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The ovulatory homolog model of female orgasm posits that the
neuro-endocrine mechanisms underlying female orgasm evolved from
and are homologous to themechanismsmediating copulation-induced
ovulation in somemammals. This model predicts that pharmacological
agents that affect human orgasm, such as fluoxetine, should also
affect ovulation in animals with copulation-induced ovulation, such as
rabbits. We tested this prediction by treating rabbits with daily doses
of fluoxetine for 2 wk and found that fluoxetine treatment reduces
the number of ovulations postcopulation by 30%. In a second
experiment we tested whether this result was mediated by an effect
on the brain or via peripheral serotonin functions. We treated animals
with fluoxetine and induced ovulation with a single injection of
human chorionic gonadotropin. In this experiment ovulation rate was
nominally reduced by only 8%,which is statistically not significant. We
conclude that the effect of fluoxetine on copulation-induced ovulation
rate supports the ovulatory homolog model of female orgasm,
suggesting that female orgasm has very deep evolutionary
roots among the early eutherian mammals.

fluoxetine | induced ovulation | process homology | anorgasmia | female
sexuality

Ever since the beginnings of comparative biology with Aris-
totle (384 to 322 BC), the biological significance of female

orgasm has been controversial (1, 2). Orgasm is a complex
neuro-endocrine process (3, 4) and such complexity of a bi-
ological trait usually points to an important functional role, since
complex traits do not originate by chance without strong selec-
tion in their favor (5). Yet, women can conceive and deliver
healthy offspring without the need for orgasm at any stage of the
reproductive process. The second reason that makes it difficult
to identify a biological role for female orgasm is the highly var-
iable incidence rate of female orgasm during reproductively
relevant penetrative intercourse (6). A trait with an important
biological function is expected to be more stable, since natural
selection should favor the reliable execution or implementation
of that trait. A large number of ideas have been proposed trying
to explain the evolutionary origin and the function of female
orgasm. That literature has been reviewed repeatedly, with
largely negative results (2, 7). Here we are presenting the results
of an experimental test of one such hypothesis, the ovulatory
homolog model of female orgasm (OHM) (8–10).
The OHM proposes that the neuro-endocrine mechanisms

underlying female orgasm originated in mammals where ovula-
tion is induced by copulatory stimulation. Copulation-induced
ovulation (CIO) is best characterized in rabbits, and is also found
in cats, ferrets, and camel, to name a few (11). In contrast, hu-
mans, great apes, as well as rodents and others have endogenous
ovulation, and copulation is not necessary for ovulation but only
for fertilization and other nonovulatory effects. An example is
the need for copulation for the maintenance of functional corpus

luteum in mice and rat (12–15). To better understand the evo-
lution of ovulation, we previously performed a phylogenetic
analysis of ovulation types by tracing them on the phylogenetic
tree of therian mammals. The distribution of the trait across
species for which information is available suggests that CIO was
present in early branching lineages as well as many later ones,
implying that it is ancestral in eutherian mammals and that en-
dogenous ovulation is derived (8). This result is further sup-
ported by the fact that in several endogenously ovulating species
ovulation can also be triggered under specific circumstances,
implying that induced ovulation is an older, still latent mecha-
nism (8). These results support the idea that female orgasm
consists of a copulation-induced reflex that originally had a role
in triggering ovulation. If this inference were correct, then both
female orgasm in women and CIO might still retain core com-
monalities that would be affected by the same pharmacological
agents. This idea offers an opportunity to experimentally test the
OHM hypothesis.
A well-known class of pharmacological agents negatively af-

fecting orgasm in humans are the selective serotonin reuptake
inhibitors (SSRIs), such as fluoxetine (16–19). If SSRIs inhibit
orgasm in humans and if female orgasm is homologous to CIO,
then SSRIs might be expected to have a high probability of
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reducing ovulation rate in animals with CIO. In this paper we
test this prediction by treating female rabbits with daily doses of
fluoxetine for 14 d and observing its effect on ovulation after
copulation. We found that the number of ovulations after cop-
ulation is reduced in females treated with fluoxetine compared to
control animals. In contrast, no significant effect was found in
treated females when ovulation was induced by human chorionic
gonadotropin (hCG) injections, circumventing the central ner-
vous system (CNS). This suggests that fluoxetine affects ovula-
tion in rabbits via the central nervous segment of CIO rather
than the peripheral female organs (e.g., ovaries). We thus con-
clude that our data supports the hypothesis that female orgasm
and CIO are homologous processes.

Results
In order to test whether fluoxetine affects CIO in rabbits, we
performed 2 kinds of experiments. In Exp. 1 (Fig. 1A), we
treated female rabbits with daily oral fluoxetine doses given in
Critical Care formulation for 14 d at 2 mg or 4 mg of fluoxetine
per kilogram of body weight (Flx/kg). On the last day of fluox-
etine treatment, the female was mated to a male rabbit. In all
experiments the same male rabbit (also known as “Frank”) was
used. A vaginal smear showing sperm confirmed successful
copulation. One day after copulation the female was euthanized,

and the number of ovulations assessed by counting the corpora
hemorrhagica (but not hemorrhagic unovulated follicles, HUFs).
A second experiment was performed to test whether the effect of
fluoxetine on ovulation was caused by the local effects of flu-
oxetine on the ovary. Exp. 2 was done in the same way as Exp. 1
with 4 mg Flx/kg and day, except that ovulation was induced by
injection of hCG instead of copulation (Fig. 2A).

Exp. 1: Effect of Fluoxetine on CIO. Exp. 1 was performed in 2 sets,
one with 2 mg Flx/kg (Ncont. = 5, Ntreatment = 5) and one with 4 mg
Flx/kg (Ncont. = 4, Ntreatment = 7) (Fig. 1B). The average total
numbers of ovulations from both ovaries in the control groups were
about 12 (avC1 = 12.2 ± 0.95 SEM, avC2 = 11.5 ± 1.03 SEM) and
are statistically indistinguishable between the 2 experimental sets
(P = 0.68, t test; P = 0.624, Mann–Whitney U [MWU] test). In both
treatment groups the number of ovulations was smaller than that in
the control groups, with averages of 7.2 ± 1.84 SEM and 9.0 ± 1.47
SEM for 2 mg and 4 mg Flx/kg, respectively. The difference be-
tween the 2 treatment groups is not significant (P = 0.50 t test;
P = 0.33 MWU test). Given that the control and treatment
groups of both dosages are statistically indistinguishable, we
pooled both the control and the treatment groups and obtained a
pooled average for the control treatments of 11.89 ± 0.71 SEM
and 8.25 ± 1.14 SEM for the fluoxetine-treated animals. The

Fig. 1. Exp. 1: The effect of fluoxetine on CIO. (A) Design of Exp. 1: Adult female rabbits were fed Critical Care formulation with or without fluoxetine for
2 wk. After 2 wk the females were mated, and successful copulation was verified by a vaginal swab. One day after copulation blood was collected, the animal
was euthanized, and the ovaries were retrieved for further analysis. (B) Results from 2 sets of experiments, one with 2 mg Flx/kg and 4 mg Flx/kg and vehicle
control animals. In both sets of experiments the number of ovulations is less than the control animals (see text for details). (C) Effect of fluoxetine treatment
on other follicle types in the ovary. Estimates for all follicle types are indistinguishable between control and treatment groups with the possible exception of
AFs (see text for details). (D) OAF and total follicle number in control and treated animals. No statistically significant differences were discovered.
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measured effect of fluoxetine on ovulation was −30.6% with a
t test P = 9.39 × 10−3 and MWU test P = 2.5 × 10−2.
In order to determine the effect of fluoxetine treatment on the

composition of the follicle populations in the ovary, 1 ovary each
from 6 control animals and 9 fluoxetine-treated animals were
paraffin-embedded and serially sectioned, and the number of
various follicle types sampled (Materials and Methods): primary
follicles (PF), secondary follicles (SF), antral follicles (AF),
HUFs, and old atretic follicles (OAF) (Fig. 1 C and D). The
numbers of follicle types were comparable between control and
fluoxetine-treated animals, and not statistically significant. A
possible exception is the AFs, which show a nominal increase
of 20% in fluoxetine-treated animals. A closer inspection of the
data revealed 2 outliers, defined as larger or smaller than the
interval of 2 SDs from the mean. Removing these 2 cases, one in
the control group and one in the treatment group, leads to a
highly significant difference (P value of 3.59 × 10−3 by t test and
P = 3.41 × 10−3 according to the nonparametric MWU test). It is
thus possible that fluoxetine treatment leads to higher number of
AFs after CIO. This could be due to the lower number of ovulated

follicles under fluoxetine treatment, leaving behind a larger number
of preovulatory follicles.

Exp. 2: hCG-Induced Ovulation. While we observed a reduction of
the number of ovulations in fluoxetine-treated animals after
copulation, the OHM model predicts that the fluoxetine effect
should be mediated through the CNS rather than through the
direct effects of fluoxetine on the ovary. To test whether the
fluoxetine effect depends on the copulation-induced neuro-
endocrine reflex, we performed an additional experiment
where ovulation was induced by injection of hCG (50 IU per
animal) (Fig. 2A).
The number of ovulations induced by hCG in females with and

without fluoxetine treatment is similar (Fig. 2B), with controls
showing on average 12.25 ± 0.54 SEM (n = 4) ovulations and the
treated animals 11.00 ± 0.63 SEM (n = 5), which is a difference
of 10.2%. The t test yields a P = 0.228, and the MWU test P =
0.270. The average number of ovulations in control animals is
remarkably similar to that in copulation-induced control animals
of 11.89, and the 2 are statistically indistinguishable (P = 0.721,
t test). To investigate whether the lack of significance of the

Fig. 2. Exp. 2: The effect of fluoxetine on hormone-induced ovulation and other potentially confounding factors. (A) Design of Exp. 2: Adult female rabbits
were fed Critical Care formulation with 4 mg Flx/kg or vehicle control for 2 wk. On day 14 the females were injected with hCG and 1 d after hCG injection
(p.i.) blood was taken and the animal euthanized, and the ovaries retrieved for further analysis. (B) Number of ovulations in control and hCG-injected
animals. There is a nominal but statistically insignificant decrease of about 8% in number of ovulations after fluoxetine treatment compared to all control
animals. (C ) Body weight in fluoxetine and vehicle control animals. The experimental group did not change body weight between the beginning of the
treatment and the day of the ovulation test, day 13 or day 15 after ovulation. The control animals gained a small amount of weight, on average. (D) Re-
lationship between body weight of control animals and the number of ovulations. No correlation was found that would suggest that body weight is a
confounding factor in assessing experimental effects on ovulation rate.
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control and the fluoxetine-treated animals with hCG is due to
the small number of control animals, we pooled all control ob-
servations (n = 13) and performed another t test. Even with the
larger control sample, the P value dropped only to 0.145. The
critical question, however, is whether the fluoxetine treatment
leads to lower number of ovulations induced by copulation than
by hCG.
When the fluoxetine-treated hCG-induced animals are com-

pared to the fluoxetine-treated copulation-induced animals, the
number of ovulations in the latter (CIO) was 25% lower than
that of hCG-induced animals, which was associated with a P =
0.0326 (t test). When the 2 observations in the CIO group with
very low ovulations (0 and 1) were eliminated, the P value
dropped to 0.0126, even though the average increased from 8.25
to 9.80. This is due to the fact that the 2 low outlier values
inflated the estimated SD of the CIO sample and thus inflated
the P value. We thus conclude that at least the majority of the
fluoxetine effect observed with CIO cannot be explained by the
peripheral, direct effects of fluoxetine on the ovary, and are thus
likely due to effects of fluoxetine on the CNS.

Experimental Robustness and Confounding Factors. Since female
fertility also depends on body weight and fluoxetine at high doses
is known to cause weight loss in rabbits (20), we wanted to in-
vestigate whether the reduced number of ovulations in our CIO
experiments could be explained by an indirect effect of fluoxe-
tine on body weight.
The fluoxetine-treated animals do not show any significant

weight change on average (Fig. 2C), probably due to the com-
pensatory effect of the Critical Care formulation that we used to
administer fluoxetine. In contrast, the control animals, which
received the same amount of Critical Care formulation but no
fluoxetine, gained weight slightly, from 3.9 kg to 4.1 kg (∼5% on
average), with the control animals being on average about 8%
heavier than the fluoxetine-treated animals.
The body weight of the control animals on day 13, the day

before copulation, was quite variable, ranging from 3.3 kg to
4.8 kg (almost +50% of the weight of lightest animal), with some
animals gaining weight while others remained constant. This
sample allowed us to test whether body weight, within this range,
affects CIO. We found no systematic relationship between body
weight and number of ovulations caused by copulation (Fig. 2D),
and a correlation of −0.194. We conclude that body weight dif-
ferences caused by our treatment regime are unlikely able to
explain the differences in CIO numbers between control and
fluoxetine-treated animals.

In order to assess the effectiveness of our fluoxetine admin-
istration, we measured fluoxetine and norfluoxetine (i.e., the
biologically active metabolite) levels in ear vein blood on day 13,
after various amounts of time since the last administration of
fluoxetine. To our surprise, fluoxetine was undetectable even
at >2 h since the last feeding. Nevertheless, norfluoxetine levels
increased over this time course (Fig. 3), showing that fluoxetine
is reaching the blood stream but is quickly metabolized to nor-
fluoxetine, probably because blood from the gut primarily passes
directly to the liver through the hepatic portal vein.
Fluoxetine acts by inhibiting the serotonin uptake via the se-

rotonin transporter SERT in the cell membrane, and thus af-
fecting serotonin levels at the synapse, but also other tissues
(Discussion). In another approach, to understand whether flu-
oxetine can affect ovulation at the peripheral level of the ovary,
we therefore performed serotonin (5-HT) accumulation experi-
ments in which we incubated fresh harvested rabbit ovaries in
cell culture media with 10, 30, and 100 μM 5-HT and immu-
nostained for 5-HT accumulation. There is no staining for 5-HT,
neither in untreated tissues (Fig. 4B) nor in tissue incubated in
100 μM 5-HT for 1 h (Fig. 4 C and D shows chrome-affine cells
in the rabbit gut as positive control). We suggest that there is no
evidence for cells in the rabbit ovary that accumulate serotonin
and would thus be directly affected by fluoxetine.
Finally, we assessed the effectiveness of fluoxetine treatment

by measuring 5-HT in blood serum using ELISA. We found that
in fluoxetine-treated animals the average level of 5-HT was
higher by 75%, but the measurements were quite variable be-
tween animals so that the P value was only 0.072 based on MWU
test (SI Appendix, Fig. S1).

Discussion
The current study presents experimental support for the ho-
mology between human female orgasm and the induction of
ovulation in reflex ovulators. Fluoxetine, known for causing
anorgasmia in humans (16–18), reduced the rate of CIO in rabbit
by 30%. This effect is notable, as fluoxetine is metabolized very
quickly by rabbits. Despite 14-d treatment, fluoxetine did not
accumulate in rabbit serum. This observation is consistent with
previous reports, showing that only the metabolite norfluoxetine
remains in rabbit plasma 24 h after last administration, even

Fig. 3. Serum concentration of norfluoxetine at various time points after
the last administration of the fluoxetine/Critical Care mixture. No fluoxetine
was found over this time span, and norfluoxetine shows an increase from
about 40 ng/mL to about 120 ng/mL.

Fig. 4. Histology and immunohistochemistry of rabbit ovary. (A) Pro-
liferative activity (Ki67) in granulosa cells (arrows) and the thecal stroma
(arrowheads). (B) Staining for serotonin in the same follicle reveals no im-
munoreactivity. (C) Serotonin antibody staining after incubation of the
ovary in 100 μM 5-HT for 1 h at 37 °C. No serotonin immunoreactivity is
detected. (D) Rabbit colon stained in the same way as the ovaries in A and B,
serving as a positive control, revealed strongly stained enterochromaffin
cells (arrowheads). (Magnification: A–C, 20×; D, 40×.)
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when administering intravenously (21). Importantly, Yee et al.
(21) have shown that the detectable norfluoxetine in rabbit after
24 h is the less-active chiral isoform R-norfluoxetine (R-norfluoxetine
is ∼20-fold less effective than S-norfluoxetine). The rate of
breakdown of fluoxetine is likely higher in oral administration,
shortening the time of passage via the hepatic portal vein to the
liver, the main site of fluoxetine metabolism. In contrast to the
high metabolic rate in rabbits, the half-life of fluoxetine in humans
is 1 to 4 d (22). Nevertheless, increasing the dosage of fluoxetine in
rabbits beyond what we used in this study is not feasible, as toxic
effects may confound the effect on ovulation. Doses greater than
2.5 mg/kg have been shown to induce weight loss and anorexia in
rabbits, and those beyond 15 mg/kg lead to abortions and maternal
mortality (20). To counteract the possibility of weight loss in the
present study, fluoxetine was fed with the Critical Care formula-
tion, resulting in slight weight increase in the control group, and
maintenance of steady weights in the treatment groups (Fig. 2C),
without affecting the difference in ovulation rates, as shown (Fig.
2D). Relative to dosages used in human therapy (20 to 80 mg/d,
which corresponds to 0.3 to 1.2 mg/kg for a 70-kg adult), the
dosages used in this study (2 and 4 mg/kg) are 2- to 4-fold higher.
Despite lower dosages human, steady plasma levels are maintained
at >100 ng/mL for fluoxetine (>120 ng/mL norfluoxetine) and are
reached 2 to 4 wk after the beginning of treatment (22–24), while
no fluoxetine accumulation can be detected in rabbits (present
study). The observed effect of fluoxetine on ovulation rates in
rabbits is thus particularly remarkable as it is detectable despite the
high metabolic clearance rate.
It is important to briefly address the question whether the ob-

served effect can be considered to support homology, in particular
in the face of the observation that fluoxetine reduces ovulation
rate rather than preventing it completely. In the absence of de-
tailed knowledge of the mechanisms, we can only speculate about
the proximate reasons for this result. One notable fact is that also
in women, SSRI do not always and fully prevent orgasm (19).
Another factor that likely contributes to the modest effect size of
fluoxetine on ovulation in rabbits is the higher rate of fluoxetine
metabolism in rabbits (21) (Results). Finally, homology does not
imply identity of the compared processes (25) but only derivation
from the same process in the common ancestor of humans and
rabbits. For example, we know that forelimbs of birds and frogs
are homologous, but we do not require that they look identical.
With that in mind, it is not particularly problematic that the
processes in the extant species are affected to different degree in
humans and rabbits. On the basis of these arguments and the
previously published evidence (8), we propose that this experiment
affects a shared mechanism of both female orgasm and induced
ovulation, and thus supports the homology between the 2.
Fluoxetine has been previously associated with effects on pe-

ripheral tissues (i.e., outside the central nervous tissue), which
will be discussed below. To test whether the negative effect of
fluoxetine on ovulation rate specifically is caused by effects on
the peripheral organs rather than effects on the CNS, as pre-
dicted from the OHM hypothesis, we conducted an additional
experiment (Exp. 2) using hCG to induce ovulation instead of
inducing it by copulation. This hormone is a member of the same
structurally similar group of hormones as LH and is widely used
for inducing ovulation in rabbits (26–31). As hCG acts down-
stream of the CNS, this experimental setting circumvents the
CNS-mediated need for copulatory stimulation. As confirmed by
the comparison of the control groups of both experiments, in-
duction of ovulation with hCG has replicated the copulatory
induction well in terms of the ovulatory rate. This suggests that
hCG is equally effective in causing ovulation as copulation and
thus allows for a fair comparison of the fluoxetine effects be-
tween these 2 experiments. The nominal effect of fluoxetine on
ovulation (approximately −8% when compared to all control
animals) is smaller than that with copulation (approximately −30%)

and not significant, suggesting that the CNS mediated the largest
fraction of the fluoxetine effect found with CIO. Even though
the lack of statistical significance in the hGC-induced rabbits
could be in part due to the lower number of animals used in this
compared to the previous experiment, the measured effect size
of fluoxetine treatment is much lower and is thus insufficient to
explain the effect of fluoxetine on CIO. The overall results are
thus consistent with the ovulatory homolog model of female
orgasm predicting a brain-mediated reduction of ovulation in
fluoxetine-treated rabbits.
Weak or absent peripheral effect is also confirmed in our

study by the histological assessment of ovaries. In most aspects,
no significant changes were detected because of the treatment,
except for a possible increase in the number of AFs in the
treatment group. This group comprises a broad range of matu-
ration stages of follicles, which precedes ovulation. In rabbits, the
follicles undergo a surge of maturation following the hormonal
stimulus of copulation (32, 33), and hence the results are con-
sistent with fluoxetine affecting either the final stage of follicle
development, or ovulation itself. Furthermore, we investigated
whether there are cells in the rabbit ovary that could be affected
by fluoxetine: That is, cells that can accumulate serotonin from
the extracellular space. We incubated fresh ovary slices with up
to 100 μM serotonin for 1 h and then immunostained for sero-
tonin. Neither fresh ovaries nor serotonin-incubated ovarian
tissues show evidence for cells that accumulate serotonin and
would thus be affected by fluoxetine.
SSRI drugs such as fluoxetine are commonly thought to func-

tion by inhibiting the serotonin transporter SERT, a membrane
protein involved in the transport of neurotransmitter serotonin
from the synaptic cleft, thereby changing the serotonin levels and
persistence in the synaptic cleft (34). It has been shown that ad-
ministration of the SSRI drug Sertraline for 28 d in rabbits in-
creases the serotonin levels in brain (35). Serotonin does not cross
the blood–brain barrier; however, it is abundantly present also in
the peripheral tissues (e.g., gut), is accumulated by blood platelets,
and uses the same transporter to cross membranes in the pe-
riphery as it does in the CNS. It has been shown that, following
the fluoxetine administration, serotonin levels increase in blood
plasma and serum (35, 36) while they decrease in the platelets
(36). The opposite result reached by Alvarez et al. (37) may be due
to difficulties entirely separating platelets and plasma (38). As
platelets take up serotonin from the serum and do not synthesize it
themselves, their decrease in serotonin is likely due to the inhi-
bition of the same serotonin transporter (SERT) in the platelet
plasma membrane as is involved in synaptic reuptake.
The effect of elevated serotonin on reproduction has been

widely studied, both in relation to and also independently of
SSRIs. Serotonin has been shown to participate in the modula-
tion of gonadotropin-releasing hormone (GnRH) secretion at
the hypothalamic level (39) as well as the function of anterior
pituitary in some species (40). Serotonin, its transporter, and
receptors have been found in mouse ovaries, and serotonin has
been shown to affect steroidogenesis in cow and rat females (41,
42). Ovarian serotonin is dynamically regulated and was ob-
served in rat to peak at estrous (43). Soliman and Huston (44)
observed the inhibitory effect of serotonin on ovulation in do-
mestic fowl and suggested that it occurs by modulation of LH. In
rabbit, Currie et al. (45) reported that when serotonin is given to
female rabbits at 4 mg/kg in the marginal ear vein, it prevents
ovulation completely, and at doses of 1 to 3 mg/kg it reduces the
number of ova shed by inhibiting the release of LH by the anterior
pituitary. Mishra et al. (46) have shown that intracerebroventricular
administration of serotonin prevents coitally induced ovulation
in rabbits, but it does not inhibit the ovulation induced by cupric
acetate. The latter, however, can be inhibited by intraperitoneal
injection of serotonin, suggesting both central and peripheral effects
of serotonin.
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Given the effect of fluoxetine on serotonin levels and the in-
volvement of neuronal and peripheral serotonin in reproduction,
it is perhaps not surprising that effects of fluoxetine on re-
production have been observed. For example, Rasmussen et al.
(47) used fluoxetine for pharmacological manipulation of rat
brain serotonin and observed that fluoxetine causes decrease in
the magnitude, but not frequency, of LH pulses. Increased
prolactin levels are another well-known effect of fluoxetine, sug-
gesting dysregulation in the hypothalamus (48, 49). Imposing
fluoxetine treatment on prepubertal rats, Romero-Reyes et al.
(50) noted an increase in numbers of atretic follicles as well as
oocyte fragmentation in female rats at first estrous. Furthermore,
Moore et al. (51) found that perinatal fluoxetine exposure lengthens
estrous cycles of the offspring and changes their follicular devel-
opment. Effects on reproduction have also been noticed in fish:
Exposure of sexually mature female zebrafish to 32 μg fluoxetine
per liter water for 7 d resulted in 4.5-fold decrease in the average
number of spawned eggs, decreased ovarian levels of estradiol,
and decreased LH-receptor expression (52).
While the potential mechanisms that mediate the CNS effects

of fluoxetine, namely serotonin levels and LH, are documented
in the literature, they were not assessed in detail in this study.
The LH peak is acute and short-lived and hence measuring LH
levels is sensitive to individual variation in timing, requiring a
continuous blood draw. Serotonin levels in the blood serum show
a trend of increased values after fluoxetine treatment but also a
large amount of variation. Due to the large amounts of serotonin
in platelets, the serum samples easily become contaminated with
serotonin released from platelets, rendering the serotonin mea-
surements difficult to replicate. Nevertheless, despite these ca-
veats, given the abovementioned effects of serotonin and fluoxetine
on female reproduction documented in the literature, the results of
our experiment are broadly consistent with the published literature.
We thus suggest that our results are consistent with previous work
and are experimentally robust.
We argue that our results with fluoxetine in rabbits support

the hypothesis that copulatory ovulation in rabbits is homologous
to female orgasm in humans. This amounts to a homology
statement among 2 functional processes, those of copulatory
ovulation and orgasm. While homology of anatomical structures,
cell types, and genes is well understood and criteria for its val-
idity broadly accepted, criteria for validating homology hypoth-
eses among functional processes are less well established (see
refs. 25 and 53). One possible candidate criterion for functional
homology has been suggested by Alan Love (53): “Any account
of activity-function homology must incorporate a notion of
sameness based on underlying causal processes.” In that sense,
the case of CIO and orgasm, the homology hypothesis implies an
underlying homology of the neuro-endocrine structures sup-
porting these 2 processes in humans and rabbits. While the exact
structural basis of these 2 processes is not known (4) at a level of
detail that would make a direct comparison feasible, testing this
homology hypothesis with experimental manipulations is the
most direct approach currently available. A concern with this
approach, however, is that an experimental intervention that
leads to the loss or attenuation of a functionality could be due to
unspecific toxic side effects of the treatment. We attempted to
control for this possibility by monitoring changes in body weight
of the animals, where we did not find significant differences.
Moreover, given the relatively specific effects of fluoxetine in
humans (20) and other mammals, it is unlikely that our obser-
vations are due to an unspecific toxic side effect of this molecule.
Hence, we suggest that similarity of effects of experimental ma-
nipulations in different species can be used to test hypotheses about
the homology of functional processes. One can see the logic of
this approach as similar to finding a common developmental/
genetic basis for homologous anatomical structures, an approach
deeply rooted in the tradition of comparative developmental biology.

Materials and Methods
Animals. New Zealand white rabbits at 8 to18 mo of age, weighing 3.76 ±
0.69 kg, were obtained from Covance (2 females) and Charles River (20 females,
1 male). They were singly housed in floor pens and fed rabbit pellet and hay
ad libitum.

Fluoxetine Treatment. The study consists of three 14-d experiments (Exps. 1a and
1b and Exp. 2), each involving separate fluoxetine-treated and control groups of
rabbits. The fluoxetine treatment in first experiment consisted of daily doses of
2 mg/kg fluoxetine, and the remaining 2 fluoxetine-treatment groups received
4 mg/kg of fluoxetine a day. All treatments took place in the morning. Exp. 1a
involved 10 rabbits (5 treatment/5 controls), Exp. 1b involved 11 rabbits (7
treatment/4 controls), and Exp. 2 involved 9 rabbits (5 treatment/4 controls).
Treatment consisted of fluoxetine oral solution (USP NDC 54838-523-40), which
wasmixedwithOxbowCritical Care FineGrind Pet Supplement andadministered
by aneedleless syringe. For the control rabbits, Critical Carewasmixedwithwater
to suitable thickness. Syringes were coded at preparation before assignment to
the animals to ensure that experimenters were blinded as to the attribution of
the individual rabbits to treatment group for the length of the experiment.

Induction of Ovulation.
Copulation (Exps. 1a and 1b). On day 14 of treatment, the females were brought
to the male’s cage for mating at midmorning. The experiment was designed
such that only 2 to 3 females were at 14 d of treatment in the same day, to
allow for maximum of 3 matings per day, for which the same male was used
throughout the study. Successful copulations occurred within the first minute
of encounter, requiring a single mount. In 2 cases in which the females were
unwilling to mate on the designated day, another day of treatment was ad-
ministered, and mating was attempted on the next day. All mattings were
confirmed by the presence of sperm in vaginal swabs.
hCG injections (Exp. 2). On day 14 of treatment, a 24-gauge ear catheter was
placed into the marginal ear vein without sedation. Next, 50 IU (0.25 mL) of
hCG were injected and flushed subsequently with 1 mL of saline.

Harvest.
Blood collection. For blood collection, 2 mL of blood was drawn with a 25-
gauge needle from the central ear artery before the experiment, after the
treatment on day 14, 1 h after mating, and again 22 to 26 h after mating.
Bloodwas collected in serum collector tubes (BDMicrotainer REF 365967), left
to clot for 30 to 120 min, centrifuged for 30 min at 3,000 × g, and serum
removed for storage at −80 °C. An additional 3 mL of blood was collected for
fluoxetine levels determination on day 13 in EDTA tubes, clotted for 1 to 2 h,
and centrifuged for 10 min at 1,300 × g. Serum was stored at −80 °C until
shipment to Arup Laboratories for fluoxetine and a metabolite quantitative
serum test.
Ovaries. The rabbits were sedated with ketamine and euthanized with pen-
tobarbital cardiac injection ∼24 (range 22 to 26) h postcopulation (ovulation
occurs ∼10 h postcopulation). Both ovaries were extracted and preserved in
4% PFA (below), and the number of ovulated follicles on their surfaces
were counted immediately under dissecting microscope. The stigmas of
ovulated follicles on the ovary are clearly visible as light red spots, corpora
hemorrhagica.

Histology. Ovaries and uterus were collected at necropsy and left to fix
overnight in 4% PFA, after which they were transferred via gradually in-
creasing concentrations to 70% ethanol on the next day. One ovary from
each rabbit was processed, embedded in paraffin, and cut in total at 7 μm,
then mounted 4 to 5 cuts per TruBond 380-coated slide. To establish a
comparable proxy for the number of follicles, every fifth slide was stained
with Mayer H&E stain, and a single slice per stained slide was drawn under
the microscope (i.e., every 20th cut or every 130 μm). The follicles were
then evaluated from the drawings. Thereby the follicles of the following
groups were counted: Primary, secondary, ovulated, antral, OAFs, and
hemorrhagic anovulatory follicles (following general criteria in ref. 54).
The large follicles that could be traced beyond the subsequent counted
slides were carefully traced; smaller follicles were counted as independent
on every slide.

To our knowledge, there are no reported systematic differences in follicle
development between left and right ovary, and similarly, we found none in
terms of number of ovulations. However, focusing on one side, while sig-
nificantly reducing the effort necessary, also did increase the variation and
reduce the statistical power to detect differences between control and
treatment groups with respect to these other follicle types. Fresh ovulations
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are easily counted on the surface of the ovary and for those the reported
numbers are the sum from both ovaries.

Immunohistochemistry. Immunohistochemistry was performed as previously
described (55), with the following modifications. Antigen retrieval was
performed with a Cusinart model STM-1000 steamer. Following antigen
retrieval, the slides were incubated for 30 min with 0.03% hydrogen per-
oxide in DDH2O. The slides were then incubated overnight at 4 °C with ei-
ther 1 μg/mL antiserotonin primary antibody, clone 5-HT-H209, catalog
number M0758 (Dako); 0.1 μg/mL anti-Ki67 antibody, catalog number M7240
(Dako); or normal mouse ascites negative control sera, catalog number
M8273 (Sigma-Aldrich). The following day, slides were washed with PBS-
tween, and PBS-tween–BSA for 5 min each. Anti-mouse HRP-polymer,
catalog number MHRP520 (Biocare Medical) was applied to the slides for
60 min. After washes with PBS-tween and PBS-tween–BSA, the antigen–

antibody binding was visualized with DAB (Biocare BDB2004). Slides were
then counterstained with hematoxylin, dehydrated, and coverslipped.

Serotonin Essay. A competitive serotonin enzyme-linked immunosorbent
assay kit (ab133053) was used to detect serum serotonin levels, following the
manufacturer`s manual. The serum samples were diluted 1:50 for the assess-
ment. The results were read at 405 nm immediately after stopping the enzyme
reaction, using an automatic plate reader with Gen5 software.

All animal procedures conducted were part of the approved animal
use protocol #IACUC2016-0053 at Cincinnati Children’s Hospital Medical
Center (56).
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