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Abstract
It is clear that male hamsters discriminate between the odors of individual, conspecific females, as
shown by using habituation-dishabituation methods. However, it is not clear from past research
whether male hamsters are able to discriminate between the odors of estrous and non-estrous females.
A series of habituation-dishabituation experiments were conducted to determine whether males
discriminated between different estrous cycle states using two female secretions, those from flank
glands and vaginal secretions. We found that, when habituated to a female flank-gland secretion,
males discriminated between this female and a second female on the test trial, whether both were in
estrus, both were in diestrus, or one was in estrus and the other in diestrus. There was no difference,
however, in the magnitude of their dishabituation response toward flank-gland odors of females in
estrus and diestrus. These results suggest that males use flank-gland odors to gain information
primarily about individuals. When tested with vaginal secretions in habituation-dishabituation tests,
males only showed differences in investigation when the second female was in estrus, indicating that
males use vaginal secretions to gain information primarily about reproductive state.
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INTRODUCTION
In many mammalian species, unmated females show repeated estrous cycles during which
females are sexually receptive on only one or a few days of the cycle. For example, female
Syrian hamsters, Mesocricetus auratus, have a very regular four-day estrous cycle in which
the female is only sexually receptive on one day (Lisk, 1985). During estrus, female hamsters
are amicable toward males and readily assume the receptive lordosis posture, whereas on the
other three days of the estrous cycle females are aggressive toward males. Consequently it
would be beneficial for males to be able to determine whether females are in estrus or not. In
most species tested, males discriminate and prefer the odors of estrous females to those of non-
estrous females (Taylor and Dewsbury, 1990), for example, rats (Carr et al., 1965; Lydell and
Doty, 1972), mice (Hayashi and Kimura, 1974; Rose and Drickamer, 1975), brown lemmings,
Lemmus sibiricus, collared lemmings, Dicrostonyx groenlandicus (Huck and Banks, 1984),
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desert woodrat, Neotoma lepida lepida (Fleming et al., 1981), Indian desert gerbils, Meriones
hurrianae (Kumari and Prakash, 1984), kangaroo rats, Dipodomys spectabilis (Randall,
1986), Columbian ground squirrels, Spermophilus columbianus (Harris and Murie, 1984),
sheep (Lindsay, 1965), dogs (Beach and Gilmore, 1949), and cats (Verberne and de Boer,
1976). In contrast, male deer mice, Peromyscus maniculatus bairdi, do not seem to show a
preference for odors of estrous females (Dewsbury et al., 1986).

In Syrian hamsters, results of experiments on the ability of males to discriminate between odors
from females on different days of the estrous cycle are contradictory. Many studies have shown
that males do not behave differently in response to odors from estrous and non-estrous females.
Such negative results have been found when using the whole body of female donors but
preventing the subject males from contacting those females (i.e. males were exposed only to
volatile odors), either when odors of both stimulus females were presented at the same time
(Johnston, 1980; Landauer and Banks, 1973; Landauer et al., 1978), or one at a time (Johnston,
1977; Kwan and Johnston, 1980). Similar results were found when using only vaginal
secretions, again without the male being able to contact the stimulus (Johnston, 1974). It could
be argued, however, that one problem with non-contact methods is that they disrupt the usual
response of males to female vaginal secretion, which is to contact the secretion and lick it
(Johnston et al., 1993). If access to the secretion is blocked, the males spend a lot of time
attempting to get at the secretion, and thus it is not clear what the measure of ‘investigation
time’ is measuring – trying to contact the secretion, sexual motivation, or some other motivation
imposed by the method of testing.

Allowing male hamsters to contact the stimulus does not necessarily result in different results.
When males were allowed to investigate two anesthetized females, one in estrus and the other
in diestrus-2, no differences were observed in the duration of investigation, licking, or mounting
(Landauer et al., 1978). One problem with using the whole female as the stimulus, however,
is that the male can investigate sources of odor other than vaginal secretions, such as flank-
glands, ear glands, or mouth/saliva odors. These other odors may contain information about
sex, individual identity and reproductive state, which may influence the amount of time the
males sniff the female stimulus animal (Johnston, 2003; Johnston et al., 1993; Petrulis and
Johnston, 1997). In one study this problem was addressed by placing vaginal secretions of
estrous or non-estrous females on the tail region of awake stimulus males. Male subjects
responded similarly to awake males scented with either estrous or non-estrous vaginal secretion
(Lisk et al., 1972). It is unclear, however, how relevant those results are, given that the subject
males were responding to both the female and the male odors and to the behavior of the stimulus
male.

There are a few studies that indicate that males do respond differently to the odors of estrous
and non-estrous females. For example, when males were placed in the empty home cage of a
female every day for 21–22 days, they flank marked at different rates in response to odors of
females on different days of the estrous cycle, indicating that males do perceive differences in
odor across the days of the cycle (Johnston, 1975, 1980). However, when stimulus females had
their vaginas removed, flank-marking by males did not vary when placed in cages of females
in different estrous states, suggesting that information about reproductive state was contained
primarily in vaginal secretions (Johnston, 1980). In other experiments, the ultrasonic calls of
males were counted during brief exposure to an estrous female and a diestrous female. Males
called more frequently when the female was in estrus, but males did this only when the stimulus
females were awake and not when they were anesthetized (Floody et al., 1977), suggesting that
males may have been using calls of the female or other behavioral cues to determine estrous
state, but not chemical cues. The context in which tests are carried out can also influence the
results. For example, males preferred the soiled bedding from estrous females over that from
diestrous females when testing took place in the male’s home cage but not when it took place

delBarco-Trillo et al. Page 2

Behav Processes. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in a neutral arena (Johnston, 1980). In another experiment in which females had their vaginas
removed and thus could not produce vaginal secretions, males did not show a preference
between bedding of estrous and diestrous females (Johnston, 1980). These results appear to
indicate that males are able to discriminate estrous from diestrous states by odors and that
vaginal secretions may be one source of such odors. However a problem still remains: when
home-cage bedding is used as the stimulus, odors from several days of the female’s cycle are
combined, and it is thus unclear which odors are influencing the male’s behavior.

Huck et al. (1989) hypothesized that one reason for the negative results in studies of the
discrimination of days of the estrous cycle was that so much odorous material was used (either
vaginal secretions or females) that there were ceiling effects (Huck et al., 1989). These authors
thus used a 4-choice olfactometer and either diluted the odors coming from four anesthetized
females in different estrous states or used these odors without dilution. When odors were
diluted, males investigated odors from diestrous-2 females more than those of estrous females,
but when odors were not diluted, there were no differences in investigation (Huck et al.,
1989). These results seem to indicate that males can discriminate different states of the estrous
cycle by odors, even though the preference for diestrous odors over estrous odors was not in
the expected direction.

A drawback of the negative results described above is that the lack of a preference does not
necessarily prove an inability to discriminate between two stimuli; such results only show that
there was no preference. Consequently, all the studies showing no preferences by male Syrian
hamsters for odors of females on different days of the estrous cycle do not prove that males
cannot discriminate between estrous and non-estrous females, especially when other studies
provide evidence that male hamsters can indeed discriminate between odors from females in
different estrous states.

The aim of the present study was to determine whether male Syrian hamsters can discriminate
between the odors of estrous and non-estrous females using methods that avoid some of the
pitfalls of previous studies. First, we used isolated secretions (vaginal secretions and flank-
gland secretions) instead of the whole female as stimulus. Second, we allowed males to contact
the stimulus. Third, we used the habituation-dishabituation design, a technique that is known
to provide evidence for the ability to discriminate between different odor samples (Brown et
al., 1990; Johnston, 1993; Johnston et al., 1993; Johnston and Jernigan, 1994; Schellinck and
Brown, 1994).

MATERIALS AND METHODS
Animals

All animals were born and raised in captivity at Cornell University, Ithaca, NY. Hamsters were
weaned at 30 days of age and housed singly in solid bottom polycarbonate cages (45 ×24 ×
14.5 cm) with sani-chip bedding material and constant access to food (Prolab 1000, Agway,
Syracuse, NY) and water. The colony was maintained on a 14L:10D light-dark schedule with
lights off between 09:00 and 19:00 hours (Eastern Standard Time). Experiments were run
within the first three hours of the dark phase.

Subjects were males and odor donors were females. The number of animals used and their ages
are provided below. Male subjects and female scent donors were unrelated and unfamiliar with
each other. The estrous cycles of all females were determined several days before a trial. To
confirm that a female was in estrus on a specific day, a dominant male hamster was placed
inside the female’s home cage. If lordosis was elicited, the female was in estrus. No mounting
occurred during estrous checking. If no lordosis was observed, the female was retested on the
following days until lordosis was elicited. Given the reliable 4-day estrous cycle in Syrian
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hamsters (Lisk, 1985), once the day of estrus was determined, we could always determine the
consequent estrous and diestrous-2 days (the estrous cycle in Syrian hamsters consists of the
following phases: estrus, diestrus-1, diestrus-2, and proestrus). These ‘days’ refer to the
female’s state during the dark phase of the daily light cycle, during which hamsters are active
in captivity (Gattermann et al., 2008).

All research was conducted with approval from Cornell University’s Institutional Animal Care
and Use Committee (protocol #1993-0120).

Habituation-Dishabituation Procedure
Subject males were initially tested in four consecutive habituation trials with the odors (flank-
gland secretions in experiment 1 or vaginal secretions in experiment 2) of one donor female
in a given estrous state (either estrus or diestrus-2). Because the male is exposed to the same
odors in these four trials, he will become habituated to those odors and investigation time will
decrease significantly in the fourth habituation trial compared to the first habituation trial. After
the four habituation trials, subject males were exposed to the odors of a second donor female,
in either the same or the other estrous state. This was the dishabituation trial, and if the subject
experiences the odors of the second donor as different from those of the first donor, we would
expect an increase in investigation in the dishabituation trial compared to the fourth habituation
trial. Since males are exposed to different females in the habituation and test trials, they should
tend to show dishabituation in all tests trials. However, as the estrous states of the two stimulus
females can be either the same or different, the males responses should also vary depending
on this variable if they do indeed discriminate between different reproductive states based on
the specific odor being used (flank gland or vaginal secretion). In particular, if males experience
estrous odors as more salient than non-estrous odors, we expected that males would show a
greater dishabituation response toward odors of estrous females than toward odors of non-
estrous females. That is, we expected that the degree by which males discriminate between
two unfamiliar females depends on the relative attractivity of those two females, estrous
females being more attractive than non-estrous females (Lai et al., 1996). In our habituation-
dishabituation tests, the increase in investigation toward the second female was expected to be
lower when a male was tested with two non-estrous females, or when a male habituated to an
estrous female is dishabituated with a non-estrous female, because in both cases the odors of
the second female are less attractive. Conversely, the increase in investigation was expected
to be higher when a male was tested with two estrous females, or when a male habituated to a
non-estrous female was dishabituated with an estrous female. This pattern was expected to
occur only when a particular odor carries information about the estrous cycle. Vaginal
secretions differ in their chemical composition across the estrous cycle (O’Connell et al.,
1981), so we expected that males would use vaginal secretions to determine the estrous state
of a female. The chemistry of flank-gland secretions across the estrous cycle has not been
analyzed but it may not differ across the estrous cycle; if so, males should not show differences
in discrimination depending on estrous state.

Testing Procedure
We carried out two experiments, differing in the stimulus odor used (flank-gland secretion in
experiment 1, vaginal secretion in experiment 2). The stimulus odor was presented on the top
of a flat rectangular glass plate (8 × 16 cm) placed on the floor within the subject’s cage.
Experimenters wore clean latex gloves to avoid the transfer of human scents. Each glass plate
was divided in half by a line drawn on the bottom side using a blue marker. One half of the
glass plate was scented on the top side with female secretion (either flank-gland or vaginal
secretion), and the other half was left unscented. The glass plate was then placed on the floor
of the subject’s cage for three minutes, odor side up, parallel to the front wall of the cage. Time
spent investigating both halves of the glass plate was recorded using the free software
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Stopwatch+ (http://www.cbn-atl.org/research/stopwatch.shtml). At the end of a trial, the glass
plate was removed and a 12-minute, inter-trial interval started. We used a different, clean glass
plate for each trial.

Experiment 1. Flank-Gland Secretions
There were four conditions with 10 males in each. The only difference among conditions was
the estrous states of the two stimulus females: (1) condition E-E, the male was habituated to
the flank-gland secretions of a female in estrus, and then tested in the dishabituation trial with
the flank-gland secretions of a different estrous female; (2) condition Di-Di, the first female
donor was in diestrus-2, and the female donor used in the dishabituation trial was also in
diestrus-2; (3) condition Di-E, the first female donor was in diestrus-2 and the second female
donor in estrus; (4) condition E-Di, the first female donor was in estrus and the second female
donor in diestrus-2.

For each trial, a flank gland region of the donor female was rubbed 10 times against one half
of the glass plate. Male average age was 255.08 ± 10.18 d (range, 117 –375 d).

Experiment 2. Vaginal Secretions
We used the same four conditions (N = 10 per condition) as in experiment 1 (i.e. E-E, Di-Di,
Di-E, and E-Di), the only difference being that instead of using flank-gland secretions from
the female donors, we used vaginal secretions. We used different males than those used in
experiment 1. To collect vaginal secretions, the experimenter pressed with a thumb firmly
down and forward on the abdomen just above the vagina. When pressing, the vaginal secretion
was expressed. Vaginal secretion samples were always collected immediately before testing;
no samples were stored or frozen for later use. To apply secretion to the glass plate, the
experimenter used a cotton swab. We scented one half of the glass plate with vaginal secretion
covering an area approximately 1.5 cm in diameter using the cotton swab. Male average age
was 306.48 ± 13.76 d (range, 128 – 462 d).

Statistical Analyses
Data from experiments 1 and 2 were analyzed separately. In experiment 1, we tried to use each
subject male in only one condition. However, four males were used in two different conditions.
In those statistical analyses in which data from different conditions were pooled or analyzed
together, data from those four males were not included to maintain the assumption of
independence (inclusion of such data, however, did not affect the result of any statistical
analysis). The remaining 32 males used in experiment 1 were only used in one condition. Of
the 36 males used in experiment 1, eight males had mated once prior to testing, whereas the
rest were sexually naïve. In experiment 2, ten subject males were tested in all four conditions,
randomizing the testing order (due to low availability of animals). Three of these males had
mated once prior to testing, whereas the other seven males were sexually naïve. We did not
detect any order effects (p > 0.58). Trials with the same male were separated at least by a week.

For each of the four conditions (E-E, Di-Di, Di-E, and E-Di), we used paired-sample t-tests to
compare the investigation time between the first and the fourth habituation trials to determine
whether habituation to the odors of the first stimulus female took place. We also used paired-
sample t-tests to compare the time that males investigated the fourth habituation trial and the
dishabituation trial. To compare the dishabituation response across conditions, we calculated
a dishabituation response variable by subtracting the investigation time in the fourth habituation
trial from the investigation time in the dishabituation trial. We compared this response variable
across the four conditions using ANOVA and Tukey post-hoc tests if necessary in experiment
1, and a repeated-measures ANOVA and paired-sample t-tests as post-hoc tests in experiment
2. Finally, to determine whether males investigated the odors of females in estrus or diestrus-2
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differently in their first encounter with those odors, we compared investigation of the estrous
odor and diestrous-2 odor during the first habituation trial. We pooled data from conditions E-
E and E-Di to get investigation time of the estrous odor, and data from conditions Di-Di and
Di-E to get investigation time of diestrous-2 odor. We used an independent t-test in experiment
1 and a paired-sample t -test in experiment 2. All values are shown as mean ± sem. All statistical
analyses were conducted using SPSS 14.0 for Windows.

RESULTS
Experiment 1. Flank-Gland Secretions

Habituation to the flank-gland secretions of the first donor female occurred in all conditions,
as indicated by the significant reduction in investigation time between the first and the fourth
trials (P < 0.0005 for the four conditions; Fig. 1). Dishabituation to the flank-gland secretion
of the second female also was shown in all four conditions (condition E- E, t9 = −2.74, P =
0.023, Fig. 1a; condition Di-Di, t9 = −4.79, P = 0.001, Fig. 1b; condition Di-E, t9 = −5.79, P
< 0.0005, Fig. 1c; condition E-Di, t9 = −3.95, P = 0.003, Fig. 1d). These results indicate that
males in all four conditions discriminated between flank-gland secretions from the first and
second donor females, independently of their day of the estrous cycle. The dishabituation
response was not significantly different across the four conditions (F3,35 = 1.43, P = 0.25, Fig.
2).

In addition, males pseem able to detect estrous state from flank-gland secretions, since during
the first trial males investigated secretions from estrous females (29.48 ± 1.99 s) longer than
secretions from diestrous-2 females (22.81 ± 1.65 s; t31 = 2.6, P = 0.014).

Experiment 2. Vaginal Secretions
Habituation to the vaginal secretion of the first donor female occurred in all conditions (P <
0.018; Fig. 3a–d). Dishabituation to the vaginal secretion of a second female, however, only
occurred when that second female was in estrus (condition E- E, t9 = −3.82, P = 0.004, Fig.
3a; condition Di-E, t9 = −2.59, P = 0.029, Fig. 3c). When the second female was in diestrus-2,
males did not show a dishabituation response (condition Di-Di, t9 = −1.6, P = 0.14, Fig. 3b;
condition E-Di, t9 = −0.26, P = 0.8, Fig. 3d). Consequently, there was a significant difference
among conditions in the dishabituation response (F3,39 = 3.64, P = 0.022; Fig. 4), with the
lowest increase in investigation occurring when the first female was in estrus and the second
female was in diestrus-2 (condition E-Di, 0.28 ± 1.08 s), and large increases in investigation
when the second female was in estrus (E-E and Di-E). The level of investigation in the
dishabituation trial in condition E-Di was significantly lower than when the second female was
in estrus (condition E-E, 7.52 ± 1.97 s, P = 0.018; condition Di-E, 7.66 ± 2.96 s, P = 0.047).
These results suggest that males are more interested in vaginal secretions of estrous females
than those of non-estrous females, and also that males are able to detect the estrous state of a
female from her vaginal secretion. Supporting this conclusion, we found that during the first
trial males investigated the vaginal secretions of estrous females (30.12 ± 2.67 s) longer than
those of diestrous-2 females (20.9 ± 2.11 s, t9 = 4.94, P = 0.001).

DISCUSSION
Our data indicate that male Syrian hamsters behave differently to the odors of estrous and non-
estrous females, especially in response to vaginal secretions. When considering the first
exposure to the stimuli, males investigated estrous odors longer than non-estrous odors. This
was so when males investigated vaginal secretions or flank-gland secretions. Also, when males
were first habituated to vaginal secretions of one female, they showed a higher response to the
odors of the second female when she was in estrus (i.e. conditions Di-E and E-E).
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When exposed to female flank-gland odors, males showed discrimination between individual
females in all conditions (i.e. independently of the relative estrous state of the two females).
Even though the dishabituation response did not differ significantly across the four conditions,
on the first trial males were more interested in the flank-gland secretions of estrous females
than in those of non-estrous females, indicating that males are able to discriminate between
estrous and non-estrous females by investigating flank-gland secretions. We do not know how
flank-gland secretions vary chemically across the estrous cycle. Alternatively, it is possible
that during self-grooming females spread vaginal secretions over their bodies, including the
flank glands, and that consequently the flank-gland secretions we collected were a composite
of flank-gland and vaginal secretions. However, this seems unlikely, given that odors collected
from different places on the body do not contain the same types of information (Johnston,
2003), and also, if this were true, we would expect the same pattern of dishabituation in flank-
gland and vaginal secretion tests. Either way, odors from the flank-gland area do not seem to
be important in the response of males to females in relation to their estrous states, as shown by
the similar dishabituation responses in the four test conditions.

When males were exposed only to vaginal secretions, they did not show a dishabituation
response if the second female was not in estrus. A priori, there are two possible explanations
for this result. First, males may be unable to discriminate between vaginal secretions from two
females. However, since males can discriminate between two females when the first vaginal-
secretion donor is in diestrus and the second donor is in estrus, or when both donors are in
estrus, we can conclude that males have the capacity to discriminate between two females just
by investigating vaginal secretions. Also, previous experiments show that male hamsters can
discriminate between two estrous females on basis of vaginal secretions (Johnston et al.,
1993). There remains the possibility that males are unable to discriminate between the vaginal
secretions of two females when both females are in diestrus-2 (i.e. it is possible that vaginal
secretions contain individual information during estrus but not during diestrus-2). The chemical
composition of the vaginal secretion does change throughout the estrous cycle (O’Connell et
al., 1981). For example, the molecule dimethyl disulfide, a component of the vaginal secretion
considered to be a sexual attractant (however, see Petrulis and Johnston, 1995; Singer et al.,
1976) has a high concentration when females are in estrus and the lowest concentration when
females are in diestrus-2 (O’Connell et al., 1981). However, given that hamsters have been
shown to discriminate between very similar odors and that vaginal secretions are mixtures of
many compounds (Singer et al., 1976), we find it unlikely that males do not have the capacity
to discriminate between the vaginal secretions of two different diestrous-2 females. A second
and more likely explanation is that males do not show dishabituation when the second donor
is of a lower value to the male. After all, a male exhibits his capacity to discriminate between
two females by showing more interest in the novel stimulus of the second female. If that second
female is much less interesting than the first female, an increase in investigation may not occur.
Our results suggest that females in estrus are more interesting to males than diestrous-2 females,
and that a lack of dishabituation in response to non-estrous females may simply show a lack
of interest or attraction toward those females. An experiment with the flank mark odors of the
same female in diestrous (habituation) and then in estrous (dishabituation) would give also
interesting information to clarify this question We believe that our results offer new information
to the growing literature on discrimination functionality and mechanisms (Johnston and
Bullock, 2001; Tang-Martinez, 2001; Todrank and Heth, 2001). A future extension of this
study would imply running experiments in which odors of the same female collected during
both estrus and diestrus would be used as stimuli for the habituation and dishabituation trials.
This type of design would render individual information of the donor equal between the
habituation and dishabituation trials and thus would more clearly indicate the relative male
interest for estrous and diestrous odors for each one of the female’s odor sources.
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Figure 1.
Time spent by males investigating flank-gland secretions of two different donor females in
four conditions. The male was habituated to the odors of the first female and then tested in a
dishabituation trial with the odors of a second female: (a) both female donors were in estrus;
(b) both female donors were in diestrus-2; (c) the first female was in diestrus-2 and the second
female in estrus; (d) the first female was in estrus and the second female in diestrus-2. E, estrus;
Di, diestrus-2; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2.
Dishabituation response (increase in investigation time between the fourth habituation trial and
the dishabituation trial) in the four conditions (E-E, Di-Di, Di-E, and E-Di) when males were
exposed to flank-gland secretions of two female donors. Di, female in diestrus-2; E, female in
estrus. The same letter over the bars indicates no statistically significant differences.
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Figure 3.
Time spent by males investigating vaginal secretions of two different donor females in four
conditions. The male was habituated to the odors of the first female and then tested in a
dishabituation trial with the odors of a second female: (a) both female donors were in estrus;
(b) both female donors were in diestrus-2; (c) the first female was in diestrus-2 and the second
female in estrus; (d) the first female was in estrus and the second female in diestrus-2. E, estrus;
Di, diestrus-2; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

delBarco-Trillo et al. Page 14

Behav Processes. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Dishabituation response (increase in investigation time between the fourth habituation trial and
the dishabituation trial) in the four conditions (E-E, Di-Di, Di-E, and E-Di) when males were
exposed to vaginal secretions of two female donors. Di, female in diestrus-2; E, female in
estrus. Different letters indicate P < 0.05.
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