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Abstract

During pubertal development an animal's response to stress changes and sexual differentiation of 

the brain and behavior continue. We discovered that particular stressors, shipping from suppliers 

or an immune challenge with lipopolysaccharide, during the prolonged pubertal period of female 

mice result in long-term changes in behavioral responsiveness of the brain to estradiol assessed in 

adulthood. All behaviors influenced by estradiol and/or progesterone that we have studied are 

compromised by a stressor during pubertal development. Depending on the behavior, immune 

challenge or shipping from suppliers during pubertal development decreases, eliminates, or even 

reverses the effects of estradiol. Shipping during this period causes changes in the number of 

estrogen receptor-immunoreactive cells in key brain areas suggesting one cellular mechanism for 

this remodeling of the brain's response to hormones. We suggest that particular adverse 

experiences in girls may cause long-term alterations in the brain's response to estradiol and/or 

progesterone via activation of the immune system. This in turn could lead to an alteration in any 

aspect of mental health that is influenced by estradiol.

Keywords

Stress; Immune Challenge; Lipopolysaccharide; Depression; Anxiety; Cognitive function; Sexual 
behavior; Estradiol; Progesterone; Puberty; Females; Mood disorders

1 Introduction

The so-called, ovarian sex steroid hormones1, estradiol and/or progesterone, have profound 

effects on a wide variety of effects in many species. In the most well characterized species -- 
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rats and mice – they influence female reproductive behaviors, social behaviors, depression-

like behavior, anxiety-like behavior, cognitive function, and many other behaviors and 

physiological end-points. It is well known that developmental events can reprogram an 

animal's response in adulthood to these hormones. For example, exposure to estradiol via 
metabolism from testosterone during the perinatal period influences sexual differentiation of 

the brain altering later neural and behavioral response to estradiol (1). Furthermore, 

exposure to sex hormones during pubertal development may be responsible for a second 

period of sexual differentiation again resulting in remodeling of the brain's behavioral 

response to ovarian hormones (2).

1.1 Puberty and adolescence

An understanding of the enduring influences of events that occur specifically during puberty 

requires clarification of the meaning of the term “puberty” (3). Puberty refers to the 

developmental transition to a mature, reproductive state, while adolescence, a period of 

development distinct from puberty, refers to social and cognitive maturation that 

accompanies the reproductive maturation (4;5). However, there is a good deal of variability 

in the way that the term, “puberty,” is used. “Puberty” is sometimes used to refer to the 

entire period of pubertal development, but often is used in reference to a singular event 

during this developmental stage. In rodents, some refer to the first stage of pubertal 

development, vaginal opening, as “puberty,” while others refer to the onset of reproductive 

cycles. It is more useful to consider puberty as the developmental processes, which begins 

with the first sign of ovarian activity and terminates with the onset of the first reproductive 

cycle. It is most clear to refer to “pubertal development” to focus on the concept that puberty 

is an extended period of development, not a singular event. We have used mice in our studies 

of pubertal development, because like humans, pubertal development spans an extended 

period. For example, in humans, the pubertal period begins with the development of pubic 

hair and breast budding (Tanner Stage II), ends with menarche, and can last two or three 

years (6). In mice, the first external sign of pubertal development is vaginal opening, 

although hormonal changes precede this. Pubertal development can take weeks and is 

heavily influenced by the social environment (7). Unfortunately for our attempts to relate 

our animal work to humans, the vast majority of work in humans examines events that occur 

during the less well-defined period of “adolescence.” Adolescence, as discussed above, 

overlaps, but is not synonymous with, the period of pubertal development (see figure 1: (3)). 

In our work, we are focusing specifically on the pubertal stage of development, because our 

interest is in the effects of changes in the hormonal milieu during this period, rather than 

chronological age per se. Furthermore, this stage of development, unlike adolescence, has 

discrete markers (e.g., day of vaginal opening, onset of reproductive cycles; (8))

as well as by the adrenal gland. Referring to them as “ovarian hormones” or “sex hormones” may predispose readers to think of them 
as exclusively ovarian in origin.
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2 Influence of stressors during pubertal development/adolescence on brain 

and behavior

Stress during pubertal development and/or adolescence has enduring effects on brain and 

behavior (8;9); however, the effects of exposure to stressors during this period on subsequent 

stress reactivity are inconsistent (8), most likely due to the wide variety of classes of stressor 

used and the variability in age at which exposure occurs. In general, exposure to stressors 

during pubertal development or adolescence increases anxiety and depression later in life 

(10), as well as influencing other behaviors (11) and some aspects of learning (12). In rats, 

binge drinking, which can be considered a stressor, during adolescence affects adult brain 

and behaviors (13), and some stressors alter later sensitivity to drugs of abuse (14).

Several years ago we discovered that female mice shipped at six weeks old did not show 

typical behavioral response in an experiment in which they were compared directly to a 

group of older mice that responded normally (Figure 1). In a follow-up experiment, we 

observed that, as assessed on the fifth weekly test, mice shipped at three weeks old were 

relatively unaffected by shipping compared with mice shipped in adulthood. However, mice 

shipped at five or six weeks of age exhibited depressed behavioral response to estradiol and 

progesterone contrasted with mice shipped just one week later (seven weeks old or older). 

Thus, we began our studies on the enduring effects of stress during pubertal development on 

behavioral response to ovarian hormones.

3 Other stressors

Because we did not consider shipping to be a stressor likely to have great replicability 

(although we have in fact found it to be quite repeatable), we attempted to develop a 

laboratory stressor procedure that resulted in a similar loss of behavioral response to 

estradiol and progesterone in adulthood. Although exposure to all standard stressors used at 

six weeks of age induced quite high blood corticosterone levels, neither daily restraint, nor a 

multiple stressor (restraint, heat and light), nor 36 hours of food deprivation resulted in 

decreased response to estradiol and progesterone in adulthood (15), as was seen with 

shipping (16). On the other hand, immune challenge with the bacterial endotoxin, 

lipopolysaccharide (LPS), which results in transient sickness behavior lasting fewer than 48 

hours, provided results quite consistent with those obtained with shipping (Figure 2). This 

suggested that the decrease in adult response to ovarian hormones is not a general response 

to all peripubertal stressors that increase corticosterone release. Rather it suggested that 

shipping and immune challenge share some common characteristics. As with shipping, 

exposure at six weeks old was the optimal age of injection to yield the most consistent effect 

on adult response to estradiol and progesterone, and four weeks of age was the earliest age at 

which the LPS was effective in altering response (15).

Interestingly, a social stressor, that is, the stress of social isolation during an extended period 

of pubertal development (Days 25-60) resulted in a similar enduring decrease in hormone-

induced female sexual behavior when tested in adulthood (17). Perhaps the stress of social 

isolation, the as-yet-undetermined stressors associated with shipping, and the stress of 
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immune challenge share a common mechanism for altering adult behavioral response to 

ovarian hormones.

4 Extension to an outbred strain of mouse

In order to determine the generalizability of this effect of a pubertal immune challenge on 

adult behavioral response to ovarian hormones, we attempted to extend these findings to the 

outbred, CD1 strain, of mice. Although the effects of both shipping and LPS on female 

sexual behavior were confirmed in the CD1 mice (18), the vulnerable period seemed to be 

extended (Figure 3). Because we have hypothesized that the vulnerable period begins with 

the first stage of pubertal development (vaginal opening) and terminates with the onset of 

estrous cycles, it is not surprising that the vulnerable period differs among strains, and it 

would be expected to be consistent with the peripubertal period in each strain and under 

particular environmental conditions. In fact pubertal development commences a few days 

later in CD1 mice than in C57Bl/6 in our laboratory.

5 Extension to rats?

We asked if the finding generalized to females of another rodent species -- rats. Female rats 

were injected with LPS at either four, six, eight, ten or twelve weeks old, ovariectomized at 

14 weeks old and tested for female sexual behavior one week later (H. King and J.D. 

Blaustein, unpublished observations). LPS did not influence behavioral response in 

adulthood in rats injected at any age. Does this suggest that this finding is specific to mice? 

There is another explanation, which is consistent with the results in both rats and mice. The 

period of pubertal development of mice takes an extended period of time. In our lab, vaginal 

opening in C57BL/6 mice typically occurs around Day 25 (although this can vary depending 

on environmental conditions). Estrous cyclicity commences weeks later depending on 

housing conditions and other environmental factors (7). In contrast, in rats, the latency 

between the first and last stage of pubertal development can be less than a day (19;20). If the 

vulnerable period falls between the first and last stage of pubertal development, as we have 

hypothesized, it is not surprising that we did not duplicate the effect in rats. This lack of 

effect in rats suggests that mice are a better model for girls in which the stages of pubertal 

development can span years.

6 Role of ovarian and other steroid hormones

In order to test the idea that LPS remodels the brain by inducing secretion of either 

estrogens, progestins, androgens, or glucocorticoids, we (J. Laroche and J.D. Blaustein, 

unpublished observations) injected each of the following inhibitors prior to LPS injection in 

independent experiments: CDB 2916, a progestin antagonist; RU 58,668, an estrogen 

antagonist; formestane, an aromatase inhibitor; RU 38486, a progestin/glucocorticoid 

antagonist; RU 28318, a mineralocorticoid antagonist; or astressin2-B, a corticotropin 

releasing factor R2 antagonist. None of these inhibitors blocked the effects of LPS, 

suggesting that LPS does not induce its long-term effects on behavioral response to estradiol 

by inducing the secretion of estrogens, progestins, or glucocorticoids. However, injection of 

the androgen antagonist, flutamide, unexpectedly partially blocked the effects of LPS. It will 
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be interesting to explore the mechanisms whereby blocking androgen receptors blocks the 

effects of LPS on later behavioral response to estradiol.

In order to determine if the ovaries need to be present in order for peripubertal immune 

challenge to have its long-term effects on behavioral response to ovarian steroid hormones, 

the ovaries were removed either one week before LPS injection or at the normal time a week 

before behavioral tests in adulthood. Ovariectomy prior to LPS injection eliminated the 

long-term altered response to estradiol and progesterone on female sexual behavior, although 

it did not influence the severity of sickness behavior resulting from the immune challenge 

(N. Ismail, B. Rappleyea, H. King and J.D. Blaustein, unpublished observations). While this 

experiment does not identify the hormone(s) responsible for the permissive effect of LPS, it 

suggests that it might be estradiol, since estradiol secretion is responsible for the first step in 

pubertal development, vaginal opening. Experiments are underway to test the notion that 

estradiol confers vulnerability to the long-term effects of pubertal immune challenge on 

behavioral response to ovarian hormones in adulthood. We cannot exclude the possibility 

that LPS has an effect on the ovaries, which in turn influences adult behavioral response to 

exogenously administered ovarian hormones. However, because all animals are 

ovariectomized prior to the start of hormonal treatment, this is unlikely.

The idea that estradiol (or another ovarian secretion) confers vulnerability is counter-

intuitive, because estradiol is generally considered to be neuroprotective (21;22). However, 

the ovaries, and estradiol in particular, have been reported to be required for LPS to trigger 

an inflammatory response in microglia of the brain (23). These authors suggest that the data 

are consistent with the view that the neuroprotective effect of estradiol is due to its 

immunosuppressive properties; perhaps the defective, innate immune response in the brain 

of ovariectomized mice causes the host to be more vulnerable to infection, thus increasing 

neuronal damage as a result of insult by a pathogen.

7 Mediating mechanisms

In order for peripubertal stressors, but not post-pubertal stressors, to exert their negative, 

long-term effect on hormone-induced sexual behavior, something must differ between the 

peripubertal and postpubertal response to the stressor to confer the altered response in 

adulthood. In addition, some element of the response pathway of the steroid hormones in 

adulthood must be changed as a consequence of the peripubertal stressor.

With regard to the first question, we focused on potential differences in the function of 

microglia between the two stages. As a first step, because of the role of microglial activation 

in brain development (24), we examined microglial morphology in peripubertal and 

postpubertal period. We observed that peripubertal female mice display a more activated 

microglial phenotype (e.g., hyper-ramification with long, thick processes) than postpubertal 

mice, and in some neural areas, such as the hypothalamus and hippocampus, LPS induces a 

greater degree of microglial activation (M. Holder and J.D. Blaustein, unpublished 

observations). Perhaps the higher concentration of activated microglia in brain areas like the 

hypothalamus translates to a long-term change in response to ovarian steroid hormones by 

altering the trajectory of brain development during the pubertal period.
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We have tested two hypotheses of changes in the adult brain as a consequence of the 

pubertal stressor. The first hypothesis was that the peripubertal stressor induced a change in 

response of the hypothalamo-pituitary-adrenal (HPA) axis to the behavioral testing, because 

elevated levels of corticosterone have been reported to inhibit the sex behavioral response to 

estradiol and progesterone (25). Further, the HPA axis matures as a consequence of pubertal 

development resulting in robust changes in reactivity to stressors (8;10). For example, after 

pubertal development is complete, blood levels of ACTH and corticosterone return to 

baseline levels after a stressor considerably more rapidly than in prepubertal animals (8;26).

This hypothesis that pubertal stressors induce increases in corticosterone in response to 

testing or stress was not supported. In the first experiment, mice shipped at six weeks of age 

actually secreted lower levels of serum corticosterone in response to the first behavioral 

testing situation than mice shipped at 12 weeks of age (15) (Figure 4). In the second 

experiment, mice administered LPS at six weeks of age secreted lower levels of serum 

corticosterone than saline controls in response to moving of the cage from the colony room 

to the testing room, to exposure to the testing arena, to exposure to the testing arena with a 

male on the other side of a mesh barrier, or to being tested with a male mouse (J. Laroche 

and J.D. Blaustein, unpublished observations). Finally, in a general test of response to a 

stressor, LPS injection resulted in decreased corticosterone release during a restraint-stress 

test in adulthood (J. Laroche and J.D. Blaustein, unpublished observations), a finding similar 

to that recently reported in rats after peripubertal immune challenge (27). Therefore, because 

the pubertal stressors actually result in a blunting of the corticosterone response, the 

hypothesis that the pubertal stressors result in an exaggerated corticosterone response to the 

behavioral testing situation or a standard stressor can be rejected.

An alternate hypothesis is that the pubertal stressors result in a long-term modification in the 

level of estrogen receptors (ERs) in areas involved in mediating the effects of estradiol on 

female sexual behavior. Many of the effects of estradiol on the brain, including female 

sexual behavior, are mediated via interaction with intracellular estrogen receptors (ERs), and 

in particular with ERα (28;29). To test the hypothesis that levels of ERα are modified by a 

peripubertal stressor, CD-1 mice were shipped from the supplier at either four (before the 

critical period in this strain) or six weeks (during the critical period) old (18). In adulthood, 

they were tested twice in weekly tests for sexual receptivity, and the effect of shipping 

during the vulnerable, peripubertal period was confirmed. One week later, they were 

euthanized, brains immunostained for ERα, and ERα-ir cells counted in four brain areas. 

Shipping during the vulnerable period resulted in decreased numbers of ERα-ir cells in the 

arcuate nucleus, medial preoptic area and ventromedial nucleus of the hypothalamus, but not 

the anteroventral periventricular nucleus (Figure 5). These results suggest that a peripubertal 

stressor results in long-term change in regulation of ERs in some brain areas associated with 

reproductive behaviors. In the study discussed earlier in which social isolation induced a 

similar effect as shipping or LPS on female sexual behavior (17), an increase in ERα-ir cells 

in the ventromedial hypothalamus was observed. It is difficult to reconcile these two 

experiments, because the methodology, including treatment of the mice prior to euthanasia, 

was quite different.
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8 Behavioral specificity of the effect

In a subsequent series of experiments, we tested the hypothesis that the decreased response 

to ovarian hormones that we reported for female sexual behavior is a result of a general 

decrease in the brain's behavioral response to the hormones and not specific to sexual 

receptivity. The effects of either shipping or LPS on the effects of estradiol on depression-

like behaviors (30), anxiety-like behaviors (31), and cognitive function (32) were assessed.

Ovarian hormones influence mental health-related behaviors. For example, ovariectomy 

(OVX) increases depression-like behaviors in rats and mice, and estradiol typically reverses 

or attenuates these effects (33-42). Consistent with an antidepressive role for estradiol, 

female aromatase knockout mice that are deficient in estradiol synthesis show greater 

depression-like symptoms than their wild-type counterparts (43).

In order to test the generality of the effect to other estradiol-influenced behaviors, the effects 

of peripubertal immune challenge on the antidepression-like effects of estradiol were 

assessed (30). Although the antidepression-like effects of estradiol were confirmed in two 

standard tests for depression-like behavior -- the forced swim test and tail suspension tests – 

estradiol actually increased depression-like behavior in mice that were treated with LPS 

during pubertal development.

Ovarian steroid hormones also influence anxiety-like behavior in rats. Ovariectomy 

increases anxiety-like behaviors in rats and mice (44-47), and injection with low doses of 

hormones have anxiolytic effects (44;45;48-53). Knockout of either the estrogen receptor α 

(47;54;55) or estrogen receptor β (56;57) gene increases anxiety-like behavior contrasted 

with wild-types. A combined treatment of estradiol benzoate followed by progesterone 

regimen has an anxiolytic effect as assessed in the elevated plus maze, light-dark box, and 

marble burying test in both C57Bl/6 and CD1 strains of mice (31). Injection of LPS at 6 

weeks old resulted in the adult hormone treatment having either no effect or an anxiogenic 

effect (31). There was also a tendency for LPS to reduce anxiety-like behavior in both the 

light-dark box and the elevated plus maze in the absence of hormone replacement, which 

agrees with earlier work in which adolescent stressors or prenatal LPS treatment reduced 

anxiety-like behavior (58;59). Estradiol improves performance on a variety of cognitive 

tasks, including those that test spatial and recognition memory (60). To test the idea that 

pubertal stressors influence the pro-cognitive effects of estradiol, mice injected with LPS 

either during or after pubertal development were assessed for estradiol-influenced cognitive 

function on four tests – object recognition, object placement recognition (Figure 6), social 

discrimination, and social recognition. Peripubertal LPS eliminated all of the positive effects 

of estradiol, suggesting that immune challenge during pubertal development negatively 

influences the positive effects of estradiol on a variety of tests for cognitive function.

9 Discussion

For all behaviors that were examined, the pubertal stressor had negative consequences on 

adult behavioral response. The pubertal stressor decreased the effects of estradiol and 

progesterone on hormone-induced female sexual behavior, reversed the antidepressant-like 
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effects of estradiol, eliminated or reversed the anxiolytic effects of estradiol and 

progesterone, and eliminated the cognitive enhancing effects of estradiol.

Does a pubertal stressor alter adult behavioral response by an influence on sexual 

differentiation of the brain? In one study performed in males, shipping at 6 weeks resulted in 

a decrease in masculine sexual behavior (16). This would suggest that with respect to sexual 

behavior, the pubertal stressor both defeminized females and demasculinized males. 

However, it is more parsimonious and more productive to think of the stressors as causing 

altered responsiveness to steroid hormones.

It is difficult to relate the work discussed in this review to a good deal of the previous work 

on stressors during the peripubertal or adolescent stages of development for a number of 

reasons. First, much of the work done previously used males, and the work discussed in this 

review in on females, which have a very different time course of pubertal development than 

males. Although we have performed one study on males (16), we have not performed the 

extensive experiment to determine the optimal age during development to observe an effect 

of a peripubertal stressor on later response to gonadal hormones, as we have in females. In 

addition, in much of the previous work, rats were used (8), and puberty has a very different 

time course in rats than in mice, as discussed above. Also, much of the previous work has 

used stressors that we have found to be ineffective in inducing this long-term change in 

response to ovarian hormones (61); thus far, we have identified only shipping and LPS as 

effective stressors for the long-term alteration in behavioral response to ovarian hormones. 

Finally, the work discussed in this review is focused specifically on altered response to 

ovarian hormones in adulthood, an issue that has not been looked at in most other work on 

developmental stressors.

9.1 Relevance to humans: Some questions and a hypothesis

Estrogens and/or progestins are used in the treatment of depression-related, affective 

disorders in women, including postpartum depression, premenstrual dysphoric symptoms, 

and peri- and post-menopausal depression (40;62;63;63-69). We have considered the 

possibility that the phenomenon of pubertal stress/immune challenge causing long-term 

changes in response to estradiol and progesterone in mice has relevance to humans.

It is well-known that stress/adverse experiences during pubertal development/adolescence in 

humans has negative consequences for mental health later in life (70-72), and that this stage 

of development is a sensitive developmental period for subsequent mental health (10). 

Inflammation is implicated in the etiology of some depressive disorders (73;74). Further, 

some stressors during early childhood or adolescence induce acute and enduring changes in 

the immune system (75-78). Interestingly, adults who have been maltreated in childhood 

(76) and adult women who experienced sexual abuse during adolescence (79) have elevated 

CRP and/or interleukin-6 levels in plasma. Further, women with PTSD related to childhood 

abuse have increased activity in the immune-related, peripheral NF-κB signaling pathway 

(78). These results collectively suggest that in humans, the immune system responds to 

particular adverse experiences during critical developmental stages, and that the immune 

system may remain activated into adulthood. Finally, immune challenge during neonatal 

development in rodents causes long-term changes in the immune system (80-82). It is 
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tempting to speculate that shipping and LPS treatment during pubertal development have 

their enduring effects on behavioral response to ovarian steroid hormones by long-term 

changes in immune function. As discussed earlier, the vast majority of human studies focus 

on relatively vague independent variables, such as childhood or adolescence (76). It is 

therefore difficult, if not impossible, to directly correlate the work in humans with the mouse 

studies discussed in this review. However, can we rely on this mouse model to make 

predictions about humans? Is there a sensitive period in girls, limited by the first and last 

stages of pubertal development during which vulnerability to particular stressors that 

influence the immune system and have long term effects is maximal? It is usually considered 

that immune changes adversely influence mental health directly through inflammatory 

pathways (73;74). However, the work in mice suggests that we should consider the 

hypothesis that adverse peripubertal events exert some of their long-term effects on the brain 

and mental health indirectly by an intermediary alteration in response to estradiol and/or 

progesterone. Perhaps exposure to abuse or maltreatment during pubertal development 

predisposes some individuals to have an atypical response to estradiol later in life. 

Depression is just one example in which this mechanism could come into play.

10 Conclusions

In conclusion, exposing female mice to particular stressors during pubertal development has 

a robust influence on all ovarian steroid hormone-influenced behaviors in adulthood that we 

have studied. We have also observed changes in the amount of ERα-ir in some brain areas 

that may mediate in part the altered behavioral response in adulthood. We hypothesize that 

this phenomenon is present in human females and may be involved in the etiology of some 

types of mental illness that are linked to ovarian steroid hormones. However, studying this 

problem in humans will require precise determination of pubertal stage of development 

rather than more nebulous terms, such as childhood or adolescence, it will require also 

ascertaining if the disorder in adulthood is linked to changes in ovarian steroid hormones or 

is independent of them.
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Highlights

Some peripubertal stressors alter behavioral response to estradiol and progesterone in 

adulthood. Pubertal shipping or immune challenge remodel the brain's behavioral 

response to estradiol and progesterone.

The authors propose that mice may be a model for studying the etiology of some types of 

hormone-influenced mental illness in women.
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Figure 1. 
Shipping female mice during pubertal development decreases sex behavioral response to 

estradiol and progesterone in adulthood. Lordosis quotient (LQ) (mean ± SEM) of C57Bl/6 

female mice shipped during or after the peripubertal period. (*, p < 0.05). Reprinted from 

(16) Copyright 2009, The Endocrine Society.
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Figure 2. 
Injection of LPS during pubertal development decreases sex behavioral response to estradiol 

and progesterone in adulthood. Lordosis quotient (LQ) (mean ± SEM) of C57Bl/6 female 

mice injected with 1.5 mg/kg LPS at 6 wk old. The lower x-axis refers to the animal's age at 

time of testing. (*= P < 0.05). Reprinted from (15) Copyright 2009, The Endocrine Society.
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Figure 3. 
Shipping CD1 strain female mice during pubertal development decreases sex behavioral 

response to estradiol and progesterone in adulthood. Lordosis quotient (Mean±SEM) on fifth 

weely test of mice shipped at 3, 4, 6, 8 or 10 weeks. * = p < .05, significantly lower than 

females shipped at 3, 4 or 10 weeks old. Modified from (18)
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Figure 4. 
Shipping female mice during pubertal development alters corticosterone levels in response 

to sex behavioral testing in adulthood. Corticosterone levels (mean ± SEM.) in serum taken 

15 - 20 minutes in five weekly tests after start of female sexual behavior testing in female 

mice shipped at 6 weeks or 12 weeks (* = P < 0.01). Reprinted from (16) Copyright 2009, 

The Endocrine Society.
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Figure 5. 
Shipping female mice during pubertal development results in reduction of ER-α levels in 

adulthood in some brain areas. Number of ER-α IR cells (mean ± SEM) in CD-1 female 

mice shipped at 4 or 6 weeks old in the arcuate nucleus (Arc), anteroventral paraventricular 

nucleus (AVPV), medial preoptic area (MPOA) and ventromedial nucleus of the 

hypothalamus (VMN). (*= p < 0.05) Reprinted from (18;18) with permission of Elsevier, 

Copyright 2011.
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Figure 6. 
Estradiol increases the percentage of time spent investigating novel object during the object 

recognition test in mice treated peripubertally with saline, but not LPS. (Mean ± SEM; 

*p<0.05) Reprinted from (32) with permission from Elsevier, Inc.
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