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Abstract  42 

The perimenopausal transition at middle age is often associated with hot flashes and sleep disruptions, 43 

metabolic changes, and other symptoms. Whereas the mechanisms for these processes are incompletely 44 

understood, both aging and a loss of ovarian estrogens play contributing roles. Furthermore, the timing 45 

of when estradiol treatment should commence, and for how long, are key clinical questions in the 46 

management of symptoms. Using a rat model of surgical menopause, we determined the effects of 47 

regimens of estradiol treatment with differing time at onset and duration of treatment on diurnal rhythms 48 

of activity and core temperature, and on food intake and body weight. Reproductively mature (MAT, ~4 49 

mo.) or aging (AG, ~11 mo.) female rats were ovariectomized, implanted intraperitoneally with a 50 

telemetry device, and given either a vehicle (V) or estradiol (E) subcutaneous capsule implantation. Rats 51 

were remotely recorded for 10 days per month for 3 (MAT) or 6 (AG) months. To ascertain whether 52 

delayed onset of treatment affected rhythms, a subset of AG-V rats had their capsules switched to E at 53 

the end of 3 months. Another set of AG-E rats had their capsules removed at 3 months to determine 54 

whether beneficial effects of E would persist. Overall, activity and temperature mesor, robustness, and 55 

amplitude declined with aging. Compared to V treatment, E treated rats showed: 1) better maintenance 56 

of body weight and food intake; 2) higher, more consolidated activity and temperature rhythms; and 3) 57 

higher activity and temperature robustness and amplitude. In the AG arm of the study, switching 58 

treatment from V to E or E to V quickly reversed these patterns. Thus, the presence of E was the 59 

dominant factor in determining stability and amplitude of locomotor activity and temperature rhythms. 60 

As a whole the results show benefits of E treatment, even with a delay, on biological rhythms and 61 

physiological functions.  62 
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1. Introduction 63 
 64 
During aging in women, declines in biological rhythms and the loss of ovarian estrogens converge to 65 

influence health and disease processes. Functions such as energy balance and metabolism, sleep, and hot 66 

flashes – all regulated by the hypothalamus in a circadian manner – are highly sensitive to age, the 67 

estrogenic milieu, and their interactions (Landau IT and Zucker I, 1976; Mauvais-Jarvis F et al., 2013; 68 

Poehlman ET et al., 1995; Toth MJ et al., 2000). Within the hypothalamus, the suprachiasmatic nucleus 69 

(SCN), the master circadian clock (Reppert SM and Weaver DR, 2002; Schwartz WJ et al., 1983; Yoo 70 

SH et al., 2005), undergoes age-related dampening in its oscillatory rhythms and output (Davidson AJ et 71 

al., 2008; Duncan MJ et al., 2013; Gibson EM et al., 2009; Krajnak K et al., 1998; Mattis J and Sehgal 72 

A, 2016; Oster H et al., 2003; Sutin EL et al., 1993; Whealin JM et al., 1993; Wise PM et al., 1988; 73 

Wyse CA and Coogan AN, 2010; Zhang Y et al., 1996). The SCN projects to, and receives afferent 74 

inputs from, other hypothalamic and non-hypothalamic regions, thereby influencing energy balance 75 

[e.g., arcuate nucleus (ARC) (Elias CF et al., 2000; Wang Q et al., 2014)], thermoregulation [median 76 

preoptic area (Mittelman-Smith MA et al., 2015)], and other physiological processes. These regions are 77 

highly estrogen responsive due to high expression of estrogen receptors (Chakraborty TR et al., 2003; 78 

Chung WCJ et al., 2007; Gundlah C et al., 2000; Kruijver FP and Swaab DF, 2002; Naugle MM et al., 79 

2014; Vida B et al., 2008). 80 

 81 

The perimenopausal period is a point of divergence for the trajectory of quality-of-life during the last 82 

third to half of a woman’s life. Although there is no question that the most efficacious way to mitigate 83 

many of the adverse menopausal symptoms is with estrogen treatment, there are also risk factors. In 84 

2002, the Women’s Health Initiative (WHI), a large clinical trial of risks and benefits of estradiol 85 

treatment in post-menopausal women, was abruptly terminated due to a small but significant increase in 86 

adverse cardiovascular and breast cancer outcomes (Kim JK et al., 2007). This led to a vast decline in 87 

the use of estradiol treatment for symptomatic women. However, over the next decade, re-examination 88 
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of that study revealed health benefits of estrogens for women who commenced treatment in the 89 

perimenopausal or early post-menopause period (Baber RJ et al., 2016; Stuenkel CA et al., 2015), 90 

suggesting that the timing of replacement is key to health outcomes. Today, the primary clinical 91 

questions for symptomatic women without major risk factors (e.g. breast cancer, thromboembolism) 92 

center around when and for how long to take estradiol – that is, whether there is a window of 93 

opportunity for estradiol’s protective effects, and whether effects may be maintained after withdrawal. 94 

This question has not been rigorously tested for neurobiological health with very few exceptions (Baxter 95 

MG et al., 2018; Garcia AN et al., 2017a; Garcia AN et al., 2017b; Garcia AN et al., 2016; Gibbs RB, 96 

2000; Yin W et al., 2015a). 97 

 98 

Here, we used our laboratory’s rat model of surgical menopause to obtain quantitative data about aging, 99 

biological rhythms, and the influence of estradiol timing/duration. Previously, we used this model to 100 

determine the neuromolecular phenotype of the hypothalamus [arcuate nucleus and medial preoptic area; 101 

(Garcia AN et al., 2017a; Garcia AN et al., 2017b; Garcia AN et al., 2016; Yin W et al., 2015a)] and to 102 

measure social behaviors (Garcia AN et al., 2017a; Garcia AN et al., 2017b). In general, results showed 103 

that it was the absolute absence or presence of estradiol that determined the phenotype, yet there were 104 

subtle but significant effects of timing and duration on a subset of outcomes. In the current study, we 105 

sought to extend that work through studies of the critical window of estradiol treatment on biological 106 

rhythms.  107 

 108 

2. Materials and Methods 109 

2.1 Experimental Animals and Husbandry 110 

Female Sprague-Dawley rats were purchased at 3-4 months [young reproductive mature (MAT); virgin] 111 

and 10-11 months old [middle-aged (referred to as aging (AG); retired breeder) from Harlan (Houston, 112 

TX). Upon arrival, rats were randomly pair-housed with a rat of similar age in plastic cages with 140 113 
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square inches of floor space. Rats were maintained on a 12:12 LD cycle (lights on at 0700 h). Room 114 

temperature was ~ 22oC. Food and water were available ad libitum. The composition of the pelleted diet 115 

(Prolab RMH 1800, PMI Nutrition Int’l, LLC) for rats was used throughout the study. The animal 116 

protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at the University 117 

of Texas at Austin, and all work adhered to guidelines from The Guide for the Care and Use of  118 

Experimental Animals.  119 

 120 

Six groups of telemetry monitored rats were used (Figure 1). Each experimental subject (n = 79) was 121 

pair housed with a same age, same treatment partner (n = 79) to study long-term hormone deficiency and 122 

treatment on physiological and circadian parameters. Pairs were maintained through the study to enable 123 

companionship and minimize stress. Rats were gently handled and their general health checked every 5 124 

days. After adapting to our animal room environment for a week, the estrous cycle of each rat was 125 

determined for 10 consecutive days using vaginal cytology as previously described (Yin W et al., 126 

2015a). At age 3-4 months, all MAT rats showed regular estrous cycles. At age 10-11 months, the 127 

percentage of rats with regular cycles, irregular cycles, and persistent estrus, was ~50%, 30%, and 20% 128 

respectively, similar to a previous study that did not reveal pre-OVX cycle stage to be a factor in 129 

biological outcomes (Yin W et al., 2015a). We monitored body weight and food intake for 10 days prior 130 

to ovariectomy (OVX) surgery. Pelleted diet was weighed and delivered to each cage every 5 days. Food 131 

consumption was estimated based on the 10-day average of the pair-housed females. 132 

 133 

2.2 Surgery procedures 134 

Bilateral OVX was performed under isoflurane anesthesia per our published protocols (Yin W et al., 135 

2009; Yin W et al., 2015b). For each pair of rats housed together, both were OVX and received the same 136 

hormone treatment, but only one of the pair was randomly chosen to receive a telemetry device (PDT 137 

4000 E-mitter transponder, Phillips Respironics, Bend, OR), implanted in the peritoneal cavity and 138 
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sutured to the right abdominal muscle during the OVX surgery. At the end of the surgery, a Silastic 139 

capsule filled with either 5% 17β-estradiol (Sigma E-8875) in cholesterol (Sigma C-3292) for estradiol 140 

treatment (E), or 100% cholesterol for vehicle treatment (V) was subcutaneously implanted 141 

intrascapularly, as described (Yin W et al., 2009; Yin W et al., 2015b). After surgery, each rat was 142 

singly housed for five days to recover before re-housing with the same partner.  143 

 144 

Both MAT and AG rats received a capsule at the time of OVX (described above), but the AG rats were 145 

also subjected to a second surgery 3 months later. At this time, rats were anesthetized (isoflurane), the 146 

capsule removed and a new one implanted for the “switch” groups (E to V, or V to E), or the capsule 147 

loosened between the shoulder blades for the “continuous” E or V groups maintained on the same 148 

treatment for the entire 6-month period. We have previously confirmed that hormone levels are 149 

maintained up to 6 months even without capsule replacement (Yin W et al., 2015a). Groups are referred 150 

to as MAT-V3, MAT-E3, AG-V6, AG-E6, AG-E3/V3, and AG-V3/E3 (Figure 1).  151 

 152 

2.3 Telemetry and data collection  153 

Recording was done in a dedicated room, with the temperature and light cycle similar to the general 154 

housing room. Five days before recording started, each home cage containing the pair of rats, one with 155 

an E-mitter and one without, was transported to the recording room and placed on a transmitter/receiver 156 

device (ER-4000 energy receiver, Phillips Respironics, Bend, OR). Daily activity was recorded 157 

continuously and stored at 5-minute intervals, and core temperature data were collected every 5 minutes 158 

remotely for ten days per month by a windows-based automated data acquisition system (VitalView, 159 

version 5.0). During the 10-day recording period each month, at the end of days 5 and 10 of recording 160 

we moved rats to clean cages, recorded body weight, and weighed the food tray. Then, rats were 161 

transported back to the general housing room. This process was repeated every month for 3 (MAT) or 6 162 

(AG) months. 163 
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 164 

2.4 Euthanasia and tissue collection 165 

At the end of the experiment, rats were humanely euthanized by rapid decapitation during the lights-on 166 

phase. Trunk blood was collected and allowed to fully coagulate at room temperature for serum 167 

collection. Body length, waist diameter, pituitary weight, adrenal weight, spleen weight, and uterine 168 

horn diameter data were collected to evaluate changes of the endocrine system (Yin W et al., 2015b). 169 

Brain, pituitary, adrenal, spleen, and uterine tissues were stored for future studies.  170 

 171 

2.5 Hormone assays 172 

Hormone concentrations were measured in terminal serum samples from non-fasting rats, all run in 173 

duplicate. Serum estradiol concentrations were measured using an RIA kit (DSL-4800, Beckman 174 

Coulter, Webster, TX) in a single assay (CV = 7.68%). Other serum hormones were measured using the 175 

Milliplex Rat Magnetic Bead assays (Millipore) with the MagPix instrument (Luminex, Millipore). A rat 176 

neuropeptide panel (Cat. # RMNPMAG-83K) contained assays for α-melanocyte stimulating hormone 177 

(αMSH; CV = 0.14%), β-endorphin (CV = 0.32%), and neurotensin (CV = 0.51%). A multi-species 178 

steroid/thyroid hormone panel (Cat. # STTHMAG-21K) contained assays for progesterone (CV = 179 

1.16%), triiodothyronine (T3, CV = 0.72%), and thyroxine (T4, CV = 0.81%). Melatonin (CV = 1.27%) 180 

was measured on a separate hormone panel (Cat. # RSHMAG-69K). Blood glucose concentrations were 181 

measured from a small amount of trunk blood collected at euthanasia using a blood glucose test strip 182 

(Contour Next).   183 

 184 

2.6 Analysis of diurnal rhythms  185 

Ten-day temperature and activity recording files (5 minute sampling rate) from each of the recording 186 

periods were subjected to Cosinor analysis (Borniger JC et al., 2014) using freely available software 187 

(Roberto Refinetti, www.circadian.org/main.html). In determining the presence of 24-hour rhythms in 188 
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the dataset, the statistical significance (alpha) was set to 0.01 and data were corrected for multiple 189 

comparisons. The following parameters were determined via Cosinor analysis: robustness [or 190 

‘prominence’, the percentage of the variance accounted for by the best-fit cosine model, corresponding 191 

to the coefficient of determination R2 in regression analysis; (Refinetti R et al., 2007)]; mesor (value 192 

around which the rhythm oscillates); amplitude (the difference between the mesor and the peak of the 193 

oscillation); and acrophase (time at which the waveform peaks after lights-off). Locomotor activity 194 

actograms and temperature profiles were graphed using ClockLab (ClockLab 6 for Windows). 195 

Locomotor activity levels during lights-on and -off were analyzed over the 12-hour light and dark 196 

phases. To avoid interference by moving and changing cages, data were averaged from 00:00 Day 2 to 197 

00:00 Day 5 and from 00:00 Day 7 to 00:00 Day 10.  198 

 199 

2.7 Statistics 200 

For data presentation, groups are referred to by age (MAT, AG), treatment (estradiol (E) or vehicle (V), 201 

and duration (3 or 6 months), resulting in 6 groups: MAT-V3, MAT-E3, AG-V6, AG-E6, MAT-V3/E3, 202 

MAT-E3/V3 (Figure 1). Data collected at euthanasia (serum hormones, physiological endpoints) were 203 

analyzed by Student’s t-test (MAT-V3 vs. MAT-E3) and one way ANOVA (AG groups) to compare 204 

group differences. For longitudinal data (body weight, food intake, activity and temperature circadian 205 

parameters) we used the LME4 package in R to fit a mixed-effect model with main effects of time, 206 

treatment group, and their interaction with a random effect that accounts for repeated measures of the 207 

same individuals. We then employed the lsmeans package in R to compute the least-squares means and 208 

compared Tukey contrasts for the treatment groups at each time point. P-values from the mixed models 209 

are summarized graphically using a compact letter display (Yin et al., 2015a), with repeated measures 210 

comparisons within groups provided in Supplemental Table 1. 211 

 212 

3. Results  213 
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3.1 Body weight and food intake 214 

Longitudinal monitoring showed that estradiol treatment had profound effects on body weight and food 215 

consumption. By 1 month post-OVX, body weight was significantly higher in V than E rats in both 216 

MAT and AG groups, a pattern that continued over the 3- (MAT) or 6- (AG) month period in the 217 

continuous treatment groups (Figure 2A). Switching treatments 3 months post-OVX in the AG females 218 

caused a rapid significant loss (V to E) or gain (E to V) in body weight, indicating continued sensitivity 219 

to estradiol’s presence/absence. 220 

 221 

Food intake significantly increased after OVX in all groups, with the most rapid increase within the first 222 

month. This was mitigated by estradiol (Figure 2B). In the continuous V and continuous E AG females, 223 

food intake plateaued at 3 months and was similar over the course of the next 3 months. Switching 224 

treatments after 3 months in AG rats had dramatic and significant effects. AG rats that were switched 225 

from V to E decreased food intake for the first month post-switch, but returned to the levels of the 6-226 

month continuous groups by 2 months post-switch. Switching from E to V also caused a transient 227 

increase in food intake, albeit less dramatic, and a return to the continuous group levels by 3 months 228 

post-OVX. 229 

 230 

3.2 Diurnal activity 231 

Representative activity actograms from one rat per treatment group are shown, illustrating effects of age 232 

and estradiol treatment on the consolidation of rhythms (Figure 3). Group data were analyzed for mesor, 233 

robustness, amplitude, and acrophase. Activity mesor was significantly higher in continuous E compared 234 

to continuous V treated rats in both age groups over 3 (MAT) or 6 (AG) months of recording (Figure 235 

4A). Switching treatment in the AG rats significantly changed locomotor activity mesor by one month 236 

post-switch, back to the levels of the same treatment continuous groups. Similar responses to estradiol 237 

were seen for activity robustness (Figure 4B) and amplitude (Figure 4C). While the patterns were 238 
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similar in rats of both ages, mesor, robustness, and amplitude were higher in MAT over AG rats. 239 

Activity acrophase relative to dark onset (Figure 4D) was more modestly affected by age and the 240 

estradiol treatment regimens in OVX rats.  241 

 242 

3.3 Core body temperature 243 

Representative profiles of core body temperature are shown as time series in Figure 5. Daily core 244 

temperature of rats rose quickly after lights off, fluctuated through the active (dark) phase, and then 245 

quickly declined after lights on. Analysis of group data was conducted for core temperature mesor, 246 

robustness, amplitude, and acrophase. Core temperature mesor (Figure 6A) was higher in MAT than 247 

AG rats; however effects of estradiol were only observed in the AG groups. The AG-V6 group had the 248 

lowest mesor compared to the other three AG groups that had estradiol on board for 3 or 6 months, with 249 

 the timing/duration having little influence. Temperature robustness (Figure 6B) was not affected by 250 

age, but was profoundly and significantly affected by estradiol. Robustness rapidly declined after OVX, 251 

reaching a nadir by 2 months in the V groups. When the hormone treatment was switched after 3 252 

months, a rapid transition occurred to higher (V to E) or lower (E to V) robustness. Similar patterns were 253 

seen for temperature amplitude (Figure 6C) and acrophase (Figure 6D), albeit more modestly.  254 

 255 

To further evaluate estradiol’s effect on the core body temperature rhythm, we did frequency analysis on 256 

a 7 day recording period using a Fourier transform and wavelet analysis. AG rats (12 months) given 257 

vehicle and or estradiol (n = 4 per group) were analyzed during the period 2-3 weeks post-OVX. 258 

Representative data from one rat per treatment are shown (Figure 7). Wavelet analysis revealed an 259 

ultradian rhythm (3.6-6 h) in the V rats specifically during the lights-off (active) phase. The E rats did 260 

not exhibit this ultradian rhythm. 261 

 262 

3.4 Physiological endpoints and serum hormones 263 
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In MAT rats, E treatment significantly decreased body length in MAT rats, and decreased waist 264 

diameter in all groups (Supplemental Figure 1). Compared to vehicle counterparts, E treated rats 265 

showed significant higher pituitary and adrenal indices, and larger uterine horn diameter. In addition, we 266 

compared the spleen index as an indication of the immune system. Compared to vehicle counterparts, 267 

spleen index was significantly increased by E in AG but not MAT E treated rats.  268 

 269 

Serum hormones and glucose were measured in terminal samples (Supplemental Figure 2). E2 270 

concentrations were measured to confirm efficacy of long-lasting Silastic capsules, and were 271 

significantly higher in all E treated groups. Average serum E2 were between 25-40 pg/ml in animals 272 

receiving E2 capsules, which is in the physiological range of intact proestrus (MAT) or persistent estrus 273 

(AG) rats (Gore AC et al., 2000). Serum T3 was unaffected, and serum T4 was significantly lowered by 274 

E in the MAT but not AG groups. Serum P4 was elevated by E2, but this was only significant in MAT 275 

rats. E treatment had no significant effects on serum α-MSH, β-endorphin, neurotensin, and melatonin. 276 

Non-fasting blood glucose was similar in all groups. 277 

 278 

4. Discussion 279 

Perimenopause is a dynamic transitional life stage during which a loss in estrogens is superimposed 280 

upon an age-related decline in biological rhythms. It is likely that many of the dysfunctions of 281 

menopause occur because of the confluence of these processes, including sleep disturbances, anxiety, 282 

changes in metabolism, and cognitive and affective impairments (Mauvais-Jarvis F et al., 2013; Stuenkel 283 

CA et al., 2015). Although there is strong evidence both from animal models and clinical studies that 284 

estrogen replacement mitigates many of these symptoms, whether there is a critical window for 285 

intervention to maximize benefits and minimize risks is poorly understood, and henceforward not tested 286 

on biological rhythms. Some years ago, our lab developed the rat model of menopause used in the 287 

current study to test the critical window hypothesis on the expression of hypothalamic gene networks 288 



 13

and on social and affective behaviors controlled by the hypothalamus and other parts of the limbic 289 

system (Garcia AN et al., 2017a; Garcia AN et al., 2017b; Garcia AN et al., 2016; Yin W et al., 2015a). 290 

Results revealed that estradiol modulated several of these outcomes, with timing and duration playing a 291 

smaller role relative to the absolute presence or absence of hormone. More specifically, in the arcuate 292 

nucleus, a cluster of co-expressed circadian genes was identified (Per1, Per2, Cry1, Cry2, Arntl) that 293 

was decreased by both age and estradiol treatment (Yin W et al., 2015a). Another identified cluster was 294 

increased by estradiol treatment (but not age) that included genes involved in the hypothalamic control 295 

of energy balance (Igf1, Hcrt, Npy, Ghrh). Here, we sought to understand the effects of estrogen 296 

regimens on the fundamental properties of diurnal rhythms and functional outcomes.  297 

 298 

4.1 Physiological effects of age and estrogen treatments 299 

Estrogens play important roles in the regulation of body weight and metabolism in mammals, including 300 

humans (Mauvais-Jarvis F et al., 2013). The longitudinal experimental design enabled us to study effects 301 

of estrogens on basic homeostatic processes involved in body weight maintenance, and to determine 302 

whether delaying the treatment, or shortening the duration of treatment, would inform whether estradiol 303 

timing or duration was an important factor. The protective effects of estrogens against body weight gain 304 

were evident immediately at OVX, when both MAT and AG rats underwent rapid and dramatic body 305 

weight gain. Animals treated with estradiol at the time of OVX did not undergo any body weight 306 

change, and this was maintained through the course of the study in those animals receiving continuous 307 

estradiol treatment. When AG rats were switched to the opposite hormonal regimen 3 months post-308 

OVX, an immediate body weight loss (V to E) or gain (E to V) occurred by 2 months post-switch. This 309 

means that neither age, nor a delay in estradiol treatment, was a limiting factor in the rats’ physiological 310 

response to ovarian hormone deprivation. When considering the group that switched from E to V, the 311 

observation that animals rapidly gained weight indicates that short-term estradiol did not have a 312 

protective effect once the hormone was removed.  313 
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 314 

Several interesting outcomes in the relationships between food intake and body weight were revealed. 315 

First, MAT and AG rats consumed about the same amount of food at the start of the study (pre-OVX), 316 

yet the AG rats were about 40% heavier than their MAT counterparts. Although we were unable to 317 

monitor metabolism in our rats, others have shown that basal metabolism declines with aging, in rats, 318 

monkeys, and humans (Dominguez LJ and Barbagallo M, 2016; Eghlidi DH and Urbanski HF, 2015; 319 

Purnell JQ et al., 2019), consistent with our results. Our food intake measures were averaged across 10 320 

days, and future work should include time of day of feeding, as prior work has shown that the timing of 321 

food consumption during the lights-on (inactive period) is associated with obesity (Fonken LK et al., 322 

2010). Second, at OVX, both E and V animals increased food consumption, albeit significantly more so 323 

in the V groups, and irrespective of age. This pattern of food consumption was transitory in the 324 

continuous V groups, as it peaked 1 month post-OVX and subsequently declined to a plateau. By 325 

contrast, the continuous E groups gained weight more slowly post-OVX and maintained food intake at a 326 

flat level. This suggests a dysregulation of the body’s ability to maintain homeostasis of energy balance 327 

in the absence of estrogens. Third, the switch groups were revelatory in showing a significant decrease 328 

in food intake in the AG-V3/E3 group, and an increase in the AG-E3/V3 group, both peaking 1 month 329 

post-switch. As a whole, these data show a somewhat tenuous relationship between food intake and 330 

absolute body weight, and results are consistent with an age-related decrease in basal metabolism. 331 

 332 

4.2 Diurnal rhythms of locomotor activity 333 

It is well-known that estrogens affect circadian activity. In intact rats, when serum estrogens are elevated 334 

on estrus, daily locomotor activity is also elevated (Albers HE et al., 1981; Wollnik F and Turek FW, 335 

1988). Ovariectomized rodents given estradiol capsules show higher daily locomotor activity levels 336 

compared to vehicle (Morin LP et al., 1977). Similarly, circadian locomotor activity declines with aging 337 

(Gibson EM et al., 2009; Zhang Y et al., 1996). Our current study confirms and extends prior work by 338 
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inclusion of the different estrogenic treatment regimens. Overall, estrogen treatment resulted in much 339 

stronger and consolidated rhythms of activity in rats of both ages. All of the parameters examined 340 

(mesor, robustness, amplitude, and acrophase) were higher in E compared to V rats, and the first three 341 

were also affected by age, being higher in MAT than AG rats. The beneficial effects of estradiol 342 

treatment on the maintenance of rhythmicity was also apparent, particularly for activity robustness and 343 

mesor, consistent with the literature (Blattner MS and Mahoney MM, 2014; Ogawa S et al., 2003). In 344 

the AG switch groups, rats maintained the ability to respond to delayed replacement (V to E) of 345 

estradiol, indicating a maintenance of sensitivity of the brain even 3 months following ovariectomy. In 346 

the group given E for 3 months, then  switched to vehicle (E to V), animals quickly transitioned to a 347 

similar level of diurnal function as the continuous vehicle group, indicating that estradiol must be on 348 

board for the maintenance of diurnal activity.   349 

 350 

4.3 Diurnal rhythms of core body temperature 351 

The regulation of body temperature is of particular interest to perimenopausal women, as dysfunctions 352 

in thermoregulation are the basis for hot flashes that can profoundly impair sleep and quality-of-life 353 

(Freedman RR, 2001; Freedman RR et al., 1995; Frishman GN, 1995). Our core temperature data 354 

collected every 5 minutes made it possible to conduct high-resolution circadian and ultradian analyses. 355 

Results revealed that while both E and V rats showed 24-hour rhythmicity of body temperature, the V 356 

rats exhibited frequent high-amplitude excursions and more irregular cycles. Estradiol treatment 357 

stabilized these greater amplitude fluctuations of core temperature, especially during the active (dark) 358 

phase. Of the parameters examined, temperature robustness and amplitude were particularly sensitive: 359 

while MAT and AG rats were similar to one another after OVX and this was maintained in E-treated 360 

rats, robustness and amplitude decreased rapidly in rats given V. This effect of E was seen even after a 361 

3-month delay in onset of treatment, and the effect was lost in rats in which E was switched to V. These 362 
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results may relate to, or even be a basis for, hot flashes at menopause, which have been proposed to be 363 

triggered by a rapid resetting of the hypothalamic thermoneutral zone (Freedman RR, 2001).  364 

 365 

Our results indicate that in the presence of E, rats are able to make rapid adjustments to body 366 

temperature, whereas in the absence of estradiol, frequent excursions from the baseline result in a less 367 

rhythmic pattern. Wavelet analysis conducted in a subset of rats revealed an ultradian rhythm occurred 368 

in V treated, but not in E treated rats. This result contradicts an earlier wheel-running study using 369 

castrated male and female rats, with or without estradiol treatment, and found an ultradian rhythm in 370 

male, but not female rats (Wollnik F and Dohler KD, 1986). That same group conducted such work 371 

across the estrous cycle and found that females exhibited ultradian rhythms only on metestrus and 372 

diestrus, when E level is low (Wollnik F and Turek FW, 1988). This latter finding is interesting, because 373 

in the current study only the vehicle rats (low E) exhibited ultradian rhythms. The mechanism and 374 

function of this ultradian is an intriguing topic requires future investigation. 375 

 376 

4.4 Conclusions 377 

Our data indicate that E status has profound effects on circadian activity and the core body temperature 378 

rhythm in reproductively mature and aging female rats, but that this effect was not hindered by a delay 379 

in estradiol treatment, nor was it maintained when estradiol was removed. When translated to humans, a 380 

3-month period in a rat’s life is estimated to be ~5 years (Quinn R, 2005; Sengupta P, 2013). If these 381 

results extrapolate, they mean that several years’ delay in estradiol treatment in women may still prove 382 

beneficial. However, the results also imply that once estradiol is withdrawn, symptoms may recur. As a 383 

whole, the robust effects of estradiol treatment on body weight and biological rhythms of activity and 384 

temperature support the importance of this hormone as a viable pharmaceutical option for symptomatic 385 

women.  386 
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Figure Legends 387 

Figure 1. Experimental design to compare effects of age, and timing and duration of estradiol or vehicle 388 

treatment, on circadian parameters. OVX rats were recorded on a transmitter/receiver device for 10 days 389 

per month beginning at ~4 months of age (reproductively mature, MAT) or beginning at ~12 months of 390 

age (reproductive aging, AG). Groups received estradiol (E) or vehicle (V) for 3 or 6 months as 391 

indicated, with two of the AG groups switched from V to E or from E to V. 392 

 393 

Figure 2. Effects of age, and timing and duration of estradiol or vehicle treatment, on body weight and 394 

food consumption. (A) Body weight significantly increased in rats receiving V compared to E treatment 395 

over the 3-month (MAT) or 6-month (AG) post-OVX period. Groups were compared at each time point 396 

and those with similar levels are indicated as a, b, c etc. See Supplemental Table 1 for additional 397 

statistics, and Figure 1 for group abbreviations. 398 

 399 

Figure 3. Activity actograms of representative rats are shown for each treatment group. Each actogram 400 

was double-plotted for10 days/month for 3 (MAT) or 6 (AG) months. Locomotor activity is represented 401 

in 20 min bins. Both age and hormone treatment affected the consolidation of activity, which decreased 402 

in AG rats, and in V compared to E rats. 403 

 404 

Figure 4. Effects of age, and timing and duration of estradiol or vehicle treatment, on diurnal parameters 405 

of activity. (A) Activity mesor. (B) Activity robustness. (C) Activity amplitude. (D) Activity acrophase 406 

relative to dark onset. Groups were compared at each time point and those with similar levels are 407 

indicated as a, b, c etc. See Supplemental Table 2 for additional statistics, and Figure 1 for group 408 

abbreviations. 409 

 410 

Figure 5. Core temperature profile of representative rats are shown for each treatment group. 411 
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 412 
Figure 6. Effects of age, and timing and duration of estradiol or vehicle treatment, on diurnal parameters 413 

of temperature. (A) Temperature mesor. (B) Temperature robustness. (C) Temperature amplitude. (D) 414 

Temperature acrophase relative to dark onset. Groups were compared at each time point and those with 415 

similar levels are indicated as a, b, c etc. See Supplemental Table 3 for additional statistics, and Figure 1 416 

for group abbreviations. 417 

 418 
Figure 7. Representative examples of core body temperature in two 11 months old OVX females that 419 

received a vehicle (left) or an estradiol (right) capsule are shown. (A, B): 6 days of continuous recording 420 

of core temperature are shown with the light:dark cycle indicated above the recording. The vehicle rat 421 

(A) had large-amplitude excursions from the curve; the E rat (B) had much smoother temperature 422 

fluctuations with clear peaks at lights-off. To analyze these time series, a Fourier transformation was 423 

conducted to generate periodograms. In the vehicle (C) and E (D) rats, there was a defined peak at 24 424 

hours (indicated as 1 day on the x-axis); the vehicle rat also had several smaller peaks with a period of 425 

0.15-0.25 (3.6-6 hrs). This ultradian rhythm is also visualized by wavelet analysis, which shows the 426 

period plotted on the y-axis and time (days) on the x-axis for the vehicle (E) and E (F) rat. Both rats had 427 

a clear 24-hour circadian peak (large red bar at y=1.0, albeit larger for the estradiol animal), but the 428 

vehicle rat also had an ultradian rhythm during light-off across the time series between 0.125-0.25. 429 



 19

Bibliography 430 
 431 
1. Albers HE, Gerall AA, Axelson JF. Effect of reproductive state on circadian periodicity in the 432 

rat. Physiol Behav 1981;26:21-5. 433 
2. Baber RJ, Panay N, Fenton A. 2016 IMS Recommendations on women's midlife health and 434 

menopause hormone therapy. Climacteric 2016;19:109-50. 435 
3. Baxter MG, Santistevan AC, Bliss-Moreau E, Morrison JH. Timing of cyclic estradiol treatment 436 

differentially affects cognition in aged female rhesus monkeys. Behavioral Neuroscience 437 
2018;132:213-223. 438 

4. Blattner MS, Mahoney MM. Estrogen receptor 1 modulates circadian rhythms in adult female 439 
mice. Chronobiol Int 2014;31:637-44. 440 

5. Borniger JC, Maurya SK, Periasamy M, Nelson RJ. Acute dim light at night increases body 441 
mass, alters metabolism, and shifts core body temperature circadian rhythms. Chronobiol Int 442 
2014;31:917-25. 443 

6. Chakraborty TR, Hof PR, Ng L, Gore AC. Stereologic analysis of estrogen receptor alpha (ER 444 
alpha) expression in rat hypothalamus and its regulation by aging and estrogen. Journal of 445 
Comparative Neurology 2003;466:409-21. 446 

7. Chung WCJ, Pak TR, Suzuki S, Pouliot WA, Andersen ME, Handa RJ. Detection and 447 
localization of an estrogen receptor beta splice variant protein (ERβ2) in the adult female rat 448 
forebrain and midbrain regions. Journal of Comparative Neurology 2007;505:249-267. 449 

8. Davidson AJ, Yamazaki S, Arble DM, Menaker M, Block GD. Resetting of central and 450 
peripheral circadian oscillators in aged rats. Neurobiol Aging 2008;29:471-7. 451 

9. Dominguez LJ, Barbagallo M. The biology of the metabolic syndrome and aging. Curr Opin Clin 452 
Nutr Metab Care 2016;19:5-11. 453 

10. Duncan MJ, Prochot JR, Cook DH, Tyler Smith J, Franklin KM. Influence of aging on Bmal1 454 
and Per2 expression in extra-SCN oscillators in hamster brain. Brain Res 2013;1491:44-53. 455 

11. Eghlidi DH, Urbanski HF. Effects of Age and Estradiol on Gene Expression in the Rhesus 456 
Macaque Hypothalamus. Neuroendocrinology 2015;101:236-45. 457 

12. Elias CF, Kelly JF, Lee CE, Ahima RS, Drucker DJ, Saper CB, Elmquist JK. Chemical 458 
characterization of leptin-activated neurons in the rat brain. Journal of Comparative Neurology 459 
2000;423:261-81. 460 

13. Fonken LK, Workman JL, Walton JC, Weil ZM, Morris JS, Haim A, Nelson RJ. Light at night 461 
increases body mass by shifting the time of food intake. Proc Natl Acad Sci U S A 462 
2010;107:18664-9. 463 

14. Freedman RR. Physiology of hot flashes. Am J Human Biol 2001;13:453-464. 464 
15. Freedman RR, Norton D, Woodward S, Cornelissen G. Core body temperature and circadian 465 

rhythm of hot flashes in menopausal women. J Clin Endocrinol Metab 1995;80:2354-8. 466 
16. Frishman GN. The hot flash: pathophysiology and treatment. RI Med 1995;78:132-134. 467 
17. Garcia AN, Bezner K, Depena C, Yin W, Gore AC. The effects of long-term estradiol treatment 468 

on social behavior and gene expression in adult female rats. Horm Behav 2017a;87:145-154. 469 
18. Garcia AN, Depena C, Bezner K, Yin W, Gore AC. The timing and duration of estradiol 470 

treatment in a rat model of the perimenopause: Influences on social behavior and the 471 
neuromolecular phenotype. Horm Behav 2017b;97:75-84. 472 

19. Garcia AN, Depena CK, Yin W, Gore AC. Testing the critical window of estradiol replacement 473 
on gene expression of vasopressin, oxytocin, and their receptors, in the hypothalamus of aging 474 
female rats. Mol Cell Endocrinol 2016;419:102-12. 475 

20. Gibbs RB. Effects of gonadal hormone replacment on measures of basal forebrain cholinergic 476 
function. Neuroscience 2000;101:931-938. 477 



 20

21. Gibson EM, Williams WP, 3rd, Kriegsfeld LJ. Aging in the circadian system: considerations for 478 
health, disease prevention and longevity. Exp Gerontol 2009;44:51-6. 479 

22. Gore AC, Yeung G, Morrison JH, Oung T. Neuroendocrine aging in the female rat: The 480 
changing relationship of hypothalamic gonadotropin-releasing hormone neurons and N-methyl-481 
D-aspartate receptors. Endocrinology 2000;141:4757-4767. 482 

23. Gundlah C, Kohama SG, Mirkes SJ, Garyfallou VT, Urbanski HF, Bethea CL. Distribution of 483 
estrogen receptor beta (ERb) mRNA in hypothalamus, midbrain and temporal lobe of spayed 484 
macaque: continued expression with hormone replacement. Molecular Brain Research 485 
2000;76:191-204. 486 

24. Kim JK, Alley D, Hu P, Karlamangla A, Seeman T, Crimmins EM. Changes in postmenopausal 487 
hormone therapy use since 1988. Womens Health Issues 2007;17:338-41. 488 

25. Krajnak K, Kashon ML, Rosewell KL, Wise PM. Aging alters the rhythmic expression of 489 
vasoactive intestinal polypeptide mRNA but not arginine vasopressin mRNA in the 490 
suprachiasmatic nuclei of female rats. Journal of Neuroscience 1998;18:4767-4774. 491 

26. Kruijver FP, Swaab DF. Sex hormone receptors are present in the human suprachiasmatic 492 
nucleus. Neuroendocrinology 2002;75:296-305. 493 

27. Landau IT, Zucker I. Estrogenic regulation of body weight in the female rat. Horm Behav 494 
1976;7:29-39. 495 

28. Mattis J, Sehgal A. Circadian Rhythms, Sleep, and Disorders of Aging. Trends Endocrinol 496 
Metab 2016;27:192-203. 497 

29. Mauvais-Jarvis F, Clegg DJ, Hevener AL. The role of estrogens in control of energy balance and 498 
glucose homeostasis. Endocr Rev 2013;34:309-38. 499 

30. Mittelman-Smith MA, Krajewski-Hall SJ, McMullen NT, Rance NE. Neurokinin 3 Receptor-500 
Expressing Neurons in the Median Preoptic Nucleus Modulate Heat-Dissipation Effectors in the 501 
Female Rat. Endocrinology 2015;156:2552-62. 502 

31. Morin LP, Fitzgerald KM, Zucker I. Estradiol shortens the period of hamster circadian rhythms. 503 
Science 1977;196:305-7. 504 

32. Naugle MM, Nguyen LT, Merceron TK, Filardo E, Janssen WG, Morrison JH, Rapp PR, Gore 505 
AC. G-protein coupled estrogen receptor, estrogen receptor alpha, and progesterone receptor 506 
immunohistochemistry in the hypothalamus of aging female rhesus macaques given long-term 507 
estradiol treatment. Journal of Experimental Zoology. Part A 2014;321:399-414. 508 

33. Ogawa S, Chan J, Gustafsson J-Ak, Korach KS, Pfaff DW. Estrogen Increases Locomotor 509 
Activity in Mice through Estrogen Receptor α: Specificity for the Type of Activity. 510 
Endocrinology 2003;144:230-239. 511 

34. Oster H, Baeriswyl S, Van Der Horst GT, Albrecht U. Loss of circadian rhythmicity in aging 512 
mPer1-/-mCry2-/- mutant mice. Genes Dev 2003;17:1366-79. 513 

35. Poehlman ET, Toth MJ, Gardner AW. Changes in energy balance and body composition at 514 
menopause: a controlled longitudinal study. Ann Intern Med 1995;123:673-5. 515 

36. Purnell JQ, Urbanski HF, Kievit P, Roberts CT, Bethea CL. Estradiol Replacement Timing and 516 
Obesogenic Diet Effects on Body Composition and Metabolism in Postmenopausal Macaques. 517 
Endocrinology 2019;160:899-914. 518 

37. Quinn R. Comparing rat's to human's age: how old is my rat in people years? Nutrition 519 
2005;21:775-7. 520 

38. Refinetti R, Lissen GC, Halberg F. Procedures for numerical analysis of circadian rhythms. Biol 521 
Rhythm Res 2007;38:275-325. 522 

39. Reppert SM, Weaver DR. Coordination of circadian timing in mammals. Nature 2002;418:935-523 
41. 524 

40. Schwartz WJ, Reppert S, Eagan SM, Moore-Ede MC. In vivo metabolic activity of the 525 
suprachiasmatic nuclei: A comparative study. Brain Res 1983;274:184-187. 526 



 21

41. Sengupta P. The laboratory rat: relating its age with human's. Int J Prev Med 2013;4:624-630. 527 
42. Stuenkel CA, Davis SR, Gompel A, Lumsden MA, Murad MH, Pinkerton JV, Santen RJ. 528 

Treatment of Symptoms of the Menopause: An Endocrine Society Clinical Practice Guideline. J 529 
Clin Endocrinol Metab 2015;100:3975-4011. 530 

43. Sutin EL, Dement WC, Heller HC, Kilduff TS. Light-induced gene expression in the 531 
suprachiasmatic nucleus of young and aging rats. Neurobiol Aging 1993;14:441-446. 532 

44. Toth MJ, Tchernof A, Sites CK, Poehlman ET. Menopause-related changes in body fat 533 
distribution. Ann N Y Acad Sci 2000;904:502-6. 534 

45. Vida B, Hrabovszky E, Kalamatianos T, Coen CW, Liposits Z, Kallo I. Oestrogen receptor alpha 535 
and beta immunoreactive cells in the suprachiasmatic nucleus of mice: distribution, sex 536 
differences and regulation by gonadal hormones. J Neuroendocrinol 2008;20:1270-7. 537 

46. Wang Q, Liu C, Uchida A, Chuang JC, Walker A, Liu T, Osborne-Lawrence S, Mason BL, 538 
Mosher C, Berglund ED, Elmquist JK, Zigman JM. Arcuate AgRP neurons mediate orexigenic 539 
and glucoregulatory actions of ghrelin. Molecular Metabolism 2014;3:64-72. 540 

47. Whealin JM, Burwell RD, Gallagher M. The effects of aging on diurnal water intake and 541 
melatonin binding in the suprachiasmatic nucleus. Neurosci Lett 1993;154:149-152. 542 

48. Wise PM, Cohen IR, Weiland NG, London ED. Aging alters the circadian rhythm of glucose 543 
utilization in the suprachiasmatic nucleus. Proc Natl Acad Sci USA 1988;85:5305-5309. 544 

49. Wollnik F, Dohler KD. Effects of adult or perinatal hormonal environment on ultradian rhythms 545 
in locomotor activity of laboratory LEW/Ztm rats. Physiol Behav 1986;38:229-40. 546 

50. Wollnik F, Turek FW. Estrous correlated modulations of circadian and ultradian wheel-running 547 
activity rhythms in LEW/Ztm rats. Physiol Behav 1988;43:389-96. 548 

51. Wyse CA, Coogan AN. Impact of aging on diurnal expression patterns of CLOCK and BMAL1 549 
in the mouse brain. Brain Res 2010;1337:21-31. 550 

52. Yin W, Maguire SM, Pham B, Garcia AN, Dang NV, Liang J, Wolfe A, Hofmann HA, Gore AC. 551 
Testing the Critical Window Hypothesis of Timing and Duration of Estradiol Treatment on 552 
Hypothalamic Gene Networks in Reproductively Mature and Aging Female Rats. Endocrinology 553 
2015a;156:2918-33. 554 

53. Yin W, Mendenhall JM, Monita M, Gore AC. Three-dimensional properties of GnRH 555 
neuroterminals in the median eminence of young and old rats. Journal of Comparative Neurology 556 
2009;517:284-95. 557 

54. Yin W, Sun Z, Mendenhall JM, Walker DM, Riha PD, Bezner KS, Gore AC. Expression of 558 
Vesicular Glutamate Transporter 2 (vGluT2) on Large Dense-Core Vesicles within GnRH 559 
Neuroterminals of Aging Female Rats. PLoS One 2015b;10:e0129633. 560 

55. Yoo SH, Ko CH, Lowrey PL, Buhr ED, Song EJ, Chang S, Yoo OJ, Yamazaki S, Lee C, 561 
Takahashi JS. A noncanonical E-box enhancer drives mouse Period2 circadian oscillations in 562 
vivo. Proc Natl Acad Sci U S A 2005;102:2608-13. 563 

56. Zhang Y, Kornhauser JM, Zee PC, Mayo KE, Takahashi JS, Turek FW. Effects of aging on 564 
light-induced phase-shifting of circadian behavioral rhythms, fos expression and CREB 565 
phosphorylation in the hamster suprachiasmatic nucleus. Neuroscience 1996;70:951-961. 566 

 567 



OVX, capsule & E-mitter implantation 

1 2 3 4 5 6

Months relative to OVX

1) MAT-V3 (n = 12)

2) MAT-E3 (n = 13)

3) AG-V6 (n = 15)

5) AG-E3/V3 (n = 12)

6) AG-V3/E3 (n = 14)

4) AG-E6 (n = 13)

E-mitter recording 10 days/month

Capsule re-implantation

Vehicle (V)

Estradiol (E)

Figure 1



250

300

350

400

450

B
o

d
y
 w

e
ig

h
t 
(g

)

A. Body weight

1 2 3 4 5 6
Months relative to OVX

OVX Continue or switch treatment

a a
a a

b

b

bb

b,c

b

c
c

d

b,c

d

c

b
a a a

b

b

b

c

c

a a a

10

15

20

25

1 2 3 4 5 6

F
o

o
d

 i
n

ta
k
e

 /
 d

a
y
 (

g
)

B. Food consumption

Months relative to OVX

OVX Continue or switch treatment

a

a
a a

b

b

a

b

b

c

a

a
a

b

a

b

a,b

AG−E3/V3AG−V6MAT−V3

AG−E6 AG−V3/E3MAT−E3

Pre-OVX Pre-OVX

Figure 2



MAT-V3

MAT-E3

AG-V6

AG-E6

AG-V3/E3

AG-E3/V3

Post-OVX recording months

1 2 3 4 5 6

Continue V

1

5

10

1

5

10

1

5

10

1

5

10

1

5

10

1

5

10

Continue E

Switch E to V

Switch V to E

 on  off  on
Lights

 off
R

e
c
o

rd
in

g
 d

a
y
s

Capsule re-implantation



20

30

40

50
A

c
ti
v
it
y
 c

o
u

n
ts

 i
n

 5
 m

in
s
 b

in

A. Activity mesor

1 2 3 4 5 6

OVX Continue or switch treatment

a

a,b

a,b,c

c

b,c

a

a

a,b

b
b

a,b

a

a

a a a

a,b

a,b

b
bb

a,b
a,b

2

3

4

5

6

H
o

u
rs

 a
ft
e

r 
lig

h
ts

 o
ff

0

10

20

30

A
m

p
lit

u
d

e

Months relative to OVX
1 2 3 4 5 6

0

5

10

15

20

R
o

b
u

s
tn

e
s
s
 (

%
)

AG−E3/V3

AG−E6 AG−V3/E3

AG−V6MAT−V3

MAT−E3

B. Activity robustness

C. Activity amplitude D. Activity acrophase

1 2 3 4 5 6

1 2 3 4 5 6

a

a,b

c
d

a,b

b,c
b,c

a a a a a

a,b a,b a,b

a,b,c

b,c

a,b

c,d
b,c

c

c

b,c
b,c b
c

c

c bb,c

a,b

a

a a a
a a

a,b

b,c

cc

b,c

a,ba,b

b

c

a,b

b,c

a,b

a
a

a

a,b

b
b

a,b

b

a,b

a

a

a

a

OVX Continue or switch treatment

OVX Continue or switch treatment OVX Continue or switch treatment

Figure 4





37.0

37.2

37.4

37.6

37.8
T
e

m
p

e
ra

tu
re

 (
C

e
ls

iu
s
)

A. Temperature mesor

1 2 3 4 5 6

a

a,b

a,b

b

b

b

a,b

a
a a

a a

a,b

bb

a,b

b

a,b

a,b

b

a,b

30

40

50

60

40

50

60

2

3

4

5

6

Months relative to OVX

AG−E3/V3

AG−E6 AG−V3/E3

AG−V6MAT−V3

MAT−E3

B. Temperature robustness

C. Temperature amplitude D. Temperature acrophase

1 2 3 4 5 6 1 2 3 4 5 6

1 2 3 4 5 6

a

a

a,b

b,c

c

a,b
a,b

a a a

a,b

a

a

b
b

b

b
b

b,c

c

c

a

a

a

a

a,b

a,b,c

b,c,d

c,d
d

b

a,b

a,b

b

a,b

a

a

a,b

b,c

c

b

b

a

a

a

a,b

a,b,c
b,c

c

a
a a

a

a
a,b

a,b

b

b

a

aa,b

a,b,c

b,c

c

a,b

a,b

b
H

o
u

rs
 a

ft
e

r 
lig

h
ts

 o
ff

A
m

p
lit

u
d

e

R
o

b
u

s
tn

e
s
s
 (

%
)

Figure 6

OVX Continue or switch treatment OVX Continue or switch treatment

OVX Continue or switch treatment OVX Continue or switch treatment



0 31 2 4 5

Time (Days)

A B

E F

1

0.5

0.25

0.125

0.0625

1

0.5

0.25

0.125

0.0625

0 21 3 4 5

Days

T
e

m
p

e
ra

tu
re

 (
C

e
ls

iu
s
)

38.0

37.0 37.0

38.0

Vehicle Estradiol
P

e
ri
o

d
 (

D
a

y
s
)

0.01 0.02 0.05 0.10 0.20 0.50 1.00 2.00 5.00 0.01 0.02 0.05 0.10 0.20 0.50 1.00 2.00 5.00

0 21 3 4 5

Days

C D

N
o

rm
a

liz
e

d
 p

o
w

e
r

200

150

100

50

0

0 31 2 4 5

Time (Days)

Period (Day) Period (Day)

Figure 7

200

150

100

50

0



Highlights 

 

• Biological rhythms of activity and temperature decline with aging 

• Estradiol replacement mitigates the age-related dampening of rhythms 

• Timing/duration of estradiol treatment are not major factors in regulation of rhythms 

• Responsiveness to estradiol therapy is retained even after a 3-month delay 
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