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Despite known sex differences in brain function, female subjects are underrepresented in preclinical neuroscience
research. This is driven in part by concerns about variability arising from estrous cycle-related hormone fluc-
tuations, especially in fear- and anxiety-related research where there are conflicting reports as to whether and
how the cycle influences behavior. The inconsistency may arise from a lack of common standards for tracking
and reporting the cycle as opposed to inherent unpredictability in the cycle itself. The rat estrous cycle is
conventionally tracked by assigning vaginal cytology smears to one of four qualitatively-defined stages. Although
the cytology stages are of unequal length, the stage names are often, but not always, used to refer to the four
cycle days. Subjective staging criteria and inconsistent use of terminology are not necessarily a problem in
research on the cycle itself, but can lead to irreproducibility in neuroscience studies that treat the stages as
independent grouping factors. We propose the explicit use of cycle days as independent variables, which we term
Track-by-Day to differentiate it from traditional stage-based tracking, and that days be indexed to the only
cytology feature that is a direct and rapid consequence of a hormonal event: a cornified cell layer formed in
response to the pre-ovulatory 17p-estradiol peak. Here we demonstrate that cycle length is robustly regular with
this method, and that the method outperforms traditional staging in detecting estrous cycle effects on Pavlovian
fear conditioning and on a separate proxy for hormonal changes, uterine histology.

1. Introduction

Despite well-documented sex differences in many aspects of brain
structure and function [18,55], female subjects have historically been
excluded from routine preclinical research in the biobehavioral sciences.
Research on rats, a preferred model for behavioral studies, is especially
biased towards males; in 2017, 53.5% of studies in high-profile neuro-
science journals and 82.2% of studies in behavior-focused journals used
only male rats [35,43]. Anxiety-related disorders are more common in
women than men [3,62], so studying anxiety-related behaviors in fe-
male subjects should provide better insight into brain mechanisms as
well as greater translational relevance. Exclusion of females is often
justified on the grounds that hormone fluctuations across the estrous
cycle will increase variability in experimental data [60], and although
this concern is controversial in the broader neuroscience literature [8,9,
57,67,78], studies of sex and estrous effects on anxiety-related behaviors

do report inconsistent results [22,41,58]. Disagreement between studies
can fuel the perception that the estrous cycle is an uncontrollable
confound that leads to irreproducible results, but it may simply be
driven by the lack of universal standards for tracking and reporting the
cycle [41]. Conventional methods of cycle tracking in rodents are
complex and require specialized expertise [20,61,73]. Moreover, they
are not tailored to the specific concerns of behavioral neuroscience
studies. A streamlined, common framework for estrous tracking in
behavioral research would improve reproducibility between studies and
eliminate an unnecessary barrier to the widespread study of female
subjects.

Sex hormones are known to affect brain function [29], and concerns
about the estrous cycle in behavioral research relate mainly to two
steroid hormones, 17p-estradiol and progesterone, whose serum levels
change several-fold over the course of the cycle [15,51,70]. Direct
measurement of hormones requires blood collection, which is invasive
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and stressful, so cycle progression is usually monitored by observing
changes in vaginal cytology. Traditional tracking methods assign
vaginal smears to one of four classic stages of mammalian reproduction:
estrus, metestrus, diestrus, and proestrus [25,33,40,71]. The stages are
defined qualitatively and do not have discrete boundaries, so inter-
preting smears is a subjective art that requires training and experience
[7,20,44,61,73,76]. Subjective staging is not necessarily a problem; for
example, the estrous cycle is often tracked in toxicology studies to
determine whether it is disrupted by pollutants. In this context tracking
methods need only be consistent within a study, and a popular guide’s
advice that “individual laboratories define their respective processes”
for staging is appropriate and practical [20]. In contrast, the estrous
cycle is not a dependent variable in behavioral studies. Because circu-
lating steroid hormones may affect a given behavior, estrous stages are
used as experimental grouping factors and it is easy to see how studies
that define stages differently could report different results.

Semi-quantitative approaches [16,34,54] and machine learning tools
[63,75] have been developed to reduce subjectivity in cytology inter-
pretation. These tools use different terminology and criteria for the
stages, however, so only studies using the same tool can be compared. In
addition, reporting practices are not standardized. The rat estrous cycle
typically lasts four days, and while the estrus stage lasts about 24 h, the
other three vary in length from less than twelve hours to more than two
days. The four stage names are sometimes used to refer to the four days
of the cycle, and although some studies are explicit about this conve-
nient use of terminology (e.g. [11,12]) it is more often ambiguous
whether subjects are grouped by stages or days. It is also common
practice to exclude subjects with “irregular” cycles, but there are no
agreed-upon criteria for regularly versus irregularly cycling subjects and
the number of excluded subjects is usually not reported. The absence of
shared definitions leads to inconclusive data as to whether and when the
estrous cycle is a source of variability [41] as well as the discouraging
idea that most cycles are irregular [61]. These are arguably reasonable
grounds for excluding female subjects, underscoring the urgent need for
a widely accessible, streamlined tracking framework.

The implicit rationale for cytology staging in behavioral research is
that the stages reflect serum levels of neurobiologically-relevant hor-
mones, but the stages were defined long before the hormone cycle was
understood. Only one change in the vaginal epithelium is known to be
directly and temporally linked to a hormonal change: bulk desquama-
tion of the stratum corneum the day after the preovulatory surge in 17p-
estradiol [4,14]. This event defines one of the cytology stages, estrus.
Estrus cytology is much more easily recognized than the other tradi-
tional cytology stages, as evidenced by the high concordance between
experimenters and the performance of automated classifiers in detecting
this stage [63,75]. Estrus cytology occurs on one day of each four-day
cycle, so assigning cycle days relative to the day of estrus would be a
simple alternative to daily staging by nuanced, subjective reading of
cytology smears. Indeed, this type of strategy is used to monitor the
cycle of golden hamsters, a popular model in reproductive biology
whose cycle days are counted from a mucous discharge that occurs on
the day of ovulation in that species [38,47,52,56]. Here we describe the
use of an indexed cycle timing method, which we term Track-by-Day to
distinguish it from conventional stage-centric tracking, in the rat. We
evaluated the predictability of estrus cytology by quantifying vaginal
smears under multiple conditions, and compared Track-by-Day with
traditional staging for detection of estrous effects on Pavlovian fear
conditioning behavior and correlation with hormone-sensitive features
of uterine histology. The simplicity of Track-by-Day will make estrous
cycle monitoring available to a greater number of researchers, and its
use alongside or instead of traditional staging will allow comparisons
between studies and metanalyses that should accelerate our under-
standing of the female brain.
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2. Materials and Methods
2.1. Subjects

Subjects were adult female and male Sprague-Dawley rats (Hilltop
Lab Animals Inc., Scottsdale, PA) pair-housed with ad libitum food and
water. After arrival from the vendor, animals were acclimated to the
housing room for a minimum of five days before experiments began, or a
minimum of ten days for those housed with a reverse light cycle.
Housing rooms were lit with a dim red lamp (3 W, 120 V LED) to allow
personnel to work during the dark period without exposing rats to white
light during the designated dark period. All animal procedures were
approved by the Institutional Animal Care and Use Committee at the
University of Connecticut.

Experiment 1: Twelve adult female Sprague Dawley rats were habit-
uated to the colony room for one week before handling or swabbing
began at PND 92. The colony room was on a 14:10 light cycle (on 07:00,
off 21:00); other females, males, and breeding pairs were also present in
the colony. Females were swabbed once a day (08:00-10:00) for two
cycles. Estrous stages were assigned by subjectively interpreting vaginal
cytology stained with H&E as per Becker et al. [7]. Later, cytology was
quantified using Reconstruct software by at least two blinded
experimenters.

Experiment 2: Sixteen adult female Sprague Dawley rats (PND ~35)
were habituated to the colony room for five days before any handling or
swabbing. The colony room was on a 12:12 light cycle (on 07:00, off
19:00); other females, some pregnant or nursing, were also present in
the colony. Females were swabbed twice a day (08:50-09:50 or
11:00-13:00, and 14:00-17:30) for five cycles. Estrous stages were
assigned by subjectively interpreting vaginal cytology stained with
H&E, as per Becker et al. [7].

Experiment 3: Six adult female Sprague Dawley rats (PND 45) were
habituated to the colony room for one week before any handling or
swabbing. The colony room was on a 12:12 reverse light cycle (off
09:00, on 21:00); other females, males, and breeding pairs were also
present in the colony. Females were swabbed three times a day, twice in
the dark cycle under dim red light (09:30-12:30 and 16:30-18:30) and
once in the light cycle (22:30-23:30) for five cycles. Estrous stages were
assigned by quantifying vaginal cytology stained with Shorr stain
(Sigma) and modified from Paccola et al. (2013).

Experiment 4: Sixty adult female and twenty-four male Sprague
Dawley rats (PND 30) were habituated to the colony room for two weeks
before any handling or swabbing. The colony room was on a 12:12
reverse light cycle (off 09:00, on 21:00); other females, males and
breeding pairs were also present in the colony. Females were swabbed
once per day in the dark cycle (12:00-14:00) under dim red light.

2.2. Collection of vaginal smears

Animals were gently restrained and a saline-dipped cotton-tipped
applicator (2 mm diameter, cotton tip length 1 cm) was inserted into the
vagina to the depth of the cotton tip. Swabs were gently rolled out onto a
gelatin-subbed microscope slide and the smears were allowed to dry
before any staining. Male rats were subjected to identical handling, and
males and females were handled by different experimenters on the same
day.

2.3. Staining, imaging, and analysis of vaginal smears

For cresyl violet staining, slides were dipped in 0.1% aqueous cresyl
violet (Millipore Sigma, Inc.) for 5 min, then rinsed in water. H&E
(Vector Labs, Inc.) and Shorr (Millipore Sigma, Inc.) stains were used
according to the manufacturers’ instructions. Smears used for quantifi-
cation were stained with H&E except for the terminal smears taken after
the behavior experiment, which were Shorr stained. Stained slides were
dehydrated in ethanol, cleared in toluene, and coverslipped with DPX
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mounting medium. Smears were imaged at 10X using either a Keyence
BZ-X700 microscope or on a compound microscope with a Canon EOS
800D digital camera. Reconstruct software [27] was used for cell
quantification. A counting frame of 285.75 mm x 285.75 mm was
applied to a representative area of each image, and all cells within the
counting frame were counted and classified. Three separate images were
analyzed per smear by at least two blinded experimenters.

Impedance measurement.

To construct the probe, two gold pins (3 cm long by 1 mm wide) were
soldered to copper wire with lead-free silver solder, and heat shrink was
used to secure them in a parallel position 3 mm apart. For impedance
readings, the probe was attached to a standard multi-meter and inserted
to a depth of ~2 mm so that the pins were in contact with the dorsal and
ventral vaginal wall. Impedance readings were taken prior to swabbing
for cytology smears, and the probe was sanitized with 100% ethanol and
allowed to dry between readings.

2.4. Pavlovian fear conditioning

All behavioral experiments were conducted in the dark period, 3-7 h
after lights-off. The behavioral apparatus, training, and testing protocols
were identical to those used in Ostroff et al. [53] with the exception that
the conditioning chambers were unlit during all procedures. Briefly,
animals were habituated to the conditioning chamber (Coulbourn In-
struments) for 30 min on each of two consecutive days before training.
Tones (30 s, 5 kHz, 80 dB) were delivered through a speaker in the
chamber and shocks (1 s, 0.7 mA) were delivered through a grid floor.
Paired training consisted of five tones co-terminating in footshocks over
a single 32.5-minute training session, and unpaired training consisted of
five non-overlapping tones and shocks. Testing consisted of three tones
presented in the same chamber, with the context modified by the
addition of a smooth opaque acrylic floor and the scent of peppermint.
Cage-mate pairs were trained and tested at the same time using the same
protocol, and because pairs of females did not synchronize their cycles it
was impossible to collect equal numbers of each stage. Freezing during
the tones (CS), and 30 s prior to tone (Pre-CS), was scored by three ex-
perimenters blinded to condition, sex, and stage, and the scores were
averaged for analysis. Darting was also scored by blinded experimenters
using criteria per [32].

2.5. Shock sensitivity

Shock sensitivity was assessed in a separate group of subjects that
were not used in other experiments. Adult (PND 90) female (n = 26) and
male (n = 8) rats were habituated to the reverse light-cycle housing
room for at least two weeks. Females were tracked for four cycles
leading up to the experiment and testing was divided across four days to
ensure that all cycle days were represented. Males were match-handled
and run separately after the females. Shock sensitivity was performed
with the same equipment used for Pavlovian conditioning during the
mid-dark cycle. Rats were placed singly in a testing box and a series of
ten shocks were presented at 40 s intervals. Shock intensity began at 0.1
mA and increased in steps of 0.1 mA, so that the final shock was 1 mA.
Cage-mate pairs were tested in parallel. The intensity of the first shock
evoking a shuffle was recorded for each animal. Shuffles were defined as
a fast, frenzied movement; some animals may shuffle in place by quickly
moving all four paws.

2.6. Collection of uterine tissue

One hour after long-term memory testing, rats were deeply anes-
thetized with chloral hydrate (750 mg/kg i.p.) and perfused transcardially
with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) at room temperature. The uterine horns were removed and
post-fixed overnight in 4% paraformaldehyde, then stored in phosphate
buffered saline with 0.01% sodium azide until further processing.
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Segments 0.5 to 1 cm long and roughly 1.5 to 2 cm away from the
oviduct were dissected for embedding. Samples were dehydrated in
ascending concentrations of ethanol, then infiltrated with a 1:5 mixture
of methyl methacrylate and butyl methacrylate with 0.5% benzoin
methyl ether. Samples were cured in gelatin capsules under UV light for
48 h in a freeze-substitution unit (Leica Microsystems). All dehydration,
embedding, and curing were performed at 0°C. The cured blocks were
trimmed to expose a full cross section of the uterus, and 1 pm sections
were cut on an ultramicrotome (Leica Microsystems). Sections were
collected on gelatin-subbed slides, stained with 0.5% toluidine blue in
1% sodium borate for five minutes, and coverslipped with DPX. One
representative cross-section was imaged per rat at 10X on a Keyence BZ-
X700 microscope, and additional 40X images were taken on a compound
microscope with a Canon EOS 800D digital camera.

2.7. Analysis of uterine histology

Uterine area, endometrium area, myometrium area, luminal
epithelium area, lumen dilation, and number and size of endometrial
glands were measured on 10X images using Reconstruct software.
Mitotic figures and tissue necrosis were quantified in 40X images.
Mitotic figures were counted in the luminal epithelium and the epithe-
lium of the endometrial glands and normalized to area. Each analysis
was performed by at least two blinded experimenters.

2.8. Statistics

Means of more than two groups were compared using one-way
ANOVAs, and effects significant at p < 0.05 were followed with a
Bonferroni post-hoc test. Unpaired t-tests were used when comparing
two groups. Full results of statistical comparisons are given in Supple-
mental Table 1.

3. Results
3.1. Detection of directly hormone-driven changes in vaginal cytology

An estrous tracking strategy that infers cycle progression from an index
point requires a stereotyped hormone cycle with an unambiguously
detectable, temporally discrete proxy for a single cycle event. Multiple
quantitative studies have reported a consistent pattern of circulating sex
hormones across the rat estrous cycle [15,51,70]. Both 17p-estradiol and
progesterone are lowest on the day of ovulation and both undergo a rapid
rise and fall on the fourth day, with progesterone peaking a few hours after
17p-estradiol (Fig. 1a). Both hormones have direct effects on the vaginal
epithelium (Fig. 1b). The preovulatory surge in 17f-estradiol stimulates
cell proliferation and keratinization, creating a cornified cell layer (stra-
tum corneum) that may be accompanied by leukocyte infiltration into the
upper layers of the epithelium. Keratinization ceases with the fall in
17p-estradiol, and the ensuing progesterone peak induces cell proliferation
with mucosal differentiation, after which the epithelium enters an atrophic
state until 17p-estradiol rises again [4,25,31,39,49].

Changes in the epithelium are visible in smears, and conventional
staging is generally based on proportions of three cell types: cornified
cells (Fig. 1c), which are flattened, enucleated, and fully keratinized;
nucleated (non-keratinized) epithelial cells (Fig. 1d); and leukocytes
(Fig. le), which are small and have multi-lobulated nuclei. Bulk
delamination of the stratum corneum occurs within 24 h of the 17-
estradiol surge [15,51,70], and smears dominated by cornified cells
define the estrus stage. The ensuing stages vary in length (Fig. 1f) and
are defined by rough proportions of lingering cornified cells, leukocytes,
and nucleated epithelial cells [7,16,20,44,73,76]. Formation of the
stratum corneum is a direct and immediate consequence of the
pre-ovulatory 17f-estradiol peak, and delamination of cornified cells
should thus be a reliable indicator of cycle timing. Our first goal was
therefore to ensure that it is unmistakable in smears.
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Data adapted from Butcher et al. [15], Smith et al. [70], and Nequin et al. [51].

Histological stains provide contrast between cell types on vaginal
smears and are often used to facilitate estrous staging [7,34,68], so we
evaluated three stains — hematoxylin and eosin (H&E), Shorr stain, and
cresyl violet — for their ability to distinguish cornified cells from other
types. Even without staining, smears containing clumps of delaminated
cornified cells (Fig. 2a) could be distinguished from smears containing a
more disperse mix of cell types (Fig. 2e). H&E staining allowed rapid,
unambiguous differentiation of smears consisting entirely of cornified
cells (Fig. 2b) from smears containing a mix of cell types (Fig. 2f) due to
the contrast between the bright pink cornified cells (Fig. 1c) and the
purple nuclear staining of the other cells (Fig. 1d-e). Shorr stain also
readily revealed contrast between cornified cells (Fig. 2¢) and other cell
types (Fig. 2g). Although cornified cell clumps were visible with cresyl
violet staining (Fig. 2d), it did not produce chromatic contrast between
cell types (Fig. 2h), and thus offered only a marginal improvement
versus unstained smears. We chose H&E as our default stain because it
produces clear contrast and is also more commonly used than Shorr
stain.

3.2. Experiment 1: Cornified cells in vaginal smears peak regularly across
subjects and cycles

To determine whether cornified cell desquamation could be used to
time the cycle, we collected daily vaginal smears from twelve female rats
for eight days and quantified the proportion of each cell type. Cornified
cells were present in every smear and in some were the only cell type

present, consistent with bulk desquamation of the stratum corneum
(Fig. 2a-d). Within the first three days, a single read of 100% cornified
cells (a cornified peak) was seen in all twelve rats (Fig. 3a). The cornified
peak did not occur on the same calendar day for all animals, but when
reads were aligned by the first peak a second occurred four days later in
eleven of the twelve subjects (Fig. 3b). Cornified peaks occurred
simultaneously in only two of the six cage-mate pairs, consistent with
reports that rats do not synchronize cycles [65]. We designated the day
of a cornified peak as Day 1 and numbered the other days of the cycle
accordingly. Eight consecutive days of swabbing ensured each cycle day
occurred twice. When the percentage of cornified cells on each read was
averaged by cycle day, it was higher on Day 4 than on Days 2 and 3, but
variability was high on all three days (Fig. 3c). To examine within-rat
variability across cycles, the absolute value of the difference between
the two cycles was calculated for each cycle day. Day 1 was the most
consistent between cycles, as expected, and Day 4 the least (Fig. 3d).
Nucleated epithelial cells were present in most smears on Days 2—4
(Fig. 3e) but showed high variability when aligned by the cornified peak
(Fig. 3f) with the highest percentage on Day 3 (Fig. 3g). Within-rat
variability was similarly high after Day 1 (Fig. 3h). Leukocytes were
detected less often than the other cell types (Fig. 3i). Some cycles did
have a surge in leukocytes on Day 2 (Fig. 3j), consistent with the
traditional metestrus stage (Fig. 1f), which is defined by copious leu-
kocytes [20,73]. A leukocyte peak did not occur in all rats (Fig. 3k) or
consistently within rats across the two cycles (Fig. 31). Vaginal imped-
ance has been reported to change over the estrous cycle and has been
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advocated as an easy alternative to cytology for cycle tracking [5,17,37,
59], although one study found no correlation between impedance and
serum hormone levels [69]. We measured impedance at the time of most
swab collections and found that it varied over the cycle in all animals
(Fig. 3m). No clear cyclic pattern relative to the cornified cell peak was
observed (Fig. 3n), although on average impedance was lower on Day 1
than Day 4 (Fig. 30). Aligning the data to the first peak of either
nucleated epithelial cells or leukocytes instead of cornified cells
confirmed that only a few rats had a second peak of the same cell type
four days later (Supplemental Figure 3-1).

3.3. Experiment 2: The cornified cell peak is regular across environmental
conditions

The animals in our first experiment were housed with a 14-hour light
period, which is common in breeding colonies but not typically used for
behavior experiments. To ensure that the cornified peak is reliable in
animals housed on a 12-hour light cycle, we began with a new cohort of
16 rats (PND 35). These animals were housed in non-ventilated cages in
a room with only female rats and nursing litters. To determine whether
cytology would be more predictable early or late in the day, swabs were
collected twice per day for eight days, at two hours and eight hours after
lights-on (L2 and L8). For the next eight days, swabs continued to be
taken from 11 of the 16 rats. Impedance was measured and blood
samples were collected from the lateral tail vein alongside many of the
swabs in the second round. For the last four days, swabs were collected
from all 16 rats once per day, six hours into the light period (L6). The
proportion of each cell type was quantified on every smear

Behavioural Brain Research 461 (2024) 114860

(Supplemental Figure 4-1). During twice-daily collection, all 16 rats had
regular, discrete cornified peaks consisting of 1 — 4 consecutive reads.
Most four-day cycles had either one peak read at the L2 time point or two
peak reads, usually L2 followed by L8. This pattern indicates that the
morning (L2) read is more reliable than the afternoon (L8) read for
tracking the cycle, and suggests that the cornified peak lasts about 24 h
and begins sometime during the dark period. Because some rats had a
cornified peak on the first day of sampling, we aligned the cornified cell
data to the second peak to better visualize the distribution of sur-
rounding reads (Fig. 4a). No patterns were evident in the other two cell
types or in impedance (Supplemental Figs. 4-2), so only the cornified
cells were used to track cycles. The intent of the blood collection was to
verify levels of 17f-estradiol and progesterone, but tail vein sampling
did not yield sufficient volumes of serum for either of two commercial
ELISA kits we tested.

Most cycles lasted four days, but in contrast to the first experiment
some five-day cycles were observed. Five-day cycles are generally
characterized by two consecutive days of cornified peaks, consistent
with the extended peak of 17p-estradiol reported for five-day cycles
[51]. Clear five-day cycles were observed in five of the 16 rats, but all
five also had four-day cycles (Fig. 4b). Four of the eleven rats that un-
derwent blood draws shifted their cycle length by one day, and some did
not have detectable peaks in the final round of smears that were
collected at the L6 time point. This could reflect disrupted cycles, but it
is also possible that peaks were missed if their timing was shifted away
from mid-day. Peaks occurred on the same days for two of the eight
cage-mate pairs, again demonstrating chance levels of synchrony within
cages.
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Fig. 4. Tracking cornified cells across the light-dark cycle. (a) Percent cornified cells in smears collected at time points 2, 6, or 8 h after lights-on from rats housed on
a 12-hour light-dark cycle. Reads are indexed to the lights-on + 2 h peak read of each rat’s second tracked cycle. Times when a smear was not collected are shown in
gray. The black outline denotes days when tail vein blood draws were also performed on 11 of the 16 rats. (b) The majority of tracked cycles lasted four days, and
every rat had at least one four-day cycle. A confirmed 4-day cycle was one in which all four days plus Days 1 and 2 of the next cycle were observed. A 4-day cycle was
presumed if the following Day 2 smear was not available to exclude the possibility of a 5-day cycle. 4-day cycles were also presumed when the first or final few days
of tracking were consistent with a partial 4-day cycle. (c) Percent cornified cells in smears collected twice per day, 2 and 8 h after lights-off, and indexed to the first
peak 8-hour read. (d) Five of six animals had two consecutive four-day cycles, and the sixth had a five-day cycle followed by a second apparent five-day cycle. Lines

on y-axis indicate cage-mate pairs.
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3.4. Experiment 3: The cornified peak is reliably detected during the dark
period

Rats are nocturnal, so behavior experiments performed in the dark
period may be more ethologically relevant. To confirm that the cornified
peak could be used to time the cycle during the dark period, we housed a
new cohort of six rats (PND 41) in a room with a reverse 12-hour light
cycle. This room contained a breeding colony and had ventilated cages,
as in the first experiment. Smears were collected twice per day at two
hours and eight hours after lights-off (D2 and D8) for twelve days, and
cells were quantified for each smear (Supplemental Figure 4-3).
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Cornified peaks were detected more often in the D8 smears than in the
D2 smears, so cycles were aligned to the first D8 peak read (Fig. 4c).
When two consecutive peaks occurred, the first was more often a D2
read. This order plus the higher frequency of peak reads at D8 and L2
versus D2 and L8 indicates that the cornified peak commences around
the light-to-dark transition. Only one of the six rats had a five-day cycle,
versus eight four-day cycles amongst the other rats (Fig. 4d). Interest-
ingly, two-day peaks were not observed in this group. Leukocytes were
also very scarce relative to the smears collected during the light period,
consistent with the reported short duration of the metestrus stage, which
is defined by copious leukocytes.

b  second tracking c
session re-aligned
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Fig. 5. Track-by-Day in a large cohort across four weeks. (a) Daily smears were collected over two rounds separated by a break. Two groups (n = 20 and n = 40)
were tracked with slightly different collection and break schedules. Smears were categorized as either fully cornified or not, although in a few instances 90-99%
cornification presented in the smear when a peak was expected (light pink). Cycles were indexed to the final cornified peak before the break. Gray boxes indicate days
when no smear was collected, and lines on the y-axis show cage-mate pairs. (b) The second tracking round realigned using its first cornified peak as the index day. (c)
Across 60 animals, 240 full cycles were tracked: the majority were four-day (211 of 237, 89.0%), while the rest were either three-day (5 of 237, 2.1%), five-day (13 of
237, 5.5%), or ambiguous (8 of 237, 3.4%). Importantly, by the second tracking session (PND 65), the incidence of four-day cycles increased (125 of 136, 91.9%),
therefore 97% of females (58 of 60) were regularly cycling. Gray boxes in (c) refer to alignment resulting in an incomplete cycle, i.e., less than four or five days of

cytology data.
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3.5. Experiment 4: Days are more sensitive than stages in detecting estrous
cycle effects on fear conditioning

We next compared the performance of the Track-by-Day method to
traditional staging in a Pavlovian conditioning paradigm to compare
fear learning across days of the estrous cycle, and between females and
males. Smears were collected from females once per day, mid-dark
period, for two rounds of 8-12 days, with a break of 8 or 10 days in
between. Multiple tracking rounds allowed each subject’s cycle to be
observed over four weeks, and the break allowed us to interleave 60
female rats in a large experiment. Each smear was classified as either
100% cornified, signifying Day 1, or not. In a few cases, a read of
90-99% cornified cells was used to define Day 1 if it occurred on the
expected day and no 100% cornified read was seen. When cycles were
aligned by the first cornified peak they were mostly regular during the
first round of swabbing. A few rats drifted during the break, almost al-
ways by one day (Fig. 5a). Realigning the cycles to the first cornified
peak in the second tracking round showed that consecutive cycles are
overwhelmingly regular (Fig. 5b). Over the entire experiment, the ma-
jority of cycles lasted four days (Fig. 5c). A total of 237 cycles were
followed, of which 211 were four-day, 13 were five-day, and 5 were
three-day.

The behavior experiment began 1 — 4 days after the final day of smear
collection (Supplemental Figure 5-1). The final cycle was used to assign
females pseudorandomly to a paired fear learning or unpaired control
protocol to ensure representation of cycle days in each experimental
group. A few females were assigned to a third tone-only group whose
behavior data were not analyzed. Males were match-handled and
balanced across experimental groups as well. Training and long-term
memory testing were performed four days apart so that they would
occur on the same day of a (four-day) cycle (Fig. 6a). We intentionally
avoided training and testing on Day 1 for two reasons. First, our twice-
daily swabbing experiments found that the cornified peak is most
frequently observed in the late dark period and early light period
(Fig. 4a, c), which would mean that our dark period Day 1 smears are
taken during the pre-ovulatory drop in progesterone (Fig. 1a). This drop
is rapid, and even with experiments performed within a 4-hour time
window, there could be dramatic differences in hormone levels within a
Day 1 experimental group. Second, five-day cycles are expected to have
two consecutive days of high 17f-estradiol (Fig. 1a) and potentially two
days of peak cornified reads (Fig. 4a).

In this case, a Day 1 smear and a Day 5 smear are indistinguishable
without the following day’s smear to confirm a four- or five-day cycle. A
final smear was collected from each female after the long-term memory
test, and although we attempted to predict and avoid Day 1, four final
smears predicted to be Day 4 or Day 2 showed Day 1 cytology. These rats
were excluded from behavior analysis.

During the long-term memory test, both males and females in the
paired training group showed higher freezing to the tones relative to the
pre-tone period. Females, but not males, in the unpaired group also
showed higher freezing to the tone, indicating non-associative effects of
training (Fig. 6b). Females on all cycle days showed increased freezing
to the tone after paired training, but only unpaired subjects on Day 2
showed non-associative freezing (Fig. 6¢). To compare Track-by-Day to
traditional staging, a blinded, experienced experimenter used conven-
tional cytology guidelines to classify the final smears for females that
underwent behavior procedures as diestrus or proestrus. Stages mark-
edly overlap, with Day 2 consisting mainly of diestrus reads and Days 3
and 4 of both diestrus and proestrus (Fig. 6d). As in the previous dark-
period experiment, leukocytes were very scarce and thus no animals
were assigned to the metestrus stage. When the female data were
analyzed by stage, no difference was seen between diestrus and proes-
trus subjects (Fig. 6e). Relatively high freezing was seen in the unpaired
group overall. Another cued fear conditioning study conducted during
the dark period reported similar results [21], suggesting that context
generalization may be higher in the dark period. To isolate tone
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responses, pre-tone freezing was subtracted from tone freezing. Both
males and females had significantly higher freezing to the tone in the
paired group (Fig. 6f), confirming associative learning to the tone.
Among females, freezing in the paired and unpaired groups did not
differ in subjects on Day 2 (Fig. 6g) or those classified as diestrus
(Fig. 6h), consistent with the non-associative tone freezing in these
unpaired groups. Overall freezing did not differ between males and fe-
males (Fig. 6i) but was significantly lower on Day 3 than on Days 2 and 4
(Fig. 6j). Diestrus and proestrus did not differ (Fig. 6k), meaning that
Track-by-Day was more sensitive in detecting a cycle-related change in
behavior.

Training was performed using the same shock parameters for all
animals, but shock sensitivity has been reported to be affected by sex
and hormonal state [6]. Because lower freezing on Day 3 and
non-associative sensitization on Day 2 could be explained by lower and
higher shock sensitivity, respectively, we evaluated shock sensitivity in a
separate cohort of female and male rats. Females displayed higher
sensitivity than males, but there were no differences between cycle days
(Supplemental Figure 6-2).

3.6. Additional cell types and overall cell numbers associated with Day 2

The final smears from Experiment 4 were stained with Shorr stain,
which reveals cytology in finer detail than H&E and allowed five cell types
to be quantified instead of three. Cornified cells largely appear bright or-
ange with Shorr stain, and the full cornification of Day 1 is easily detected
(Fig. 7a). Nucleated epithelials show clear contrast between the nucleus
and cytoplasm and high variability on Days 2-4 (Fig. 7b). Leukocytes were
very rare in these smears (Fig. 7c), consistent with our earlier H&E-stained
smears taken during the dark period (Supplemental Figure 4-3). Non-
nucleated epithelial cells are difficult to differentiate with H&E staining
but are very clear with Shorr stain. Acidophilic non-nucleated epithelials
were very sparse (Fig. 7d). In contrast, basophilic non-nucleated epithe-
lials, recognized by bright cyan staining in crisp round cells, appeared
frequently on Days 3 and 4 but rarely on Day 2 (Fig. 7e). Independent of
the specific cell types, the absolute number of cells per smear was higher
on Day 2 than on Days 3 and 4, but there were no differences between
stages (Supplemental Figure 7-1). Based on gradual changes in cytology,
some smears were classified as late estrus (Ep), late diestrus (Dy), or late
proestrus (Pp). Similar to the canonical stages (Fig. 6e), transitional stages
progressed across days (Supplemental Figure 7-1). Number of cells per
smear were not different when compared by stages of the estrous cycle
(Supplemental Figure 7-2). Although not as unmistakable as the fully-
cornified cytology of Day 1, these two features could be helpful in con-
firming Day 2 by large cell numbers or a paucity of basophilic non-
nucleated epithelial cells.

3.7. Cycle days are more predictive of uterine histology than traditional
stages

Unlike the vaginal epithelium, uterine tissue is sensitive to hormone
changes throughout the estrous cycle [19,73], so if cycle days are a
better proxy for hormone levels than cytology stages this should be re-
flected in uterine histology. To test this hypothesis, rats in the behavior
experiment were perfused with fixative and the uterine tissue was har-
vested immediately after collection of the final post-long-term memory
test smears. Gross examination of uterine sections across days (Fig. 8a)
revealed a dramatic dilation of the lumen in the five rats with Day 1
cytology (Fig. 8b). The only other rat with this uterine morphology was
the one that did not have any four- or five-day cycles and did not have a
cornified peak during the final round of smear collection (Fig. 5¢), a
combination of persistent non-estrus cytology and histology that is
consistent with pseudopregnancy.

Day 1 of the cycle can be easily identified by vaginal cytology (Fig. 2,
Fig. 3) and uterine lumen dilation (Fig. 8). Quantification of uterine
histology features revealed less dramatic, yet still detectable changes
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Fig. 8. Gross uterine histology across the cycle. (a) Representative uterine cross sections from each cycle day. The lumen of the Day 1 sample is indicated with a large
asterisk. (b) Extreme lumen dilation differentiates Day 1/estrus histology from the rest of the cycle. Scale: 1 um. * p < 0.00005.

associated with each of Days 2, 3, and 4. Mitotic figures in the luminal
epithelium (Fig. 9a) were usually present on Days 3 and 4 but never on
Day 2. In contrast, luminal mitosis did not differ between diestrus and
proestrus or among the transitional stages (Fig. 9b). The presence of
glands in the endometrium (Fig. 9¢) was also lower on Day 2 versus Days
3 and 4 but was constant between stages (Fig. 9d). Mitotic figures were
present in the endometrial glands (Fig. 9e), and their density distin-
guished Day 3 from the other days but did not differ between stages
(Fig. 9f). Finally, the cross-sectional area of the endometrium (Fig. 9g)
was greater on Day 4 than Days 2 and 3 (Fig. Sh). This was the only
histological measure that differed between stages, being greater in
proestrus than diestrus, and greater in late proestrus than early proes-
trus. Given that two-thirds of proestrus and all late proestrus cases
occurred on Day 4 (Supplemental Figure 7-1), this is not surprising.

11

4. Discussion

The historical practice of using only male subjects has limited our
understanding of the female brain, and therefore of the brain in general,
and there is a need for more high-quality data from female subjects in
most areas of neuroscience. A recent study noted that of research articles
that used only males, half cited concerns about variability arising from
hormone fluctuations as the reason [60]. Although female subjects are
not overall more variable than males [8,57], there is evidence that sex
hormones influence a range of brain functions, including learning and
memory [28]. It may not be necessary to treat hormonal changes as a
potential confound, but it is not unreasonable in areas such as fear- and
anxiety-related behaviors, where the literature on estrous cycle effects is
inconsistent [22,41]. Serum testosterone conveniently follows a
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circadian pattern in male rats [1,48], so controlling for time of day
indirectly controls for hormone status. Instead of monitoring the estrous
cycle to control for female hormones, however, it is common to avoid
female subjects [35,43,74] or ovariectomize and study them under the
influence of synthetic hormones [58].

The former may reflect the inaccessibility of tracking methods, and
both reflect a lack of confidence in the reliability of the cycle itself.

The first description of changes in vaginal cytology during the rat
estrous cycle was published 100 years ago [40]. Cytology was divided
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into stages according to a four-stage model of mammalian reproduction,
which itself was based on observations of reproductive physiology and
behavior across many species [33]. It was not until decades later that the
hormone cycle was measured in detail and the effects of steroid hor-
mones on the vaginal epithelium were investigated. Several studies have
monitored serum levels of ovulation-related hormones across the rat
estrous cycle [15,51,70], and two features of the cycle have clear
practical implications for cycle tracking. First, hormone levels follow a
stereotyped pattern that is entrained to the light-dark cycle, meaning
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that cycle progression can be inferred if a single time point can be
identified. Second, the major hormonal changes — a surge in 17p-estra-
diol followed by sharp, nearly simultaneous peaks of progesterone,
luteinizing hormone, follicle-stimulating hormone, and prolactin — occur
in the 24 h preceding ovulation, and the traditional cytology stages do
not correspond to hormone states. Since stage assignments — with the
exception of estrus — are effectively arbitrary with respect to hormones,
inconsistency between studies that use cytology to stratify groups is
unsurprising. Dividing subjects on Day 2 between metestrus and dies-
trus, for example, creates two groups with essentially identical hormone
levels, whereas the cytology does not reflect the rapid hormonal changes
on Day 4 in real time and subjects assigned to diestrus or proestrus on
Day 4 are unlikely to differ systematically.

Our data show that the most reliably cyclic feature of cytology is the
cornified peak and that variability in cytology increases as the cycle
progresses, consistent with the relationship between cytology and the
hormone peaks becoming more indirect. Our observations are also
consistent with cytology guidelines that describe nuanced stage transi-
tions and broad ranges for stage durations. Timing by the cornified peak
alone, we found that the vast majority of cycles lasted four days and that
almost all rats had regular cycles. This counters the common perception
that cycles are often irregular, or, as stated in the title of a recent guide to
staging [61], that there is “no such thing as a normal cycle.” Since it is
common to exclude subjects without regular cycles, differences in
exclusion criteria could explain some conflicting results in the literature.

Uterine histology is a more direct reflection of cycle progression than
vaginal cytology, as uterine tissue responds more rapidly to 17f-estra-
diol, and there is evidence that unlike in the vaginal epithelium, the
response is dose-dependent [13,31]. Descriptions of changes in uterine
histology across the cycle are generally consistent: the lumen dilates on
the day of ovulation, accompanied by necrosis of the epithelium and
glands[23,64,73]. Water is then expelled from the lumen, and necrosis
slows while mitosis resumes, restoring the mature epithelial and gland
structures. Our data reflect this temporal progression. The cornified
peak in vaginal cytology corresponded 1:1 with profound lumen dila-
tion, and mitosis followed by uterine enlargement differentiated the
ensuing days. Only uterine size differed between traditional stages, and
variability was higher between stages than between days.

Similarly, comparing across cycle days detected cycle-related dif-
ferences in cued Pavlovian fear conditioning that were not apparent
between cytology stages (Fig. 6), which highlights the utility and
sensitivity of the Track-by-Day method. Studies examining the effects of
sex and estrous stage on Pavlovian conditioning are inconsistent, with
some reporting no differences and others reporting differences in
opposing directions [22,41,58]. Consistent with other studies performed
in the dark period [11,12,21], we found that subjects of both sexes and
all estrous stages and days displayed tone-evoked freezing after paired
training. Like another study [12], we looked for darting [32] but found
that it was unusual and not systematic; it is possible that this behavior is
more common during the light period. Unpaired training produced
non-associative freezing in females on Day 2, while Day 3 subjects dis-
played low freezing regardless of training. When the cycle was not
accounted for at all and when traditional staging was used,
non-associative freezing appeared to occur in females generally as
opposed to in a subset of subjects. Meanwhile, the freezing effect on Day
3 was completely obscured when subjects were grouped by stage.
Neither non-associative freezing nor lowered freezing can be attributed
to differences in shock sensitivity, which did not change across the cycle.
Non-associative freezing is likely due to pseudoconditioning, which is
mechanistically distinct from associative learning and thought to be a
non-specific arousal effect[2,24,36]. Interestingly, a recent study of
male and female rats in a naturalistic foraging setting found that a tone
stimulus evoked non-associative freezing but not Pavlovian conditioning
[79]. Pseudoconditioning in Day 2 females could thus represent
ethologically-relevant vigilance or defensive behavior that is reduced
later in the cycle. Lowered freezing on Day 3 does not indicate impaired
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learning, as associative freezing to the tone was preserved, but instead a
difference in behavioral expression.

Grouping by cycle day in the dark period yields groups with pre-
sumed low hormones (Day 2), high progesterone (Day 3), or high 17p-
estradiol (Day 4), so unlike staging, Track-by-Day allows interpretation
in the context of hormone levels. Endogenous and exogenous proges-
terone and 17p-estradiol have been reported to be anxiolytic in females
[58]. In the elevated plus maze, progesterone is associated with more
open arm entries as well as more open arm time in the elevated plus
maze[10,30,50], whereas acutely high 17p-estradiol has been associated
with more open arm time but not more entries [45,72]. Although
freezing in a Pavlovian conditioning paradigm is not considered a
measure of anxiety, these effects are interesting in the context of our
data. If both steroids reduce anxiety responses, the non-associative
freezing on Day 2 could reflect higher vigilance in the low-hormone
state. If progesterone drives more active behavior in response to
threats than 17p-estradiol, that could explain the overall low freezing on
Day 3.

Tracking data from 328 cycles in 94 rats demonstrated regular
cycling across conditions and subjects. Synchrony between cage-mate
pairs occurred at chance levels, as was also reported in a quantitative
study of cycle timing in group-housed rats [65]. The majority of cycles
(85%) lasted four days, and only four rats failed to have any four-day
cycles. Of these, one had no discernable cycles and was confirmed to
be pseudopregnant by uterine histology, while the other three had
five-day cycles. Most five-day cycles occurred sporadically in subjects
that also had multiple four-day cycles, and there was only one apparent
instance of two consecutive five-day cycles. These results differ from
much of the older literature, which reports that four-day and five-day
cycles are characteristic of individual rats. It is possible that the
Sprague-Dawley rats we used are especially prone to four-day cycles;
some of the classic work on cycle length regulation made use of two
sub-strains of Osborne-Mendel rats bred to consistently exhibit either
four-day or five-day cycles [25,26], indicating a genetic contribution to
cycle length.

Quantitative data on four- and five-day cyclers is scarce, but a large
study of Sprague-Dawley rats reported that 247 out of more than 500
subjects had two consecutive cycles of the same length, and of those 247
roughly equal numbers had four- and five-day cycles [66]. The failure of
more than half the subjects to have two same-length cycles in a row
could be due to strict stage-based cycle definitions, but the overall rate of
about 25% of subjects having two consecutive five-day cycles is much
higher than what we observed. It is possible that their rats, like ours,
exhibited mixed cycle lengths but with a higher proportion of five-day
cycles — if every cycle in every rat has an equal likelihood of lasting
four or five days, pairs of consecutive cycles would yield the reported
ratio of 25% four-day, 25% five-day, and 50% “irregular” cyclers. A later
study by the same author, however, noted that a third consecutive cycle
of the same length occurred in 75% of four-day and 85% of five-day
cyclers, indicating a degree of individual bias in cycle length [51].
That study quantified serum hormones in terminal blood samples from
four- and five-day cyclers (defined by the two previous consecutive cy-
cles) and found differences mainly on Days 4 and 1/5 (data on proges-
terone and 17-estradiol are adapted in Fig. 1a). Rats whose uterine and
oviduct histology did not confirm the expected point of the ovulatory
cycle were excluded, meaning that the data represent only cycles of the
specified length as opposed to consistent patterns in individuals prone to
a given cycle length (i.e. rats with prior five-day cycles do not neces-
sarily have delayed hormone peaks on four-day cycles).

As illustrated in Fig. 1a, the serum hormone patterns in four-day
cycles reported by Nequin and colleagues (1979) correspond to those
reported by two other studies [15,70]. Both of those used only rats with
three consecutive four-day cycles, and although the numbers are not
reported, presumably rats with consistent five-day cycles were not
frequent enough for analysis. All three studies used Sprague-Dawley
rats, and the reason for the higher incidence of five-day cycles in the
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studies from Schwartz and colleagues [51,66] is unclear. Subjects in
those studies were housed on a 14:10 h light:dark cycle, a condition
under which we observed only four-day cycles in our small cohort of 12
rats. We collected tracking data from subjects housed on 12:12 or
14:10 h light:dark cycles, subjects housed in active breeding colonies or
with only female rats, and from subjects before and during the stress of
daily blood draws. Across all conditions, four-day cycles were the rule
and five-day cycles occurred seemingly at random. Although we cannot
rule out unknown environmental factors, the most likely explanation for
our failure to see a substantial number of five-day cycles is a congenital
tendency to four-day cycles. All of the subjects in this study were ob-
tained from a single vendor, but in subsequent experiments we have had
similar results with Sprague-Dawley rats from a different vendor. Given
the potential for genetic variation in cycle length, it is advisable to
observe patterns over a few cycles when beginning work with a new
strain or vendor.

Cycle length and regularity are also reported to vary in rats younger
than one month and older than ten months [42,46,77], so our results
should not be assumed to apply before or after adulthood, when
reproductive function is cyclic and stable. Sprague-Dawley rats are also
an especially docile strain and do not show behavioral signs of stress
during swabbing, but is possible that strains which require acclimation
to handling, such as Long-Evans, will experience stress during initial
attempts at smear collection. Cycle length was not affected by the stress
of daily blood draws in our study, consistent with a report of four-day
cycle length persisting during daily restraint stress in Sprague-Dawley
rats [12]. Other strains may be more sensitive, however, and to avoid
other effects of stress it would be prudent to ensure that subjects are
habituated to swabbing before beginning experiments.

In contrast to traditional staging, the Track-by-Day method does not
require specialized training in cytology interpretation, making it
accessible to a wide community of researchers. It also inherently facil-
itates standardization across laboratories; regardless of whether tradi-
tional stages are given, studies that report the cycle day and time of data
collection can be easily compared. In classic endocrinology literature
[15,51,70] the names of the four stages are used to refer to cycle days as
opposed to cytology, and this convention is followed by at least one
neuroscience group [11,12]. Because of the longstanding association
between the stage names and cytology states of variable duration, we
propose that the cycle be reported in days, as it is for golden hamsters
[38,47,52,56]. This will avoid ambiguity and allow traditional stages to
be reported in parallel if desired. Ideally, by making the estrous cycle
accessible the Track-by-Day method will encourage more researchers to
work with female subjects and improve our understanding of how the
estrous cycle does, or does not, influence behavior.

5. Recommendations for the track-by-day method

Planning: Track smears for twelve consecutive days before beginning
an experiment. This will acclimate the subjects (and experimenters) to
the procedure and provide two full cycles of data.

Sample collection: Collect smears once per day, ideally between the
mid-dark period and mid-light period. Contrast smears with H&E or
Shorr stain.

Interpretation: Identify peak smears containing only cornified cells,
especially in clumps and sheets.

Tracking: Define fully-cornified smears as Day 1, and assign non-
peak smears to the corresponding cycle days. If two consecutive peak
cornified smears are observed, the final smear before a non-peak smear
is Day 1. This ensures that the cycle is timed from the day of ovulation.

Reporting: Subjects can be grouped for analysis by cycle days instead
of or in addition to traditional stages, but whether stages are reported or
not, the cycle day relative to the cornified peak and the exact time that
experiments were performed should be reported to allow standardized
comparisons between studies.
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