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Relationship Between Circulating Metabolic Hormones and Their Central Receptors During Ovariectomy-Induced Weight Gain in Rats
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Although increasing research focuses on the phenomenon of body weight gain in women after menopause, the complexity of body weight regulation and the array of models used to investigate it has proven to be challenging. Here, we used ovariectomized (OVX) rats, which rapidly gain weight, to determine if receptors for ghrelin, insulin, or leptin in the dorsal vagal complex (DVC), arcuate nucleus (ARC), or paraventricular nucleus (PVN) change during post-ovariectomy weight gain. Female Sprague-Dawley rats with ad libitum access to standard laboratory chow were bilaterally OVX or sham OVX. Subgroups were weighed and then terminated on day 5, 33, or 54 post-operatively; blood and brains were collected. ELISA kits were used to measure receptors for ghrelin, insulin, and leptin in the DVC, ARC, and PVN, as well as plasma ghrelin, insulin, and leptin. As expected, body weight increased rapidly after ovariectomy. However, ghrelin receptors did not change in any of the areas for either group, nor did circulating ghrelin. Thus, the receptor:hormone ratio indicated comparable ghrelin signaling in these CNS areas for both groups. Insulin receptors in the DVC and PVN decreased in the OVX group over time, increased in the PVN of the Sham group, and were unchanged in the ARC. These changes were accompanied by elevated circulating insulin in the OVX group. Thus, the receptor:hormone ratio indicated reduced insulin signaling in the DVC and PVN of OVX rats. Leptin receptors were unchanged in the DVC and ARC, but increased over time in the PVN of the Sham group. These changes were accompanied by elevated circulating leptin in both groups that was more pronounced in the OVX group. Thus, the receptor:hormone ratio indicated reduced leptin signaling in the DVC and PVN of both groups, but only in the OVX group for the ARC. Together, these data suggest that weight gain that occurs after removal of ovarian hormones by ovariectomy is associated with selective changes in metabolic hormone signaling in the CNS. While these changes may reflect behavioral or physiological alterations, it remains to be determined whether they cause post-ovariectomy weight gain or result from it.
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INTRODUCTION

As of 2019, 62% of women in the United States are considered to be either overweight or obese (Centers for Disease Control and Prevention [CDC], 2019), and weight gain is a particular problem among women of menopausal age (Ley et al., 1992; Ho et al., 2010; Coyoy et al., 2016). Clearly, overeating can contribute to weight gain, but regulation of feeding and body weight is a complex, integrated process that involves multiple hormones and neurotransmitters, and the involvement of numerous CNS pathways (Schwartz et al., 2000; Morton et al., 2006). Areas of particular interest within those pathways are the arcuate nucleus of the hypothalamus (ARC), which integrates adiposity signals. In turn, two distinct populations of cells within the ARC project to other areas of the hypothalamus, including the paraventricular nucleus (PVN). The transmission of these adiposity signals from the ARC to the PVN is thought to be responsible for decreased feeding. The PVN has reciprocal communication with the hindbrain dorsal vagal complex (DVC). The DVC, which includes the area postrema (AP), the nucleus of the solitary tract (NTS) and the dorsal motor nucleus of the vagus (DVX) sends and receives satiety signals to and from the gut. These central pathways, along with the associated hormones and neurotransmitters, are involved in the control of feeding and the regulation of body weight (Schwartz et al., 2000; Morton et al., 2006).

Notably, behavioral and physiological mechanisms that control feeding and body weight involve well-defined sex differences, as has been reported in studies of laboratory rodents (Wade and Gray, 1979; Asarian and Geary, 2013). Acyclic or ovariectomized (OVX) female rats eat more and gain more weight compared to intact (Tarttelin and Gorski, 1971; Blaustein and Wade, 1976; Geary and Asarian, 1999) rats, suggesting a role for the ovarian hormones, estrogen, and progesterone. Although some investigators have shown a role for progesterone in the control of body weight (Grueso et al., 2001; Stelmanska and Sucajtys-Szulc, 2014), most research has focused on estrogen. Indeed, the increased food intake and body weight gain in OVX rats is reversed by estrogen treatment (Tarttelin and Gorski, 1973; Blaustein and Wade, 1976; Geary and Asarian, 1999; Asarian and Geary, 2002), an effect thought to involve its modulation of the central actions of orexigenic hormones, like ghrelin, and anorexigenic hormones, like leptin and insulin (Brown and Clegg, 2010; Asarian and Geary, 2013). Ghrelin increases food intake (Kamegai et al., 2000; Tschop et al., 2000) and body weight (Tschop et al., 2000) by acting centrally (Nakazato et al., 2001; Brown and Clegg, 2010) at receptors including those localized to ARC, PVN, and DVC (Zigman et al., 2006). Circulating levels of insulin and leptin are proportional to the amount of body fat (Schwartz et al., 2000) and exert central actions to decrease food intake and body weight (Woods et al., 1979; Schwartz et al., 1992, 2000; Campfield et al., 1995; Morton et al., 2006) via receptors that are widespread throughout the CNS [insulin: (Zahniser et al., 1984; Werther et al., 1987], including ARC, PVN, and DVC [leptin: (Elmquist et al., 1998].

Increasingly, studies have focused on estrogen interactions with ghrelin, leptin, and insulin in food intake and body weight. Estrogen has been shown to decrease sensitivity to the orexigenic effects of ghrelin (Clegg et al., 2007; Butera et al., 2014). Furthermore, numerous studies have supported estrogen’s role in increasing sensitivity to produce an array of physiological and behavioral effects of both leptin (Clegg et al., 2006; Matyskova et al., 2010; Litwak et al., 2014) and insulin (Brussaard et al., 1997; Barros et al., 2006; Pratchayasakul et al., 2014; Yuan et al., 2015). These findings suggest that estrogen influences body weight by centrally-mediated responses to metabolic hormones. However, these effects require binding of metabolic hormones to their central receptors, and to date, the relationship between the reduction of ovarian hormones after ovariectomy, ovariectomy-induced weight gain, and expression of receptors for ghrelin, leptin, and insulin in the CNS remains incompletely understood. We hypothesized that ovariectomy changes central receptors for ghrelin, insulin, and leptin and, thereby, the dynamics between circulating levels of these hormones and their receptors. Accordingly, we assessed plasma levels of metabolic hormones and their associated central receptor levels during post-ovariectomy weight gain.



MATERIALS AND METHODS


Animals

Female Sprague-Dawley rats (90 days of age, Charles River) were housed individually in plexiglass cages on a 12:12 dark:light cycle (lights on at 07:00) in a temperature controlled room (21–25°C) at Oklahoma State University-Center for Health Sciences and given ad libitum access to standard laboratory chow and water throughout the experiment. All procedures were approved by the Oklahoma State University—Center for Health Sciences Animal Care and Use Committee and were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

After acclimation to the colony room, rats were bilaterally OVX (n = 24) or sham OVX (n = 24). Ovariectomy was performed as previously described (Askew et al., 2015; Core and Curtis, 2017). Briefly, rats were orally administered 0.15 ml meloxicam (Meloxidyl, 1.5 mg/ml), then anesthetized with isoflurane (Covetrus, 3–5% induction; 1.5–3% maintenance), ovaries were removed, and the abdomen was closed. For the sham OVX group, the ovaries were located and isolated, then left intact, and the abdomen was closed. Rats were allowed to recover for 24 h, then body weight was obtained daily for the next 4 days.

One subgroup of rats (OVX: n = 8, sham: n = 8), was terminated on day 5 post-operatively. The remaining subgroups of rats were weighed weekly thereafter and terminated at day 33 (OVX: n = 8, sham: n = 8) or day 54 (OVX: n = 8, sham: n = 8) post-operatively. These time points were selected based on our previous publication (Curtis et al., 2018) to address any early post-surgical effects (5 days), and to correspond to the rapid weight gain after ovariectomy (33 days) and the established phase of weight gain after ovariectomy (54 days).

All rats were terminated between 10:00 and 12:00. Change in body weight was determined for each rat by subtracting body weight on the day of surgery from body weight on the day of termination.



Tissue Sample Collection and Preparation

On the day of termination, rats were weighed, rendered unconscious with CO2 inhalation and then rapidly decapitated. Brains were collected on dry ice and stored at −80°C. Trunk blood and uteri were collected on ice. Blood was centrifuged at 1,400 × g for 15 min at 4°C, then plasma was collected and stored at −80°C. For each uterus, a 1 cm segment proximal to the uterine bifurcation was excised and weighed as an indication of the efficacy of ovariectomy (see Graves et al., 2011; Curtis, 2015).

For brain tissue preparation, ∼600–850 μm slices were taken from frozen brains at the levels of the DVC (–13.56 to –14.40 from bregma), ARC (–2.64 to –3.24 from bregma), and PVN (–1.32 to –1.92 from bregma) (Paxinos and Watson, 2007). As described in our previous publication (Curtis et al., 2018), DVC, ARC, and PVN were identified via major landmarks (DVC—caudal inferior olivary nucleus, pyramidal tract, and central canal; ARC—caudal 3rd ventricle and median eminence, PVN—optic chiasm, anterior commissure, and rostral 3rd ventricle) as illustrated in Paxinos and Watson (2007).

Bilateral punches were taken from each area using a 1.0 mm Uni-Core punch (Ted Pella), collected into pre-weighed Eppendorf vials, and weighed to determine total tissue weight. Tissue was sonicated in 750 ml of cold PBS (3, 10 s pulses), and then centrifuged at 20,000 × g at 4°C for 20 min. Supernatants were then collected and stored at −80°C.

Total protein concentration of each supernatant was determined using a BCA protein assay as previously described (Curtis et al., 2018). Levels of leptin, ghrelin, and insulin receptors in brain regions were determined using commercially available ELISA kits (Wuhan Fine Biotech Co., Ltd., Rat Leptin Receptor ELISA Kit, Cat#ER1122; Cloud-Clone Corp., Rat Insulin Receptor ELISA Kit, Cat#SEA895Ra; MyBioSource, Rat Ghrelin Receptor Sandwich ELISA Kit, Cat#MBS9307176) according to manufacturers’ instructions. Plasma levels of leptin, ghrelin, and insulin were measured using commercially available ELISA kits (EMD Millipore Corp., Rat Leptin ELISA Kit 96-Well Plate, Cat#EZRL-83K; MyBioSource, Rat Ghrelin Sandwich ELISA Kit, Cat#MBS731169; EMD Millipore Corp., Rat/Mouse Insulin ELISA Kit 96-Well Plate, Cat#EZRMI-13K) according to manufacturers’ instructions.

To characterize the relationship between levels of receptors and circulating hormones, receptor: plasma hormone ratios were calculated for each rat by dividing the concentration of receptor for each hormone in each area of the brain by the plasma concentration of the corresponding hormone.



Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Data points that were more than 2 standard deviations from the mean were considered outliers and removed.

Data were analyzed by two-way ANOVA with treatment (OVX, Sham) and day (5, 33, 54) as factors. Pairwise comparisons of significant main effects or interactions were made using Fisher LSD tests. Significance was set at p < 0.05.




RESULTS


Body Weight

Body weights of all groups over time are shown in the Supplementary Figure 1 to illustrate the pattern of weight gain (see also, Curtis et al., 2018). The OVX group clearly out-gains the Sham group, with weight on day 54 approximately 80 g greater in OVX than in Sham groups.

Figure 1 displays the change in body weights for both groups at 5, 33, and 54 days post-operatively. A two-way ANOVA revealed significant main effects of day [F(2,42) = 102.8, p < 0.0001] and treatment [F(1,42) = 64.36, p < 0.0001] and a significant interaction between day and treatment [F(2,42) = 11.51, p = 0.0001] for the change in body weights. Pairwise comparisons of the interaction indicated that weight gain in the OVX group was significantly greater on both day 33 and 54 than on day 5, as well as on day 54 than day 33 (all p values < 0.0001). While the Sham group also gained significantly more weight on day 33 and 54 than on day 5 (p = 0.0003, p < 0.0001, respectively), and significantly more weight on day 54 than on day 33 (p = 0.0071), weight gain in the OVX group was significantly greater than that in the Sham group on both day 33 and day 54 (both p values < 0.0001).
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FIGURE 1. Change in body weight (g) in subgroups of ovariectomized (OVX; black bars) and Sham ovariectomized (Sham; white bars) rats that were terminated at day 5, 33, or 54 post-operatively. Data are presented as means ± SEM. 1 = significantly greater than day 5 for the same treatment group, 2 = significantly greater than day 33 for the same treatment group, 3 = significantly greater than Sham group at that specific day.




Uterine Weight

In Figure 2, uterine weights for both groups are displayed, and the OVX groups exhibited overall lesser weights. A two-way ANOVA indicated significant main effects of day [F(2,42) = 8.230, p = 0.0010] and treatment [F(1,41) = 172.1, p < 0.0001] and a significant interaction between day and treatment [F(2,42) = 12.54, p < 0.0001] for uterine weights. Pairwise comparisons of the interaction showed significant differences for the OVX group. Specifically, day 5 was significantly greater than both day 33 and day 54 (both ps < 0.0001). There were also differences between the OVX and Sham groups at each day, with uterine weights in the OVX group significantly less at day 5 (p = 0.0007), day 33 (p < 0.0001) and day 54 (p < 0.0001). There were no differences in uterine weight over time for the Sham group.
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FIGURE 2. Uterine weights (mg/cm) at day 5, 33, or 54 post-operatively after ovariectomy (OVX: black bars) or sham ovariectomy (Sham: white bars). Data are presented as means ± SEM. 1 = s ignificantly less than day 5 for the same treatment group, 3 = significantly less than Sham group at that specific day.




Ghrelin


Plasma Ghrelin

Levels of circulating ghrelin are shown in Table 1. A two-way ANOVA revealed no main effects of day or treatment and no interaction between day and treatment for plasma ghrelin levels.


TABLE 1. Circulating levels of Ghrelin, insulin, and leptin (pg/mg protein) at day 5, 33, or 54 post-operatively in ovariectomized (OVX) or sham ovariectomized (Sham) rats.
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Ghrelin Receptors, Ghrelin Receptor: Plasma Ghrelin Ratios (Figure 3)

DVC: A two-way ANOVA revealed no main effects of day or treatment and no interaction between day and treatment for ghrelin receptors in the DVC. Similarly, there were no differences in the ratio of ghrelin receptors to plasma ghrelin levels.

ARC: A two-way ANOVA revealed no main effects of day or treatment and no interaction between day and treatment for ghrelin receptors in the ARC, nor were there differences in the ratio of ghrelin receptors to plasma ghrelin levels.

PVN: A two-way ANOVA revealed no main effects of day or treatment and no interaction between day and treatment for ghrelin receptors in the PVN, or in the ratio of ghrelin receptors to plasma ghrelin levels.
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FIGURE 3. Ghrelin receptor levels (pg/mg protein) at day 5, 33, or 54 after ovariectomy (OVX: black bars) or sham ovariectomy (Sham: white bars). Top left: ghrelin receptor levels in the dorsal vagal complex (DVC). (Top right) Ratio of ghrelin receptor levels in the DVC to plasma ghrelin levels. (Middle left) Ghrelin receptor levels in the arcuate nucleus (ARC). (Middle right) ratio of ghrelin receptor levels in the ARC to plasma ghrelin levels. (Bottom left) Ghrelin receptor levels in the paraventricular nucleus (PVN). (Bottom right) Ratio of ghrelin receptor levels in the PVN to plasma ghrelin levels. Data are presented as means ± SEM; separate two-way ANOVAs were performed on each area. 3 = significantly different than Sham group at that specific day.





Insulin


Plasma Insulin

Levels of circulating insulin are shown in Table 1. A two-way ANOVA revealed a significant main effect of treatment [F(1,40) = 16.86, p = 0.0002], with circulating insulin levels greater in the OVX group, overall. There was no main effect of day and no interaction between day and treatment for plasma insulin.



Insulin Receptors (Figure 4)

DVC: The OVX group displayed a downward trend in insulin receptor levels over time. A two-way ANOVA revealed no main effects of day or treatment for insulin receptors in the DVC, but a significant interaction between day and treatment [F(2,40) = 5.852, p = 0.0059]. Pairwise comparisons of the interaction showed that insulin receptors in the DVC of the OVX group were significantly greater on day 5 than on day 54 (p = 0.0027). Moreover, at day 54, insulin receptor levels in the OVX group were significantly less than those in the Sham group (p = 0.0059). There were no differences in insulin receptors in the DVC of the Sham group at any of the days examined.

ARC: A two-way ANOVA revealed no main effects of day or treatment and no interaction between day and treatment for insulin receptors in the ARC.

PVN: Similar to DVC insulin receptor levels, the OVX group exhibited a downward trend in insulin receptor levels in the PVN over day. A two-way ANOVA found no main effect of day, but a significant main effect of treatment [F(1,41) = 12.71, p = 0.009] for insulin receptors in the PVN. There also was a significant interaction between day and treatment [F(2,41) = 5.328, p = 0.0088] and pairwise comparisons of the interaction showed that insulin receptor levels in the OVX group receptor levels on day 5 were significantly greater than those on day 54 (p = 0.0096).

In addition, insulin receptor levels in the OVX group were significantly less than those in the Sham group on day 54 (p < 0.0001). At the same time, insulin receptors in the Sham group were significantly greater on day 54 than on day 33 (p = 0.005).
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FIGURE 4. Insulin receptor levels (pg/mg protein) at day 5, 33, or 54 after ovariectomy (OVX: black bars) or sham ovariectomy (Sham: white bars). (Top left) Insulin receptor levels in the dorsal vagal complex (DVC). (Top right) Ratio of insulin receptor levels in the DVC to plasma insulin levels. (Middle left) Insulin receptor levels in the arcuate nucleus (ARC). (Middle right) Ratio of insulin receptor levels in the ARC to plasma insulin levels. (Bottom left) Insulin receptor levels in the paraventricular nucleus (PVN). (Bottom right) Ratio of insulin receptor levels in the PVN to plasma insulin levels. Data are presented as means ± SEM; separate two-way ANOVAs were performed on each area. 1 = significantly different than day 5 for the same treatment group, 2 = significantly different than day 33 for the same treatment group, 3 = significantly different than Sham group at that specific day. #Significant main effect of treatment.




Insulin Receptor: Plasma Insulin Ratios (Figure 4)

DVC: The OVX group displayed a downward trend in the insulin receptor:plasma insulin over time. A two-way ANOVA revealed no main effect of day but a significant main effect of treatment [F(2,38) = 7.690, p = 0.0086] on the ratio of insulin receptors to insulin plasma levels in the DVC. There also was a significant interaction between day and treatment [F(2,38) = 3.431, p = 0.0427] and pairwise comparisons of the interaction showed that the ratio was significantly less in the OVX group than in the Sham group on both day 33 (p = 0.003) and day 54 (p = 0.0232).

In addition, the ratio was significantly greater on day 33 than on day 5 in the Sham group (p = 0.0163).

ARC: A two-way ANOVA revealed no main effects of day or treatment in the ratio of insulin receptors to plasma insulin levels in the ARC, nor an interaction between day and treatment.

PVN: Overall, the OVX group had a lower ratio of insulin receptors to plasma insulin levels in the PVN. A two-way ANOVA revealed a significant main effect of treatment [F(1,39) = 16.17, p = 0.0003) on the ratio of insulin receptors to plasma insulin levels in the PVN, but no effect of day, and no interaction between day and treatment.




Leptin


Plasma Leptin

Levels of circulating leptin are shown in Table 1. A two-way ANOVA revealed significant main effects of day [F(2,41) = 18.34, p < 0.0001] and treatment [F(1,41) = 12.36, p = 0.0011] on plasma leptin levels, and a significant interaction between the two [F(2,41) = 4.480, p = 0.0174]. Pairwise comparisons of the interaction found an increase in circulating leptin levels over time in the OVX group, with levels on both day 33 and day 54 significantly greater than on day 5 (p = 0.0029, p < 0.0001, respectively), and levels on day 54 significantly greater than on day 33 (p = 0.0066). Leptin levels also increased over time in the Sham group, with levels on both day 33 and day 54 significantly greater than on day 5 (p = 0.0273, p = 0.0351, respectively). However, the increase in circulating leptin was more pronounced in the OVX group, with levels on day 54 significantly greater than those in the Sham group (p < 0.0001).



Leptin Receptors (Figure 5)

DVC: A two-way ANOVA revealed no main effects of day or treatment and no interaction between day and treatment for leptin receptors in the DVC.

ARC: A two-way ANOVA revealed no main effects of day or treatment and no interaction between day and treatment for leptin receptors in the ARC.

PVN: A two-way ANOVA revealed significant main effects of day [F(2,41) = 6.711, p = 0.0030] and treatment [F(1,41) = 10.01, p = 0.0029] on leptin receptors in the PVN, as well as a significant interaction between the two [F(2,41) = 3.753, p = 0.0319]. Pairwise comparisons of the interaction showed leptin receptor levels in the OVX group were significantly greater on day 33 than on day 5 (p = 0.0212). In the Sham group, leptin receptor were significantly greater on day 54 than those on day 5 (p = 0.0008) and day 33 (p = 0.0044). Finally, leptin receptors in the OVX group on day 54 were significantly less than those in the Sham group (p = 0.0005).
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FIGURE 5. Leptin receptor levels (pg/mg protein) at day 5, 33, or 54 after ovariectomy (OVX: black bars) or sham ovariectomy (Sham: white bars). (Top left) Leptin receptor levels in the dorsal vagal complex (DVC). (Top right) Ratio of leptin receptor levels in the DVC to plasma leptin levels. (Middle left) Leptin receptor levels in the arcuate nucleus (ARC). (Middle right) Ratio of leptin receptor levels in the ARC to plasma leptin levels. (Bottom left) Leptin receptor levels in the paraventricular nucleus (PVN). (Bottom right) Ratio of leptin receptor levels in the PVN to plasma leptin levels. Data are presented as means ± SEM; separate two-way ANOVAs were performed on each area. 1 = significantly different than day 5 for the same treatment group, 2 = significantly different than day 33 for the same treatment group, 3 = significantly different than Sham group at that specific day. #Significant main effect of treatment; *Significant main effect of day.




Leptin Receptor: Plasma Leptin Ratios (Figure 5)

DVC: Both sham and OVX groups displayed a decrease in the leptin receptor:plasma leptin ratio over time. A two-way ANOVA revealed significant main effects of both day [F(2,40) = 19.02, p < 0.0001] and treatment [F(1,40) = 7.060, p = 0.0113] on the ratio of leptin receptors to plasma leptin levels. A pairwise comparison of the main effect of day showed that, independent of treatment, the ratio was significantly greater on day 5 than on both day 33 and day 54 (both p values < 0.0001). There was no interaction between day and treatment.

ARC: The leptin receptor:plasma leptin ratio in the ARC also displayed a decrease over time in both groups. A two-way ANOVA revealed a significant main effect of day [F(2,39) = 11.13, p = 0.0002] on the leptin receptor:plasma leptin ratio, but no main effect of treatment. In addition, there was a significant interaction between day and treatment [F(2,39) = 3.255, p = 0.0488] and pairwise comparisons of the interaction showed that, in the OVX group, the ratio on day 5 was significantly greater than those on both day 33 (p = 0.0002) and day 54 (p < 0.0001). There were no differences in the ratio in the Sham group over time, nor did the two groups differ on any day.

PVN: The OVX group, but not the Sham group, displayed a downward trend in leptin receptor:plasma leptin ratio over time. A two-way ANOVA revealed significant main effects of both day [F(2,40) = 7.391, p = 0.0019] and treatment [F(1,40) = 17.49, p = 0.0002]. A pairwise comparison of the main effect of day showed that, independent of treatment, the ratio was significantly greater on day 5 than on day 33 (p = 0.0013) and on day 54 (p = 0.0027). There was no interaction between day and treatment.





DISCUSSION

It is well-known that ovarian hormones such as estrogen are involved in the control of food intake and body weight, and that this effect is, in part, attributable to the modification of central responses to metabolic hormones (Heine et al., 2000; Geary et al., 2001; Roesch, 2006; Santollo and Eckel, 2009; Thammacharoen et al., 2009; Rivera and Eckel, 2010; Santollo et al., 2010; Asarian and Geary, 2013; Sloan et al., 2018). It also is well-known that rats rapidly gain weight when ovarian hormones are eliminated by ovariectomy (Tarttelin and Gorski, 1971; Blaustein and Wade, 1976; McElroy and Wade, 1987; Geary and Asarian, 1999), though whether this procedure influences central receptors for metabolic hormones, or their relationships to circulating levels of those hormones has not been thoroughly investigated. In this study, we sought to determine whether the post-ovariectomy weight gain is associated with changes in the central receptors for ghrelin, insulin, and leptin, with changes in the circulating levels of these hormones, or with both.

Levels of insulin, ghrelin, and leptin in circulation depend upon various aspects of metabolic state and inform about fuel availability and/or stores, while serving as signals that affect body weight, feeding behaviors, and other metabolic processes (Schwartz et al., 2000; Butera et al., 2014). The specific effects produced by these hormones requires binding to receptors located in numerous areas, including central areas associated with the control of body weight, feeding, and metabolism such as DVC, ARC, and PVN (Schwartz et al., 2000). Thus, the impact of insulin, ghrelin, or leptin signaling depends not only on the amount of hormone present, but also on the number and location of receptors capable of binding the hormone. Accordingly, in addition to measuring insulin, leptin, and ghrelin receptors in DVC, ARC, and PVN, we also measured circulating levels of each hormone and then calculated the ratio between levels of receptors in each area and hormone in circulation. Clearly, other factors also are capable of influencing hormonal signaling. Nonetheless, our goal in calculating this ratio was to add another level to the characterization of hormonal signaling in these areas and any relationship to post-ovariectomy weight gain.

As expected, OVX rats gained considerable body weight (Tarttelin and Gorski, 1971, 1973; Blaustein and Wade, 1976; McElroy and Wade, 1987; Geary and Asarian, 1999; Asarian and Geary, 2002). In fact, both the amount of weight gained and the specific pattern of weight gain (substantial gain during the first 28–35 days after ovariectomy followed by a slower rate of gain during the next 20–25 days) were similar to that observed in our previous study (Curtis et al., 2018), and formed the basis for the time points examined in the present study. Importantly, despite the decreased rate of weight gain in OVX rats during the later phase of this study, differences in body weight between OVX and Sham groups persisted. It should be noted that we did not attempt to determine the stage of the estrus cycle in the Sham group at the time of testing. Although this may have contributed to some of the variability observed in measures of hormones and/or receptors, differences in uterine weight throughout the study suggests a sustained effect of ovarian hormones (Graves et al., 2011; Askew et al., 2015; Curtis, 2015; Core and Curtis, 2017) regardless of cycle stage. Moreover, we were able to detect differences in metabolic hormones and hormone receptors that depended on ovarian hormones—or on the weight gain associated with the absence of ovarian hormones. Some of these effects were specific to the area and/or the time frame examined.


Ghrelin Signaling

Circulating levels of ghrelin did not change in either group, nor were ghrelin receptor levels altered in any of the areas examined. Thus, the ratio between ghrelin receptor to plasma ghrelin was unaffected in OVX rats. These findings are somewhat surprising, given the role of ghrelin to increase feeding and body weight (Kamegai et al., 2000, 2001; Tschop et al., 2000; Nakazato et al., 2001; Lv et al., 2018), and the finding that estrogen decreases the orexigenic effects of ghrelin (Clegg et al., 2007; Butera et al., 2014). We postulated that absent ovarian hormones, increased ghrelin signaling in ARC would stimulate greater food intake, while actions in the DVC and/or PVN would reduce metabolic rate due to their roles in autonomic function, and together these effects would contribute to post-ovariectomy body weight gain. This expectation was not met, suggesting that body weight gain in OVX rats does not involve central ghrelin signaling. However, it should be noted that all rats were terminated between 10:00 and 12:00, a time associated with low levels of activity and eating in these nocturnal animals. Circulating ghrelin levels typically peak shortly prior to eating (Sumithran et al., 2011), raising the possibility that, although basal levels of ghrelin measured in the quiet phase of the rats’ day:night cycle do not differ between the groups, pre-meal elevations in plasma ghrelin or in the central receptors in DVC, ARC, or PVN might be involved in the weight gain after ovariectomy. At the same time, we cannot rule out altered ghrelin signaling in other areas of the CNS involved in the control of feeding and/or body weight. Clearly, additional studies will be necessary to explore these findings further.



Insulin Signaling

Circulating levels of insulin were greater in the OVX group throughout the study, which may reflect greater food intake and/or more frequent meals (Newsholme et al., 2014). Notwithstanding this difference, however, there were no differences in insulin receptors in the ARC, nor in the ratio between insulin receptor to circulating insulin in this area. In contrast, insulin receptor levels decreased in both the DVC and PVN in the OVX group by day 54, while insulin receptor levels in the PVN, but not the DVC, increased in the Sham group by day 54. As a result, the insulin receptor to plasma insulin ratios in both DVC and PVN were greater in the Sham group. The lack of effect of ovariectomy or body weight on insulin receptors (and on the ratio between insulin receptor to plasma insulin) in the ARC suggests that insulin signaling in this area does not play a role in the post-ovariectomy weight gain. On the other hand, for a given amount of circulating insulin, there were more receptors in both the DVC and the PVN in the Sham group. Thus, the lower insulin levels in the sham group may have nonetheless exerted effects that reduce feeding and enhance metabolism (Woods et al., 1979; Schwartz et al., 1992) due to increased receptors in the DVC and PVN, whereas the greater circulating insulin in OVX rats was less effective due to decreased receptors in both areas. One caveat to this interpretation, however, is that decreases in insulin receptors in OVX rats did not occur until day 54, after the initial phase of rapid weight gain in these rats. Thus, the differences in insulin signaling—at least in the DVC and PVN—may be associated with established obesity, rather than with the development of obesity.



Leptin Signaling

Circulating levels of leptin increased in both groups, though this increase was more pronounced in OVX rats. Leptin levels increased in tandem with body weight (Considine et al., 1996) and were greater in the OVX group by day 54, the time point at which the body weight was greatest. Leptin receptor levels in the DVC did not change in either group but, owing to the less pronounced increase in circulating leptin in the Sham group, the leptin receptor to plasma leptin ratio was greater in that group, overall. Although leptin receptors in the ARC did not change in either group, the slight transient decrease in leptin receptors in the OVX group at day 33 in conjunction with the increasing levels of circulating leptin resulted in decreased leptin receptor to plasma leptin ratios at day 33 and thereafter. In the PVN, leptin receptor levels increased in Sham rats during the experiment. As a result, the leptin receptor to plasma leptin ratio in the PVN decreased over time in OVX rats, and was greater in the Sham group, overall. These findings suggest an overall influence of ovarian hormones on leptin signaling, raising the possibility that the combination of modest increases in circulating leptin levels and increased or sustained levels of leptin receptors in DVC, ARC, and PVN in the Sham group allowed leptin to continue to exert its effects on feeding, body weight, and metabolism (Friedman and Halaas, 1998). Interestingly, the decrease in leptin signaling in all three areas in OVX rats followed the general time course of the weight gain and elevated circulating leptin. Thus, early changes in leptin signaling in these areas in OVX rats may contribute to the weight gain and its metabolic consequences. While we focused on the direct effects of leptin in metabolism and weight gain in DVC, ARC, and PVN, it is important to note that leptin likely has actions in other central areas that may contribute to metabolism and/or weight gain. Moreover, leptin has been implicated in gastric emptying (Emond et al., 2001), which may indirectly affect feeding by altering signals of gastric distension. This effect likely occurs via receptors in the nucleus of the solitary tract (NTS), an integral part of the DVC. Moreover, the cardiovascular effects of leptin (Poetsch et al., 2020) also may involve receptors in the NTS. In either case, it remains to be determined whether these changes are secondary to the weight gain, rather than being causally related.



Synthesis

In our previous study (Curtis et al., 2018), we reported that neuroimmune signaling in DVC, ARC, and PVN changed in site- and temporally-specific patterns during the weight gain after ovariectomy. Importantly, these effects occurred without concomitant changes in peripheral inflammatory factors or in free fatty acids. The present study expanded upon those findings to determine whether post-ovariectomy weight gain also may be associated with alterations in metabolic hormone signaling in these reciprocally-connected areas. As summarized in Figure 6, circulating levels of insulin and leptin, but not ghrelin, depended on both the absence of ovarian hormones and the development of the weight gain after ovariectomy. At the same time, there were inter-related changes in receptors for insulin, and leptin associated with post-ovariectomy weight gain in several interconnected brain areas involved in the control of feeding and body weight regulation. Additional studies may explore the relationship between hormonal and neuroimmune signaling in these areas, as well as the possibility of interactions between hormonal and neuroimmune signaling in other areas of the CNS that have been implicated in feeding and body weight regulation.


[image: image]

FIGURE 6. Summary of experimental findings for ovariectomized (OVX) or sham ovariectomized (Sham) rats. Plasma levels of ghrelin, insulin and leptin (pg/mg protein) are represented, along with receptors for those hormones (pg/mg protein) in three central nuclei involved in the control of feeding and body weight. Finally, the receptor:hormone ratios (R:H) for each hormone in each area also are represented. DVC, dorsal vagal complex; ARC, arcuate nucleus; PVN, paraventricular nucleus of the hypothalamus. = indicates no differences between groups or over time; ↑ indicates increase over time, with differences in the number of arrows indicating differences between groups.


Arcuate nucleus, PVN, and DVC have been identified as areas in which receptors for estrogen have been localized. Thus, reduction of circulating estrogen levels after OVX may alter activity within these areas—and thereby affect feeding and body weight regulation. Interestingly, there are region specific differences in the subtypes. For example, the PVN contains primarily the ERβ subtype (Shughrue et al., 1997; Simonian and Herbison, 1997; Laflamme et al., 1998; Osterlund et al., 1998; Merchenthaler et al., 2004), while the ARC and the DVC contain primarily the ERα subtype (Shughrue et al., 1997; Laflamme et al., 1998; Merchenthaler et al., 2004; Vanderhorst et al., 2009; Kelly and Ronnekleiv, 2015). Indeed, estrogen effects on food intake and body weight are mediated by central estrogen receptors, with most evidence pointing to the ERα subtype (Geary et al., 2001; Roesch, 2006; Santollo and Eckel, 2009; Thammacharoen et al., 2009; Santollo et al., 2010). However, ERβ in the PVN also may play a role in the regulation of food intake and body weight via interactions with oxytocinergic neurons (Sloan et al., 2018).

Regardless of the subtype, however, the presence of estrogen receptors in these areas suggests a mechanism by which the presence or absence of estrogen may change the levels of receptors for ghrelin, insulin, or leptin. This effect may be direct, via the genomic effects of estrogen binding to its nuclear receptor in neurons that also contain receptors for ghrelin, insulin, or leptin. Alternatively, changes in metabolic hormone receptors in the ARC, PVN, or DVC may occur as the result of estrogen receptor-mediated actions at up-stream sites. An important caveat to these possibilities is that changes in the levels of receptors do not inform about receptor kinetics—and this difference may account for the discrepancy between the present observations of reduced insulin signaling in OVX rats and findings of reduced insulin sensitivity after estrogen treatment (Clegg et al., 2006). Finally, while estrogen has been shown to produce most effects on eating and body weight, we cannot rule out the possibility that progesterone or the absence thereof also plays a role (Grueso et al., 2001; Stelmanska and Sucajtys-Szulc, 2014 but see Asarian and Geary, 2006), perhaps by altering central receptors for insulin or leptin. Clearly, additional studies will be necessary to differentiate between these alternatives and to more conclusively determine the predominate receptor subtype in these effects.

An important goal in this study was to distinguish between changes in central receptors that occurred during the phase of rapid weight gain after ovariectomy from those that occurred in the face of established weight gain. In doing so, we selected specific time points after the surgeries and were able to detect differences in receptors for specific hormones as early as day 33 (i.e., during the rapid phase of post-ovariectomy weight gain) in specific areas. However, there was no temporal pattern of the observed changes that could provide information about the sequences in which those areas communicate. It is possible that a more exhaustive time course, in conjunction with evaluation of receptors for ghrelin, insulin, and leptin in other central areas (Zahniser et al., 1984; Werther et al., 1987; Elmquist et al., 1998; Zigman et al., 2006; see also Schwartz et al., 2000; Morton et al., 2006) would have provided the spatial and temporal resolution necessary to reveal more detailed information about the connectivity in these areas, but that was beyond the scope of the present study. In any case, it seems clear that most of the changes we observed were associated with increasing body weight. At present, whether the changes contribute to or result from increased body weight remain to be determined.



Summary

The weight gain that occurs after ovariectomy was associated with region-specific differences in receptors for metabolic hormones and with changes in circulating levels of those hormones. Although our procedures did not reveal changes in ghrelin signaling, insulin signaling was decreased in the DVC and PVN of OVX rats and leptin signaling was decreased in ARC, PVN, and DVC, suggesting that reduced anorexigenic hormone responses contribute to the post-ovariectomy weight gain. Taken together, these findings further illustrate that the regulation of feeding and body weight involves a complex interplay of metabolic hormones and their receptors in interconnected CNS areas. In the absence of ovarian hormones, this multifaceted process may be disrupted at multiple levels—and with profound impact.




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 Oklahoma State University Center for Health Sciences Institutional Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

KB, KC, and RD conceived the study and designed the experiments. KB performed all the experiments with the assistance of KM, DB, RD, and KC. KB, KC, and DS analyzed the data with assistance from DB. KB, DS, and KC wrote the manuscript with input from DB, KM, and RD. All authors approved the submission of the final version.



FUNDING

These experiments were supported by a grant from the Oklahoma Center for the Advancement of Science and Technology (OCAST) HR18-089 to KC.



ACKNOWLEDGMENTS

Parts of these data were presented in preliminary form at the annual meeting of the Society for Neuroscience (held virtually in January, 2021).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2021.800266/full#supplementary-material

Supplementary Figure 1 | Time course of body weights in ovariectomized (OVX: black diamonds) or sham ovariectomized (Sham: white diamonds) rats. Both OVX and Sham groups were divided into subgroups that were terminated at day 5, 33, or 54 post-operatively. Data are shown for purposes of illustration (for comparison, see Curtis et al., 2018) and are presented as means ± SEM; some error bars are obscured by symbols.



REFERENCES

Asarian, L., and Geary, N. (2002). Cyclic estradiol treatment normalizes body weight and restores physiological patterns of spontaneous feeding and sexual receptivity in ovariectomized rats. Horm. Behav. 42, 461–471. doi: 10.1006/hbeh.2002.1835

Asarian, L., and Geary, N. (2006). Modulation of appetite by gonadal steroid hormones. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361, 1251–1263.1. doi: 10.1098/rstb.2006.1860

Asarian, L., and Geary, N. (2013). Sex differences in the physiology of eating. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, R1215–R1267. doi: 10.1152/ajpregu.00446.2012

Askew, M. L., Muckelrath, H. D., Johnston, J. R., and Curtis, K. S. (2015). Neuroanatomical association of hypothalamic HSD2-containing neurons with ERalpha, catecholamines, or oxytocin: implications for feeding? Front. Syst. Neurosci. 9:91. doi: 10.3389/fnsys.2015.00091

Barros, R. P., Machado, U. F., Warner, M., and Gustafsson, J. A. (2006). Muscle GLUT4 regulation by estrogen receptors ERbeta and ERalpha. Proc. Natl. Acad. Sci. U. S. A. 103, 1605–1608. doi: 10.1073/pnas.0510391103

Blaustein, J. D., and Wade, G. N. (1976). Ovarian influences on the meal patterns of female rats. Physiol. Behav. 17, 201–208. doi: 10.1016/0031-9384(76)90064-0

Brown, L. M., and Clegg, D. J. (2010). Central effects of estradiol in the regulation of food intake, body weight, and adiposity. J. Steroid Biochem. Mol. Biol. 122, 65–73. doi: 10.1016/j.jsbmb.2009.12.005

Brussaard, H. E., Gevers Leuven, J. A., Frolich, M., Kluft, C., and Krans, H. M. (1997). Short-term oestrogen replacement therapy improves insulin resistance, lipids and fibrinolysis in postmenopausal women with NIDDM. Diabetologia 40, 843–849. doi: 10.1007/s001250050758

Butera, P. C., Clough, S. J., and Bungo, A. (2014). Cyclic estradiol treatment modulates the orexigenic effects of ghrelin in ovariectomized rats. Pharmacol. Biochem. Behav. 124, 356–360. doi: 10.1016/j.pbb.2014.07.004

Campfield, L. A., Smith, F. J., Guisez, Y., Devos, R., and Burn, P. (1995). Recombinant mouse OB protein: evidence for a peripheral signal linking adiposity and central neural networks. Science 269, 546–549. doi: 10.1126/science.7624778

Centers for Disease Control and Prevention [CDC] (2019). National Center for Chronic Disease Prevention and Health Promotion, Division of Nutrition, Physical Activity, and Obesity: data, Trend and Maps. Atlanta: Centers for Disease Control and Prevention

Clegg, D. J., Brown, L. M., Woods, S. C., and Benoit, S. C. (2006). Gonadal hormones determine sensitivity to central leptin and insulin. Diabetes 55, 978–987. doi: 10.2337/diabetes.55.04.06.db05-1339

Clegg, D. J., Brown, L. M., Zigman, J. M., Kemp, C. J., Strader, A. D., Benoit, S. C., et al. (2007). Estradiol-dependent decrease in the orexigenic potency of ghrelin in female rats. Diabetes 56, 1051–1058. doi: 10.2337/db06-0015

Considine, R. V., Sinha, M. K., Heiman, M. L., Kriauciunas, A., Stephens, T. W., Nyce, M. R., et al. (1996). Serum immunoreactive-leptin concentrations in normal-weight and obese humans. N. Engl. J. Med. 334, 292–295. doi: 10.1056/NEJM199602013340503

Core, S. L., and Curtis, K. S. (2017). Early oxytocin inhibition of salt intake after furosemide treatment in rats? Physiol. Behav. 173, 34–41. doi: 10.1016/j.physbeh.2017.01.040

Coyoy, A., Guerra-Araiza, C., and Camacho-Arroyo, I. (2016). Metabolism Regulation by Estrogens and Their Receptors in the Central Nervous System Before and After Menopause. Horm. Metab. Res. 48, 489–496. doi: 10.1055/s-0042-110320

Curtis, K. S. (2015). Estradiol and osmolality: behavioral responses and central pathways. Physiol. Behav. 152, 422–430. doi: 10.1016/j.physbeh.2015.06.017

Curtis, K. S., McCracken, K., Espinosa, E., Ong, J., Buck, D. J., and Davis, R. L. (2018). Temporal and Site-Specific Changes in Central Neuroimmune Factors During Rapid Weight Gain After Ovariectomy in Rats. Neurochem. Res. 43, 1802–1813. doi: 10.1007/s11064-018-2596-6

Elmquist, J. K., Bjorbaek, C., Ahima, R. S., Flier, J. S., and Saper, C. B. (1998). Distributions of leptin receptor mRNA isoforms in the rat brain. J. Comp. Neurol. 395, 535–547. doi: 10.1002/(sici)1096-9861(19980615)395:4<535::aid-cne9>3.0.co;2-2

Emond, M., Ladenheim, E. E., Schwartz, G. J., and Moran, T. H. (2001). Leptin amplifies the feeding inhibition and neural activation arising from a gastric nutrient preload. Physiol. Behav. 72, 123–128. doi: 10.1016/s0031-9384(00)00393-0

Friedman, J. M., and Halaas, J. L. (1998). Leptin and the regulation of body weight in mammals. Nature 395, 763–770. doi: 10.1038/27376

Geary, N., and Asarian, L. (1999). Cyclic estradiol treatment normalizes body weight and test meal size in ovariectomized rats. Physiol. Behav. 67, 141–147. doi: 10.1016/s0031-9384(99)00060-8

Geary, N., Asarian, L., Korach, K. S., Pfaff, D. W., and Ogawa, S. (2001). Deficits in E2-dependent control of feeding, weight gain, and cholecystokinin satiation in ER-alpha null mice. Endocrinology 142, 4751–4757. doi: 10.1210/endo.142.11.8504

Graves, N. S., Hayes, H., Fan, L., and Curtis, K. S. (2011). Time course of behavioral, physiological, and morphological changes after estradiol treatment of ovariectomized rats. Physiol. Behav. 103, 261–267. doi: 10.1016/j.physbeh.2011.02.017

Grueso, E., Rocha, M., and Puerta, M. (2001). Plasma and cerebrospinal fluid leptin levels are maintained despite enhanced food intake in progesterone-treated rats. Eur. J. Endocrinol. 144, 659–665. doi: 10.1530/eje.0.1440659

Heine, P. A., Taylor, J. A., Iwamoto, G. A., Lubahn, D. B., and Cooke, P. S. (2000). Increased adipose tissue in male and female estrogen receptor-alpha knockout mice. Proc. Natl. Acad. Sci. U. S. A. 97, 12729–12734. doi: 10.1073/pnas.97.23.12729

Ho, S. C., Wu, S., Chan, S. G., and Sham, A. (2010). Menopausal transition and changes of body composition: a prospective study in Chinese perimenopausal women. Int. J. Obes. 34, 1265–1274. doi: 10.1038/ijo.2010.33

Kamegai, J., Tamura, H., Shimizu, T., Ishii, S., Sugihara, H., and Wakabayashi, I. (2000). Central effect of ghrelin, an endogenous growth hormone secretagogue, on hypothalamic peptide gene expression. Endocrinology 141, 4797–4800. doi: 10.1210/endo.141.12.7920

Kamegai, J., Tamura, H., Shimizu, T., Ishii, S., Sugihara, H., and Wakabayashi, I. (2001). Chronic central infusion of ghrelin increases hypothalamic neuropeptide Y and Agouti-related protein mRNA levels and body weight in rats. Diabetes 50, 2438–2443. doi: 10.2337/diabetes.50.11.2438

Kelly, M. J., and Ronnekleiv, O. K. (2015). Minireview: neural signaling of estradiol in the hypothalamus. Mol. Endocrinol. 29, 645–657. doi: 10.1210/me.2014-1397

Laflamme, N., Nappi, R. E., Drolet, G., Labrie, C., and Rivest, S. (1998). Expression and neuropeptidergic characterization of estrogen receptors (ERalpha and ERbeta) throughout the rat brain: anatomical evidence of distinct roles of each subtype. J. Neurobiol. 36, 357–378. doi: 10.1002/(sici)1097-4695(19980905)36:3<357::aid-neu5<3.0.co;2-v

Ley, C. J., Lees, B., and Stevenson, J. C. (1992). Sex- and menopause-associated changes in body-fat distribution. Am. J. Clin. Nutr. 55, 950–954. doi: 10.1093/ajcn/55.5.950

Litwak, S. A., Wilson, J. L., Chen, W., Garcia-Rudaz, C., Khaksari, M., Cowley, M. A., et al. (2014). Estradiol prevents fat accumulation and overcomes leptin resistance in female high-fat diet mice. Endocrinology 155, 4447–4460. doi: 10.1210/en.2014-1342

Lv, Y., Liang, T., Wang, G., and Li, Z. (2018). Ghrelin, a gastrointestinal hormone, regulates energy balance and lipid metabolism. Biosci. Rep. 38:BSR20181061. doi: 10.1042/BSR20181061

Matyskova, R., Zelezna, B., Maixnerova, J., Koutova, D., Haluzik, M., and Maletinska, L. (2010). Estradiol supplementation helps overcome central leptin resistance of ovariectomized mice on a high fat diet. Horm. Metab. Res. 42, 182–186. doi: 10.1055/s-0029-1243250

McElroy, J. F., and Wade, G. N. (1987). Short- and long-term effects of ovariectomy on food intake, body weight, carcass composition, and brown adipose tissue in rats. Physiol. Behav. 39, 361–365. doi: 10.1016/0031-9384(87)90235-6

Merchenthaler, I., Lane, M. V., Numan, S., and Dellovade, T. L. (2004). Distribution of estrogen receptor alpha and beta in the mouse central nervous system: in vivo autoradiographic and immunocytochemical analyses. J. Comp. Neurol. 473, 270–291. doi: 10.1002/cne.20128

Morton, G. J., Cummings, D. E., Baskin, D. G., Barsh, G. S., and Schwartz, M. W. (2006). Central nervous system control of food intake and body weight. Nature 443, 289–295. doi: 10.1038/nature05026

Nakazato, M., Murakami, N., Date, Y., Kojima, M., Matsuo, H., Kangawa, K., et al. (2001). A role for ghrelin in the central regulation of feeding. Nature 409, 194–198. doi: 10.1038/35051587

Newsholme, P., Cruzat, V., Arfuso, F., and Keane, K. (2014). Nutrient regulation of insulin secretion and action. J. Endocrinol. 221, R105–R120. doi: 10.1530/JOE-13-0616

Osterlund, M., Kuiper, G. G., Gustafsson, J. A., and Hurd, Y. L. (1998). Differential distribution and regulation of estrogen receptor-alpha and -beta mRNA within the female rat brain. Brain Res. Mol. Brain Res. 54, 175–180. doi: 10.1016/s0169-328x(97)00351-3

Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic Coordinates (Sixth Edition ed.). Cambridge, Massachusetts: Academic Press.

Poetsch, M. S., Strano, A., and Guan, K. (2021). Role of Leptin in Cardiovascular Diseases. Front. Endocrinol. 11:354. doi: 10.3389/fendo.2020.00354

Pratchayasakul, W., Chattipakorn, N., and Chattipakorn, S. C. (2014). Estrogen restores brain insulin sensitivity in ovariectomized non-obese rats, but not in ovariectomized obese rats. Metabolism 63, 851–859. doi: 10.1016/j.metabol.2014.03.009

Rivera, H. M., and Eckel, L. A. (2010). Activation of central, but not peripheral, estrogen receptors is necessary for estradiol’s anorexigenic effect in ovariectomized rats. Endocrinology 151, 5680–5688. doi: 10.1210/en.2010-0731

Roesch, D. M. (2006). Effects of selective estrogen receptor agonists on food intake and body weight gain in rats. Physiol. Behav. 87, 39–44. doi: 10.1016/j.physbeh.2005.08.035

Santollo, J., and Eckel, L. A. (2009). Effect of a putative ERalpha antagonist, MPP, on food intake in cycling and ovariectomized rats. Physiol. Behav. 97, 193–198. doi: 10.1016/j.physbeh.2009.02.021

Santollo, J., Katzenellenbogen, B. S., Katzenellenbogen, J. A., and Eckel, L. A. (2010). Activation of ERalpha is necessary for estradiol’s anorexigenic effect in female rats. Horm. Behav. 58, 872–877. doi: 10.1016/j.yhbeh.2010.08.012

Schwartz, M. W., Figlewicz, D. P., Baskin, D. G., Woods, S. C., and Porte, D. Jr. (1992). Insulin in the brain: a hormonal regulator of energy balance. Endocr. Rev. 13, 387–414. doi: 10.1210/edrv-13-3-387

Schwartz, M. W., Woods, S. C., Porte, D. Jr., Seeley, R. J., and Baskin, D. G. (2000). Central nervous system control of food intake. Nature 404, 661–671. doi: 10.1038/35007534

Shughrue, P. J., Lane, M. V., and Merchenthaler, I. (1997). Comparative distribution of estrogen receptor-alpha and -beta mRNA in the rat central nervous system. J. Comp. Neurol. 388, 507–525. doi: 10.1002/(sici)1096-9861(19971201)388:4<507::aid-cne1<3.0.co;2-6

Simonian, S. X., and Herbison, A. E. (1997). Differential expression of estrogen receptor alpha and beta immunoreactivity by oxytocin neurons of rat paraventricular nucleus. J. Neuroendocrinol. 9, 803–806. doi: 10.1046/j.1365-2826.1997.00659.x

Sloan, D. K., Spencer, D. S., and Curtis, K. S. (2018). Estrogen effects on oxytocinergic pathways that regulate food intake. Horm. Behav. 105, 128–137. doi: 10.1016/j.yhbeh.2018.08.007

Stelmanska, E., and Sucajtys-Szulc, E. (2014). Enhanced food intake by progesterone-treated female rats is related to changes in neuropeptide genes expression in hypothalamus. Endokrynol. Pol. 65, 46–56. doi: 10.5603/EP.2014.0007

Sumithran, P., Prendergast, L. A., Delbridge, E., Purcell, K., Shulkes, A., Kriketos, A., et al. (2011). Long-term persistence of hormonal adaptations to weight loss. N. Engl. J. Med. 365, 1597–1604. doi: 10.1056/NEJMoa1105816

Tarttelin, M. F., and Gorski, R. A. (1971). Variations in food and water intake in the normal and acyclic female rat. Physiol. Behav. 7, 847–852. doi: 10.1016/0031-9384(71)90050-3

Tarttelin, M. F., and Gorski, R. A. (1973). The effects of ovarian steroids on food and water intake and body weight in the female rat. Acta Endocrinol. 72, 551–568. doi: 10.1530/acta.0.0720551

Thammacharoen, S., Geary, N., Lutz, T. A., Ogawa, S., and Asarian, L. (2009). Divergent effects of estradiol and the estrogen receptor-alpha agonist PPT on eating and activation of PVN CRH neurons in ovariectomized rats and mice. Brain Res. 1268, 88–96. doi: 10.1016/j.brainres.2009.02.067

Tschop, M., Smiley, D. L., and Heiman, M. L. (2000). Ghrelin induces adiposity in rodents. Nature 407, 908–913. doi: 10.1038/35038090

Vanderhorst, V. G., Terasawa, E., and Ralston, H. J. III (2009). Estrogen receptor-alpha immunoreactive neurons in the brainstem and spinal cord of the female rhesus monkey: species-specific characteristics. Neuroscience 158, 798–810. doi: 10.1016/j.neuroscience.2008.10.017

Wade, G. N., and Gray, J. M. (1979). Gonadal effects on food intake and adiposity: a metabolic hypothesis. Physiol. Behav. 22, 583–593. doi: 10.1016/0031-9384(79)90028-3

Werther, G. A., Hogg, A., Oldfield, B. J., McKinley, M. J., Figdor, R., Allen, A. M., et al. (1987). Localization and characterization of insulin receptors in rat brain and pituitary gland using in vitro autoradiography and computerized densitometry. Endocrinology 121, 1562–1570. doi: 10.1210/endo-121-4-1562

Woods, S. C., Lotter, E. C., McKay, L. D., and Porte, D. Jr. (1979). Chronic intracerebroventricular infusion of insulin reduces food intake and body weight of baboons. Nature 282, 503–505. doi: 10.1038/282503a0

Yuan, T., Li, J., Zhao, W. G., Fu, Y., Liu, S. N., Liu, Q., et al. (2015). Effects of Estrogen on Insulin Sensitivity and Adipokines in Mice. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 37, 269–273. doi: 10.3881/j.issn.1000-503X.2015.03.004

Zahniser, N. R., Goens, M. B., Hanaway, P. J., and Vinych, J. V. (1984). Characterization and regulation of insulin receptors in rat brain. J. Neurochem. 42, 1354–1362. doi: 10.1111/j.1471-4159.1984.tb02795.x

Zigman, J. M., Jones, J. E., Lee, C. E., Saper, C. B., and Elmquist, J. K. (2006). Expression of ghrelin receptor mRNA in the rat and the mouse brain. J. Comp. Neurol. 494, 528–548. doi: 10.1002/cne.20823


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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Burch, McCracken, Buck, Davis, Sloan and Curtis. 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/fphys-12-800266-g004.jpg
[OJSham HEOVX

Insulin

54

5

r T T T T 1
=} = =} c c =}
w < ” N \a

o

QUOULIOH :10}d209Yy

O e

000 I_

500

’

-
- —_

(Sw/3d)
hCaQQQQMm urmnsuj

2,000
500 -

o — i —t=t |
[m - TLM -
—f= = —E= =
ls 15
— _ R l
DR S S S SR L E o
2 § % ¢ °© ¥y § £ 9
QUOULIOH :.103d309Yy QUOULIO :103d2309Yy

. :

—= | aHf ]
[ = - l = -
—— | it — 1° 8
Tl = rl -
HH _ e _
| | | 1 1 “ | | 1 | “
=) () e (=} =) (=) (- e - o e
(=) e e (=] =) (=) () () (-
m & B & 0 S & & g
m,... m ~ 1o N )0. ..ro .0. v
(Bu/3d) (Buw/3d)

J103d303y urnsuj 101d203y urnsuj





OPS/images/fphys-12-800266-g003.jpg
[JSham EOVX

Ghrelin

4
(o)
o &
[ p)
f | =
L
I ) 1 ] 1
c W < mu =
m & A ~
2] N ™
QUOULIO :101d303Yy

DVC

v

—t |
H |
-

r T T T T

o o =} e (=}

=) (=} e e (=}

2 < 2 = "

al al - =
(Sw/3d

101d329Yy urppIyn

0—

I || | |

= m. =) m.,

m a A 3¢

~ " [ =
QUOULIOH :101d303y

)

8,000+
6,000+

(Bur/3d)
J01d303y uIpRIys

2

33 54
Day

0—

I 1 ) 1 1

@ @ & ¢ ¢
2 2 3 g @
2- 2 ll >
QUOULIOH :101d309Yy

3

lm
—t b o
l -
2
HH | =
n
—t—
I 1 1 ) 1
c c < c c =)
=) 0 < o =
-.ﬂ Oa -..w 0., "
N ~l \a —
(Buw/3d

101d30aYy urpIyn





OPS/images/fphys-12-800266-g006.jpg
Ghrelin Insulin Leptin
|Sham{OVX|Summary and Implications| [Sham{OVX|Summary and Implications| [Sham|OVX [Summary and Implications
g : Increased body weight in OVX g Increased body weight in OVX E Increased body weight in OVX
E Hormone rats without differencesin 5 Hormone T TT rats — increased insulin levels, E Hormone T TT rats — increased leptin levels, as
=~ ghrelin. - as expected. = expected.
Bhinsina. P Ovarian hormones influence Ovarian hormones influence
Receptor inﬂuen::::c = :;banor RH Receptor T T T receptors and R-H ratio. Post- Receptor| = | = | ;eceptorsand R:H ratio. Post-
g | v g st-:axiectom wcicha g ovariectomy weight gain may g ovariectomy weight gain may
= e i-s fulinpvd S t):) gt a involve modified responses to =) mvolve modified responses to
R:H g g g R:H T T T increased circulating insulin via R:H TT T increased circulating leptin via
S reduced receptors and R:H ratio. reduced R:H ratio.
Cisaia i T Ovarian hormones do not Ovarian hormones do not
Receptor infl ; Receptor| = = |influence receptor number or R:H Receptor| = = | influence receptor number or
Q |influence receptor number or R:-H Q . . - &) R-H ratio. P ~
ratio. Post-ovariectomy weight % ratio. Post-ovariectomy weight ﬁ ratio. Post-ovariectomy
5 ain i-s el .-t v g Vo gain is not attributable to altered weight gain is not attributable to
R:H § alicelin sinalies R:H == = |responses to increased circulating R:H = = | alteredresponses to increased
. insulin. circulating leptin.
Gt Ao Ovarian hormones influence Ovarian hormones influence
Receptor| inﬂuen::::c oo m:Snber or RH Receptor T T T receptors and R-H ratio. Post- Receptor T T T receptors and R-H ratio. Post-
§ - Post-:axiectom ciahs E ovariectomy weight gain may § ovariectomy weight gain may
=5 o . b o involve modified responses to A involve modified responses to
gainis not aftnbugable: to, ajtesed increased circulating insulin via increased circulating leptin via
R:H ghrelin signaling. RE | 17| 1 g RE | 11| 1

reduced receptors and R:H ratio.

reduced receptors and R-H ratio.






OPS/images/fphys-12-800266-g005.jpg
4

)

u

—
Y
ls

Y

[JSham HEOVX
5 33 54
Day*
5 33 54
Day

—= l e l —E= |

—_. 1 —-.7 1 —_.) “ —_.) ) —_. ‘-) —_) ‘“) | 1 »—I ‘—) “
L & 2 2 © o e R 2 @ ° ¥ & & = ©
QUOULIOH :103d309Yy QUOULIO : 101209y QUOULIOH :103d309Yy

: 2 :

=

1
}
!

33 4
Day

33 4
Day

1,2
1
l i

33 54

Day

n A | —ti | H |
x Tl Tl . l .
._u -5 1 ; N H B
I 1 1 1 “ | 1 1 1 1 “ | 1 1 1 || “
p (=) o o o (=) =) o (=) =) o o o =) (= o =) o
C = =) (=} (=} (=} o o o o =) o o o
(=) n (=} n =) e (=) =) ) o =) =) =) =)
Q i “3 .\.,we S & & ¢ d B mAwm \w_a v =
(044 I
L 101do0oy uindory (Bur/3d) 101d909y undary

103d209y unday





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Relationship Between Circulating Metabolic Hormones and Their Central Receptors During Ovariectomy-Induced Weight Gain in Rats



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Tissue Sample Collection and Preparation



		Statistical Analysis







		RESULTS



		Body Weight



		Uterine Weight



		Ghrelin



		Plasma Ghrelin



		Ghrelin Receptors, Ghrelin Receptor: Plasma Ghrelin Ratios (Figure 3)







		Insulin



		Plasma Insulin



		Insulin Receptors (Figure 4)



		Insulin Receptor: Plasma Insulin Ratios (Figure 4)







		Leptin



		Plasma Leptin



		Leptin Receptors (Figure 5)



		Leptin Receptor: Plasma Leptin Ratios (Figure 5)











		DISCUSSION



		Ghrelin Signaling



		Insulin Signaling



		Leptin Signaling



		Synthesis



		Summary







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fphys-12-800266-g002.jpg
33
Day

OSham

_l_lOVX—[—

Q
-+
™~

° 2 @ = & *
] © T

(uro /Sur) 1YSIOA\ SULIdY)

100





OPS/images/fphys-12-800266-g001.jpg
1,2,3

Day

0 Sham

m OVX

195

170

v o !’ o v n
&« R @ § °

< N
3) WYSM VvV





OPS/images/fphys-12-800266-t001.jpg
Day Sham ovX

Ghrelin 5 3.591 + 0.431 3.147 + 0.470

33 2.115 £ 0.630 4.261 +1.010

54 4.036 +0.738 4.799 + 0.958
Insulin 5 56.071 + 3.381 89.063 =+ 4.867%

33 48.201 £ 5.290 76.255 + 9.578%

54 64.890 + 5.472 70.978 + 5.472
Leptin 5 79.566 + 6.976 95.893 + 12.690

33 181.484 + 36.616¢ 242103 + 32.8802

54 176.612 + 30.7519 374.072 + 53.455@#&

Data are presented as means + SEM, separate two-way ANOVAs were performed
for each hormone.

@Sign/'ﬁcant/y different than day 5 for the same group.

*Significantly different than day 33 for the same group.

&Significantly different than Sham group at that specific day.





OPS/images/cover.jpg
frontiers
in Physiology

Relationship Between
Circulating Metabolic Hormones
and Their Central Receptors
During Ovariectomy-Induced
Weight
Gain in Rats









OPS/images/logo.jpg
, frontiers
in Physiology





