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Noninvasive Monitoring of Blood Pressure 
and Heart Rate during Estrous Cycle Phases in 

Normotensive Wistar–Kyoto and Spontaneously 
Hypertensive Female Rats

Gabriela X Ayala-Méndez,1,* Vladimir M Calderón,2 Tania A Zuñiga-Pimentel,1 and 
Claudia V Rivera-Cerecedo1

Since 2015, the National Institutes of Health has called for its funded preclinical research to include both male and female 
subjects. However, much of the basic animal research that has studied heart rate and blood pressure in the past has used male 
rats. Male rats have been preferred for these studies to avoid the possible complicating effects of the female estrous cycle. 
The aim of the current study was to determine whether blood pressure and heart rates vary as a function of the estrous cycle 
phase of young normotensive Wistar–Kyoto (WKY) and Spontaneously Hypertensive (SHR) female rats. Blood pressure and 
heart rate were measured at the same time of day throughout the estrous cycle by using a noninvasive tail cuff sphygmomano-
metric technique. As expected, 16-wk-old female SHR rats had higher blood pressure and heart rates than did age-matched 
female WKY rats. However, no significant differences in mean, systolic, or diastolic arterial blood pressure or heart rate were 
detected across the different stages of the estrous cycle in either strain of female rats. Consistent with previous reports, heart 
rates were higher and showed less variation in the hypertensive SHR female rats as compared with the normotensive WKY 
female rats. These results indicate that studies measuring blood pressure and heart rate can include young female SHR and 
WKY rats with no effect of estrous cycle stage.

Abbreviations: CV, coefficient of variation; BP, blood pressure; DBP, diastolic blood pressure; HR, heart rate; MBP, mean blood 
pressure; SBP, systolic blood pressure; SHR, spontaneously hypertensive rats; SHRSP, stroke-prone spontaneously hypertensive 
rats; WKY, Wistar–Kyoto
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Introduction
One of the most important human health problems studied 

in medicine is arterial hypertension. High blood pressure (BP) 
is a highly prevalent disease that affected around 1.13 billion48 
people worldwide in 2015; of these, 24% were adult men and 
20% were adult women. Men have higher BP than do premeno-
pausal age-matched women,19 and many studies have found 
a relationship between sex hormones and BP, as reviewed in 
reference 37. Estrogen is thought to protect premenopausal 
women from high BP by causing vasodilation via nitric oxide 
endothelial production and inhibiting the sympathetic and 
renin–angiotensin–aldosterone (RAAS) systems.43 In contrast, 
testosterone is implicated in increasing the incidence of hyper-
tension in men and postmenopausal women;38 elevated BP in 
postmenopausal women could also be related to a proportional 
increase of plasma testosterone levels relative to the lower level 
of plasma estrogens.41,49

Spontaneously Hypertensive Rats (SHR) and the normo-
tensive control strain, Wistar–Kyoto (WKY) rats, have long 

been used to study the effects of high BP on target organs and 
to test potential antihypertensive pharmacologic agents.23,34 
Recent preclinical research on antihypertensive treatments 
has been conducted using only male hypertensive SHR rats 
due to concerns regarding possible confounders associ-
ated with the estrous cycle in female SHR rats.7,11,22,35,36,39 
However, early research on BP and heart rate (HR) was 
conducted using female SHR rats without consideration of 
their estrous cycle3,24,47.

Disregarding sex as a biologic variable can affect the rigor 
and reproducibility of experimental results and lead to incor-
rect generalizations. Therefore, NIH has called for the balanced 
use of female and male animals in the design, analysis and 
reporting of preclinical studies.5,30 In response to NIH notice 
NOT-OD-15-102,32 we studied whether the female estrous cycle 
is relevant to the experimental design and analysis of hyper-
tension in preclinical studies. For this reason, we measured BP 
and HR throughout the estrous cycle in nonanesthetized 16- to 
19-wk-old, hypertensive SHR and control WKY female rats. 
After age 15 wk, female SHR rats have fully developed and 
sustained hypertension,4,17 and rats at this age and older are 
appropriate for preclinical studies. Furthermore, we used a 
noninvasive tail-cuff and sphygmomanometric measurement 
method that is appropriate for use in nonanesthetized rats and 
has been widely used in preclinical studies of hypertensive 
treatments.
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Materials and Methods
Animals. The present study used 10 SHR and 9 Wistar–Kyoto 

female rats (Rattus norvegicus; age, 16 wk; weight: SHR, 199 ± 3 g; 
WKY, 220 ± 4 g). Parental SHR (SHR/NCrl) and WKY (WKY/
NCrl) rats were obtained from Charles River (Kingston, NY). 
The endoparasite-free status of both parents and progeny was 
checked regularly using fecal flotation testing. SHR and WKY 
rats were full-sibling inbred and housed in our animal facility, 
which is accredited by Mexico’s Secretariat of Agriculture and 
Rural Development (SADER–SENASICA). High-level hus-
bandry was provided: breeding rooms operated under positive 
pressure and HEPA-filtered air supply and had an anteroom 
for donning and removing disposable PPE; conventional hous-
ing rooms had air showers (bioBUBBLE, Fort Collins, CO) at 
entry points, and PPE was required for personnel to enter. Rats 
used in this study were obtained from 4 different litters from 
different mothers and were identified by ear tags. Rats were 
transferred to the housing rooms when they were 11 wk old and 
were kept in groups of 3 or 4 rats in static cages without filter 
tops (48 × 37.5 × 21 cm). Cages contained autoclaved bedding 
(7090 Teklad Sani-chips, Envigo, Indianapolis, IN) and sterile 
cardboard tunnels for environmental enrichment. Cages were 
cleaned twice weekly, and fresh sterile bedding and cardboard 
tunnels were added. Housing room conditions were 22 ± 2 °C, 
50% to 70% humidity, a 12:12-h light:dark cycle (lights on, 0600 
to 1800), and 15 to 20 air changes hourly. Rats had ad libitum 
access to ozonated water and chow (5001, Lab Diet, St Louis, 
MO). All procedures conformed to current Mexican law for 
the care and use of animals in research33 (NOM-062-Z00–1999) 
and were approved by our IACUC (protocol no. CRC-57- 14), 
in accordance with the international Guide for the Care and Use 
of Laboratory Animals.18

Estrous cycle determination.  Estrous cycle stages were de-
termined based on vaginal cytology. Vaginal epithelium was 
obtained daily from all rats between 0900 and 1100 by using 
a cotton swab wetted with 0.9% saline. Swab material was 
transferred to a glass slide, stained with 0.1% crystal violet 
and evaluated using conventional microscopy with 10× and 
40× objective lenses. Estrous stages were identified as follows: 
proestrus, nucleated cells; estrus, anucleated cornified cells; 
metestrus, leukocytes, cornified, and nucleated epithelial 
cells in similar proportions; and diestrus, predominance of 
leukocytes.27 Estrous cycle determination started when female 
rats were 13 wk old, and only female rats that had exhibited 
2 consecutive 4- to 5-d estrous cycles were used in the study. 
Rats were handled by the same 2 persons during estrous cycle 
determination and BP measurements.

BP measurements. BP measurement began when the rats were 
16 wk old. After estrous phase determination, they underwent 
BP and HR determination that was performed using a noninva-
sive tail-cuff sphygmomanometric technique (LE 5002, Panlab 
Harvard Apparatus, Holliston, MA). Rats were habituated to 
staying in an acrylic rat restrainer for 15 min, with the cuff and 
transducer placed on their tails, for 4 days before the measure-
ments started. During this habituation process we performed 
1 or 2 BP measurements to accustom the rats to the noise of 
the equipment and the pressure applied by the tail cuff. The 
room was kept free of environmental noises, other than those 
produced by the measurement equipment. The same 2 female 
personnel always handled the rats for habituation and BP 
measurements. These activities were performed between 1100 
and 1300, after body weight and estrous cycle stage had been 
determined. Rats were prepared for BP and HR measurements 
by warming them for 10 min using a 38 °C heating pad under 

their polycarbonate cages, as described previously.22,24,26 Imme-
diately afterward, the rats were introduced into the acrylic rat 
restrainer that had an adjustable nose piece. Rats in restrainers 
were placed on a 30 °C heating pad. The pressure cuff and pulse 
transducer were positioned over the end of the tail, and rats were 
allowed to stabilize for 5 min before we measured their BP and 
HR. Acclimation to handling and the vasodilation produced by 
the elevated body temperature helped the rats to remain calm in 
the restrainers, allowing reliable measurements. Furthermore, 
keeping rats’ body temperature above 25 °C increases blood 
circulation in the tail; therefore, measuring BP and HR at 30 °C 
facilitated detection of tail artery pulsations.14,26 HR was moni-
tored, and measurements were obtained automatically. Systolic 
BP (SBP), diastolic BP (DBP), and calculated mean BP (MBP) 
were presented for visualization in real time. Four readings of 
SBP and DBP were measured on each day of the estrous cycle, 
and MBP values were calculated for each reading. One com-
plete estrous cycle was measured each week for 4 consecutive 
weeks, and the daily mean and standard error data were used 
to prepare time-course plots.

Statistical analysis. Four consecutive measures of SBP, DBP, 
MBP, and HR, which were obtained during 4 estrous cycles 
from each of the 10 SHR and 9 WKY rats, were averaged for 
analysis. The effects of estrous stage were analyzed by using the 
nonparametric Friedman test to compare SBP, DBP, MBP and HR 
mean values that corresponded to the 4 recorded estrous cycles 
of both strains of rats. A P value of less than 0.05 was defined 
as significant. Data from individual rats are displayed by using 
box plots, which show the average values in percentiles. We also 
determined the coefficient of variation (CV) by dividing the 
standard deviation by the mean for all measures from each rat, 
thus evaluating data variability during the 4 estrous cycles. The 
Mann–Whitney U test was used to compare WKY and SHR rats, 
with a P value of less than 0.001 defined as significant. Functions 
Friedman and Ranksum of the Statistics and Machine Learning 
Toolbox of MATLAB (The MathWorks, Natick, MA) were used 
for statistical analysis.

Results
To determine whether the estrous cycle affects BP and HR 

in young female SHR and WKY rats, we measured SBP, DBP, 
MBP, and HR during 4 consecutive estrous cycles within the 
ages of 16 and 19 weeks and generated time-course plots for 
BP (Figure 1) and HR (Figure 2). As expected, female SHR rats 
had consistently higher BP and HR than did female WKY rats, 
indicating that hypertension had developed fully in the SHR 
rats. Our time course plots show that neither BP nor HR in 
either SHR or WKY rats showed a periodic pattern related to 
the stage of the estrous cycle.

We next averaged the measurements obtained during 4 con-
secutive estrous cycles during weeks 16 through 19 to obtain 
a single BP and HR value for each stage of the estrous cycle 
in 10 SHR and 9 WKY female rats. The individual average BP 
and HR values obtained for each rat were portrayed in box 
plots (Figures 1 C and 2 B). The distribution of BP and HR data 
for the various stages of the estrous cycle had a high degree 
of overlap in most of the quartiles for both hypertensive SHR 
and normotensive WKY female rats. Consistent with the data 
distribution, Friedman tests found no statistical differences in BP 
or HR among the various stages of the estrous cycle of the SHR 
and WKY female rats (P > 0.05 in all cases, Table 1). Furthermore, 
population mean values for BP and HR during each phase of 
the estrous cycle for SHR and WKY female rats (Figure 1 C 
and 2 B) showed overlap between the standard errors for these 
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means, indicating that no significant difference existed between 
the population mean values (data not shown). In other words, 
neither BP nor HR data differed between various stages of the 
estrous cycles of normotensive WKY and hypertensive SHR rats.

HR data obtained from the normotensive WKY rats had a 
broader range distribution than the HR data for the hyperten-
sive SHR rats, based on the standard errors for the HR time 
course data (Figure 2 A). To analyze the variability of values 
obtained from the 2 strains, we calculated the average CV of 
the SBP, DBP, MBP, and HR measures (Figures 1 A and B and 
2 A) and prepared box plots from the data of each rat (Fig-
ure 3). Comparison of the BP average CV distribution of WKY 

and SHR rats shows strong overlap in most of the quartiles, 
whereas the HR average CV distribution of the 2 trains did 
not overlap (i.e., boxes containing half of the data are com-
pletely separate). Consistent with the visual inspection of the 
box plots (Figure 3), we found that BP average CV for SHR 
and WKY female rats are not significantly different (Table 2).  
In contrast to BP measurements, HR average CV differed  
(P < 0.001) between WKY and SHR female rats (Table  2). 
Overall, our analysis reveals larger variability in the HR 
values of female WKY rats compared with female SHR rats, 
whereas female rats of these 2 strains showed similar vari-
ability in their BP data.

Figure 1.  Blood pressure (BP) of female WKY and SHR rats. Time course of BP values in (A) WKY and (B) SHR female rats across the estrous 
cycle for 4 consecutive weeks (age, 16 through 19 wk). Lines connect the mean values obtained for all rats during each consecutive estrous 
phase; vertical lines indicate mean standard error. (C) Box plot representation of average BP values for individual female WKY and SHR rats 
throughout the estrous cycle. Plots show the distribution of mean values of 4 estrous cycles in percentiles: boxes represent the interquartile range 
between the 25th and 75th percentiles (second and third quartile), and whiskers indicate the minimum value of the 25th percentile (first quartile) 
and the 75th percentile and maximum value (fourth quartile). Filled circles indicate the average value for each rat in each estrous stage; open 
circles show population mean values for each estrous stage; crossed circles depict outliers; and horizontal lines within boxes indicate median 
values. Black, systolic BP; green, diastolic BP; red, mean BP; P, proestrus; E, estrus; M, metestrus; D, diestrus. Blood pressure values did not differ 
significantly between any estrous stages of either WKY or SHR rats (P > 0.05 in all cases [Friedman test, Table 1]).
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Discussion
The present study used 16- to 19-wk-old nonanesthetized 

female SHR and WKY rats and a noninvasive tail-cuff sphyg-
momanometric method to measure HR and BP. The data 
indicate that daytime SBP, DBP, MBP, and HR do not show a 
periodic pattern with respect to the stage of the estrous cycle 
(Figures 1 and 2). We found no statistically significant differ-
ences in daytime BP or HR data related to the phase of the 
estrous cycle in either strain (Figures 1 and 2, Table 1). Consist-
ent with our results, a previous study that measured MBP using 
carotid artery cannulation of anesthetized rats also found no 
significant differences throughout the estrous cycle of 16-wk-
old WKY and SHR rats.25 Similarly, another study24 found that 
BP values did not change with regard to the phase of the estrous 
cycle in nonanesthetized 6- to 15-wk-old SHR when measured 
using the noninvasive tail-cuff sphygmomanometric method. 
Furthermore, a study that used telemetry and noninvasive 
methods12 did not find significant estrous-dependent changes 
in SBP or DBP in 10- to 34-wk-old normotensive WKY rats. 
Taken together, these previous studies,12,24,25 and our current 
results suggest that the changes in physiological hormonal lev-
els that occur during the estrous cycle do not modify daytime 

Figure 2.  Heart rate (HR) values in female WKY and SHR rats. (A) Time course of HR values (mean ± SE) in female WKY (orange) and SHR 
(gray) rats during each phase of 4 consecutive estrous cycles across 4 consecutive weeks (age, 16 through 19 wk). (B) Box plot representation of 
the average HR values for individual female WKY and SHR rats during each phase of the estrous cycle. Filled circles indicate the average for 
each rat in each estrous stage; open circles show population mean values for each estrous stage; horizontal lines in the boxes indicate median 
values; P, proestrus; E, estrus; M, metestrus; D, diestrus. HR values were not significantly different between any estrous stages of either WKY or 
SHR female rats (P > 0.05 in all cases [Friedman test, Table 1]).

Table 1.  Results of Friedman tests after multiple comparison of 
blood pressure (BP) and heart rate values obtained during various 
stages of the estrous cycle in individual WKY and SHR female rats

WKY SHR
Systolic BP F3,35 = 1.52, P = 0.68 F3,39 = 3.72, P = 0.29
Diastolic BP F3,35 = 3.53, P = 0.32 F3,39 = 1.44, P = 0.70
Mean BP F3,35 = 2.20, P = 0.53 F3,39 = 0.12, P = 0.99
Heart rate F3,35 = 3.00, P = 0.39 F3,39 = 1.08, P = 0.78

No statistically significant estrous-dependent differences (P < 0.05) 
were identified, and no posthoc analysis was applied.

Figure 3.  Coefficients of variation (CV) for blood pressure (BP) and 
heart rate (HR) in female WKY and SHR rats. Filled circles represent 
average CV values for systolic BP (black), diastolic BP (green), mean 
BP (red), and HR (orange, WKY; gray, SHR) for individual rats; open 
circles show population means; and crossed circles depict outliers. The 
average CV for HR differed significantly (‡, P < 0.001 [Mann–Whitney 
U test, Table 2]) between WKY and SHR female rats.

Table 2.  Results of Mann–Whitney U tests comparing the average 
coefficients of variation between WKY and SHR female rats

Statistics
Systolic blood pressure U9,10 = 86, P = 0.78
Diastolic blood pressure U9,10 = 99, P = 0.50
Mean blood pressure U9,10 = 100, P = 0.45
Heart ratea U9,10 = 132, P = 0.0002

aP < 0.001 between values for WKY and SHR female rats
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BP or HR in SHR or WKY rats. These data indicate that daytime 
BP and HR data of female normotensive WKY and hypertensive 
SHR rats can be averaged as a group without consideration of 
the estrous cycle stage.

Although reported BP values are not different between nor-
motensive WKY male and female rats, BP is higher in male SHR 
and stroke-prone spontaneously hypertensive rats (SHRSP) 
as compared with females of those strains.8,13,28 These results 
suggest a protective role for female gonadal hormones against 
the development of more severe hypertension in female SHR 
rats.42,46 Furthermore, previous reports have shown that estro-
gens generate a rapid vasodilatory effect, presumably attained 
through the production and release of nitric oxide from the 
endothelium.2,29 These studies suggest that the acute vasodila-
tory effect mediated by estrogens could produce variations in 
BP parameters. In this regard, one study44 reported small vari-
ations in MBP and HR based on estrous and circadian phases 
in normotensive female Wistar–Imamichi rats, as measured by 
telemetry. The differences were most prominent on the night of 
proestrus. The author44 concluded that, these changes, although 
minimal, could be due to the different concentrations of estro-
gens present at the various stages of the estrous cycle. However, 
daytime BP measurements throughout the estrous cycle,12,24,25 
including our own values for SHR and WKY female rats, do 
not support that conclusion.44 We and others12,24,25 have found 
that daytime BP values do not vary significantly across different 
phases of the estrous cycle, thus undermining the hypothesis 
of acute estrogen-mediated release of nitric oxide as the main 
mechanism that regulates BP during the rat estrous cycle.12 
However, we cannot rule out the possibility of a significant effect 
during the evening of proestrus, because we did not measure 
BP during the circadian dark phase.

HR is reportedly higher and has a lower CV in hypertensive 
male SHR and SHRSP rats as compared with normotensive 
male WKY rats.8,20,40,45 In our study, female SHR rats had higher 
HR (Figure 2 A and 2 B) and a significantly lower CV for HR 
(Figure 3 and Table 2) than did female WKY rats. Our results for 
female HR agree with previous studies of HR in normotensive 
WKY and hypertensive SHR and SHRSP female rats.1,3,8–10,47 
However, in contrast to our current results, one study found 
that daytime HR was considerably higher in WKY females than 
in SHR females.28 These differences between that study and 
ours might be related to differences in the age of the rats (6 mo 
compared with 4 mo in our study), the source of the rats, and 
the HR measurement method used (telemetry compared with 
noninvasive tail-cuff sphygmomanometry). The higher HR and 
lower variation found in hypertensive male and female SHR rats 
might reflect a deficit in the vagal baroreceptor reflex,6,15,16,21,31 
acting in combination with the cardiac hypertrophy that also 
develops in these rats.1,16

In summary, our study shows that when measured around 
noon, SBP, DBP, MBP, and HR values are stable throughout the 
estrous cycle of young female hypertensive SHR and normo-
tensive WKY rats. These results suggest that changes in the 
physiologic concentrations of estradiol generated during the 
estrous cycle do not influence BP or HR in either of these strains, 
as assessed by noninvasive tail-cuff sphygmomanometric BP 
monitoring during the light phase. Our data lead us to conclude 
that future research using SHR and WKY strains can average 
values for BP and HR measured in nonanesthetized female rats 
during the light phase, regardless of the estrous phase.
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