neuronal
growth (Phoenix et al., 1959; Pinos et al., 2001) or death (Nunez et al., 2001); II) growth of
axonal projections or axonal sprouting (Benes et al., 2000; Dahl, 2004; Lewis et al., 2004);
III) reshaping of the dendritic tree by dendritic elaboration or retraction (Goldstein et al.,
1990; Meyer et al., 1978); IV) synapse formation (Bourgeois et al., 1994; Bourgeois and
Rakic, 1993) or elimination (Andersen et al., 2002; Gerocs et al., 1986; Huttenlocher and
Dabholkar, 1997; Meyer et al., 1978); and V) myelination (Benes et al., 1994; Nunez et al.,
2000; Woo et al., 1997).

Some brain regions, such as the prefrontal cortex, continue to develop into adulthood in
humans. In particular, gross morphological changes result from both increases in white
matter by continued axonal myelination and changes in grey matter (Barnea-Goraly et al.,
2005; Giedd et al., 1999; Paus et al., 1999; Reiss et al., 1996; Sowell et al., 2001). The
volume of grey matter in the frontal and parietal lobes first increases in early adolescence
and then decreases in later adolescence (Shaw et al., 2008). The age-related decrease in grey
matter volume has been proposed to be due to the increase in myelination and axonal
growth, resulting in a net increase in white matter and subsequent decrease in grey matter
(Paus et al., 2008). Alternatively, this decrease in grey matter may reflect the synaptic
reorganization in the form of proliferation of neurons and/or synapses, followed by
subsequent cell death and synapse elimination (Giedd et al., 1999; Huttenlocher, 1979;
Petanjek et al., 2011; Sowell et al., 2001). Interestingly, sex differences in region volume or
neural density emerge as a consequence of the brain remodeling. The hippocampal volume
increases in girls, whereas the volume of the amygdala (Giedd et al., 1997) increases in
boys. Additionally, the bed nucleus of the stria terminalis is larger and with a greater number
of neurons in boys (Chung et al., 2002).

Rodents also experience neural development and brain remodeling during the pubertal
period. These changes take the form of gross morphological alterations, such as volumetric
changes in grey matter and neuronal cell numbers. The remodeling of the pubertal brain in
rodents also includes reorganization at the pre-and post-synaptic levels (reviewed in Sisk
and Zehr, 2005). Important for this review is the fact that many, but not all, of the processes
that result in the remodeling of the pubertal and adolescent brain are driven by the pubertal
hormones (Andersen et al., 2002; Davis et al., 1996; Goldstein et al., 1990; Guillamon et al.,
1988; Nunez et al., 2000). Therefore, pubertal status, rather than chronological age, is likely
to be the critical factor. Unfortunately, few studies focus on the precise, clearly defined,
stage of reproductive development, so it can be difficult to determine the effects of the
stressors during this time frame on subsequent behavioral and neurobiological processes in
adulthood.

2.3. Puberty as a second period of organizational actions of steroid hormones
Multiple sensitive periods exist for the organization of the brain and nervous system,
primarily occurring during periods of rapid developmental changes (Scott et al., 1974). One
of the most well-studied and best-characterized periods is that of the perinatal period in
rodents. During the perinatal period, the steroid hormones, testosterone and estradiol, have
the ability to organize the neural circuits and permanently alter the brain and behavior. That
is, even a brief exposure to testosterone or estradiol can sexually differentiate the brain
(Lenz et al., 2012; McCarthy, 2010; Phoenix et al., 1959; Wallen, 2005). Organizational
effects are contrasted with the activational effects of hormones, which are transient
modifications or modulation of activity that can alter physiology and behavior (Phoenix et
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al., 1959). Additionally, the organizational actions of hormones are also limited to critical or
vulnerable windows. Prior to and after these windows of plasticity, hormones may no longer
affect the brain’s development (Phoenix et al., 1959). The pubertal period is now understood
to be one such period of organization by steroid hormones (Sisk and Zehr, 2005).

Implicit in the discussion of the remodeling of the pubertal and adolescent brain is the
conceptualization of the pubertal period as a second phase of steroid-dependent organization
of behaviors and their underlying neural circuitry. Therefore, an individual’s life experience
during pubertal development and adolescence may have enduring consequences, which
profoundly affect adult life. Furthermore, as many of the neurodevelopmental processes
occurring during the rather nebulous period of adolescence are hormonally-regulated or
modulated, it may be that pubertal status and the underlying hormonal milieu are the critical
factors in an individual’s susceptibility to the enduring consequences of experience. Indeed,
stress during pubertal development and/or adolescence results in profound alterations in
physiology and behavior as indicated by I) increases in anxiety and depression (Ge et al.,
2001; Patton and Viner, 2007); II) risk-taking and novelty-seeking behaviors (Arnett, 1996;
Roberti, 2004; Wagner, 2001); III) alterations in learning and cognition (Im-Bolter et al.,
2013); and IV) drug and alcohol use and abuse (Bekman et al., 2010; Crawford et al., 2003;
MacPherson et al., 2010). In this review, we will confine ourselves to the ability of stressors
in the pubertal and adolescent periods to alter the brain’s response to gonadal (Section 3)
and adrenal (Section 4) hormones.

3. Gonadal Steroid Hormones
3.1. Hypothalamic-pituitary-gonadal (HPG) Axis

The hypothalamus and preoptic areas of the brain control much of the neuroendocrine
activity of vertebrates via regulation of hormone secretion. The secretion of the gonadal
hormones, primarily estrogens and progestins in females and androgens in males, is
controlled by the HPG axis (Figure 2). The primary sources of gonadal hormones are the
ovaries in females and the testes in males. The ovary primarily produces two classes of
steroid hormones from cholesterol: estrogens and progestins. Of the estrogens, the most
behaviorly potent is estradiol (Feder and Silver, 1974) and will be discussed in this review.
Progestins, or progestogens, are the second class of steroid hormones synthesized in the
ovary. Progesterone is the most biologically potent of the progestins. The testes produce
androgens, of which testosterone is the primary androgen discussed in this review.

3.2. Receptors of the HPG axis
In addition to acting other mechanisms of action to be discussed later, estradiol acts on two
main so-called “nuclear” receptors in the brain: estrogen receptor (ER) α and β, also referred
to as ESR1 and ESR2, respectively. High levels of ERα are present in hypothalamic and
limbic nuclei in the rat brain, including but not limited to the anteroventral periventricular
nucleus (AVPV), medial preoptic area (mPOA), bed nucleus of the stria terminalis (BNST),
arcuate nucleus, paraventricular nucleus of the hypothalamus (PVN), ventromedial nucleus
of the hypothalamus (VMN), and medial amygdala (MeA) (Shughrue et al., 1996; Shughrue
et al., 1997). The distribution of ERβ is similar to ERα, but it is more highly expressed in the
mPOA, hippocampus, and cerebellum (Shughrue et al., 1996; Shughrue et al., 1997). While
no qualitative sex differences in the distribution of ERs in particular brain regions have been
reported, there are sex differences in the density of ERs (Rainbow et al., 1982). Compared to
male rats, female rats have higher concentrations of ERs in the BNST peri-pubertally
(Kuhnemann et al., 1994) and in the mPOA, AVPV, and VMN pubertally and into
adulthood (Brown et al., 1988; Kuhnemann et al., 1994). Specifically, female rats have a
higher density of ERα in the VMN during pubertal development (Yokosuka et al., 1997) and
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in adulthood (Yamada et al., 2009) and more ERβ in the lateral amygdaloid nucleus and the
dentate gyrus and CA3 region of the hippocampus in adulthood (Zhang et al., 2002).

Progesterone acts on two main receptors in the brain: PRA and PRB. The PRs are expressed
throughout the female and male rat brains, especially in the BNST, mPOA, AVPV, PVN,
VMN and arcuate nucleus (Parsons et al., 1982; Rainbow et al., 1982). Treatment with
estradiol also induces the transcription of the genes for PRs within these brain regions
(Intlekofer and Petersen, 2010; Parsons et al., 1982). Adult female rats have a higher density
of PRs within the VMN and AVPV, compared to adult male rats (Rainbow et al., 1982).
Prepubertal male rats have lower levels of PRs in the PVN compared to adult males (Romeo
et al., 2005). It is unknown whether PR levels differ in pre-, peri-, and post-pubertal the
brains of female rodents.

Androgen receptors (ARs) have a high degree of overlap with the distribution of ERs,
particularly in the MeA, BNST, mPOA, PVN, VMN and arcuate nucleus (Commins and
Yahr, 1985; Sheridan, 1978; Simerly et al., 1990). Adult male rats have a greater number
and intensity of AR-staining in the hippocampus (Xiao and Jordan, 2002), BNST and PVN
(Herbison, 1995) compared to females. Adult male mice also express increased levels of AR
in the mPOA and BNST (Lu et al., 1998). It is unknown whether AR levels change
following pubertal development.

Steroid hormone receptors can act via two mechanisms. The classic, or genomic, pathway
involves the ligand-dependent dimerization and binding of the receptors to specific hormone
response elements on target genes, leading to changes in gene transcription (Mangelsdorf et
al., 1995; Novac and Heinzel, 2004). This classic activity of steroid receptors results in long
lasting changes in cellular function. The genomic actions of the receptors also involve the
recruitment of co-activators and co-repressors, but discussion of this is beyond the scope of
this review (Tetel et al., 2009). More recent evidence suggests that steroid hormone
receptors can also activate cytoplasmic signal transduction pathways (Filardo and Thomas,
2012; McEwen et al., 2012; Nilsson et al., 2001; Vasudevan and Pfaff, 2008).

3.3. Pubertal maturation of the HPG axis
The pubertal maturation of the HPG axis begins with the reactivation of GnRH neurons.
While GnRH neurons maintain or increase expression of GnRH mRNA and proteins (Araki
et al., 1975; Jakubowski et al., 1991; Wiemann et al., 1989), their secretory activity is
quiescent during the prepubertal period (Sisk and Foster, 2004). At the onset of the pubertal
period, the frequency and amplitude of GnRH secretion increases gradually until the GnRH
neurons fire in synchrony to produce intermittent pulses of GnRH release (Plant and Barker-
Gibb, 2004). Much work in recent years has helped to elucidate the triggers for the
reinstatement of the GnRH pulsatility. A variety of permissive signals may converge on
GnRH neurons, including photoperiod (i.e. melatonin), energy balance or metabolic (i.e.,
body fat, leptin), and psychosocial signals (Ellison et al., 2012; Sisk and Foster, 2004).
These signals are mediated by the general excitatory and inhibitory neurotransmitters,
glutamate and GABA, respectively (Parent et al., 2005).

Most of the work examining the re-emergence of GnRH pulsatility has centered on
kisspeptin and its receptor, GPR54 (for further review see Ojeda et al., 2006; Sisk and
Foster, 2004). Mutations in the genes for either kisspeptin or GPR54 are associated with low
levels of gonadotropin and gonadal steroid levels and a failure to undergo spontaneous
puberty in both human and rodent models (Oakley et al., 2009). Kisspeptin transcription
increases dramatically prior to puberty, and GPR54 expression becomes localized to the
GnRH secretory neurons (Gottsch et al., 2004; Ramaswamy et al., 2008). Additionally,
kisspeptin signaling is both necessary and sufficient for pulsatile GnRH secretion (Kauffman
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et al., 2007). Finally, kisspeptin neurons in the arcuate nucleus express ERs, which may in
part modulate steroid feedback of the HPG axis (Navarro et al., 2011).

3.4. Enduring effects of stressors on responses to gonadal steroids
The pubertal period is important for the maturation of the stress axis (see Section 4). Further,
stressors experienced during puberty/adolescence alter stress reactivity. However, prior to a
rather serendipitous discovery (reviewed in detail elsewhere: (Blaustein and Ismail, 2013)),
it was unknown that pubertal stressors could alter the brain’s response to gonadal hormones.
Here, we discuss the ability of a pubertal stressor to alter the response to gonadal, primarily
ovarian, steroid hormones in regulation of sexual behavior (3.4.1), depression- and anxiety-
like behaviors (3.4.2), and cognitive behavior (3.4.3). Throughout this review, we discuss
alterations in the brain that may mediate the enduring effects of stressors on the response to
ovarian hormones.

3.4.1. Sexual behavior in adulthood—Ovariectomized (OVX) mice, unlike rats,
guinea pigs, and hamsters, typically require several weekly injections of estradiol and
progesterone followed by mating tests with sexually active males before they begin to
express high levels of sexual receptivity (Blaustein, 2008). However, in the course of an
extensive experiment to determine the most appropriate doses of estradiol and progesterone
to induce female sexual behavior in C57Bl/6 mice, we discovered that mice shipped at six
weeks old failed to respond to estradiol and progesterone injections in adulthood with
typical increases in the level of sexual receptivity in response to mount attempts by a male
mouse (Laroche et al., 2009b). However, mice shipped in adulthood (12 weeks old)
expressed the expected behavioral response, indicating that the stress of shipping during
pubertal development perturbs the behavioral response to ovarian hormones later in life
(Figure 3). This vulnerability is limited to the pubertal period: C57Bl/6 mice shipped at four,
five or six weeks old do not respond to estradiol and progesterone in adulthood with the
usual high levels of receptivity. In fact, mice shipped at six weeks display the most profound
perturbations in behavioral responses (Laroche et al., 2009b). Mice shipped at three weeks
old or those shipped at seven weeks old or later responded to estradiol and progesterone with
typical levels of sexual receptivity in adulthood. Therefore, in C57Bl/6 mice, this period
between four to six weeks of age represents a sensitive or vulnerable period in which
stressors have an enduring effect on adult behavioral response to ovarian hormones.

This sensitivity is not limited to female mice. Male mice shipped at six weeks old also have
a slightly decreased response to testosterone in adulthood compared to mice shipped in
adulthood. That is, peripubertally-shipped male mice display fewer mounts and a trend
towards longer intromission latencies (Laroche et al., 2009b). Recently, McCormick and
colleagues (2013) demonstrated that social instability experienced during pubertal
development (P30–45) leads to reduced sexual performance in male rats in adulthood.
Specifically, pubertally-stressed males have fewer ejaculations, a longer latency to ejaculate,
and a reduced copulatory efficiency, as indicated by more mounts and intromissions prior to
ejaculation. This effect is confined to sexual performance, as sexual motivation in the
pubertally-stressed male rats is unaffected. The stressed males also have lower plasma
testosterone levels, but there is no difference in the levels of androgen or estrogen receptors
in the mPOA of the stressed and control male rats (McCormick et al., 2013).

Several controlled stressors were used to duplicate the effect of shipping in the laboratory.
However, standard restraint stress, food restriction for 36 hr, or a multiple stressor regimen
(combination of heat, light and restraint) did not influence the behavioral response to
estradiol and progesterone in adulthood (Laroche et al., 2009a). Shipping is a complex,
multifactor stressor: animals experience noise and vibration, temperature fluctuations,
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possible predator odors, disruption in social hierarchy, etc. In situations such as our
laboratory, they also transition from a light:dark cycle with lights on early in the morning at
the breeders to a shifted and reversed light:dark cycle typical for behavioral testing (light off
in the late morning; lights on in the early evening). It is possible that the shipping stressor
may also have elements of circadian disruption beyond the random and intermittent
exposure to light and dark during the process of shipping itself. It is therefore
understandable that relatively simple stressors are unable to elicit similar perturbations in
response to gonadal hormones.

Due to the similarities in duration of effect and in behavior of recently shipped animals and
sick animals, injection of the bacterial endotoxin lipopolysaccharide (LPS) (Laugero and
Moberg, 2000) was used as a stressor. LPS causes a robust inflammatory and immune
response and induces the display of sickness behavior that lasts for less than forty-eight
hours (Anisman, 2009; Dantzer, 2001). Female C57Bl/6 mice injected with LPS at four, five
or six weeks, but not three, seven, eight, or ten weeks old expressed a decrease in sexual
receptivity in adulthood, compared to saline-injected controls (Laroche et al., 2009a),
duplicating the same developmental sensitive period demonstrated by mice shipped at these
same ages (Laroche et al., 2009b). Subsequent work has demonstrated that pubertal and
adult animals display similar increases sickness behavior (e.g., lethargy, huddling,
piloerection, and ptosis) and decreases in body weight following LPS administration (Ismail
and Blaustein, 2013; Ismail et al., 2011; Ismail et al., 2012; Olesen et al., 2011).

The effects of shipping and LPS exposure are not idiosyncratic to the inbred C57Bl/6 mice
strain, as similar results have been obtained using the outbred CD1 mice strain (Figure 4)
(Ismail et al., 2011). However, the sensitive period is shifted; in female C57Bl/6 mice, the
onset of the sensitive period is four weeks old, but in CD1 mice, this vulnerability does not
occur until after four weeks. The sensitive period may last longer in CD1 mice as indicated
by the effects of injection of LPS and shipping at eight weeks, but not ten weeks old (Ismail
et al., 2011).

It should be noted that the effects of the controlled stressors, such as restraint or food
deprivation, and LPS in pubertal male mice have not been examined. Although shipping is
effective in reducing behavioral response to testosterone, the efficacy of these other stressors
is unknown. Additionally, the effects of shipping or LPS have not been extended to male
CD1 mice.

The decreased response to estradiol and progesterone in adulthood following the pubertal
stressors may result from a decrease in ERα in some brain areas. That is, CD1 mice shipped
at six weeks, but not at four weeks, express a decrease in ERα-immunopositive cells in the
mPOA, VMN and arcuate nucleus, but not in the AVPV (Ismail et al., 2011). It is unknown
whether this arises from potential volumetric changes in the brain areas, through cell death,
or phenotypic changes in which cells express lower levels of ERα. Additionally, the
neuronal (e.g., glutamatergic or GABAergic) or even the neural cell type (e.g., neuron or
glia) in which this decrease in ERα occurs is unknown. Nonetheless, these data suggest a
cellular basis for the decreased behavioral response after the pubertal stressor.

3.4.2. Ovarian hormone-modulated depression- and anxiety-like behavior in
adulthood—While more commonly studied in premenstrual dysphoric disorder (Schmidt
et al., 1998) or post-partum depression (Bloch et al., 2003), changes in hormone levels may
contribute to the development of mental disease, such as depression and/or anxiety disorders
in women. Studies of women with premenstrual dysphoric disorder or post-partum
depression demonstrate that ovarian hormones trigger anxiety and/or depression during the
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luteal phase, or at times when ovarian hormone concentrations are relatively low (Bloch et
al., 2003; Schmidt et al., 1998).

Animal models of depression-like behavior include the Porsolt forced swim test and the tail
suspension test. In these tests, depressive symptoms of behavioral despair are inferred from
decreases in times spent swimming and struggling to escape and an increase in time spent
immobile (O’Neil and Moore, 2003; Palanza et al., 2001). Another widely used test
measures anhedonia, defined by a decrease in sucrose preference (Grippo et al., 2003;
Konkle et al., 2003). This test typically involves the presentation of two bottles, one with
water and another with a solution of 1–10% sucrose. The consumption of the sucrose
relative to the water is measured. Mice and rats typically prefer the sucrose solution, and
failure to show this preference is taken as a sign of anhedonia.

Estradiol also modulates depression-like behaviors in rodents (Bekku and Yoshimura, 2005;
Dalla et al., 2004; Okada et al., 1997; Rachman et al., 1998; Suda et al., 2008). OVX
increases, and estradiol-replacement decreases, duration of immobility in the tail suspension
(Bernardi et al., 1989) and forced-swim test (Koss et al., 2012; Okada et al., 1997; Rocha et
al., 2005). Strain differences in the anti-depressive properties of estradiol have been
reported. For example, Long-Evans rats have an anti-depressive response to estradiol. In
contrast, Wistar rats show an increase in depression-like behavior following the withdrawal
of estradiol (Koss et al., 2012). Additionally, female mice with a knockout of the aromatase
gene, which are deficient in estradiol (as aromatase converts testosterone to estradiol),
display greater depression-like behaviors compared to wild-type mice (Dalla et al., 2004).
Overall, the evidence supports the hypothesis that estradiol is anti-depressive.

LPS exposure during the sensitive period perturbs the anti-depressive properties of estradiol
in both C57Bl/6 and CD1 mice (Figure 5). Instead of decreasing the behavioral responses to
estradiol, as previously demonstrated in sexual behavior, estradiol increased depression-like
behavior in the tail suspension and forced swim tests (Ismail et al., 2012). Specifically, in
mice treated with saline during pubertal development or adulthood or LPS in adulthood,
estradiol induced the expected decrease in depression-like behaviors, as measured by a
decrease in immobility. However, in mice treated with LPS during pubertal development,
estradiol treatment increases the duration of immobility (Ismail et al., 2012). That is, the
pubertal immune challenge reversed the effects of estradiol. Interestingly, neither estradiol
treatment, nor pubertal LPS exposure, affected the sucrose preference test, which measures
anhedonia. While it is possible that a higher concentration of sucrose would have resulted in
a decrease in sucrose preference, these data may suggest that different mechanisms may
mediate behavioral despair and anhedonia aspects of depression-like behaviors.

Typical animal models of anxiety-like behaviors are based upon the innate aversion of
rodents to open spaces. Two such tests are the elevated plus maze and the open field arena.
The elevated plus maze is based upon the animal’s fear of open and unprotected spaces, with
decreased time exploring the open arms interpreted as an increase in anxiety-like behavior
(Roy and Chapillon, 2004; Wall and Messier, 2001). The open field test measures the
exploratory behavior of the rat or mouse, as well as its willingness to move away from the
arena wall and into the center. Reductions in both exploratory behavior and entries into the
center are taken as evidence for an increase in anxiety (Roy and Chapillon, 2004). The light-
dark box also takes advantage of the rodent’s natural preference for dark spaces, so increases
in time spent in the light compartment are interpreted as decreases in anxiety-like behavior.
Other measures of anxiety include enhanced startle reflexes, decreases in the approach to
novel food or social interactions (File and Seth, 2003; Johnston and File, 1991), and more
rapid marble burying in the marble burying test (which also may model compulsive behavior
(Li et al., 2006)).
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Ovarian hormones also influence anxiety-like behaviors in female rodents. Both rats (Diaz-
Veliz et al., 1997; Diaz-Veliz et al., 1989; Diaz-Veliz et al., 1991; Mora et al., 1996;
Olivera-Lopez et al., 2008; Pandaranandaka et al., 2006; Pandaranandaka et al., 2009) and
mice (Galeeva and Tuohimaa, 2001) display cycles in anxiety-like behaviors that correlate
with the estrous cycle. Specifically, anxiety-like behaviors are increased during diestrus,
when estradiol levels are low, and females display a reduction in anxiety during proestrus
and estrus (when estradiol levels are elevated). Moreover, exogenous estradiol treatment
during diestrus reduces anxiety-like behaviors to proestrus-like levels (Marcondes et al.,
2001). OVX also increases anxiety levels in rats (Diaz-Veliz et al., 1997; Pandaranandaka et
al., 2009; Picazo et al., 2006) and mice (Ogawa et al.). Replacement of estradiol and
progesterone decreases levels of anxiety-like behaviors in female rats (Diaz-Veliz et al.,
1997; Diaz-Veliz et al., 1989; Diaz-Veliz et al., 1991; Mora et al., 1996; Olivera-Lopez et
al., 2008; Pandaranandaka et al., 2006; Pandaranandaka et al., 2009). OVX mice, however,
display a biphasic response to estradiol; while chronic treatment with low doses of estradiol
reduces anxiety-like behaviors (Tomihara et al., 2009), higher levels of estradiol may
increase anxiety (Morgan and Pfaff, 2001; Morgan and Pfaff, 2002; Tomihara et al., 2009).

As with the anti-depressive properties of estradiol, LPS exposure during the pubertal period
perturbs the anxiolytic properties of estradiol and progesterone in both C57Bl/6 and CD1
mice. In control OVX mice, an injection of estradiol benzoate followed 44 h later by an
injection of progesterone, similar to treatment used in tests of sexual receptivity, decreases
anxiety-like behavior as assessed in the elevated plus maze, the light-dark box, and the
marble burying task (Figure 6) (Olesen et al., 2011). In OVX mice that received the LPS
during the pubertal period, hormone treatment either blocked the anxiolytic effect of
estradiol and progesterone or had an anxiogenic effect (Olesen et al., 2011). That is, an
immune challenge in puberty either eliminates or reverses the behavioral responses to
ovarian hormones in adulthood.

It should be noted that there was a tendency for LPS exposure during pubertal development
to affect the display of depression- and anxiety-like behaviors even in the absence of
hormones. OVX mice exposed to LPS in the pubertal peroid and treated with oil in
adulthood showed a reduction in time spent immobile, indicating a decrease in depression-
like behavior (Ismail et al., 2012). There was also a tendency for pubertal LPS injection to
reduce anxiety-like behaviors in adulthood in both the light-dark box and the elevated plus
maze. This is consistent with previous research demonstrating that adolescent stressors
(Conrad and Winder, 2011) or prenatal LPS treatment (Wang et al., 2010) reduce anxiety-
like behaviors. Nevertheless, in all cases, hormone treatment was either without an effect or
caused an increase in depression- and anxiety-like behaviors in mice that were injected with
LPS during the pubertal period.

The alteration of the behavioral properties of the ovarian hormones, particularly estradiol,
may be mediated in part by alteration of the ovarian hormone receptors in the brain. While
the antidepressant effects of estradiol are mediated predominantly by ERβ (Osterlund, 2010;
Rocha et al., 2005), both subtypes of ER have been implicated in the mediation of the
anxiolytic properties of estradiol (Choleris et al., 2003; Choleris et al., 2006; Imwalle et al.,
2005; Krezel et al., 2001; Ogawa et al., 1998). Therefore, the inability of estradiol, or
estradiol and progesterone, to decrease depression- and/or anxiety-like behaviors in mice
treated during pubertal development with LPS suggests an alteration in ERα and/or ERβ in
relevant brain regions, such as the BNST, amygdala or hippocampus. Although the effects
of shipping stress on ERα levels in some brain areas described above are suggestive, this
hypothesis remains to be directly tested in future experiments.
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3.4.3. Estradiol-modulated cognitive behaviors in adulthood—Cognition,
learning, and memory are complex processes that involve the learning or acquisition of
information, the consolidation and storing of information, and then the retrieval and
utilization of the information. Some of the most commonly used learning and memory tasks
involve spatial memory, or learning where an object or place is in relation to the
environment. Spatial memory is typically measured using the radial arm maze, in which
animals must learn the orientation of arms using spatial cues in order to retrieve food, and
the Morris water maze, in which animals learn the location of a submerged escape platform.
Other memory tasks involve the ability to recognize a familiar object or conspecific animal
or a familiar object in a new place. The recognition tasks take advantage of the innate
exploratory behavior of rodents. One major assumption of the recognition tasks is that
rodents more readily investigate a new or novel object or conspecific than one that is
familiar (Luine, 2008; Luine and Frankfurt, 2012). Both spatial memory tasks and
recognition tasks depend upon an intact hippocampus (Broadbent et al., 2004).

In adulthood, estradiol generally has a positive effect on a variety of learning tasks,
including spatial and recognition memory (reviewed in Luine, 2008), but the specific effects
of estradiol depend upon the cognitive task and the brain regions(s) involved. Estradiol
impairs performance in striatal or amygdalar tasks, in which some learned, associative
response is required in female rats (Davis et al., 2005; Korol, 2004). In hippocampal, or
spatial or place tasks, estradiol enhances performance in female rats (Daniel et al., 1997;
Davis et al., 2005; Luine et al., 1998; Sandstrom and Williams, 2004) and mice (Li et al.,
2004; Xu and Zhang, 2006).

Pubertal exposure to LPS disrupts the positive cognitive effects of estradiol on social
memory, as measured by social discrimination and recognition tasks, and object memory, as
measured by novel object recognition and novel object placement tests (Ismail and
Blaustein, 2013). More specifically, in mice treated with saline during pubertal development
or with LPS or saline in adulthood, estradiol improves social memory, as measured by
increases in the duration of investigation of a novel stimulus mouse. In contrast, in mice
treated with LPS during pubertal development, estradiol treatment failed to increase the time
spent investigating the novel mouse (Ismail and Blaustein, 2013). Estradiol also increased
performance in the object recognition and object placement recognition tasks in mice treated
with saline during the pubertal period or treated in adulthood (Figure 7). Additionally,
estradiol treatment failed to increase the time spent investigating the novel object or the
novel placement of a familiar object in mice treated with LPS during the vulnerable period,
(Ismail and Blaustein, 2013). As with many other studies, the cognitive tasks used in this
study depend upon the innate exploratory behavior of the mice, decreases of which are
indicators of anxiety. Therefore, the possibility cannot be excluded that the apparent
decreases in cognition are a result of the increased anxiety- and depression-like behaviors.

Estradiol affects cognition in both a long lasting (from hours to days) manner and a short-
term or rapid manner (occurring within minutes). The long-lasting effects are consistent with
the classical, gene-transcription actions of ERs, while membrane receptors acting through
signal transduction pathways mediate the short-term effects (McEwen et al., 2012). The
preponderance of data demonstrate that the pro-cognitive effects of estradiol are mediated
primarily through ERβ, rather than ERα (reviewed in Luine and Frankfurt, 2012). The
numbers and types of dendritic spines, which are associated with increases in innervation
and serve as sites of synaptic input, are critical mediators of neural plasticity in the adult
brain (reviewed in Urbanska et al., 2012). Moreover, the mechanisms of hippocampal
learning, memory, and cognition involve dendritic remodeling. In the CA1 region of the
hippocampus of adult male (Jedlicka et al., 2008; Leuner et al., 2003) and female rats
(Beltran-Campos et al., 2011; Woolley, 2000), learning is correlated with increases in
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dendritic spine density. Estradiol increases synaptic activity in the CA1 region of the
hippocampus via alteration of both excitatory (Smejkalova and Woolley, 2010) and
inhibitory transmission (Huang and Woolley, 2012), which can lead to new synaptic
connections as indicated by dendritic spines (Yankova et al., 2001). Estradiol may enhance
cognition through the generation of new spines or an alteration of existing spines (reviewed
in Luine and Frankfurt, 2012). Therefore, it is possible that the experience of a pubertal
stressor may interfere with these aspects of synaptic plasticity and learning and memory.
This is an attractive hypothesis to be tested in subsequent experiments.

4. Adrenal Steroids
4.1. Hypothalamic-pituitary-adrenal (HPA) axis

The physiological response to a stressor occurs in two distinct components: activation of the
sympathetic nervous system and activation of the hypothalamic-pituitary-adrenal (HPA)
axis. The sympathetic nerves and adrenal medulla immediately release catecholamines
following the experience of a stressor (Kvetnansky et al., 2009). This release of
catecholamine in the periphery results in increased glucose utilization, heart rate and pupil
dilation, bronchodilation, decreased gut motility, and vasoconstriction, all of which would
promote survival in the case of an immediate physical stressor (Kvetnansky et al., 2009).
The HPA axis, however, responds to a stressor by releasing glucocorticoids (primarily
cortisol in humans, primates, and some other species and primarily corticosterone in rats and
mice) in a slower, and potentially, a more long-lasting way (Figure 8). Blood levels of
glucocorticoids peak around 10–20 min following a stressor; the glucocorticoids then initiate
gene transcription, beginning approximately one hour following the stressor (Sapolsky et al.,
2000; Schommer et al., 2003). The HPA axis serves to maintain “allostasis,” in which
adaptive changes occur to both achieve physiological stability (McEwen, 2000) and
influence a host of other processes, such as energy metabolism (Brandi et al., 1993; Rizza et
al., 1982; Vitaliano et al., 2002), immune function (Straub et al., 2011), cardiovascular
health (Sapolsky and Share, 1994; Whitworth et al., 1995), and as recent evidence suggests,
even mental health (Pariante and Miller, 2001; Tafet and Bernardini, 2003).

4.2. Receptors of the HPA axis
Two types of receptors mediate the genomic actions of the glucocorticoids: the
mineralocorticoid (MR) and the glucocorticoid (GR) receptor. While both MR and GR bind
corticosterone, GRs are more directly involved in mediating a negative feedback loop for
corticosterone secretion. MRs have a higher affinity for corticosterone than GRs; therefore,
the majority of MRs being occupied even under low basal levels of glucocorticoids
(reviewed in De Kloet et al., 2008). As only approximately 20% of GRs are occupied in
basal conditions, GRs are more sensitive to changes in the concentrations of glucocorticoids
(reviewed in Datson et al., 2008). Moreover, GRs are more widely distributed in the brain
than MRs. The highest densities of GRs are in the hippocampus, medial prefrontal cortex,
and the amygdala, which provides input, via the BNST, to the PVN (Ulrich-Lai and
Herman, 2009). The hippocampus and infralimbic medial prefrontal cortex (mPFC) are
particularly involved in the negative feedback loop, whereas the amygdala and prelimbic
mPFC activate the HPA axis (Ulrich-Lai and Herman, 2009).

4.3. Pubertal Maturation of the HPA axis and Stress Response
Maturation of the HPA axis precedes the maturation of the HPG axis (Figure 1). This
maturation results in increased secretion of hormones by the adrenal glands, termed
adrenarche, which in humans takes places around 6–8 years of age (Parker, 1991) and is the
result of increased 17-hydroxylase activity. At this stage of development, cortisol increases
in humans (Apter et al., 1979; Walker et al., 2001), and corticosterone increases in rats and
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mice (Pignatelli et al., 2006; Spinedi et al., 1997). Basal corticosterone concentrations
increase in both male and female rats during the peri-pubertal periods and peak around P45–
60. Moreover, females have a steeper increase than males, resulting in a higher
concentration of plasma corticosterone levels in female rats even in adulthood (Pignatelli et
al., 2006). Other steroids not typically associated with the adult rat adrenal gland are present
in the pre-pubertal period. Specifically, cortisol, androstenedione, and 17-
hydroxyprogesterone are detected with peak concentrations at P20 in both female and male
rats; these peaks correlate with an increase in 17-hydroxylase expression in the adrenal
glands (Pignatelli et al., 2006).

Unlike gonadal hormones, basal ACTH and corticosterone levels are relatively stable during
pubertal development and into adulthood (Pignatelli et al., 2006; Romeo et al., 2004a;
Romeo et al., 2004b). Additionally, pre-pubertal (P28) and adult male and female rats
respond to an acute stressor (e.g. restraint stress) with comparable increases in ACTH and
corticosterone; however, pre-pubertal male and female rats have a more prolonged, stress-
induced corticosterone response compared to adult rats (Romeo et al., 2004a; Romeo et al.,
2004b). In adult rats, repetitive exposure to the same stressor results in a habituation of the
corticosterone response (Girotti et al., 2006; Harris et al., 2004; Helmreich et al., 1997;
Magarinos and McEwen, 1995; Marti and Armario, 1997), but male rats that experience
repeated stressors in the pre-pubertal period do not show this same blunting of
corticosterone response. In fact, they have higher peaks of ACTH, corticosterone and
adrenal progesterone, but a more rapid return to baseline levels (Doremus-Fitzwater et al.,
2009; Romeo et al., 2006). Pubertal female rats do not show this increase in corticosterone
response (Doremus-Fitzwater et al., 2009).

It is well-established that gonadal hormones influence HPA reactivity. In adult male rats,
testosterone decreases the peak of corticosterone levels and recovery time from a stressor
(Handa et al., 1994; McCormick et al., 1998; McCormick et al., 2002; Viau, 2002; Viau and
Meaney, 1996), whereas the ovarian hormones increase these measures in females (Carey et
al., 1995; McCormick et al., 2002; Redei et al., 1994; Viau and Meaney, 1991; Young et al.,
2001). While it seems plausible that the differential levels of gonadal hormones would
contribute to the altered stress reactivity in pre-pubertal and adult animals, the protracted
stress response in pre-pubertal male and female rats is not affected by the presence or
absence of gonadal hormones (Romeo et al., 2004a; Romeo et al., 2004b). In mid-pubertal
(P40) male rats, androgens modulate HPA reactivity, indicating that pubertal development
need not be complete before adult-like patterns of stress reactivity emerge (Gomez et al.,
2004). It is intriguing that this is also around the same time during which the adult-like sex
differences in corticosterone levels emerge (Pignatelli et al., 2006).

One of the key brain regions of the HPA axis, the PVN, exhibits maturation in functionality
during the pubertal period. The PVN volume, cellular size, and morphology are similar in
pubertal and adult rats (Romeo et al., 2007). Moreover, the numbers of CRH and AVP cells
are also similar (Romeo et al., 2006). There is, however, a greater activation (i.e., Fos
expression) of cells within the PVN following a single stressor in pre-pubertal compared to
adult male rats (Romeo et al., 2006). This greater activation is specific to the CRH cells,
suggesting a correlation between this increased activation of CRH cells and the protracted
corticosterone response following a stressor in pre-pubertal males.

4.4. Enduring effects of commonly-used stressors
In humans, the experience of extreme stress and trauma during adolescence is associated
with a greater likelihood of mood disorders, such as anxiety, major depression, and post-
traumatic stress disorder (PTSD) (Ge et al., 2001; Grant et al., 2003; Grant et al., 2004;
Silverman et al., 1996; Turner and Lloyd, 2004). In recent years, several studies with animal
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models have addressed the enduring effects of stressors experienced during the juvenile and
pubertal periods on stress reactivity in adulthood (4.4.1). These studies support the notion
that stress experienced in pubertal development leads to an increase in anxiety- and
depression-like behaviors in both male and female rats (4.4.2). There is also the suggestion
that alterations in cognition occur in adulthood following pubertal stress (4.4.3). It is
important to note that the maturation of the HPA axis occurs prior to maturation of the HPG
axis. Therefore, many of the studies focus on stressors in the pre- or early pubertal periods.
Additionally, once animals have progressed through gonadarche, they seem to be less
susceptible to stress-induced changes, again demonstrating a vulnerable period to the
enduring effects of stressors.

4.4.1. Stress response in adulthood—Examinations of the enduring effects of
stressors in the pubertal period on adult HPA function and stress reactivity in adulthood
have yielded somewhat mixed results. It has generally been reported that stressors
experienced in puberty and adolescence increase or augment basal HPA function (Bazak et
al., 2009; Jacobson-Pick and Richter-Levin, 2010; Pohl et al., 2007; Schmidt et al., 2010b;
Schmidt et al., 2007; Sterlemann et al., 2008; Uys et al., 2006a; Uys et al., 2006b) or
responses to stressors (Isgor et al., 2004; Jacobson-Pick and Richter-Levin, 2010; Mathews
et al., 2008; Weathington et al., 2012) as indicated by corticosterone levels in adulthood
(Table 1). While the basal increases of corticosterone occur in both male and female rats and
male CD1 mice, there also may be interactions with gonadal hormones, as Mathews (2008)
reported stressor-induced increases in corticosterone only in female rats in the diestrous
stage of the estrous cycle. There may also be interactions with circadian rhythms, as some
reports indicate that basal corticosterone levels are increased in the morning (Schmidt et al.,
2010b; Schmidt et al., 2007; Sterlemann et al., 2008; Uys et al., 2006b) and decreased in the
afternoon (Sterlemann et al., 2008; Toth et al., 2008a). Pubertal stressors lead to enhanced
basal corticosterone and decreases in the expression of GR and MR in the hippocampus in
adulthood (Isgor et al., 2004; Schmidt et al., 2007; Sterlemann et al., 2008; Uys et al.,
2006b), suggesting enduring alterations in the negative feedback of the HPA axis.

In contrast, several studies report that there are no enduring effects of a stressor during
puberty in male or female rats on either basal (Watt et al., 2009; Weathington et al., 2012) or
stress-induced plasma ACTH or corticosterone level following a second stressor in
adulthood (Bourke and Neigh, 2011; Maslova et al., 2002; Mathews et al., 2008;
McCormick et al., 2005; McCormick et al., 2008; Toledo-Rodriguez and Sandi, 2007;
Wilkin et al., 2012; Wright et al., 2008) (Table 1). The adolescent stressors used in these
studies include physical (e.g. restraint, foot shock, sleep deprivation), social (e.g., social
instability or isolation), or predator odor; in adulthood these animals experienced well-
established and commonly-used stressor procedures (e.g., restraint, foot-shock, elevated
platform, and the forced swim). However, differences in procedures may explain the
apparent discrepancies. In several of the studies in which no effect of pubertal stressor on
adult stress reactivity was reported, the animals experienced the stressor beginning at 30
(McCormick et al., 2005; McCormick et al., 2008) or 40 days old (Wright et al., 2008),
whereas the animals demonstrating alterations in stress response in adulthood experienced
the stressors starting pre-pubertally (at or before P28) (Ilin and Richter-Levin, 2009; Isgor et
al., 2004; Jacobson-Pick and Richter-Levin, 2010; Pohl et al., 2007; Schmidt et al., 2007;
Sterlemann et al., 2008; Weathington et al., 2012). It will be important to determine if the
difference in the findings between the different studies is due to the presence of a vulnerable
period ending prior to P30. That is, perhaps pre-pubertal, not pubertal, rats and mice are
sensitive to this enduring alteration of HPA axis function.

4.4.2. Anxiety- and depression-like behavior in adulthood—In general, the
experience of repeated stressors such as chronic variable stress (Ilin and Richter-Levin,
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2009; Jacobson-Pick and Richter-Levin, 2010; Jacobson-Pick and Richter-Levin, 2012;
Wilkin et al., 2012), elevated platform stress (Avital et al., 2006; Avital and Richter-Levin,
2005), social instability (Green et al., 2012; Mathews et al., 2008; McCormick et al., 2008;
Schmidt et al., 2010a; Schmidt et al., 2010b; Schmidt et al., 2007; Sterlemann et al., 2008),
social defeat procedures (Bourke and Neigh, 2011; Vidal et al., 2007; Vidal et al., 2011a;
Vidal et al., 2011b; Weathington et al., 2012), and predator odors (Bazak et al., 2009; Cohen
et al., 2007; Tsoory et al., 2007; Wright et al., 2008; Wright et al., 2012a; Wright et al.,
2012b) increases anxiety-like behaviors in male and female rats and mice in adulthood
(Table 2; for further review see McCormick and Green, 2012). The increases in anxiety-like
behaviors are typically indicated by decreases in the time spent in the open arm of the
elevated plus maze (McCormick and Green, 2012; McCormick et al., 2008; Schmidt et al.,
2007; Sterlemann et al., 2008; Tsoory et al., 2007; Uys et al., 2006a). In one study, both
female and male rats that experienced severe, variable physical stress exhibited exaggerated
anxiety-like behavior in the elevated plus maze, as indicated by jumping to escape from the
maze (Pohl et al., 2007). An increase in anxiety-like behavior in adulthood is also displayed
by decreases in locomotor and exploratory behavior in the open field following pre-pubertal
(~P28) stress (Avital and Richter-Levin, 2005; Schmidt et al., 2007; Sterlemann et al., 2008;
Tsoory et al., 2007). Social instability stress in the early pubertal period also increases open
field anxiety and decreases social interaction in adult male rats, while maintaining
exploratory behavior (Green et al., 2012). Social instability and social defeat also lead to a
decrease in social interactions in adulthood (Green et al., 2012; Vidal et al., 2007; Vidal et
al., 2011a; Vidal et al., 2011b). While a few studies report lack of effect of stressors during
pubertal development on locomotor or exploratory behavior, these stressors began on P30
and continued until well into adulthood (Peleg-Raibstein and Feldon, 2011; Toth et al.,
2008a; Toth et al., 2008b), perhaps missing an earlier vulnerable period.

There may be sex differences in the effects of stressors during the pubertal period on
subsequent anxiety-like behavior in adulthood. Following 10 days of foot-shock stress
during the peri-pubertal period, female, but not male mice, display an increase in startle
reflexes in adulthood (Table 2), suggestive of increased anxiety. If the mice are stressed with
another foot-shock prior to anxiety testing, both male and female mice exhibit increases in
anxiety-like behavior (Chester et al., 2008). The reverse effects have also been reported:
under similar conditions, male rats displayed increases in anxiety in the shock probe burying
task, while female rats expressed a decrease in anxiety-like behaviors (Pohl et al., 2007). It
should be noted that the female rats in this study were intact and no mention was made
regarding stage of estrous cycle. Therefore, the possibility of hormonal status affecting
behavioral results remains. McCormick and colleagues (2008) have shown that female rats
increase anxiety in adulthood following peri-pubertal stress (P30–45) only during the
diestrous phase of the estrous cycle (i.e., a period characterized by low levels of estradiol
and progesterone) (see 3.4.2).

The evidence for effects of pubertal stress on depression-like behavior in adulthood is not as
strong. Female rats, exposed to chronic variable stressors during puberty (P23–51) exhibit
an increase in anhedonia, as measured by a decrease in sucrose preference in adulthood
(Pohl et al., 2007). Social defeat stress during pubertal development (P28–49) also increased
depression-like behavioral despair in adult female, but not male rats (Bourke and Neigh,
2011; Weathington et al., 2012), reflecting a fundamental sex difference in the vulnerability
to insults during the pubertal period on adult behavior. However, other studies report no
effects of chronic variable stress or social instability stress on either sucrose preference
(Toth et al., 2008b) or the forced swim test (Mathews et al., 2008; Toth et al., 2008b) in
adulthood. Furthermore, in one report the experience of predator odor during the peri-
pubertal period decreased depression-like behaviors in adult male rats (Kendig et al., 2011).
There also may be inherent sensitivities to the pubertal stress on adult depression-like
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behaviors. For example, Schmidt and colleagues demonstrated that some outbred, CD1 male
mice express increases in CRH and alterations in anxiety- or depression-like behavior in
adulthood, whereas other strains of mice do not (Schmidt et al., 2010b). The vulnerable mice
also express decreases in MR expression in the hippocampus, relative to the resilient mice,
indicating a possible dysregulation in the tonic inhibitory tone on the HPA.

4.4.3. Cognitive behavior in adulthood—Areas such as the hippocampus are
implicated in cognition, learning and memory and continue to develop over the course of
puberty and adolescence (Andersen and Teicher, 2004; Yildirim et al., 2008). In addition to
natural variations in performance of cognitive tasks due to age or developmental status
(Altemus and Almli, 1997; Esmoris-Arranz et al., 2008; Schenk, 1985), acute stressors
experienced during puberty also contribute to disruptions and impairments in cognitive
performances (Table 3) (Avital and Richter-Levin, 2005; Isgor et al., 2004; Tsoory et al.,
2007; Tsoory and Richter-Levin, 2006). Variable physical, but not social, stress experienced
from prior to the onset of puberty (P28) into the late pubertal period (P56) in male rats
results in impaired performance in the Morris water maze (a test of hippocampal-dependent,
spatial learning in which an animal must find a hidden platform) in adulthood (Isgor et al.,
2004). Moreover, the impaired cognition is not present during the pubertal period, but it
emerges during adulthood. Learning in the Morris water maze is also impaired following
repeated exposures to the stress of an elevated platform during the pre-pubertal period (P26–
28) in adult male rats, but if the pre-pubertally-stressed rats are re-exposed to a stressor in
adulthood, learning is improved (Avital and Richter-Levin, 2005). Taken together, these
data suggest that physical stressors experienced in puberty contribute to enduring deficits in
cognition in adulthood.

The impaired performance on the Morris water maze in animals exposed to variable physical
stress in pubertal development is correlated with an inhibition of growth in the pyramidal
cell layer of the CA1 and in the granular cell layer of the dentate gyrus of the hippocampus.
Furthermore, the pre-pubertal stress also prevents further growth of the pyramidal cell layer
of the CA3 of the hippocampus. Decreases in the volume of CA1 and CA3 of the
hippocampus are also associated with down-regulation of hippocampal GR expression
(Isgor et al., 2004). There is contradiction as to the effects of peri-pubertal stress on brain-
derived growth factor (BDNF) in the hippocampus with either no effect or increases in
BDNF reported (Toth et al., 2008b; Uys et al., 2006a). Intriguingly, in the work by Toth et
al. (2008b), increases in BDNF were correlated with increased neurogenesis, which may
represent an attempt to recover from the enduring effects of adolescent stressors on the
hippocampus.

Three days of stress (forced swim, elevated platform, and foot-shock) during the pre-
pubertal (P26–29) or early pubertal (P33–35) periods of male rats are sufficient to induce
poor performance in the shuttle avoidance task (in which a rat learns to move to a different
compartment to avoid an electric shock) in adulthood (Avital et al., 2006; Avital and
Richter-Levin, 2005). In another study of shuttle avoidance learning, the experience of a
multiple stressor paradigm (food restriction, acute swim test, and elevated platforms from
P30 until P90) was without effect (Toth et al., 2008a). It is possible that the prolonged
exposure to a stressor from early puberty until well into adulthood resulted in a
desensitization or habituation to the stressors. This is illustrated by the habituation of adult
rats do to repeated stressors (Girotti et al., 2006; Harris et al., 2004; Helmreich et al., 1997;
Magarinos and McEwen, 1995; Marti and Armario, 1997).

The effect of pre-pubertal or pubertal stressors on learning and memory depends upon the
specific neural development occurring during the exposure of the stressors and on the
particular type of learning task. The use of predator odors are commonly used in fear
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learning, which is mediated by the central and basolateral amygdala and PFC (Farrell et al.,
2013; Johansen et al., 2011), areas that continue to develop during the pubertal and
adolescent periods (Coulter et al., 1996; Cunningham et al., 2002; Farber et al., 1995; Insel
et al., 1990; Kalsbeek et al., 1988; Leslie et al., 1991). Exposure to a predator odor during
the pre-pubertal period, which does not affect corticosterone levels in adulthood (Toledo-
Rodriguez and Sandi, 2007; Wright et al., 2008), also does not affect fear conditioning in
either male or female adult rats (Toledo-Rodriguez and Sandi, 2007). However, pre-
pubertally-stressed male rats do not extinguish this fear conditioning (Toledo-Rodriguez and
Sandi, 2007), suggesting abnormalities in PFC function. The PFC, which continues to
develop during the pubertal period (Coulter et al., 1996; Farber et al., 1995; Insel et al.,
1990; Kalsbeek et al., 1988; Leslie et al., 1991), also plays a critical role in extinction of fear
memories (Milad and Quirk, 2002; Santini et al., 2004). Therefore, the experience of
predator odor stress during puberty may disrupt the ability of the PFC to suppress or
extinguish fear learning.

5. Immunity and Inflammation
During the last few decades, the importance of the intricate interactions of the nervous and
immune systems has been realized, especially with regard to the regulation of several
physical and psychological pathologies, as will be discussed.

5.1. Immune system
The immune system is highly complex and has several specialized components that protect
an organism against disease. In order to function properly, the immune system must
recognize various types of pathogens as ‘non-self’ and distinguish them from ‘self’ (for
review Smith, 2012a; Smith, 2012b). Vertebrates have both an innate and an adaptive
immune system. The innate immune system produces rapid response to evolutionarily
conserved pathogens, such as bacterial, viral, fungal, or foreign proteins. Innate immune
responses are not specific to the type of pathogen and consist of inflammatory, phagocytic,
and lytic responses to destroy the pathogens (for further review see Janeway and Medzhitov,
2002; Medzhitov and Janeway, 2000). The complement system is part of the innate immune
system; activation of complement proteases triggers a cascade of further cleavages, resulting
in lysis of the target cell (for further information see Murphy, 2011). The other branch of the
immune system, the adaptive immune system, responds with highly specialized cellular and
highly targeted defenses to attack and destroy a pathogen. The adaptive immune responses
are based upon the ability of B and T-lymphocytes to recognize and remember specific
antigens found on the pathogens. Through the use of antibodies, the adaptive immune
system provides stronger and more rapid responses upon each exposure to a pathogen
(Janeway, 2001). Important for this review are the macrophages that phagocytose the
pathogens, produce cytokines, and recruit additional immune cells.

5.2. Immune Signaling in the Brain
5.2.1. The Role of Microglia in the Healthy Brain—The brain had been thought to be
‘immune privileged’ and isolated from the immune system because of a lack of key immune
proteins in neurons. Recently, immune molecules have been demonstrated to be present in
the healthy brain and to play a critical role in brain development (Boulanger, 2009;
Carpentier and Palmer, 2009; Deverman and Patterson, 2009; Garay and McAllister, 2010).

Microglia are the primary immune cells in the brain. Microglia do not communicate by gap
junctions, and they are not connected like astrocytes (Eugenin et al., 2001). Rather,
microglia maintain fairly uniform distances in which their cell processes constantly scan the
microenvironment in the healthy adult brain, surveying for the presence of pathogens and
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monitoring the status of local synapses (Hanisch and Kettenmann, 2007; Nimmerjahn et al.,
2005; Raivich, 2005; Tremblay et al., 2011; Wake et al., 2009). In cases of either damage to
the brain or presence of infectious agents, the microglia migrate to the site of damage, up-
regulate immune molecules such as major histocompatibility complex class II (MHC II)
receptor and complement receptors of cluster of differentiation 11b (CD11b), and generate
and maintain inflammatory responses (Graeber, 2010; Graeber and Streit, 2010; Streit et al.,
1988; Streit et al., 2004; Streit et al., 1999).

Microglia undergo substantial morphological restructuring in response to free radicals or
pro-inflammatory cytokines (Graeber and Streit, 2010; Kettenmann et al., 2011; Ransohoff
and Perry, 2009; Streit et al., 1999). In the healthy brain, the microglia display a highly
ramified structure with a round or cell soma, from which emerge four to six primary
branches (Hinwood et al., 2012). Following chronic stress, ramified microglia transition into
hyper-ramified microglia, with an increase in secondary but not primary branching
(Hinwood et al., 2012). Hyper-ramified microglia also reorient their processes in response to
changes in neural activity (Tremblay et al., 2011). That is, in response to injury or
inflammatory signals, microglia first extend processes and reorient to the site of injury
(Nimmerjahn et al., 2005), suggesting that the hyper-ramification may the first step in the
activation of microglia. Next, the microglia transition into a reactive state, which is
characterized by shorter and thicker processes (Graeber and Streit, 2010; Kettenmann et al.,
2011; Streit et al., 1999). Finally, the reactive microglia become phagocytic, amoeboid cells
that have no processes and act like macrophages (Graeber and Streit, 2010; Streit et al.,
1999).

Microglia are also involved in synapse maturation or elimination via axonal guidance
(Verney et al., 2010) and engulfing synaptic material (Graeber, 2010; Schafer et al., 2012;
Stevens et al., 2007; Tremblay et al., 2011). These processes are particularly important
during synaptic maturation, when synaptic turnover is high, or when synaptic pruning occurs
(Paolicelli and Gross, 2011). This synaptic pruning by microglia is necessary for normal
brain development in the neonatal period. As pubertally-born neurons and glia are
functionally incorporated in neural circuits and contribute to the regulation of adult
behaviors (Mohr and Sisk, 2013), we speculate that microglia activity may play a critical
role in pubertal development as well.

5.2.2. The Immune Signals in Development—Cytokines are part of a large and
diverse family of signaling molecules in the brain. They are typically described as either
pro-inflammatory, serving to promote inflammation, and anti-inflammatory, limiting the
effects of sustained or excessive inflammatory reactions. The major pro-inflammatory
cytokines responsible for the early responses to injury are also the most widely studied and
include interleukin 1α (IL-1α), IL-1β, IL-6, and tumor necrosis factor α (TNFα). The major
anti-inflammatory cytokines include IL-1 receptor antagonist, IL-4, IL-10, 1L-11, IL-13,
tumor growth factor β (TGFβ) (Vilcek, 1998). Caution, however, should be used in making
generalizations about the pro- or anti-inflammatory nature of the cytokines, as a given
cytokine can have both pro- and anti-inflammatory actions (for review see Cavaillon, 2001).
The action of a particular cytokine depends upon the cytokine amount, timing and sequences
of action, in addition to the nature of the target cell and of the activation signals. Further, the
individual cytokines often act in concert with other cytokines, resulting in synergistic or
antagonistic effects (reviewed in Hanisch, 2002; John et al., 2003).

The major cytokines are expressed in the healthy brain (Bauer et al., 2007) and the
expression patterns of cytokines and their receptors vary throughout development (Gadient
and Otten, 1994; Pousset, 1994; Takao et al., 1992). During development cytokines play a
role in neurogenesis, migration, differentiation, synapse formation, neural plasticity, and
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response to injury (Boulanger, 2009; Carpentier and Palmer, 2009; Deverman and Patterson,
2009; Garay and McAllister, 2010). Cytokines, such as 1L-1β and TNFα, modulate synaptic
transmission. Whereas 1L-1β inhibits excitatory synaptic transmission as measured by the
frequency and/or amplitude of spontaneous excitatory postsynaptic currents (Yang et al.,
2005), TNFα enhances inhibitory synaptic transmission (Beattie et al., 2002; Stellwagen et
al., 2005; Stellwagen and Malenka, 2006). Cytokines also are involved in synapse
refinement and plasticity in the adult cortex, hippocampus and cerebellum (Boulanger,
2009). Studies examining the role of cytokines in two models of activity-dependent
plasticity, long-term plasticity (LTP) or long-term depression (LTD), indicate that
exogenous cytokines typically inhibit LTP and LTD (for further review see Boulanger,
2009; Garay and McAllister, 2010).

5.3. Pubertal Maturation of Microglia
Microglia derive from primitive macrophages that originate in the extra-embryonic yolk sac
(Ginhoux et al., 2010) and enter the brain in around embryonic day 14 (Bilbo et al., 2011;
Ling and Wong, 1993). In rats, areas associated with cognition and emotionality, such as the
hippocampus, amygdala and cortex, are among the first regions populated by microglia
(approximately embryonic day 17), whereas the PVN is not colonized until the early
postnatal period (P4) (Schwarz et al., 2012). Developing microglia are largely in an
activated or amoeboid state during the early postnatal period, which correlates with
increases in cytokine levels. Moreover, environmental factors, such as stressors, can increase
the rate of colonization and the density of the microglia (Gomez-Gonzalez and Escobar,
2010). As microglia, particularly the amoeboid microglia, play an important role in synaptic
pruning through the clearing of dead and dying cells and processes, alterations in the
colonization or maturation rate could profoundly alter neural development and subsequently
adult brain and behavior. It has been postulated that microglia may underlie the mechanisms
by which insult in the early postnatal period results in deficits in cognition and disease states
(Bilbo and Schwarz, 2009; Bilbo et al., 2011). Microglia are also excellent candidates for
mediating the enduring effects of early insults due to their long life span and their ability to
become and remain activated (Town et al., 2005).

There is a sex difference in the time course of brain colonization by the microglia (Schwarz
et al., 2012). Male rat pups in the early postnatal period (P4) have several-fold more
microglia (especially activated microglia) than female in the hippocampus, parietal cortex
and amygdala (Schwarz et al., 2012). Male rats are also particularly sensitive to early
infection-induced ‘glial priming’ by which early life insults, challenges or injury lead to
exaggerated responses to challenges in later life (Bilbo and Schwarz, 2009). That is, the
morphology of the primed microglial cells resembles that of the activated glial cells;
however, primed microglia do not chronically produce cytokines or other pro-inflammatory
mediators (Perry et al., 2003). The primed microglia overreact to a subsequent systemic
challenge by overproduction of cytokines (Bilbo et al., 2011; Perry et al., 2003). This
overproduction of cytokines in turn may lead to the development of psychopathologies
(Bilbo and Schwarz, 2009). Peri-pubertal female (P30) and adult (P60) rats have more
activated microglia than males of the same age in the hippocampus, parietal cortex and
amygdala, suggesting that females are more sensitive to immune dysregulation during
puberty/adolescence and early adulthood. We have recently observed that female CD1 mice
display more activated microglia in the pubertal period (P28 and P42) than in adulthood
(P70; Holder and Blaustein, unpublished observations). Although pubertal and adult mice
show no apparent differences in sickness behavior in response to a bacterial endotoxin, the
more activated microglia in puberty may lead to enhanced cytokine and/or stress responses
in the brain following LPS, but this has yet to be empirically determined.
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5.4. Working Hypothesis of Enduring Effects of Stress during Puberty
Neuroinflammation refers to the chronic activation of microglia and astrocytes (Aloisi,
2001; Kettenmann et al., 2011) and exaggerated expression of pro-inflammatory mediators
(e.g., cytokines, reactive oxygen species that can damage cellular structures) within the brain
(Streit, 2010). A growing body of experimental and clinical research reveals a pivotal role of
neuroinflammation in the etiology of mental disease, such as major depression (Capuron and
Miller, 2011; Miller et al., 2009), anxiety (Hou and Baldwin, 2012; Jones and Thomsen,
2012), post-traumatic stress disorders (Jones and Thomsen, 2012), and neurodegenerative
diseases associated with cognitive decline such as Alzheimer’s disease and Parkinson’s
disease (Streit et al., 2004).

While boys are at higher risk for early-onset neurological disorders (e.g., autism spectrum
disorders, attention deficit hyperactivity disorder (ADHD)) and psychopathologies of brain
organization (e.g., schizophrenia, Tourette’s disorder), girls and women are more vulnerable
to conditions that emerge during puberty and adolescence (e.g., anxiety, depression, eating
disorders) (Taylor and Rutter, 1985). Additionally, adolescent girls who experience a high
rate of both sexual and physical abuse also show an increased rate of major depression
(Silverman et al., 1996). Paralleling the ability of stressors to chronically activate microglia
in adulthood leading to increased levels of cytokines (Bilbo and Schwarz, 2009), stressors
experienced in childhood or adolescence induce short and long-term alterations in immune
function (Danese et al., 2009; Danese et al., 2007; Lemieux et al., 2008) and higher levels of
the inflammatory biomarker, C-reactive protein (CRP), in adulthood (Danese et al., 2007). It
is, therefore, tempting to speculate that the vulnerability of pubertal and/or adolescent rats,
mice, and humans may be due, in part, to the development of the neural immune systems
and induction of enduring neuroinflammation. While these ideas have yet to be empirically
tested, evidence to date is suggestive of the possibility of neuroinflammation as a common
pathway by which pubertal stressors may alter the adult brain and behavior, especially as it
relates to mental illness, such as anxiety and depression, as well as learning, memory and
cognition (Bilbo et al., 2011; Cribbs et al., 2012; Miller et al., 2009; Salim et al., 2012).

6. Discussion and Conclusions
The pubertal period is a vulnerable period for the emergence of mental diseases, due in part
to the neural developments occurring during this time (Andersen, 2003; Kessler et al., 2005;
Paus et al., 2008). Moreover, exposure to extreme stressors during puberty and adolescence
increases the risk of developing a mental disease (Ge et al., 2001; Grant et al., 2003; Grant et
al., 2004; Silverman et al., 1996; Turner and Lloyd, 2004). Overall, the work discussed in
this review demonstrates that particular stressors, specifically complex stressors or immune
challenges, experienced during puberty and/or early-to-mid adolescence influence behaviors
relevant to mental health and mental processes. Stressors during pubertal and/or adolescent
development lead to increases in hormonally influenced anxiety-like and depression-like
behaviors, a decrease sexual performance, and a decrease in learning, memory, and
cognitive performance in adulthood (Ismail and Blaustein, 2013; Ismail et al., 2011; Ismail
et al., 2012; Laroche et al., 2009a; Laroche et al., 2009b; Olesen et al., 2011). Ovarian
hormones, particularly estradiol, modulate these behaviors in female mice, and the
experience of a stressor can also lead a blockade or reversal of the effects of estradiol
(Ismail and Blaustein, 2013; Ismail et al., 2011; Ismail et al., 2012; Laroche et al., 2009a;
Laroche et al., 2009b; Olesen et al., 2011). Furthermore, stressors during pubertal and
adolescent development cause alterations in stress reactivity, steroid hormone receptor
densities, and synaptic plasticity of key brain regions such as the hippocampus (See Tables
1–3). What remains to be demonstrated are the mechanisms by which acute or short-term
stressors experienced during puberty remodel the developing brain, behavior, and
physiology.

Holder and Blaustein Page 20

Front Neuroendocrinol. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



One of the biggest challenges to precisely determining the neurobiological mechanisms and
behavioral consequences of stressors is the lack of precision in the timing of stressors in
many previous experiments. Hormones modulate many of the ongoing neurodevelopmental
processes of puberty and adolescence. Recently, we have demonstrated that the ovary and,
presumably, ovarian hormones are required for an immune challenge in the pubertal period
to decrease sexual behavior in adulthood. (B. Rappleyea, N. Ismail, H. King, and J.
Blaustein, unpublished observations). Therefore, we suggest that it is more appropriate to
consider the pubertal or reproductive stage of the animal, rather than chronological age. This
consideration is especially important in studies examining the effects of extreme stress and
trauma in girls (Ge et al., 2001; Grant et al., 2003; Grant et al., 2004; Silverman et al., 1996;
Turner and Lloyd, 2004), which often use the rather nebulous terms of ‘childhood’ and
‘adolescence’. As the pubertal status and hormonal milieu are critical for the etiology of
affective disorders (Hayward and Sanborn, 2002; Patton et al., 1996), there may be sensitive
periods in girls during which stressors contribute to the development of psychopathologies.
However, these sensitive periods remain to be precisely defined in girls.

Another important matter to consider is that, rather than one vulnerable period, there may be
several sensitive windows during which a particular stressor is more or less effective in
altering the adult brain and behavior. In support of this notion, shipping or immune
challenge in six, but not four or eight week old mice disrupts ovarian hormone signaling
adulthood (Section 3.4). Chronic variable stressors during the early pubertal period (P28–30)
are effective in altering the brain and behavior, but they are not effective at a later time point
(Section 4.4). We suggest that the reasons for the maximally effective periods for each
stressor might depend upon the nature of the stressor and on the particular developmental
changes occurring in the brain regions that mediate the response to the stressor and the
hormonal milieu. That is, the experience of the stressor may fundamentally alter the ongoing
neural developmental processes occurring in key regions, such as the hippocampus and
prefrontal cortex, leading to altered trajectories of the development of these regions.
Hormones influence many developmental processes; therefore, it is even more important to
carefully consider the hormonal status and stage of pubertal development at which the
stressor is experienced, as the stressors may be disrupting these dynamic processes.

Finally, the enduring effects of stressors on mental illness-relevant behaviors in rodent
models are accompanied by perturbations of the hormones and hormonal axes that modulate
behaviors. Together, this review provides a novel focus on pubertal hormones as being
responsible for the vulnerability to stressors, and that the enduring effects of stressors during
puberty may be, in large part, due to aberrant responses to hormones. Aberrant responses to
hormones have been recognized for specific mental diseases (Bloch et al., 2003; Schmidt et
al., 1998); however, it is possible that disordered responses contribute to the etiology of
other mental illnesses, such as depression. These possibilities need to be more fully studied
in clinical populations in order to further elucidate the neurobiological mechanisms of
mental illness and provide more targeted therapeutic treatments.
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Highlights

• Pubertal stressors alter sexual, anxiety-and depression-like, and cognitive
behaviors in adulthood

• Pubertal stressors alter behavioral response to gonadal hormones

• The authors propose that immune molecules or neuroinflammation may mediate
these changes.
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Figure 1.
A generalization of the approximate timing and events of pubertal development and
adolescence in (A) humans and (B) rats. (A) The average ages of the pubertal developments
for girls (top) and boys (bottom) (Marshall and Tanner, 1969; Marshall and Tanner, 1970;
Sizonenko, 1989; Tanner, 1962) and for (B) females (top) and males (bottom) (Korenbrot et
al., 1977; Lohmiller and Sonya, 2006; Ojeda and Urbanski, 1994; Ojeda et al., 1976; Parker
and Mahesh, 1976; Vandenbergh, 1967; Vandenbergh, 1969). Puberty onset is defined by
the appearance of the secondary sex characteristics, and the offset is defined by the
emergence of reproductive competence as indicated by ovulatory menstrual cycles and
mature, motile sperm. In humans, the ages ranging from 12 to 18 are commonly used as the
age range of adolescence (Spear, 2000); whereas, in rats adolescence is conceptualized by
early, mid, and late adolescent periods (Tirelli et al., 2003). It should be noted that the times
indicated for particular stages are quite variable, and can be influenced by nutrition and
environmental conditions.
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Figure 2.
Representation of the Hypothalamus-Pituitary-Gonadal Axis. Neurons in the preoptic area
and mediobasal hypothalamus secrete gonadotropin-releasing hormone (GnRH), a
neurohormone, into the hypophyseal portal system of the mediam eminence. The portal
blood carries GnRH into the pituitary gland and activates its receptor, gonadotropin-
releasing hormone receptor (GnRHR) located on gonadotrope cells. Once activated, the
GnRHR triggers synthesis and secretion of pituitary gonadotropins: follicle stimulating
hormone (FSH) and luteinizing hormone (LH). LH and FSH then act in concert to stimulate
the production of gonadal steroid hormones (e.g., androgens from the testes and estrogens
and progestins from the ovary) and maturation of gametes (e.g, the spermatozoa in the testes
and an ovum in the ovary). The gonadal hormones act in the hypothalamus and pituitary to
regulate gonadotropin secretion via feedback loops. solid lines, positive feedback; dashed
lines, negative feedback.
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Figure 3.
The effect of pubertal shipping on sexual receptivity of C57Bl/6 mice. LQs of female mice
shipped during the peripubertal period. Mice shipped at six weeks and tested at fourteen
weeks display significantly lower LQs as compared to mice shipped at twelve weeks and
tested at fourteen weeks during weekly test session 3, 4, and 5. Data represents mean ±
SEM; *p<0.05. Reprinted with permission from The Endocrine Society.
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Figure 4.
The effect of pubertal immune challenge on sexual receptivity in CD1 mice. Lordosis
quotient on test weeks 4 and 5 of CD1 mice treated with either saline or LPS at 6 or 8 weeks
old. Mice treated with LPS at six weeks display significantly lower LQs as compared to
mice treated with saline at six weeks during the weekly test session 4 and 5. Mice treated
with LPS at eight weeks display significantly lower LQs as compared to mice treated with
saline at eight weeks only during weekly test session 5. Data represents mean ± SEM;
*p<0.05. Reprinted with permission from Elsevier, Inc.
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Figure 5.
The effects of pubertal immune challenge on depression-like behavior in adult female mice
(A) Duration of immobility during the forced swim test in C57Bl/6 mice treated with either
saline or LPS at six and eight weeks old and implanted with estradiol or oil vehicle capsules
in adulthood. (B) Duration of immobility during the tail suspension test in CD1 mice treated
with saline or LPS at six and ten weeks old and implanted with estradiol or oil vehicle
capsules in adulthood. Data represents mean ± SEM; *p<0.05. Reprinted with permission
from Elsevier, Inc.
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Figure 6.
The effects of pubertal immune challenge on anxiety-like behavior in CD1 mice. Estradiol
followed by progesterone administration 48 hour later increased the latency to bury marbles
in the saline- but not the LPS- treated mice compared to respective oil controls. Data
represents mean ± SEM; *p<0.05. Reprinted with permission from Elsevier, Inc.
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Figure 7.
The effect of pubertal immune challenge on cognitive behavior in CD1 mice. Estradiol
increase the percentage of time spent investigating the novel object during the object
recognition test in mice in treated pubertally with saline, but not LPS compared to respective
oil controls. Data represents mean ± SEM; *p<0.05. Reprinted with permission from
Elsevier, Inc.
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Figure 8.
Representation of the Hypothalamus-Pituitary-Adrenal Axis. The experience of a stressor
cause sensory, hindbrain, limbic, and cortical regions to signal to neurons in the
paraventricular nucleus of the hypothalamus (PVN). The PVN then secretes corticotrophin
releasing hormone (CRH) and arginine vasopressin (AVP) into the hypophyseal portal
system of the median eminence. The portal blood carries CRH and AVP into the pituitary
gland and activates their respective receptors to triggers synthesis and secretion of
adrenocorticotropic hormone (ACTH) from the anterior pituitary. ACTH then stimulates the
release of glucocorticoids (cortisol in humans and primates and corticosterone in rats and
mice) from the adrenal cortex. The elevated levels of glucocorticoids suppress further
release of CRH, AVP and ACTH by binding to receptors in the PVN, hippocampus, and
prefrontal cortex and pituitary. (+), solid lines, positive feedback; (−), dashed lines negative
feedback.
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