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Aging in women is associated with low estrogen, but also with cognitive decline and affective disorders. Whether low estrogen is causally responsible for these behavioral symptoms is not clear. Thus, we aimed to examine the role of estradiol in anxiety-like behavior and memory in rats at middle age. Twelve-month old female rats underwent ovariectomy (OVX) or were treated with 1 mg/kg of letrozole—an aromatase inhibitor. In half of the OVX females, 10 μg/kg of 17β-estradiol was supplemented daily for 4 weeks. Vehicle-treated sham-operated and OVX females served as controls. For behavioral assessment open field, elevated plus maze and novel object recognition tests were performed. Interaction between ovarian condition and additional treatment had the main effect on anxiety-like behavior of rats in the open field test. In comparison to control females, OVX females entered less frequently into the center zone of the open field (p < 0.01) and showed lower novel object discrimination (p = 0.05). However, estradiol-supplemented OVX rats had higher number of center-zone entries (p < 0.01), spent more time in the center zone (p < 0.05), and showed lower thigmotaxis (p < 0.01) when compared to OVX group. None of the hormonal manipulations affected anxiety-like behavior in the elevated plus maze test significantly, but a mild effect of interaction between ovarian condition and treatment was shown (p = 0.05). In conclusion, ovariectomy had slight negative effect on open-field ambulation and short-term recognition memory in middle-aged rats. In addition, a test-specific anxiolytic effect of estradiol supplementation was found. In contrast, letrozole treatment neither affected anxiety-like behavior nor memory.
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INTRODUCTION

Post-menopause is a life period in women accompanied by reproductive senescence, including decline in ovarian sex hormones (1). Besides physical changes (2), there are many mental and psychological disorders related to post-menopausal syndrome, such as depression, anxiety or dementia (3–6). The underlying mechanism of age-related cognitive decline and anxiety is unclear, but the role of estrogen loss is considered (7–10). However, most of the post-menopausal symptoms may result from the aging process as well as from loss in ovarian endocrine function (11). To analyze the causal effect of menopause-related decline in sex hormone production, further experimental studies are needed.

In animal experiments, the bilateral removal of ovaries—ovariectomy—is the most used tool to mirror the post-menopausal state of women (12). It has been shown that ovariectomy causes impaired learning and memory indicated by longer latency time to find a platform and less time spent in the target zone in the Morris water maze, and by lower recognition index in the novel object recognition and object placement tasks (13–16). Similarly, there are numerous data showing anxiogenic effect of ovariectomy in several tests, such as open field, elevated plus maze or light-dark box (16–20). On the other hand, estradiol replacement in the surgical model of menopause may improve cognitive functions and decrease anxiety-like behavior in rodents (14, 21–31).

Inhibition of aromatase leads to decreased estrogen production as well, while it increases gonadotropin releasing hormone or luteinizing hormone, and causes hyperandrogenism (32–34). Animal studies using pharmacological aromatase inhibitors - e.g., letrozole, and aromatase knock-out mice have suggested that aromatase has a role in cognitive functions (35). Neurobehavioral studies have found that aromatase inhibition may result in decreased spine and synaptic density in forebrain, impaired spatial memory, recognition memory, and contextual fear memory (36, 37). On the contrary, letrozole treatment in middle-aged females may increase neurogenesis in the hippocampus (38). Although letrozole might be efficient for treatment of infertility at reproductive age, e.g., in women with polycystic ovary syndrome (39), its most common clinical application is in postmenopausal women suffering from breast cancer (40).

Natural menopause in women occurs typically at midlife, i.e., 50 years (41). Therefore, studies performed in middle-aged rats are valuable and important for understanding the causal relationship between estrogen deficiency and psychological features of post-menopausal syndrome. Although there are published studies on the effect of ovariectomy (29, 30, 42–44) and estradiol treatment (21–23, 25, 29, 31) on memory and anxiety-like behavior in middle-aged (~12-month old) and old rodents (>18-month old), studies on such behavioral effects of letrozole treatment are rare (45).

In this study, we consider that ovariectomy is accompanied by decreased production of ovarian sex hormones including androgens, while inhibited aromatization of testosterone may lead to its excess. Thus, our main goal was to compare and explore the causal effect of both, surgical and pharmacological inhibition of estrogen production on anxiety-like behavior and memory in middle-aged rats. We hypothesized that if estrogen deficiency is the main cause of cognitive dysfunction and anxiety in middle-aged females, both ovariectomy and letrozole-treatment will impair memory and induce higher anxiety-like behavior in comparison to controls. In addition, we aimed to examine whether estradiol supplementation may improve memory and attenuate anxiety in middle-aged ovariectomized female rats.



METHODS


Animals

Female Wistar rats (n = 42, 12-month old, weighing 362 ± 52 g) were used in the experiment. Twelve-weeks old animals were purchased from Velaz (Prague, Czech Republic), and maintained under standard conditions (temperature 25 ± 2°C and humidity 55 ± 10%) with a 12:12 light-dark cycle, and housed in groups, 4-5 per cage (w:38 × l:60 × h:20 cm). Except the duration of behavioral testing, animals had ad libitum access to food and water. The experiment was approved by the local Ethics committee and performed according to the Slovak legislation.



Ovariectomy

Twelve-months old female rats underwent either ovariectomy (OVX, n = 21) or sham surgery (F, n = 21). The procedures were performed under general anesthesia using intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). A single ventral transverse incision of 1–1.5 cm was made at the middle abdominal region. The uterine horns and vessels were ligated on both sides, the ovaries were cut, and the remaining tissue was placed back into the abdominal cavity. The muscle and skin layers were sutured with absorbable silk (size 4-0).



Hormonal Treatment

Five weeks after surgery, females were randomly divided into several treatment groups. For 4 weeks, sham-operated females were treated with an aromatase inhibitor, letrozole, in a dose of 1 mg/kg (Sigma-Aldrich, Darmstadt, Germany; F+LET, n = 11), and OVX females with 17β-estradiol in a dose of 10 μg/kg (Sigma-Aldrich, Darmstadt, Germany; OVX+E, n = 11). Vehicle-treated F and OVX groups received olive oil in a volume of 1 ml/kg (Olivae Oleum Raffinatum, Galvex, Banská Bystrica, Slovak Republic). The treatments were administered once daily, between 3 and 5 p.m., by subcutaneous injection.



Behavioral Testing

During the last week of treatment, the animals were tested for locomotor activity, anxiety-like behavior and memory using a battery of behavioral tests. The behavioral phenotyping of rats was carried out in three consecutive days (one test per day), between 8 and 12 a.m., in the fixed order from the least to the most stressful, i.e., open field, novel object recognition, and elevated plus maze test. Each test was recorded using a camcorder placed above the apparatus in the middle of the testing room. All observed parameters were analyzed using the image and video processing system EthoVision XT 10.0 (Noldus Information Technology, Wageningen, Netherlands).


Open Field Test

Open field test was performed to assess locomotor activity and anxiety-like behavior of animals. A square shaped (100 × 100 cm) apparatus was used, virtually divided into a center (40 × 40 cm) and border zone, which was slightly illuminated with white light (25 lx). Animals were placed individually into the center zone, and were allowed to freely explore the arena for 5 min. Time spent in and number of entries into the center zone, as well as distance to the wall indicating thigmotaxis was monitored as indexes of anxiety-like behavior.



Novel Object Recognition Test

The novel object recognition test was conducted in the familiar apparatus and under the same condition as the open field test. During the training phase, the animals were exposed to two identical objects (two green plastic or two transparent glass bottles) for 5 min. Total time of interactions with any of the objects was analyzed to assess explorative behavior. One hour later, one of the two objects was swapped for a novel object with a different shape, material and color as the familiar one, and the animals were returned into the arena for another 5 min. To avoid any preference of side or features, the objects (green plastic/transparent glass bottle) were randomly selected as familiar or novel, as well as the position of the novel object in left or right side was systematically altered between the trials. To assess memory, novel-object discrimination was calculated as following: interaction with novel object/(interaction with novel + familiar object)*100. The animals were excluded from analysis, if the object exploration during the training and/or during the testing was below 5% (<15 s from 5 min).



Elevated Plus Maze Test

A plus-shape apparatus elevated to a height of 60 cm above the floor was used to assess anxiety-like behavior. The arena consisted of two opposite open with 100–110 lx illumination and two opposite closed arms with 3–5 lx illumination, extending from central platform. Animals were placed onto the central platform facing to an open arm, and allowed to explore the maze for 5 min. The open-arm preference was evaluated as the number of entries into [open-arm entries/total entries] and time spent in the open arms [time on open arms/(time in open + closed arms)] relative to entries and time in any of the arms.




Uterus Weight and Testosterone Concentration

To verify the effect of surgery and hormonal replacement, uterus weight and testosterone concentration were assessed. At sacrifice of the animals, blood was taken from abdominal aorta and the uterus was dissected. Uterus weight was measured on an analytic scale, and adjusted to body weight (46). Blood samples were centrifuged at 2,400g for 5 min, and plasma samples were stored at −20°C until analysis. The concentration of testosterone in plasma was measured using a commercial ELISA kit (DRG Diagnostic, Marburg, Germany) with 0.029 nmol/L analytical sensitivity, and <5% inter- and intra-assay coefficients of variations.



Statistical Analysis

For statistical analysis GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA) was used. Data were analyzed using two-way ANOVA – one factor being ovarian condition (sham, OVX) and the other factor being additional treatment (control, letrozole in sham groups or estradiol in OVX group). Bonferroni multiple comparison post hoc test was used to compare mean of each group with means of every other groups. P-values have been adjusted to account for multiple comparison bias. Differences were considered statistically significant when p < 0.05. Data are shown as mean plus standard deviation (SD).




RESULTS

To confirm the endocrine changes induced by ovariectomy, estradiol supplementation and letrozole treatment, uterus weight and plasma testosterone were measured. There was a main effect of ovarian condition [F(1, 37) = 17.0, p < 0.001], a main effect of treatment [F(1, 37) = 40.7, p < 0.001] and a significant interaction between these two factors [F(1, 37) = 153, p < 0.001] on uterus weight (Figure 1A). In comparison to the F group, the weight of the uterus was significantly lower in OVX (p < 0.001) as well as in F + LET group (p < 0.001). OVX + E females had a higher uterus weight when compared to OVX group (p < 0.001), F group (p < 0.001) or F + LET group (p < 0.001).
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FIGURE 1. Uterus weight adjusted to body weight (A) and testosterone concentration in plasma (B). Data are presented as mean + SD. ***p < 0.001 in comparison to F group, $$$p < 0.001 in comparison to F + LET group, ###p < 0.001 in comparison to OVX group; n = 9–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.


A main effect of ovarian condition [F(1, 36) = 98.1, p < 0.001], a main effect of treatment [F(1, 36) = 11.1, p < 0.01], and a significant interaction between ovarian and treatment condition [F(1, 36) = 10.2, p < 0.01] was observed also on concentration of testosterone (Figure 1B). Both, the OVX (p < 0.001) and OVX + E groups (p < 0.001) had lower, while F + LET group had higher (p < 0.001) concentration of testosterone in comparison to control F group. The F + LET group had higher testosterone than OVX (p < 0.001) and OVX + E group (p < 0.001). OVX + E did not differ from OVX in testosterone concentration (p > 0.99).

A significant interaction between ovarian condition and treatment was found [F(1, 37) = 18.5, p < 0.001], but neither ovarian condition [F1, 37=1.03, p = 0.32] nor treatment [F(1, 37) = 1.41, p = 0.24] had a main effect on the number of entries into the center zone in the open field test (Figure 2A). OVX group entered less frequently into the center zone than F group (p < 0.01). The number of entries was higher in OVX + E when compared to OVX (p < 0.01). F + LET (p = 0.19) and OVX + E (p > 0.99) groups were comparable to F. In addition, the F + LET group neither differed from OVX group (p = 0.80) in center-zone entries.


[image: Figure 2]
FIGURE 2. Anxiety-like behavior assessed in the open field test by number of entries into the center zone (A), time spent in the center zone (B), and mean distance to the walls (C). Data are presented as mean + SD. **p < 0.01 in comparison to F group, ##p < 0.01 and #p < 0.05 in comparison to OVX group; n = 9–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.


On anxiety-like behavior assessed by time spent in the center zone in the open field test (Figure 2B), a significant main effect of treatment [F(1, 37) = 5.02, p < 0.05], and a significant interaction between ovarian condition and treatment [F(1, 37) = 4.60, p < 0.05] was found, while no effect of ovarian condition alone was observed [F(1, 37) = 2.60, p = 0.12]. OVX + E group spent more time in the center zone in comparison to the OVX group (p < 0.05), F group (p = 0.05) and F + LET group (p = 0.06). Neither OVX (p > 0.99) nor F+LET (p > 0.99) groups differ from F. In addition, the OVX group was comparable to F + LET group (p > 0.99).

There was a main effect of treatment [F(1, 37) = 5.37, p < 0.05], and a significant interaction between ovarian condition and treatment [F(1, 37) = 7.02, p < 0.05], but no effect of ovarian condition [F(1, 37) = 0.04, p = 0.84] on thigmotaxis assessed by distance to the walls during the open-field exploration (Figure 2C). Animals in OVX + E group explored the arena farther from the walls in comparison to the animals in OVX group (p < 0.01). No other differences were found between the groups (OVX vs. F: p = 0.62; F + LET vs. F: p > 0.99; OVX + E vs. F: p = 0.47; F + LET vs. OVX: p = 0.90; OVX + E vs. F + LET: p = 0.26).

In the elevated plus maze test, no significant main effect of ovarian condition [F(1, 37) = 2.41, p = 0.13] or treatment [F(1, 37) = 0.87, p = 0.36], and a statistically non-significant interaction between ovarian condition and treatment [F(1, 37) = 3.94, p = 0.05] was found on the number of entries onto the open arms (Figure 3A). Similarly, neither ovarian condition [F(1, 38) = 2.13, p = 0.15], nor treatment [F(1, 38) = 0.52, p = 0.47], nor interaction between these two factors [F(1, 38) = 1.27, p = 0.27] affected anxiety-like behavior assessed by time spent on the open arms (Figure 3B).
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FIGURE 3. Anxiety-like behavior assessed in the elevated plus maze test by number of entries onto the open arms (A) and time spent on the open arms (B). These parameters are expressed as percentage of total entries made into or time spent in the closed + open arms, respectively. Dashed line indicates equal frequency and time exploring open and closed arms. Data are presented as mean + SD. n = 10–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.


In the training phase of the novel object recognition test (Figure 4A), no effect of ovarian condition [F(1, 29) = 2.69, p = 0.11] or treatment [F(1, 29) = 2.67, p = 0.11], and neither a significant interaction between these two factors [F(1, 29) = 0.07, p = 0.80] was shown, while some animals had to been excluded from analysis (n = 5 in F + LET group and n = 4 in OVX group) due to a low object-exploration time. To assess short-term recognition memory, we analyzed novel-object discrimination in the testing phase of the novel object recognition test (Figure 4B). Animals exploring the objects for <15 s during the training and/or in testing phase have been excluded from analysis (n = 1 in F, n = 5 in F + LET, n = 4 OVX, n = 1 OVX + E). There was a significant main effect of ovarian condition [F(1, 27) = 5.40, p < 0.05], but no significant effect of treatment [F(1, 27) = 0.24, p = 0.63] or an interaction between ovarian condition and treatment [F1, 27 = 1.09, p = 0.30] on novel object discrimination. Based on the post-hoc test, the OVX group (p = 0.05) exhibited lower discrimination of the novel object when compared to F group.
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FIGURE 4. Exploratory behavior assessed by total time spent exploring the objects during the training period (A) and recognition memory assessed by novel-object discrimination during the testing period in the novel object recognition test (B). Novel-object discrimination is expressed as percentage of total time spent exploring the novel and familiar objects. Dashed line indicates equal time spent exploring novel and familiar objects. Data are presented as mean + SD. n = 6–11/group; F, females; F + LET, letrozole-treated females; OVX, ovariectomized females; OVX + E, estradiol-treated ovariectomized females.




DISCUSSION

In this experiment, ovariectomy in middle-aged females had a slight effect on open-field ambulation and on recognition memory. On the contrary, letrozole treatment had no effect either on anxiety-like behavior or memory in females. Estradiol supplementation in OVX females had test-specific anxiolytic effect in the open field test, but no effect on memory in the novel object recognition task.

There is some evidence indicating that ovariectomy in young-adult females has anxiogenic effect (16–20). However, there is little data on the effect of ovariectomy on anxiety in middle-aged rats (44). Extensive research has been dedicated to examine anxiolytic effect of estradiol in young-adult OVX females (27, 47–52), while only few studies are available on the effect of estradiol on anxiety-like behavior in aged OVX (21) or gonadally intact females (53). Recently, lower anxiety-like behavior was found in 16–18-months old OVX females when compared to the intact counterparts 14 weeks after ovariectomy in elevated plus maze and light-dark box test (44). On the contrary, we found only a mild effect of ovariectomy on anxiety-like behavior in 12-month-old females in open field or in elevated plus maze test assessed 8 weeks after surgery. The differences might be caused by different age and/or length of ovarian hormone deficiency (54, 55). In our experiment, lower number of entries into the center zone was observed in OVX females when compared to the sham-operated F group, while these two groups were comparable in time spent in the center zone or in distance to walls during the open-field ambulation. However, OVX + E group entered more frequently and also spent more time in the center zone, as well as showed lower thigmotaxis in comparison to OVX females. It is possible that ovariectomy decreases exploratory behavior (13) without any effect on anxiety-like behavior in the open field, while estradiol treatment in OVX females may rescue this impairment in exploration and may decrease anxiety-like behavior as well (21). These results indicate differences in molecular mechanisms of endogenous and exogenous estrogens (28). On the other hand, estradiol treatment did not affect anxiety-like behavior of OVX rats in the elevated plus maze test. The time period between ovariectomy and hormone replacement (21), as well as the length of estradiol treatment (56) are crucial factors modulating anxiolytic effect of estradiol. Hormonal changes may down- or up-regulate the expression of specific estrogen receptor subtypes, which mediate either anxiogenic or anxiolytic effect (57). Thus, the age- and ovariectomy-related changes in expression pattern of estrogen receptors, and the sensitive time-window for estrogen action in different brain regions underlying anxiety should be examined to better understand the test-specific effect of estradiol in aging OVX rats (58).

A large number of studies have shown that ovariectomy may induce cognitive dysfunction in young (13–16) and also in middle-aged rats (29, 30, 43), while estrogens may improve learning and memory performance following ovariectomy in both, young (15, 24, 59–61) and middle-aged females (21–23, 25, 29, 31). However, OVX females in our experiment exhibited mild memory impairment only, and the estradiol-treated group did not outperform vehicle-treated OVX rats. Discrepancies between our and previously published results may arise again from differences in length of exposure to endogenous ovarian hormones (30), in delay period between ovariectomy and estradiol supplementation (21, 62–64), and in dose and frequency of treatment (65). Furthermore, the effect of age should be considered. Age-dependent changes have been shown in estrogen signaling in memory-related brain regions (66, 67), indicating an age-dependent effect of ovariectomy and estrogen supplementation on cognitive functions in rats (68–70). On the contrary, there is some evidence indicating that estradiol treatment in young adult (5-month old) and old (24-month old) ovariectomized mice may improve memory in object recognition task in the same manner (71). The type of memory assessed by different tasks should also be taken into account. Most of the published experiments in middle-aged rats use tasks for hippocampal-dependent spatial memory (29, 30, 30, 43), while in our experiment the non-spatial recognition memory was examined. Moreover, the published studies examining the effect of estradiol on cognition in females are mostly focused on long-term consequences, particularly on memory consolidation (64), but rarely on memory perception or acquisition as we did in our experiment. In contrast to spatial and fear memory tested in the Morris water maze, radial arm maze, T-maze or Pavlovian learning tasks, recognition memory assessed in the novel object recognition test does not include stress stimuli, such as shock, food deprivation or swimming (72, 73). As shown, ovariectomy in middle-aged rats may induce several alterations in hippocampal gene expression influencing neurogenesis, synaptic plasticity and immune modulation (74). However, recognition memory may involve other crucial circuits besides hippocampus, e.g., medial prefrontal cortex (75, 76). To better understand the mechanisms for impaired spatial and recognition memory, further studies are required examining the effect of ovariectomy on expression pattern of specific genes in cognition-associated brain regions in middle-aged female rats.

It should be noted that aging (77) as well as letrozole-treatment (78) and ovariectomy (79) increase luteinizing hormone (LH) production. Many age-related disorders, including the Alzheimer's disease, have been attributed to this LH excess (77). However, it has been shown that the LH rise is smaller if ovariectomy is performed at old age in comparison to the effect of ovariectomy performed in young adulthood (79). This may explain differences between our results obtained from middle-aged rats and previously published data from young-adult ovariectomized females, although LH was not assessed in our study.

Ovariectomy induces loss of ovarian hormones, including estrogens, androgens as well as progesterone (80). On the contrary, inhibition of testosterone aromatization decreases peripheral estrogen production, while the concentrations of other sex hormones, such as testosterone and progesterone, might be maintained, increased and decreased, depending on the dose of the inhibitor - e.g. letrozole (78). To distinguish between the effect of estrogen- and androgen deficiency, we examined the consequences of both ovariectomy and letrozole-treatment in middle-aged rats. While ovariectomy had some mild effect on behavior of females in the open field and novel object tests, treatment with letrozole did not affect either anxiety-like behavior or memory of female rats. Similarly, Chaiton et al. (38) did not found any effect of chronic letrozole treatment on depressive-like behavior in middle-aged female mice (38). In addition, our findings are in line also with our previous results showing that letrozole may induce anxiety in males but not in female aging rats (45). The differences between behavioral consequences of ovariectomy and letrozole treatment indicate that other ovariectomy-induced endocrine changes besides estrogen deficiency, such as altered concentration of progesterone (81), androgen (82) or gonadotropins (18) may underly the observed effect of ovariectomy. The strength of this study is the use of both, surgical and pharmacological tools to induce estrogen deficiency. More importantly, the treatments were initiated at middle-age of rats, which may be more relevant to mirror estrogen loss associated with aging than ovariectomy in adult females. The main limitation is that young-adult animals were not included in the study to investigate the age-dependent effect. Furthermore, only testosterone was assessed in plasma. Immunoassays are not applicable to measure estradiol concentration in rodents, so, it was estimated indirectly via uterus weight (46). Nevertheless, as previously shown, hippocampal and not circulating estradiol is associated with age-related memory functions in female rats (83). Last but not least, there is a need to examine age-associated alterations in estrogen and androgen signaling pathways in relevant brain regions.



CONCLUSION

In this experiment, we found that ovariectomy, but not letrozole, may attenuate open-field ambulation and slightly impair recognition memory in middle-aged females. Our findings indicate different neurobehavioral consequences of surgically induced estrogen deficiency and pharmacological inhibition of estrogen production. Although we failed to show the anxiogenic effect of ovariectomy, we found that exogenous estradiol may reduce anxiety-like behavior in middle-aged ovariectomized rats, at least in the open field. On the contrary, it seems that ovariectomy may impair short-term memory, but estradiol treatment does not improve it. Thus, we conclude that endocrine changes induced by ovariectomy and aromatase inhibition affect the brain differently, and the molecular mechanisms activated by exogenous estradiol may differ from the signaling pathways of endogenous estrogens. For future experiments elucidating the role of estrogen in postmenopausal syndrome, we suggest to consider some methodological issues, such as age-related changes in the neuroendocrine system or type of manipulation used to induce estrogen deficiency.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Ethics Committee of the Institute of Molecular Biomedicine.



AUTHOR CONTRIBUTIONS

ER and PC drafted the manuscript. ER, VB, MS, TH, and TS performed the experiment. DO and PC corrected the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Funding for this study was provided by the Slovak Research and Development Agency (APVV-15-0045) and the Ministry of Education of Slovak Republic (VEGA 1/0635/20).



REFERENCES

 1. Dalal PK, Agarwal M. Postmenopausal syndrome. Indian J Psychiatry. (2015) 57:S222–32. doi: 10.4103/0019-5545.161483

 2. Dennerstein L. A prospective population-based study of menopausal symptoms. Obstet Gynecol. (2000) 96:351–8. doi: 10.1016/S0029-7844(00)00930-3

 3. Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous system: evidence from humans and animal models. Environ Health Perspect. (2000) 108 (Suppl.):511–533. doi: 10.1289/ehp.00108s3511

 4. Kang IH, Kim HS, Shin JH, Kim TS, Moon HJ, Kim IY, et al. Comparison of anti-androgenic activity of flutamide, vinclozolin, procymidone, linuron, and p, p′-DDE in rodent 10-day Hershberger assay. Toxicology. (2004) 199:145–59. doi: 10.1016/j.tox.2004.02.019

 5. Roselli CE, Resko JA, Stormshak F. Expression of steroid hormone receptors in the fetal sheep brain during the critical period for sexual differentiation. Brain Res. (2006) 1110:76–80. doi: 10.1016/j.brainres.2006.06.070

 6. Dotlic J, Radovanovic S, Rancic B, Milosevic B, Nicevic S, Kurtagic I, et al. Mental health aspect of quality of life in the menopausal transition. J Psychosom Obstet Gynecol. (2020) 4:1−10. doi: 10.1080/0167482X.2020.1734789 

 7. Altemus M. Sex differences in depression and anxiety disorders : potential biological determinants. Horm Behav. (2006) 50:534–8. doi: 10.1016/j.yhbeh.2006.06.031

 8. Solomon MB, Herman JP. Sex differences in psychopathology: of gonads, adrenals and mental illness. Physiol Behav. (2009) 97:250–8. doi: 10.1016/j.physbeh.2009.02.033

 9. McHenry J, Carrier N, Hull E, Kabbaj M. Sex differences in anxiety and depression: role of testosterone. Front Neuroendocrinol. (2014) 35:42–57. doi: 10.1016/j.yfrne.2013.09.001

 10. Maeng LY, Milad MR. Sex differences in anxiety disorders: Interactions between fear, stress, and gonadal hormones. Horm Behav. (2015) 76:106–17. doi: 10.1016/j.yhbeh.2015.04.002

 11. Koebele SV, Bimonte-Nelson HA. The endocrine-brain-aging triad where many paths meet: female reproductive hormone changes at midlife and their influence on circuits important for learning and memory. Exp Gerontol. (2017) 94:14–23. doi: 10.1016/j.exger.2016.12.011

 12. Diaz Brinton R. Minireview: translational animal models of human menopause: challenges and emerging opportunities. Endocrinology. (2012) 153:3571–8. doi: 10.1210/en.2012-1340

 13. Djiogue S, Djeuda ABD, Etet PFS, Wanda GJMK, Tadah RND, Njamen D. Memory and exploratory behavior impairment in ovariectomized Wistar rats. Behav Brain Funct. (2018) 14:14. doi: 10.1186/s12993-018-0146-7

 14. Zhang YY, Liu MY, Liu Z, Zhao JK, Zhao YG, He L, et al. GPR30-mediated estrogenic regulation of actin polymerization and spatial memory involves SRC-1 and PI3K-mTORC2 in the hippocampus of female mice. CNS Neurosci Ther. (2019) 25:714–33. doi: 10.1111/cns.13108

 15. Rashidy-Pour A, Bavarsad K, Miladi-Gorji H, Seraj Z, Vafaei AA. Voluntary exercise and estradiol reverse ovariectomy-induced spatial learning and memory deficits and reduction in hippocampal brain-derived neurotrophic factor in rats. Pharmacol Biochem Behav. (2019) 187:172819. doi: 10.1016/j.pbb.2019.172819

 16. Campos GV, de Souza AM, Ji H, West CA, Wu X, Lee DL, et al. The angiotensin type 1 receptor antagonist losartan prevents ovariectomy-induced cognitive dysfunction and anxiety-like behavior in long evans rats. Cell Mol Neurobiol. (2020) 40:407–20. doi: 10.1007/s10571-019-00744-x

 17. Fedotova J, Pivina S, Sushko A. Effects of chronic vitamin D3 hormone administration on anxiety-like behavior in adult female rats after long-term ovariectomy. Nutrients. (2017) 9:28. doi: 10.3390/nu9010028

 18. Arfa-Fatollahkhani P, Nahavandi A, Abtahi H, Anjidani S, Borhani S, Jameie SB, et al. The effect of luteinizing hormone reducing agent on anxiety and novel object recognition memory in gonadectomized rats. Basic Clin Neurosci J. (2017) 8:113–20. doi: 10.18869/nirp.bcn.8.2.113

 19. Dornellas AP, Boldarine VT, Pedroso AP, Carvalho LO, de Andrade IS, Vulcani-Freitas TM. High-fat feeding improves anxiety-type behavior induced by ovariectomy in rats. Front Neurosci. (2018) 12:1–13. doi: 10.3389/fnins.2018.00738

 20. Puga-Olguín A, Rodríguez-Landa JF, de Jesús Rovirosa-Hernández M, Germán-Ponciano LJ, Caba M, Meza E, et al. Long-term ovariectomy increases anxiety- and despair-like behaviors associated with lower Fos immunoreactivity in the lateral septal nucleus in rats. Behav Brain Res. (2019) 360:185–95. doi: 10.1016/j.bbr.2018.12.017

 21. Walf AA, Paris JJ, Frye CA. Chronic estradiol replacement to aged female rats reduces anxiety-like and depression-like behavior and enhances cognitive performance. Psychoneuroendocrinology. (2009) 34:909–16. doi: 10.1016/j.psyneuen.2009.01.004

 22. Rodgers SP, Bohacek J, Daniel JM. Transient estradiol exposure during middle age in ovariectomized rats exerts lasting effects on cognitive function and the hippocampus. Endocrinology. (2010) 151:1194–203. doi: 10.1210/en.2009-1245

 23. Witty CF, Gardella LP, Perez MC, Daniel JM. Short-term estradiol administration in aging ovariectomized rats provides lasting benefits for memory and the hippocampus: A role for insulin-like growth factor-I. Endocrinology. (2013) 154:842–52. doi: 10.1210/en.2012-1698

 24. Kim J, Szinte JS, Boulware MI, Frick KM. 17 -Estradiol and agonism of g-protein-coupled estrogen receptor enhance hippocampal memory via different cell-signaling mechanisms. J Neurosci. (2016) 36:3309–21. doi: 10.1523/JNEUROSCI.0257-15.2016

 25. Luo Y, Xiao Q, Chao F, He Q, Lv F, Zhang L, et al. 17β-estradiol replacement therapy protects myelin sheaths in the white matter of middle-aged female ovariectomized rats: a stereological study. Neurobiol Aging. (2016) 47:139–48. doi: 10.1016/j.neurobiolaging.2016.07.023

 26. Mitra S, Bastos CP, Bates K, Pereira GS, Bult-Ito A. Ovarian sex hormones modulate compulsive, affective and cognitive functions in a non-induced mouse model of obsessive-compulsive disorder. Front Behav Neurosci. (2016) 10:1–14. doi: 10.3389/fnbeh.2016.00215

 27. Rodríguez-Landa JF, Cueto-Escobedo J, Puga-Olguín A, Rivadeneyra-Domínguez E, Bernal-Morales B, Herrera-Huerta EV, et al. The phytoestrogen genistein produces similar effects as 17 β -estradiol on anxiety-like behavior in rats at 12 weeks after ovariectomy. Biomed Res Int. (2017) 2017:1–10. doi: 10.1155/2017/9073816

 28. Frick KM, Tuscher JJ, Koss WA, Kim J, Taxier LR. Estrogenic regulation of memory consolidation: a look beyond the hippocampus, ovaries, and females. Physiol Behav. (2018) 187:57–66. doi: 10.1016/j.physbeh.2017.07.028

 29. Prakapenka AV, Hiroi R, Quihuis AM, Carson C, Patel S, Berns-Leone C, et al. Contrasting effects of individual versus combined estrogen and progestogen regimens as working memory load increases in middle-aged ovariectomized rats: one plus one does not equal two. Neurobiol Aging. (2018) 64:1–14. doi: 10.1016/j.neurobiolaging.2017.11.015

 30. Black KL, Baumgartner NE, Daniel JM. Lasting impact on memory of midlife exposure to exogenous and endogenous estrogens. Behav Neurosci. (2018) 132:547–51. doi: 10.1037/bne0000270

 31. Koebele SV, Nishimura KJ, Bimonte-Nelson HA, Kemmou S, Ortiz JB, Judd JM, et al. A long-term cyclic plus tonic regimen of 17β-estradiol improves the ability to handle a high spatial working memory load in ovariectomized middle-aged female rats. Horm Behav. (2020) 118:104656. doi: 10.1016/j.yhbeh.2019.104656

 32. Rezvanfar MA, Shojaei Saadi HA, Gooshe M, Abdolghaffari AH, Baeeri M, Abdollahi M. Ovarian aging-like phenotype in the hyperandrogenism-induced murine model of polycystic ovary. Oxid Med Cell Longev. (2014) 2014:1–10. doi: 10.1155/2014/948951

 33. Kauffman AS, Thackray VG, Ryan GE, Tolson KP, Glidewell-Kenney CA, Semaan SJ, et al. A novel letrozole model recapitulates both the reproductive and metabolic phenotypes of polycystic ovary syndrome in female mice1. Biol Reprod. (2015) 93:1–12. doi: 10.1095/biolreprod.115.131631

 34. Chaudhari N, Dawalbhakta M, Nampoothiri L. GnRH dysregulation in polycystic ovarian syndrome (PCOS) is a manifestation of an altered neurotransmitter profile. Reprod Biol Endocrinol. (2018) 16:37. doi: 10.1186/s12958-018-0354-x

 35. Rosenfeld CS, Shay DA, Vieira-Potter VJ. Cognitive effects of aromatase and possible role in memory disorders. Front Endocrinol. (2018) 9:610. doi: 10.3389/fendo.2018.00610

 36. Tuscher JJ, Szinte JS, Starrett JR, Krentzel AA, Fortress AM, Remage-Healey L, et al. Inhibition of local estrogen synthesis in the hippocampus impairs hippocampal memory consolidation in ovariectomized female mice. Horm Behav. (2016) 83:60–7. doi: 10.1016/j.yhbeh.2016.05.001

 37. Lu Y, Sareddy GR, Wang J, Wang R, Li Y, Dong Y, et al. Neuron-derived estrogen regulates synaptic plasticity and memory. J Neurosci. (2019) 39:2792–809. doi: 10.1523/JNEUROSCI.1970-18.2019

 38. Chaiton JA, Wong SJ, Galea LA. Chronic aromatase inhibition increases ventral hippocampal neurogenesis in middle-aged female mice. Psychoneuroendocrinology. (2019) 106:111–6. doi: 10.1016/j.psyneuen.2019.04.003

 39. Ghahiri A, Mogharehabed N, Mamourian M. Letrozole as the first-line treatment of infertile women with poly cystic ovarian syndrome (PCOS) compared with clomiphene citrate: A clinical trial. Adv Biomed Res. (2016) 5:6. doi: 10.4103/2277-9175.175237

 40. Barnadas A, Estévez LG, Lluch-Hernández A, Rodriguez-Lescure Á, Rodriguez-Sanchez C, Sanchez-Rovira P. An overview of letrozole in postmenopausal women with hormone-responsive breast cancer. Adv Ther. (2011) 28:1045–58. doi: 10.1007/s12325-011-0075-4

 41. Gold EB. The timing of the age at which natural menopause occurs. Obstet Gynecol Clin North Am. (2011) 38:425–40. doi: 10.1016/j.ogc.2011.05.002

 42. Braden BB, Kingston ML, Koenig EN, Lavery CN, Tsang CW, Bimonte-Nelson HA. The GABAA antagonist bicuculline attenuates progesterone-induced memory impairments in middle-aged ovariectomized rats. Front Aging Neurosci. (2015) 7:149. doi: 10.3389/fnagi.2015.00149

 43. Black KL, Witty CF, Daniel JM. Previous midlife oestradiol treatment results in long-term maintenance of hippocampal oestrogen receptor α levels in ovariectomised rats: mechanisms and implications for memory. J Neuroendocrinol. (2016) 28:77–85. doi: 10.1111/jne.12429

 44. Fedotova JO. Vitamin D3 treatment differentially affects anxiety-like behavior in the old ovariectomized female rats and old ovariectomized female rats treated with low dose of 17β-estradiol. BMC Med Genet. (2019) 20:49. doi: 10.1186/s12881-019-0774-2

 45. Borbélyová V, Domonkos E, Csongová M, Kačmárová M, Ostatníková D, Celec P, et al. Sex-dependent effects of letrozole on anxiety in middle-aged rats. Clin Exp Pharmacol Physiol. (2017) 44:93–8. doi: 10.1111/1440-1681.12731

 46. Espinosa E, Curtis KS. Increased locomotor activity in estrogen-treated ovariectomized rats is associated with nucleus accumbens dopamine and is not reduced by dietary sodium deprivation. Integr Zool. (2018) 13:783–94. doi: 10.1111/1749-4877.12333

 47. Koss WA, Gehlert DR, Shekhar A. Different effects of subchronic doses of 17-β estradiol in two ethologically based models of anxiety utilizing female rats. Horm Behav. (2004) 46:158–64. doi: 10.1016/j.yhbeh.2004.02.011

 48. Walf AA, Frye CA. Antianxiety and antidepressive behavior produced by physiological estradiol regimen may be modulated by hypothalamic–pituitary–adrenal axis activity. Neuropsychopharmacology. (2005) 30:1288–301. doi: 10.1038/sj.npp.1300708

 49. Walf AA, Frye CA. Estradiol decreases anxiety behavior and enhances inhibitory avoidance and gestational stress produces opposite effects. Stress. (2007) 10:251–60. doi: 10.1080/00958970701220416

 50. Olivera-Lopez JI, Molina-Hernández M, Tellez-Alcántara NP, Jaramillo MT. Estradiol and neuropeptide, Y (intra-lateral septal) reduce anxiety-like behavior in two animal models of anxiety. Peptides. (2008) 29:1396–403. doi: 10.1016/j.peptides.2008.04.002

 51. Walf AA, Koonce CJ, Frye CA. Estradiol or diarylpropionitrile decrease anxiety-like behavior of wildtype, but not estrogen receptor beta knockout, mice. Behav Neurosci. (2008) 122:974–81. doi: 10.1037/a0012749

 52. Fedotova J. Anxiolytic-like effect of quinpirole in combination with a low dose of 17β-estradiol in ovariectomized rats. Acta Physiol Hung. (2013) 100:211–23. doi: 10.1556/APhysiol.100.2013.2.8

 53. Walf AA, Frye CA. Estradiol reduces anxiety- and depression-like behavior of aged female mice. Physiol Behav. (2010) 99:169–74. doi: 10.1016/j.physbeh.2009.09.017

 54. Ferguson SA, Gray EP. Aging effects on elevated plus maze behavior in spontaneously hypertensive, Wistar–Kyoto and Sprague–Dawley male and female rats. Physiol Behav. (2005) 85:621–8. doi: 10.1016/j.physbeh.2005.06.009

 55. Renczés E, Borbélyová V, Keresztesová L, Ostatníková D, Celec P, Hodosy J. The age-dependent effect of pre-pubertal castration on anxiety-like behaviour in male rats. Andrologia. (2020) 52:e13649. doi: 10.1111/and.13649

 56. Diz-Chaves Y, Kwiatkowska-Naqvi A, Von Hülst H, Pernía O, Carrero P, Garcia-Segura LM. Behavioral effects of estradiol therapy in ovariectomized rats depend on the age when the treatment is initiated. Exp Gerontol. (2012) 47:93–9. doi: 10.1016/j.exger.2011.10.008

 57. Borrow AP, Handa RJ. Estrogen receptors modulation of anxiety-like behavior. Vitam Horm. (2017) 103:27–52. doi: 10.1016/bs.vh.2016.08.004

 58. Adhikari A. Distributed circuits underlying anxiety. Front Behav Neurosci. (2014) 8:1–6. doi: 10.3389/fnbeh.2014.00112

 59. Jacome LF, Gautreaux C, Inagaki T, Mohan G, Alves S, Lubbers LS, et al. Estradiol and ERβ agonists enhance recognition memory, and DPN, an ERβ agonist, alters brain monoamines. Neurobiol Learn Mem. (2010) 94:488–98. doi: 10.1016/j.nlm.2010.08.016

 60. Uzum G, Bahcekapili N, Baltaci AK, Mogulkoc R, Ziylan YZ. Chronic (3-Weeks) treatment of estrogen (17β-Estradiol) enhances working and reference memory in ovariectomized rats: role of acetylcholine. Neurochem Res. (2016) 41:1468–74. doi: 10.1007/s11064-016-1858-4

 61. Koss WA, Haertel JM, Philippi SM, Frick KM. Sex differences in the rapid cell signaling mechanisms underlying the memory-enhancing effects of 17β-Estradiol. eNeuro. (2018). 5:ENEURO.0267-18.2018. doi: 10.1523/ENEURO.0267-18.2018

 62. Daniel JM, Hulst JL, Berbling JL. Estradiol replacement enhances working memory in middle-aged rats when initiated immediately after ovariectomy but not after a long-term period of ovarian hormone deprivation. Endocrinology. (2006) 147:607–14. doi: 10.1210/en.2005-0998

 63. McLaughlin KJ, Bimonte-Nelson H, Neisewander JL, Conrad CD. Assessment of estradiol influence on spatial tasks and hippocampal CA1 spines: Evidence that the duration of hormone deprivation after ovariectomy compromises 17β-estradiol effectiveness in altering CA1 spines. Horm Behav. (2008) 54:386–95. doi: 10.1016/j.yhbeh.2008.04.010

 64. Tuscher JJ, Fortress AM, Kim J, Frick KM. Regulation of object recognition and object placement by ovarian sex steroid hormones. Behav Brain Res. (2015) 285:140–57. doi: 10.1016/j.bbr.2014.08.001

 65. Gresack JE, Frick KM. Effects of continuous and intermittent estrogen treatments on memory in aging female mice. Brain Res. (2006) 1115:135–47. doi: 10.1016/j.brainres.2006.07.067

 66. Waters EM, Yildirim M, Janssen WG, Lou WW, McEwen BS, Morrison JH, et al. Estrogen and aging affect the synaptic distribution of estrogen receptor beta-immunoreactivity in the CA1 region of female rat hippocampus. Brain Res. (2011) 1379:86–97. doi: 10.1016/j.brainres.2010.09.069

 67. Evola CM, Hudson TL, Huang L, Corbett AM, Mayes DA. Gender- and region-specific changes in estrogen signaling in aging rat brain mitochondria. Aging. (2018) 10:2148–69. doi: 10.18632/aging.101538

 68. Foster TC, Sharrow KM, Kumar A, Masse J. Interaction of age and chronic estradiol replacement on memory and markers of brain aging. Neurobiol Aging. (2003) 24:839–52. doi: 10.1016/S0197-4580(03)00014-9

 69. Savonenko AV, Markowska AL. The cognitive effects of ovariectomy and estrogen replacement are modulated by aging. Neuroscience. (2003) 119:821–30. doi: 10.1016/S0306-4522(03)00213-6

 70. Chisholm NC, Juraska JM. Factors influencing the cognitive and neural effects of hormone treatment during aging in a rodent model. Brain Res. (2013) 1514:40–9. doi: 10.1016/j.brainres.2013.02.020

 71. Vaucher E, Reymond I, Najaffe R, Kar S, Quirion R, Miller MM, et al. Estrogen effects on object memory and cholinergic receptors in young and old female mice. Neurobiol Aging. (2002) 23:87–95. doi: 10.1016/S0197-4580(01)00250-0

 72. Luine VN. Estradiol and cognitive function: past, present and future. Horm Behav. (2014) 66:602–18. doi: 10.1016/j.yhbeh.2014.08.011

 73. Luine V. Recognition memory tasks in neuroendocrine research. Behav Brain Res. (2015) 285:158–64. doi: 10.1016/j.bbr.2014.04.032

 74. Sárvári M, Kalló I, Hrabovszky E, Solymosi N, Liposits Z. Ovariectomy alters gene expression of the hippocampal formation in middle-aged rats. Endocrinology. (2016) 158:en.2016-1516. doi: 10.1210/en.2016-1516

 75. Morici JF, Bekinschtein P, Weisstaub NV. Medial prefrontal cortex role in recognition memory in rodents. Behav Brain Res. (2015) 292:241–51. doi: 10.1016/j.bbr.2015.06.030

 76. Tuscher JJ, Taxier LR, Schalk JC, Haerte JM, Frick KM. Chemogenetic suppression of medial prefrontal-dorsal hippocampal interactions prevents estrogenic enhancement of memory consolidation in female mice. eNeuro. (2019) 6:ENEURO.0451-18.2019. doi: 10.1523/ENEURO.0451-18.2019

 77. Bhatta S, Blair JA, Casadesus G. Luteinizing hormone involvement in aging female cognition: not all is estrogen loss. Front Endocrinol. (2018) 9:1–8. doi: 10.3389/fendo.2018.00544

 78. Kafali H, Iriadam M, Ozardali I, Demir N. Letrozole-induced polycystic ovaries in the rat: a new model for cystic ovarian disease. Arch Med Res. (2004) 35:103–8. doi: 10.1016/j.arcmed.2003.10.005

 79. Wise PM, Ratner A. Effect of ovariectomy on plasma LH, FSH, estradiol, and progesterone and medial basal hypothalamic LHRH concentrations in old and young rats. Neuroendocrinology. (1980) 30:15–9. doi: 10.1159/000122968

 80. Flores A, Gallegos AI, Velasco J, Mendoza FD, Montiel C, Everardo PM, et al. The acute effects of bilateral ovariectomy or adrenalectomy on progesterone, testosterone and estradiol serum levels depend on the surgical approach and the day of the estrous cycle when they are performed. Reprod Biol Endocrinol. (2008) 6:48. doi: 10.1186/1477-7827-6-48

 81. Koonce CJ, Frye CA. Progesterone facilitates exploration, affective and social behaviors among wildtype, but not 5α-reductase Type 1 mutant, mice. Behav Brain Res. (2013) 253:232–9. doi: 10.1016/j.bbr.2013.07.025

 82. Feng Y, Shao R, Weijdegård B, Wang T, Johansson J, Sun S, et al. Effects of androgen and leptin on behavioral and cellular responses in female rats. Horm Behav. (2011) 60:427–38. doi: 10.1016/j.yhbeh.2011.07.012

 83. Chamniansawat S, Sawatdiyaphanon C. Age-related memory impairment associated with decreased endogenous estradiol in the hippocampus of female rats. Int J Toxicol. (2018) 37:207–15. doi: 10.1177/1091581818761653

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Renczés, Borbélyová, Steinhardt, Höpfner, Stehle, Ostatníková and Celec. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fendo-11-570560-g003.gif
A Entries ontothe open arms & Time on open anms
Elovated plus maze. Elevated plus maze

1T}

T FaET OUX  OVKeE T

rolative o opon + losed
g






OPS/images/fendo-11-570560-g004.gif
sec

w

»

Obyact sxpleraion
Novel objectrecognition
twanng)

T

Novel-object discrimination
"Novel object recognition
estng)

T FWLET OVK  OVKGE

= 2 =

F
FoET
ovx
ove





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Role of Estrogen in Anxiety-Like Behavior and Memory of Middle-Aged Female Rats



		Introduction



		Methods



		Animals



		Ovariectomy



		Hormonal Treatment



		Behavioral Testing



		Open Field Test



		Novel Object Recognition Test



		Elevated Plus Maze Test









		Uterus Weight and Testosterone Concentration



		Statistical Analysis







		Results



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Endocrinology

The Role of Estrogen in Anxiety-Like
Behavior and Memory of
Middle-Aged Female Rats





OPS/images/fendo-11-570560-g001.gif
9/100g body weight

Uterus weight o Testosterone in plasma

- E’L %

i 1 55

10 o

|Has:
3

nmoliL.

T FwET  OVX  OVKeE T FAET  OVX  OVKeE





OPS/images/fendo-11-570560-g002.gif
A Entrios into the conter zone 8
Open o

‘Time in center zone.
eis

253388
-

€ Mean distance to the walls.
Open e










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Endocrinology





