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ABSTRACT—Gender-oriented studies in shock, trauma, and/or sepsis require accurate monitoring of hormonal fluctuations
as estrogens may influence various end points. Yet, monitoring is challenging in small laboratory animals: e.g., despite its
subjectivity, vaginal smears are the major method for determination of estrus cycle phases in mice. Using female mice of
different age, we aimed to (a) characterize general age-related changes in systemic estrogens and (b) examine the utility
of determination of the estrus cycle by vaginal smears and/or impedance simultaneously comparing them with oscillation
of systemic estrogens. In this study, 3-, 15-, and 20-month-old mice underwent vaginal smear and impedance examination
each morning for 22 days. Ten hours after each morning checkup, feces were collected, and a second vaginal smear
performed. Blood was collected on days 15 and 22. In 3-month-old females, estrus (by smears) was three times more
frequent than in older mice, but mean concentrations of plasma and fecal estrogens never decreased with age. Collectively
(not individually) plotted fecal estrogens values increased in the proestrus/estrus interphase (by smears) in 3-month-old
mice only. Impedance typically peaked (4.5 4 in 3-month-old mice) in the estrus phase, and only the prediction of estrus
(highest area under the curve = 0.87 in 3-month-old) but not of other phases was possible. Regardless of age, individual
cycle phase (by smears) never correlated with corresponding fecal estrogens, and estrus could not be predicted. In con-
clusion, while the fecal estrogens oscillation and frequency of estrus phase were affected by age, the systemic hormone
release persisted. In mice, vaginal cytology did not reflect changes of systemic (fecal) estrogens, whereas impedance
accurately identified estrus. The flaws and advantages of the examined monitoring methods should be considered in the
design of future shock studies.
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Dissecting the role of gender in clinical sciences is of major

importance because both male and female sex steroids have

been shown to modulate various disease states and/or re-

sponses to treatment strategies (1, 2). Gender differences are

especially pronounced in diseases with inflammatory back-

ground. For example, women have been found to display a

higher prevalence of developing autoimmune disorders (3)

such as rheumatoid arthritis (4), multiple sclerosis, and lupus

erythematosus compared with their male counterparts (5, 6).

Application of estrogens as therapeutics has shown promising

results in some colonic cancers (7, 8) as well as in preclinical

studies of acute brain injuries (9Y12). The effects of hormones

are no less important in acute diseases as men more frequently

succumb to myocardial infarction and/or stroke compared with

premenopausal women (13, 14). In preclinical studies, better

survival of sexually mature female rodents (compared with

males) after trauma/hemorrhage and sepsis has also been as-

sociated with the putative protective effects of circulating es-

trogens in proestrus (P) females (15, 16).

The previously mentioned findings emphasize the impor-

tance of accurate determination and/or protracted monitoring

of changes in major sex hormones in both clinical and exper-

imental studies. The wide variations in cyclic fluctuations of

female hormones in available animal models require an ap-

propriate tool enabling an effective and long-term hormonal

surveillance. Mice are by far the most commonly used species

in preclinical research on critical care diseases such as shock

and sepsis (17), and this includes studies focused on gender

idiosyncrasies (18, 19). Estrus cycle in the mouse, although

short and simpler (e.g., mating-induced luteal phase), demon-

strates a relative resemblance to the human cycling pattern

(20), justifying the latter investigative direction.

In general, the blood remains the most accurate and common

source for measurement of many mediators including circulat-

ing sex hormones. Yet, in small laboratory animals (such as the

mouse), repeated blood sampling is relatively invasive and poses

severe volume restrictions compared with larger animals. Also,

stress due to restraining and the blood loss itself can affect/

interrupt regular cycle physiology. This in turn may either alter

studied end points and/or falsify subsequent conclusions (21).

These potential pitfalls have instigated a search for alterna-

tive solutions, and a number of other, blood-independent

methods have been used to assess concentration of sex steroids
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and/or define the cycle phase in small rodents. For example,

steroids including corticosterone and numerous estrogen and

androgen metabolites have been successfully measured in feces

of species such as the mouse (22), rat (23), Syrian hamster (24),

guinea pig (25), red squirrel (26), and quail (27), given that

they adequately portray concentration of these hormones in the

blood. Of note, fecal measurements, although shown to be very

accurate, represent an average concentration of a circulating

hormone over a longer period (23) compared with the snapshot

values detected in the blood. In context of protracted and/or

retrospective monitoring, however, this should be viewed as

an important advantage: although transient hormone peaks can

be easily missed by blood measurements, they will be always

traceable in fecal samples (albeit reflected by lower concentra-

tions). Yet, the by far most popular method for determination

of cycle phase changes in small rodents is vaginal cytology: it

is technically simple and relatively noninvasive and enables

repeated monitoring of individuals over long periods (28). A

newer alternative, i.e., the electrical resistance measurement of

the vaginal mucous membrane (29), has been validated in dif-

ferent small animal species such as guinea pig and rat (30Y32),

but not in the mouse.

It is clear that reliable approaches for defining of hor-

monal status in female mice are needed to unequivocally

identify the influence of sex hormones on various physiological/

pathological states. Using 3-, 15-, and 20-month-old female

mice, this study aimed to (a) characterize general age-related

changes in systemic estrogens and (b) examine the experimental

utility of determination of the estrus (E) cycle by vaginal smears

and/or impedance simultaneously comparing them with oscil-

lation of systemic estrogen concentrations measured in the feces

and blood.

MATERIALS AND METHODS

Animals
For this study, 3- (n = 16; mean body weight = 30.6 g), 15- (n = 10; mean

body weight = 45.5 g), and 20-month-old (n = 13; mean body weight = 40.6 g)
female (also referred to as "young", middle-aged", and Bmature[ females,
respectively), outbred, Hsd:ICR (CD-1) mice were used (Harlan Laboratories,
Udine, Italy). All female mice were age matched and housed in groups of
maximal five animals per cage (open wire top, type III, high). Animals were
kept on a 12-h dark-light cycle under standard laboratory conditions
(temperature 21-C T 1-C; humidity: 50% T 10%). Cages were enriched with
houses, wood wool for nesting, and wooden boards, tunnels, and small blocks
for gnawing (Abedd Lab & Vet Service, Vienna, Austria) to facilitate natural
behavior prior to and throughout the experimentation. Food and water were

available ad libitum. For the entire duration of experiments, all mice were fed
with the same conventional mouse diet (V1534-000; Snniff Spezialdiäten
GmbH, Soest, Germany) that may contain traces of phytoestrogens (accord-
ing to manufacturer). All animals were allowed to habituate to housing for at
least 7 days before the onset of experiments, and male mice in separate cages
were present in the animal room. All animal procedures were approved by the
Viennese (Austria) legislative committee and conducted according to the Na-
tional Institutes of Health guidelines.

Experimental design
The exact experimental design time line is presented in Figure 1. In the

morning of day 1, each mouse was briefly restrained, and vaginal impedance was
recorded, followed by collection of a vaginal cytology sample. The time of
sampling was recorded (start 7 AM), and a second vaginal smear and fecal sam-
ple were obtained 10 h later from the respective mice (start at 5 PM).
These procedures were then repeated daily until day 22. In addition, on days
15 and 22, a 300 2L blood sample was collected by facial vein puncture (im-
mediately after the morning impedance and cytology assessment). To rule out a
potential impact of blood sampling on the continuity of the E cycle, the head-to-
head comparison of studied parameters was separated into two time blocks: one
before (days 1Y15, block 1) and one after (days 16Y22, block 2) the first blood
sampling (on day 15). A separate group of 24-month-old females was monitored
for E cycle frequency by vaginal cytology (See Figure, Supplemental Digital
Content 1 at http://links.lww.com/SHK/A190) but not for other parameters. All
mice were habituated to vaginal smears, impedance measurement, and fecal
sample collection (but not to the blood sampling) before the study.

Vaginal cytology
Vaginal smears were collected twice per day for 22 consecutive days and

were used as the reference assessment for comparison of other tested methods.
The vagina was flushed with a pipette 10 times with 10 HL of NaCl to suspend
epithelial and immune cells from the vaginal membranes. The retrieved liquid
was then placed onto a glass slide and allowed to dry. Cells were stained
with Diff Quick (Medion Diagnostics, Düdingen, Switzerland). Cell morphol-
ogy was microscopically evaluated and E cycle stage determined according to
the published literature (19, 33, 34). All slides were analyzed by two inde-
pendent evaluators. The following cycle phases and interphases were defined
in the study: P, proestrus/estrus (PE), E, estrus/metestrus (EM), metestrus (M),
metestrus/diestrus (MD), diestrus (D), diestrus/proestrus (DP).

Vaginal impedance
Vaginal impedance was measured daily in the morning (at 8 AM) with a

vaginal impedance checker MK-11 device (Muromachi Kikai Co, Ltd, Tokyo,
Japan) immediately before collection of the vaginal cytology sample. This
device optionally includes a mouse probe, but the measurement applicabil-
ity in mice has been neither guaranteed nor verified by the manufacturer
(www.muromachi.com/english/).

Blood sampling
Animal welfare guidelines recommend the collection of maximum 10% of an

animal’s total blood volume (TBV) for a single blood draw every 2 to 3 weeks
without resuscitation (www.gv-solas.de/auss/tie/tie_blutentnahme09.pdf). The
removal of larger volumes needs a proper scientific justification, and adequate
fluid resuscitation must be performed. The above guidelines severely limit the
allowable blood sampling volumes and collection frequency in the mouse. For
an effective EIA, between 100 to 200 HL of plasma is necessary (22, 35Y37).
To obtain the needed volume of plasma, we collected 300 HL of blood via the

FIG. 1. Schematic of time points for collection of samples from 3-, 15-, and 20-month-old mice. Vaginal cytology (both morning and evening), impedance
measurements (morning only), and fecal samples (evening only; collected 10 h after vaginal cytology of the same day) were collected daily. Blood samples
(300 HL) were collected on days 15 and 22 (end of the study). The observation period was divided into two time periods: block 1 (days 1Y15) and block 2
(days 16Y22) to examine the influence of the blood sampling/lossYrelated stress. For comparison/correlation of fecal estrogens and vaginal impedance with
E cycle phases, only the morning vaginal cytology was matched with either fecal samples collected on the same time 10 h later or morning impedance values,
respectively. Both morning and evening smears were used for protracted trajectories of E cycle phases by vaginal cytology.
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facial vein sampling method (38) on days 15 and 22 (the second sample taken
at the end of the observation time) from each mouse. As the 300-2L volume
slightly exceeded the recommended 10% of the 3-month-old mouse’s TBV
(6%Y8% of body weight), all mice received an adequate fluid substitution
(0.5 mL) with Ringer’s solution administered subcutaneously. In addition,
baseline plasma samples from a separate cohort of animals (n = 35) were
included for the analysis of total plasma estrogens. The blood was centri-
fuged (3,000g, 5 min), and plasma was removed and stored at j80-C for
further analysis.

Feces sampling
To compare fecal estrogens with vaginal smears, fecal samples were col-

lected from each mouse precisely 10 h after the morning vaginal cytology
assessment for 22 consecutive days. The 10 h delay was selected based on
studies that evaluated the delay time of excreted corticosterone metabolites
into the feces of the mouse (22, 33). Animals were briefly separated into in-
dividual cages (for approximately 10Y15 min) until they defecated. Fecal
samples were collected without further handling the animals and stored at
j20-C for analysis with an estrogen enzyme immunoassay (EIA). All mice
remained healthy in the course of the study and collected fecal samples were
of a similar macroscopic quality (i.e., there were no cases of diarrhea).

Measurement of total estrogens by EIA
For the EIA, each fecal sample was dried (80-C) and thoroughly homoge-

nized (mortar and pestle), and an aliquot of 0.05 g was extracted by adding
1 mL of 80% methanol and shaking on a vortex for 30 min (Vortex Evaporator;
Labconco, Kansas City, Mo). After centrifugation (2,500g, 15 min), 100 2L
of supernatant was removed (22) and stored at j30-C for further analysis by
a total estrogen EIA as described previously (37, 39). The antisera used in
the assay cross-reacted with relevant steroids (Steraloids, Wilton, NH) as fol-
lows: estrone (100%), estradiol-17! (19%), estradiol (70%), estriol (129%),
1,3,5,(10),7-estratetraen-3, 17"-diol (20%), 1,3,5,(10),7-estratetraen-3-ol-17-one
(87%). The same EIA (37) was used for measurements of plasma estrogens.
The stored plasma samples were thawed; the volume measured and filled
up with distilled water to reach a total of 0.5 mL. Afterward, steroids were
extracted with 5 mL of diethylether. Following evaporation of the ether, assay
buffer was added, and an aliquot measured in the EIA (37, 39).

Statistical analysis
Fisher exact test was used to analyze frequency of specific cycle phases (by

vaginal cytology) in the different age groups (Fig. 2). For the analysis of total
estrogen concentration in the blood plasma and feces across age (Fig. 3), all
sampling time points were pooled. Given that estrogen concentrations in the
feces and blood were not normally distributed, Kruskal-Wallis test followed by
Dunn multiple comparison procedure was applied.

For remaining comparison and/or correlation analyses, morning E cycle
phases (defined by vaginal cytologyVthe reference measurement) of each mouse
were compared with the vaginal impedance value and evening fecal estrogen
concentration from the same day.

Correlation between vaginal cytology and feces was calculated using Spear-
man correlation coefficient. Receiver operating characteristic (ROC) curve was
calculated to identify the optimal impedance cutoff value for each age group,
which was chosen where the Youden index reached its maximum. Sensitivity,
specificity, and positive and negative predictive values were calculated. Logistic
regression was performed to estimate the probability of being in PE/E according
to the cutoff value. All statistical analyses were carried out with either Graph
Pad Prism 5 software (San Diego, CA) or IBM SPSS Statistics version 20
(Armonk, NY) with statistical significance set at ! = 0.05.

RESULTS

Vaginal cytologyVfrequency and protracted
characterization of the E cycle phases

The E cycle phase of each mouse was determined by vaginal

cytology twice daily (morning and evening) for 22 consecutive

days (see Fig. 1 for study design). The prevalence of each

phase in examined age groups is depicted in Figure 2. Vaginal

smear examination demonstrated that, in 3-month-old mice,

E phase (pooled values) occurred up to three times more fre-

quently (42% of all collected smears) than in older females,

whereas M was least frequent in 3-month-old. The E phase in

15- and 20-month-old was comparable (12% and 17% of all

collected smears). Diestrus was two times more frequent in 3-

and 15-month-old mice compared with 20-month-old, and P

was least frequent. In addition, a clear-cut phase allocation was

obscured by repeated smears with an Bin-between phases[
characteristic (i.e., PE, EM, MD, and DP) detected at all cycle

stages and age groups. The overall rate of measurements de-

fined as Bindeterminable[ was 15% in 3-month-old, 12% in

15-month-old, and 2% in 20-month-old mice. The cycle phase

prevalence in 24-month-old females (the only end point assessed

in this age group) is provided in (See Figure, Supplemental

Digital Content 1, at http://links.lww.com/SHK/A190).

We also examined accuracy of repeated vaginal cytology

examination in monitoring of the E cycle oscillation over time

in individual mice. Vaginal smears taken over 22 days failed

to display a regular cycle phase oscillation. For example, the

same phase was repeatedly recorded at several consecutive

FIG. 2. Distribution of the different E cycle phases evaluated by vag-
inal cytology from days 1 to 22 in 3-, 15-, and 20-month-old mice. All
vaginal smears collected over the 22-day observation period were pooled and
used for comparison. The number of measurements in the 3-/15-/20-month-
old age groups is as follows: P: 7/5/4; PE: 32/2/8; E: 224/50/94; EM: 14/7/38;
M: 135/152/166; MD: 34/38/66; D: 169/134/75; DP: 3/5/12. Slides with ex-
cessive mucus content and/or a limited amount of cells were excluded
from analysis.

FIG. 3. Concentration of total estrogens in the blood and feces from 3-, 15-, and 20-month-old mice. A, Total estrogen concentration in the blood. Both
days 15 and 22 sampling time points were pooled for comparison. In addition, baseline samples from a separate cohort of 3-, 15-, and 20-month-old mice were
added to the two groups. For 3-month-old mice, total n = 32; for 15-month-old mice, n = 20; and for 20-month-old mice, n = 24. B, Total estrogen concentration
in feces. All the daily fecal samples collected over the 22-day observation period were pooled and used for comparison. For 3-month-old mice, total n = 363; for
15-month-old mice, n = 168; and for 20-month-old mice, n = 242. *P G 0.05 for 20- vs. 3- and 15-month-old.
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sampling time points, and this was true in all age groups (See Table,

Supplemental Digital Content 2, at http://links.lww.com/SHK/A191).

Comparison of total estrogens in plasma and feces across
different age groups

All estrogen values measured from plasma and feces were

pooled from all sampling time points (days 15 and 22 for

plasma, days 1Y22 for fecal samples) and compared among

the age groups (Fig. 3). There was no significant difference in

the total circulating plasma estrogen concentrations between

3-, 15-, and 20-month-old groups (Fig. 3A). The total fecal

estrogens were similar between 3- and 15-month-old females,

whereas their concentration in 20-month-old was 31% and 25%

higher compared with 3- and 15-month-old females (P G 0.05).

Simultaneous profiling of vaginal cytology, fecal estrogens,
and vaginal impedance in different age groups and
sampling blocks

3-month-old females—In block 1, concentration of fecal es-

trogens was highest in the PE phase (average 2,075 pg/g): it

was 33% higher compared with E (average 1,399 pg/g) and 29%

higher than M (average 1,465 pg/g; all P G 0.05; Fig. 4A, upper

panel). The vaginal impedance was most pronounced in 3-

month-old and peaked in E (average 4.5 4) and PE (average

3.0 4) compared with mice in the P, M, and D phases com-

bined (average 1.3 4; P G 0.05; Fig. 4A, lower panel). Other

phases displayed low/negligible membrane resistance.

In block 2, P, PE, and E phases were detectable by vaginal

cytology, yet the peak of fecal estrogens in PE disappeared,

and all phases displayed comparable hormone concentrations

in feces (Fig. 4B, upper panel). The average vaginal imped-

ance increased in PE (2.4 4) and remained highest in PE and E

(4.5 4) compared with M and D phases combined (P G 0.05;

Fig. 4B, lower panel).

15-month-old females—In block 1, only three P and one PE

incidences (out of 136) were identified by vaginal cytology.

No oscillation of fecal estrogen concentrations (allocated based

on the vaginal cytology) was observed (Fig. 4C, upper panel).

The overall impedance was lower in 15-month-old when com-

pared with 3-month-old females, but it was always higher in the

E phase (average 2.1 4) compared with M and D phases com-

bined (P G 0.05; Fig. 4C, lower panel).

In block 2, there was no oscillation of fecal estrogens (no P

or PE phases were identified), whereas impedance character-

istic was similar to the one observed in block 1 (Fig. 4D).

20-month-old females—No clear separation in fecal estro-

gen concentration was detectable in either block (Fig. 4, E and

F, upper panels). Block 1 vaginal impedance in E was higher

compared with block 2 (2.4 vs. 1.3 4), but both were always

significantly higher compared with M and D combined (P G 0.05;

Fig. 4, E and F, lower panels). (See Table, Supplemental Digital

Content 3, at http://links.lww.com/SHK/A192) for the exact cycle

phase/mouse distribution.

Correlation of vaginal cytology with fecal estrogens and
vaginal impedance changes

Next, we aimed to investigate whether the E cycling (defined

by vaginal smears) is associated with systemic fluctuations of

estrogens (measured in feces) and whether it is accurately

reflected by vaginal impedance measurements.

First, daily fecal estrogen concentration and impedance value

of exemplary mice from each age group were compared with

the corresponding (same day) vaginal cytology (Fig. 5). Re-

gardless of the age, fluctuations of fecal estrogens failed to

match the E phases: high/peak fecal estrogen levels were fre-

quently detected in E phases other than PE and E. In contrast,

impedance values were always markedly higher in PE/E com-

pared with other phases. This effect was evident in 3- and

15-month-old females but negligible in 20-month-old females.

In addition, the oscillation was not interrupted by the blood

collection on day 15.

FIG. 4. Comparison of vaginal cytology with matching vaginal impedance measurements and fecal estrogen concentrations in block 1 (days 1Y15)
and block 2 (days 15Y22) in 3-, 15-, and 20-month-old mice. Each morning, the E phase cycle was determined by vaginal cytology and compared with the
corresponding morning impedance value and evening (10 h after cytology) fecal estrogen concentration of the same day. A, Three-month-old mice, block 1.
B, Three-month-old mice, block 2. C, Fifteen-month-old mice, block 1. D, Fifteen-month-old mice, block 2. E: Twenty-month-old mice, block 1. F, Twenty-
month-old mice, block 2. All mice and all time points from both phases of observation were pooled for analysis. x = indeterminable. #P G 0.05 for fecal estrogen PE vs. E,
and *P G 0.05 for impedance PE vs. P, M, D. Detailed n/group distribution is listed in (See Table, Supplemental Digital Content 3, at http://links.lww.com/SHK/A192).
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Second, using the entire data set, we performed a correlation

analysis between cycle phases and fecal estrogen and impedance

measurements. Regardless of the age group, no meaningful cor-

relation was observed between systemic estrogens measured

in the feces and cycle phases defined by smears (r = j0.117

[P = 0.047] in 3-month-old; r = 0.026 in 15-month-old and

r = 0.112 in 20-month-old). This was reconfirmed by a non-

significant ROC analysis for prediction of E by fecal estrogens

(0.5 e area under the curve e 0.55 in all age groups).

In contrast, a very strong association was detected between

the E cycle phase (by smears) and vaginal impedance (Table 1).

The correlation was strongest in the 3-month-old females and

gradually declined with age. Receiver operating characteristic

curve demonstrated that vaginal impedance had a very high ca-

pacity and accuracy to predict E but not any other cycle phase.

The prediction accuracy for E was highest in 3-month-old and

poorest in 20-month-old females. In addition, combining PE and

E as a joint prediction group further improved the predictive

accuracy (area under the curve = 0.87 vs. 0.84 in 3-month-old).

Of note, the blood collection on day 15 did not interrupt the

predictive capacity of vaginal impedance (data not shown).

Oscillation of fecal estrogens in different age groups

Given the lack of correlation of fecal estrogens with individ-

ual E cycle phases (by smears), we wanted to determine whether

any (age-dependent) oscillation can be detected based on the

TABLE 1. Statistical evaluation of E cycle phase prediction via vaginal impedance measurements

Mice age, mo ROC Youden index Cutoff, 4 Sensitivity, % Specificity, % P(E), % PPV, % NPV, %

3

E 0.84 0.54 2.85 64 90 41 79 82

PE + E 0.87 0.60 1.75 82 78 30 74 86

PE + E 0.84 0.55 2.85 61 94 42 79 82

15

E 0.79 0.45 1.65 57 88 15 43 93

PE + E 0.77 0.43 1.65 55 88 15 38 92

20

E 0.82 0.52 1.65 71 82 16 39 92

PE + E 0.83 0.54 1.65 71 83 20 50 92

NPV indicates negative predictive value; P(E), probability to be in E based on logistic regression; PPV, Positive predictive value.

FIG. 5. Fecal estrogen concentrations (left column) and vaginal impedance (right column) values matched with corresponding vaginal cytology
for three individual mice of different age over 22 consecutive days. A and B, Three-month-old mice. C and D, Fifteen-month-old mice. E and F, Twenty-
month-old mice.
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measurements of fecal estrogens alone (not matched with cycle

phases and/or impedance). To examine this, we longitudinally

plotted daily fecal estrogens values for five individual mice from

the same cage and of the respective age group over the entire ob-

servation time (Fig. 6, AYC). Protracted trajectories demonstrated

a distinct regular oscillation in fecal estrogens in both 3- and 15-

month-old females (Fig. 6, A and B) that disappeared in the

20-month-old group (Fig. 6C). Interestingly, the day 15 blood sam-

pling appeared to deregulate hormone oscillation in 15-month-old

but not in 3-month-old females. This reconfirms utility of fecal

estrogen measurements given that estrogen peaks were not missed

by this assay and that typical hormonal fluctuations were recorded.

DISCUSSION

Given that gender appears to be a key factor in critical dis-

eases research, this study set out to analyze three methods

for the characterization of the reproductive cycle phase in an

outbred laboratory mouse strain. We were interested in resolving

three main questions: (a) defining the age span in which female

CD-1 mice transition into a low estrogen phase (i.e., persistent

D (19), (b) whether it is feasible to use vaginal cytology smears

as a surrogate for defining concentration of circulating estro-

gens, and (c) whether the use of vaginal impedance method for

detection of E cycle phases is applicable in mice.

To comprehensively address the above aims, healthy 3-, 15-,

and 20-month-old mice were enrolled. The CD-1 strain reaches

fertility at approximately 3 to 4 weeks of age. Thus, 3-month-

old mice represented human females at the peak reproductive

age, 15-month-old represented Bmiddle-aged[ females, whereas

20-month-old mice aimed at representing mature female popu-

lation with a distinct decline in the E cycle oscillation and/or

fertility (i.e., entering menopause). Specifically, the age of the

second age group was selected to cover the transition time in

FIG. 6. Fluctuations of fecal estrogens in individual mice over 22 consecutive days. Concentration of total estrogen was measured in feces collected
from five mice of the same age housed in the same cage. Blood drops indicate blood sampling time points. A, Three-month-old mice. B, Fifteen-month-old mice.
C, Twenty-month-old mice.
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which aging begins to impact fertility, yet without presence of

a distinct senescent phenotype in these mice; i.e., in the CD-1

strain, the 15- to-20-month-old age gap is the specific period in

which a distinct rise in age-dependent mortality begins (40). In

addition, Felicio et al. (19) demonstrated that, in C57BL/6J mice,

the age of cycle cessation varies between 11 and 16 months.

Hence, the chosen age groups constituted an optimal age period

for the assessment of menopause-like changes using profiles of

circulating sex hormones. Although fertility, reproduction, and

survival may differ among specific strains (in particular between

in- and outbred) (18), the overall findings of our study are likely

applicable to the majority of available mouse strains. The most

caution is needed in translation of the age-specific findingsVthis

element should be individually adjusted for each strain based on

its specific fertility and age-mortality profiles.

The classic E cycle in the mouse lasts approximately 4 to

5 days and has four main phases: (a) P, (b) E, (c) M, and (d) D

(33, 41). In our study, we also recorded the number of inter-

mediate phases (i.e., PE, EM, MD, and DP) analogous to those

described previously (34, 41). We identified the vast major-

ity of P, PE, and E in 3-month-old mice, but they were also

recorded in 15- and 20-month-old albeit at much lower fre-

quency (24-month-old mice shown in (See Figure, Supplemental

Digital Content 1, at http://links.lww.com/SHK/A190). This

shows that cycle intervals in older mice were prolonged/erratic,

but cycling itself had not yet fully ceased. Yet, P and PE were

overall the least frequent cycle phases in any age group. This

could be partly related to our smear collection timing: it has

been demonstrated that P mainly occurs at night, the peak of

biological activity of the mouse (42). Overall, rapid progression

of the murine E cycle, frequent interphase, and/or indeterminable

measurements hinder a clear-cut identification of specific cycle

phases by vaginal cytology. Hence, this method does not appear

as a fully reliable monitoring tool.

Interestingly, despite the age-related steep decline in P, PE,

and E incidences (synonymous with declining fertility), es-

trogen concentrations measured both in the blood and feces

were very similar in all three age groups (Fig. 3). Moreover,

hormonal profiling based on the corresponding vaginal cytology

(Fig. 4) revealed overlapping fecal estrogen concentrations

irrespective of the cycle phases. This implies that weakening

fertility in the mouse does not correspond with the decline of

systemic estrogens. Such a lasting persistence of estrogens

corroborates the findings of our recent study in which CD-1

females with posttraumatic sepsis exhibited a consistently better

survival (vs. males) that was independent of their age and the

E cycle (43), a phenomenon typically explained by the protec-

tive effects of high estrogens in young mice (15, 44). It is sug-

gestive that in the mouse, similar to other species, the presence

of E cycling is driven by dynamic fluctuations of circulating

estrogens rather than their sheer systemic presence.

Evaluation of smears in individual mice revealed yet an-

other inaccuracy of cytological assessment: in all age groups,

there were frequent incidences of detecting the same cycle

phases on several consecutive days, and similar observations

were reported before (33). Measurements of fecal estrogens

offer a further and new insight. Although our measurements

showed a slight estrogen peak in pooled fecal samples from

3-month-old mice that matched the PE phase, this association

was gone as soon as estrogen levels were compared against

vaginal smear profiles in individual and/or older mice. More-

over, we frequently observed strongly varying fecal hormone

concentrations in several subsequent E phases in the same

mouse (see estrogens profile in an exemplary mouse identified

as E on three successive days: Fig. 5E). This is indicative of

dynamic estrogen oscillation also between individual E phases,

and this effect cannot be attributed to a snap-shot detection

given that fecal measurements reflect a pooled period and are

less fluctuation-prone compared with episodic and erratic blood

samples. A robust analysis of the entire data set reconfirmed

our initial observation: there was a complete lack of correlation

between increases of systemic estrogen measured in feces and

the E phase identified by vaginal cytology. In other words,

EVregardless of its frequency and/or the age groupVwas never

accurately predicted by fluctuations of systemic estrogens. This

is an important finding as it points out that detection of E

(identified by smears) in the mouse cannot be automatically

associated with any defined (i.e., high) level of total systemic

estrogens. The above findings partly contrast earlier reports

by Jarrar et al. (34) and Yu et al. (35) that demonstrated a

significant increase in circulating 17"-estradiol in rat females in

the P phase (by vaginal smears) compared with other phases.

This discrepancy may be species/strain specific. Alternatively,

estrogen peaks may be also present in mice, but the large vari-

ation in the baseline estrogen values among individual mice

obscures detection of such a transient increase. Repeated es-

trogen measurements in individual mice are required to verify

it, but application of such a protocol in the mouse is problematic

(see below).

In contrast to the easily measurable fecal estrogens, their

detection in murine blood plasma is challenging. In our study,

concentration of circulating estrogens was overall very low and

frequently under detection limit (regardless of the age and/or

sampling day). Such a technical drawback can be, at least par-

tially, overcome by using large blood volumes. Yet, in mice (and

other small rodents) studies in which sex hormone profiling is a

secondary (supportive) end point, the blood is an unlikely source

of choice. This is especially true in studies using protracted

monitoring where a small TBV drastically restricts the allowable

sample volume(s) and/or frequency (45). Hence, it was beyond

our technical capacity to effectively examine the direct (and

daily) correlation between cycle phases and blood estrogens.

Because a blood loss can be a stressor deregulating hormonal

homeostasis, we separated the pooled comparisons of fecal

estrogens, impedance, and vaginal cytology into two sampling

time blocks. The total fecal estrogen concentration was not

altered by blood sampling, but the estrogen peak recorded in

3-month-old PE/E females (Fig. 4, A and B) disappeared after

the blood collection even though vaginal cytology was un-

altered. We speculate that the blood loss/sampling stress was

too transient to diminish the accumulative concentration of

fecal estrogens but strong enough to interfere with signaling of

the hypothalamic-pituitary-gonadal axis, thereby eliminating

the preovulatory hormonal peak.

Measurements of vaginal membrane resistance have been

effectively used for optimizing reproduction in large species
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(46, 47) years before it was first used in small laboratory ani-

mals (48). Trans-specimen properties of this method rely on

the sex hormoneYdependent changes of vaginal membrane

composition leading to alterations in the membrane’s electrical

resistance; i.e., cycle phases are identified by characteristic

oscillation of impedance values. In our study, vaginal imped-

ance showed high correlation but only with selected cycle

phases (by smears); i.e., it very accurately identified E and/or

PE/E but failed to discriminate any other phase. This effect

was highly age-dependent: the highest predictive power for E

detection was obvious in young females but declined in older

mice (Table 1). Our data corroborate the findings of Agrawal

et al. (49), who detected the highest impedance peaks during

both the PE and E phases in cycling mice. In contrast, an in-

crease in impedance was typical in the P rather than E phase

in rats and guinea pigs indicating its high species specificity

(31, 32). Interestingly, Singletary et al. (30) used impedance to

correlate circulating levels of estrogens and progesterone with

the P phase in rats but found no association. In our hands,

vaginal impedance was the most reliable and stable method for

detection of the PE/E phases in young female mice.

Summarizing, vaginal cytology was never correlated with

the oscillation of circulating estrogens measured in the feces;

hence, an estrogen peak cannot be reflexively assumed in mice

in the PE/E phases. In contrast, vaginal impedance reliably

identified PE/E, yet without further discrimination of other

cycle phases. In addition, CD-1 mice up to 20 months did not

manifest a clear postmenopausal anestrus as evidenced by the

consistently high concentration of circulating estrogens in all

age groups. Furthermore, blood sampling for EIA should be

avoided as it deregulates the cycling homeostasis and may lead

to misinterpretation of findings. Conversely, measurement of

fecal estrogens, although relatively laborious, constitutes a prac-

tical retrospective, noninvasive profiling method that can be used

in any well-powered, short- and long-term shock/sepsis models

and beyond.
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