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Editorial on the Research Topic
Sexual Behavior as a Model for the Study of Motivational Drive and Related Behaviors

Sex is a strong, primary natural reinforcer with a pervasive role in the life of animals and human
beings. However, sexual motivation differs from other classes of motivation, i.e., thirst and hunger,
being necessary for the preservation of species but not for the survival of individuals. The study
of the neurobiological underpinnings of sexual behavior may provide useful information about
the mechanisms underlying its motivational determinants and, in more general terms, about the
neural correlates of motivation, whose processes are dysfunctional in many psychopathological
conditions, including major depression and addiction. Sexual behavior and its motivational
determinants could therefore serve as a general model for investigating physiologically and
pathologically motivated behaviors with the ultimate goal of identifying new therapeutic
approaches for the treatment of psychogenic sexual dysfunctions and psychopathological
conditions characterized by altered motivation and related dysfunctional behaviors.

Sexual behavior, and specifically sexual motivation, has traditionally been “hard matter” for
the scientist who attempts to investigate it. Difficulties are immediately present in its definition,
methodological approach and data interpretation. This Research Topic brings together 18
contributions (11 Original researches, four Reviews, two Mini-reviews, and one Brief Research
Report) where comprehensive overviews of current knowledge on the neurobiology of sexual
behavior and original findings on innovative approaches and models for studying sexual motivation
in males and females are provided by leading experts in the field.

Firstly, a key point in the comparative research on sexual behavior and motivation, i.e., the
generalization from animals to humans, is discussed by Le Moéne and Agmo. Authors report that
while huge behavioral differences exist between humans and rodents in terms of consummatory
aspects, analogies can be observed, to some extent, in the motivational determinants that allow
sexual interaction and copulation as well as in the underlying hormonal and neurochemical
correlates. However, unlike in animals, the determinants of sexuality in humans are strongly
influenced by social factors. The use of animal models of sexual behavior to investigate the features
of human pathological conditions is elegantly discussed by Bialy et al.. Based on the analysis of
the parameters that describe the complex structure of sexual behavior in laboratory rodents, the
authors propose an interesting approach for delineating the distinct mechanisms affecting sexual
motivation and performance in several (psycho)pathological conditions and assessing the efficacy
of therapeutic approaches in preclinical investigations. To better characterize the multiple facets
and complexities of sexuality, Portillo and Paredes discuss the broad spectrum of reproductive
strategies in mammals in which biological variability points to the importance of understanding
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their neurobiological bases in different species and provide a
description of asexuality and monogamous bonds in mammals—
two conditions that can model and help us to understand some
important aspects of human sexual motivation.

Employing selected rat lines is a relatively new strategy
for the study of sexual behavior that allows investigation of
the genetic and neurobiological underpinnings of individual
differences. Esquivel-Franco et al. investigate the role of 5-
HT1A auto- and hetero-receptors in sexual behavior in wildtype
and knockout rats lacking the serotonin transporter (SERT),
which model the alterations in ejaculatory function observed
under conditions of chronically elevated levels of serotonin,
e.g., during SSRI therapy. A transgenic animal model is also
used by Sanna et al. who demonstrate altered motivational and
performance aspects of sexual behavior in rats partially or totally
lacking the dopamine transporter (DAT). Behavioral alterations
were accompanied by an imbalanced dopamine/glutamic acid
interaction and an altered expression of neural activation and
plasticity markers in mesocorticolimbic areas, suggesting a
possible use of these animals as a model of hypersexuality due
to chronic hyperdopaminergia. The respective roles of genetic
background and maternal care in affecting sexual responses
are investigated by Dorantes-Nieto et al. in rat lines selected
for differences in their yawning response. Authors observe
that while some behavioral features/responses are resilient to
environmental factors, thus revealing the strong influence of
the genetic background, others can be modified by selective
fostering, showing that maternal care is capable of changing
innate behavioral responses, including yawning, penile erection
and grooming.

Several contributions identify a key component of the
neurobiological core of sexual motivation and drive in the
dopamine mesocorticolimbic system. However, beyond the
well-established involvement of this system in motivational
processes, what emerges is the need for broader research to better
understand the complex neurochemical interactions between
dopamine and other neurotransmitters in modulating its
activity. Moore et al. employ biosensors and DREADD technique
to investigate fronto-accumbal glutamatergic activity during
sexual behavior in the female hamster. What emerges from this
study is the importance of the fronto-cortical glutamatergic
input to mesolimbic dopaminergic areas in fine modulation
of the behavioral output, mainly regarding its motivational
aspects, which provides new insight into the neurobiology of the
motivational control of female sexual behavior. Canseco-Alba
and Rodriguez-Manzo examine the interaction between
mesolimbic dopamine and endocannabinoids in regulating
sexual motivation and satiation in the male rat. They show that
endocannabinoid activity reverses sexual satiety by modulating
dopaminergic transmission, presumably at the mesolimbic
system, with anandamide and 2-arachidonoylglycerol, displaying
different actions on D1- and D2-like receptors.

Sexual dysfunction in women is poorly understood, perhaps
due to its subtle expression; this can include loss of motivation
and loss of pleasure during sex, which can affect intimate
relationships, self-esteem and, ultimately, psychological well-
being and quality of life. Animal models of female sexual

behavior have provided insight on how the interaction of
neurotransmitters and steroid hormones are required to
modulate the central motivation state and thus affect sexual
motivation. Some of the contributions to this Research Topic
focus on the neurobiological mechanisms involved in female
sexual motivation at both preclinical and clinical levels. Guarraci
and Frohardt review the current knowledge on models of sexual
motivation in female rats and discuss the main patterns of
behavior that reflect either increases or decreases in motivation
to advance our understanding of female sexual behavior with
particular attention to partner choice and preference models. The
role of sex hormones in modulating female sexual motivation
when multiple rewards (e.g., food and sex) are available is
examined by Yoest et al. They provide a neurobiological
framework for understanding how ovarian hormones, released
over the course of the estrous cycle, modulate adaptive behavioral
choices in females when multiple rewards are available.

The role of sex hormones in modulating pathologically
motivated behavior is investigated by Bakhti-Suroosh et al.
who examine how estradiol affects different aspects of
psychostimulant addiction. Notably, a dual role for this
steroid hormone in drug addiction was revealed. Estradiol
was found to both enhance and reduce vulnerability by
amplifying drug reward and facilitating new learning during
the extinction process, respectively. The interactions between
psychostimulants, ovarian hormones and sexual motivation are
reviewed by Rudzinskas et al. who discuss a model of increased
sexually-motivated behaviors induced by administration of the
psychostimulant methamphetamine in females. They suggest
that the combination of ovarian hormones, olfactory information
and methamphetamines could produce enhanced sexual
motivation by inducing activation and neural plasticity within
a key integration site for sexually relevant sensory information,
i.e., the posterodorsal medial nucleus of the amygdala.

Besides sex hormones, the neurosteroid allopregnanolone
is now attracting the attention of researchers for its ability
to modulate specific aspects of female sexuality. In their
first contribution, Frye et al. show that the effects of intra-
VTA allopregnanolone on female sexual behavior involve
NMDA receptors and are likely mediated through GABA-
A receptors. A second contribution of Frye and Chittur
investigates the neuroplastic modifications induced by mating
in the mesocorticolimbic system of female rats and shows that
mating significantly enhances midbrain mRNA expression of
genes involved in hormonal and trophic actions, revealing a
complex fine-tuning of mating-induced neuroplastic processes.

Preclinical research on sexual behavior has almost exclusively
been conducted in mammals, mainly rats. Here, Sato et al. review
the role of Fru proteins in the sexual behavior of Drosophila
melanogaster and discuss how the selective expression of some
forms of these proteins might confer male-specific roles by
interacting at transcriptional level with partner proteins, thus
contributing to the regulation of male sexual behavior with
particular reference to courtship and mating.

Three clinical studies conclude the Research Topic. In
the first study, Regier et al. investigate possible differences
in the activity of the mesolimbic system in women with
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different propensities of engaging in unsafe sexual intercourse.
Authors report that women who have protected sex may
view sexually related stimuli more positively than young
women at increased risk of sexually transmitted diseases
(STIs)/HIV, in which they also evidenced lower mesolimbic
responses to sexual cues. The study thus enriches the
list of prevention factors and may help to identify young
women at greatest risk of contracting STIs and/or HIV.
The large multicenter study by Zamboni et al. focuses on
sexual functioning in opioid-addicted women under opioid
maintenance treatment and reveals that the majority of
them have sexual dysfunction, regardless of the treatment
protocol (buprenorphine vs. methadone), and report a
poor quality in intimate relationships and mental health.
These results suggest that female sexual well-being should
also be taken into account during treatment detoxification
given that it may impact adherence to therapy and, thus,
interfere with its beneficial outcomes. Finally, Soares et al.
investigate the association between infatuation/passionate love
and impulsivity in adolescents with Attention Deficit and
Hyperactivity/impulsivity Disorder (ADHD). Intriguingly,
although an association between infatuation intensity, behavioral
urgency, and sensation-seeking was observed, this association
does not change in the presence of ADHD, pointing to the
need for further studies to clarify an increased risk for negative
social outcomes due to sexually related risky behaviors in some
population groups.

In conclusion, the classical Beach’s distinction between
appetitive and consummatory aspects of sexual behavior seems
to be, in its core aspects, still valid and constitutes a conceptual
framework for most of the recent research in the field.
However, current challenges lie in depicting the extremely
complex intricacies between these two main aspects of sexual
behavior, accounting for its complexity at both behavioral and
neurobiological levels. The disclosure of the neurobiological

underpinnings of sexual behavior at molecular, neuronal,
and system levels is dramatically improving our knowledge
of this complex matter. The studies on the specific roles
of different neurosteroids and their interactions with brain
neurotransmitters as well as on the neuroplastic changes induced
by sexual activity will be highly informative in accounting for
such a complexity. Genetic and (bio)behavioral selection have
allowed for a more accurate investigation of the determinants
and neurobiological correlates of individual differences related
to sexual motivation and behavior. Significant strides have been
made in the study of difference between the sexes, and the
increasing number of studies on female sexuality is important
to note, as research on female sexual behavior has often
been “neglected.”

Overall, we feel that the present Research Topic provides
an interesting and valuable picture of the current field and
contributes to our understanding of the mechanisms that control
sexual motivation and reward.
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Sexual Functioning and Opioid
Maintenance Treatment in Women.
Results From a Large

Multicentre Study

Lorenzo Zamboni'*, Anna Franceschini?, Igor Portoghese?, Laura Morbioli’,
Fabio Lugoboni’ and GICS Group*

" Department of Medicine, Verona University Hospital, Verona, Italy, 2 Addictive Behaviors Department, Local Health
Authority, Treviso, Italy, ° Department of Medical Sciences and Public Health, University of Cagliari, Cagliari, Italy, * Gruppo
InterSerT di Collaborazione Scientifica (GICS), Verona, Italy

Opioid maintenance treatment (OMT) is the most widespread therapy for both females
and males opioid addicts. While many studies have evaluated the OMT impact on
men’s sexuality, the data collected about the change in women’s sexual functioning is
still limited despite the fact that it is now well-known that opioids - both endogenous
and exogenous - affect the endocrine system and play an important role in sexual
functioning. The present study aims to determine how OMT with buprenorphine (BUP) or
methadone (MTD) affects sexual health in women; examining also any possible emerging
correlation between sexual dysfunction (SD), type of opioid and patients’ mental health.
This multi-center study case recruited 258 female volunteers attending Italian public
Addiction Outpatients Centers that were stabilized with OMT for at least 3 months.
SD was assessed with the Arizona Sexual Experience Scale. The twelve-item General
Health Questionnaire was used to assess participants’ mental health conditions. The
results show that 56.6% of women receiving OMT for at least 3 months presented
SD without significant differences between MTD e BUP groups. The majority of the
subjects with SD have a poorer quality of intimate relationships and worse mental
health than the average. To the best of our knowledge, the present study is the largest
report on the presence of SDs in women as a side effects of MTD and BUP used in
OMT. Since SDs cause difficulties in intimate relationships, lower patients’ quality of life
and interfere with OMT beneficial outcomes, we recommend that women undertaking
an opioid therapy have routine screening for SD and we highlight the importance
to better examine opioid-endocrine interactions in future studies in order to provide
alternative potential treatments such as the choice of opioid, opioid dose reduction and
hormone supplementation.

Keywords: methadone, addiction, quality of life, women sexuality, buprenorphine
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INTRODUCTION

The World Health Organization (WHO) describes sexual health
as a state of physical, emotional, mental and social well-being
in relation to sexuality itself and recognizes it as a right
to every human being (World Health Organization [WHO],
2006). It is commonly accepted that a healthy sexuality is
fundamental to ones sense of self-worth (Kaplan, 1974); it
represents the integration of the biological, emotional, social, and
spiritual aspects of who one is and how one relates to others
(Covington, 1997).

Despite its proven capital importance for human self-esteem,
sexuality has been a neglected topic in scientific research and in
treatment of women with Substance Use Disorders (SUD) to this
day. Reproduction intended as a combination of contraception,
pregnancy, parenthood and risky sexual behavior (i.e., sexually
transmitted diseases and prostitution), is the aspect drawing most
of the attention in terms of research and special health services
for women. Although these aspects deserve priority in regards to
feminine sexuality, they are not fully exhaustive on the matter.

The lack of professional study cases on the relationship
between SUD and sexual functioning appears more evident
considering sexual health in opioid dependent women under
Opioid Maintenance Treatment (OMT) on buprenorphine
(BUP) and methadone (MTD). To this day we have a serious
lack of data in regards to this topic despite the fact that opioids
-both endogenous and exogenous- evidently affect the endocrine
system (Katz and Mazer, 2009; Rhodin et al, 2010; Voung
et al., 2010) and play an important role in sexual functioning
(Palha and Esteves, 2008).

Sexual dysfunctions (SDs) are a frequent adverse effect during
opioid treatment for both men and women however, most
of the studies had been conducted basing the researches on
male candidates receiving OMT (Brown and Zueldorff, 2007;
Lugoboni et al., 2017).

To date most of the studies that have analyzed the
impact of opioid treatment on female sexuality had been
conducted on women treated with opioid analgesics aimed to
cure non-malignant chronic pain. These studies demonstrated
that opioids inhibit the production of multiple hypothalamic,
pituitary, ovarian and adrenal hormones, causing opioid-
induced hypogonadotropic hypogonadism that can determine
amenorrhea or hypomenorrhea, SDs, fatigue and depression in
female patients (Daniell, 2008; Rhodin et al., 2010).

Opioid maintenance treatment combined with psychosocial
interventions is the most widespread treatment for opioid
dependence. In Europe MTD is currently the most prescribed
medicine against heroine dependency: 69% of opioid dependent
patients are undergoing this treatment, meanwhile the 28% of the
subjects is assuming BUP. Among 700.000 European patients in
OMT, 20% is represented by women (EMCDDA, 2015).

Given the fact that one of the main goals of the OMT is the
amelioration of the patients’ quality of life and their reintegration
in a gratifying social life, it is clear how assessing and curing
eventual SDs in both female and male OMT patients is of primary
importance. It is also demonstrated that iatrogenic sexual

disorders can act against treatment retention and achievement of
a good quality of life for the patients (Xia et al., 2013).

Taking into account the limited number of monitored and
rigorous studies regarding OMT and SDs as a side effect of
this therapy in women, the present study puts its focus on the
presence of SDs in Italian female patients treated for opioid
dependence with MTD or BUP in specialized outpatient centers.
The authors hypothesize that OMT impacts the sexual health of
opioid addicted women, as it is already ascertained in men, and
they aim to examine if there is any correlation between possible
SD, type of opioid, daily dose administration and patients’ mental
health. Due to the factors explained above, the results of this
study could help to find evidence-based models that would allow
assisting clinicians to address and treat sexual issues and related
concerns with aimed therapy.

MATERIALS AND METHODS

The study was conducted in 20 Addiction Treatment for
Outpatients Centers of the Italian public health system. The
philosophy of intervention, policies and procedures applied were
similar in each Center and the accessibility threshold was the
same across all structures.

Italian Addiction Treatment Services provide outpatient
treatment programs with a variety of therapeutic and
rehabilitative strategies: MTD, BUP, and naltrexone are
administered in association with possible psychosocial
interventions, such as psychotherapy, family therapy,
group therapy, social support and medications for
psychiatric co-morbidity.

The selected centers did not differ in the psychosocial
treatment protocols associated with MTD and BUP, or in the
admission criteria. In the Italian Addiction Services the majority
of patients are heroin addicts. There are no exclusion criteria
regarding the access to the public health system. Patients who fail
to respond to interventions such as OMT and continue to inject
heroin are not dismissed by these centers.

Between 1st July and 31st December, 2015, a cross-sectional
survey was administered to a large sample of patients receiving
MTD or BUP maintenance treatment for heroin dependence.
The sample included 258 women between the age of 18 and
61 (mean age: 37) enrolled in a drug recovery program in
treatment centers for clinically diagnosed heroin dependence
(American Psychiatric Association, 2000) DSM IV TR. Patients
were receiving either MTD (N 198, 76.7%; mean daily dose
60.5 mg) or BUP (N 56, 23.3%; mean daily dose 10.8 mg)
maintenance in combination with psychosocial treatment. At the
time of the study they had been stabilized with an OMT for
at least 3 months.

Underage patients, subjects following a drug-free treatment or
an opioid substitution therapy for less than 3 months (and/or
other than MTD/BUP) were excluded from the study case and
also those who presented difficulty of language comprehension.

The questionnaires and data sheets were delivered by a nurse
to the participating patients. This was done to optimize patients’
privacy and to minimally affect responses, as nurses are less
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involved in therapy compared to doctors and psychologists.
Patients filled the questionnaires at the facility or at home
and handed the documents anonymously. As indicated by a
previous focus group among surveyed patients the collection of
the questionnaires was carried out using an urn and not by direct
delivery to the staff. Patients gave a written informed consent
in order to take part to this survey, which was approved by the
Public Health System ethical committee of Verona University
Hospital in Verona, Italy. All participants were volunteers and
were not paid for their participation. The patients could stop
the survey’s compilation at any time. Study procedures did not
interfere with the daily protocols of the centers.

Measures

Sexual dysfunction was assessed by the Arizona Sexual
Experience Scale (ASEX) (McGahuey et al., 2000). It is composed
by five items rated on a 6-point Likert-type scale, with higher
scores reflecting greater or lower dysfunction level. Each item
quantifies a major domain of sexual function, sexual drive,
psychological arousal, physiologic arousal (vaginal lubrication
for women), ability to reach orgasm, and orgasm satisfaction
(e.g., “How easily are you sexually aroused?”). Cases of SD were
established according to three criteria: (a) a total score >19; (b)
any item with an individual score >5; and (c) any three or more
items scoring >4 were considered as SD (McGahuey et al., 2000).
These three criteria showed optimal sensitivity and specificity
for SD. The main dependent variable for all the analyses will
use cases applying all those criteria (0, “not SD,” 1 “SD”), and
analyses will be repeated for each specific criterion in order to
test possible differences with more restrictive definitions. In the
present study, the internal reliability was 0.86.

The twelve-item General Health Questionnaire (GHQ-12)
was used to assess the mental state of the participants.
This tool is intended to screen for general (non-psychotic)
psychiatric morbidity (Goldberg and Williams, 1988; e.g., “Have
you recently felt you couldn’t overcome your difficulties?”).
It has been widely used and translated into many languages
and extensively validated in general and clinical populations
worldwide (Werneke et al., 2000). Items were answered on a
4-point scale from 0 (not at all) to 3 (much more than usual).

Higher scores indicate poorer mental health. In the present
study, the internal reliability was 0.89.

The questionnaire also included demographic and drug
related variables such as age, marital status, education level, and
use and dosage of MTD and BUP. The respondents completed
anonymously all questionnaires.

Statistical Analysis

At first, differences in proportions or means between
patients with or without SD were compared with chi-
square tests (categorical variables) and t-tests for unrelated
samples (continuous).

In order to assess the strength of the associations with
categorical variables the Cramers V coeflicient of association
(range from 0 for no association to 1 as perfect association) was
calculated, whereas the effect size (Hedge’s g) was measured on
associations with continuous variables.

Hedge’s g provides values that are very similar to Cohen’s d
[d = g/sqrt (N/df)] for which the following arbitrary rules of
thumb are often used: 0.2-0.3, small effect; 0.5, moderate effect;
and 0.8, large effect (Cohen, 1988).

A confirmatory factor analyses (CFA) was carried out for
examining the distinctiveness of the scales used in this study.
More specifically, we compared a full measurement model to a
one-factor structure (where items were set to load into a common
factor). The model ft was tested considering the Comparative Fit
Index (CFI), the Incremental Fit Index (IFI), and the Root-Mean-
Square Error of Approximation (RMSEA). According to Kline
(2005) and Byrne (2016), the CFI and IFI values should have a
cutoff value of >0.90, and RMSEA a value of <0.08 to indicate
a good ft of the model. Reliability analysis was performed using
Cronbach’s o measure.

Finally, to examine whether demographics (age, marital
status, and education level), use of MTD and BUP, and overall
psychological well-being were predictive of sex dysfunction, a
stepwise multiple regression analysis was carried out. A P-value
<0.05 was considered statistically significant.

Statistical analyses were carried out using PASW Statistics 18-0
and AMOS 16-0 (Chicago, IL, United States, Arbuckle, 2007).

RESULTS

Factorial Validity of the Scales

Results from CFA showed that the hypothesized two-factor
model (x2 = 297.25 df = 113, P < 0.01, RMSEA = 0.079,
CFI = 0.92, IFI = 0.92) fits the data significantly better than the
one general factor model (x2 = 606.26, df = 114, P < 0.01,
RMSEA = 0.130, CFI = 0.78, IFI = 0.78) providing evidence of
discriminable different factors.

Descriptive Statistics

A total of 56.6% (SE = 3.1; n = 146) of the sampled patients
manifested SD considering the three criteria explained above.
18.6% (SE = 2.4; n = 48) fulfilled criterion a, 43.0% criterion
b (SE = 3.1; n = 111), and 43.4% criterion ¢ (SE = 3.1;
n = 112). In the total sample the mean age was 37.7 years
(SD = 10.6; range: 18-61); 61.3% of the subjects were single,
15.2% married, 18.4% divorced or separated and 5.1% widowed;
69.0% presented a secondary education level while the 26.4% had
a higher education, and 4.7% an elementary level of education.
76.4% (n = 197) were taking MTD with an average of 60.6 mg
(SD =73.5) and 20.6% (n = 53) were taking BUP with an average
of 10.5 mg (SD = 7.6). The mean score in the GHQ for the total
sample was 14.6 (SD = 7.0).

Comparisons between those with and without SDs indicated
that women with SDs were older, were more often separated or
divorced, had lower levels of education, assumed higher doses of
MTD (among those consuming the drug), and presented a poorer
mental health as measured by the GHQ12. No differences among
groups were found in regards to the percentage of patients taking
MTD or BUP or the doses of this last drug. All these results are
summarized in Tables 1, 2.
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TABLE 1 | Characteristics of the sample according to the presence of
sexual dysfunction.

Variables Sexual Not sexual P g (95% CI) or
dysfunction dysfunction "4
N =146 N =112

Age 39.1 (11.1) 35.5(9.9) 0.006 0.34
(0.09,0.59)

Marital status

(%)

Married 13.2 (2.9)* 17.9 (3.6)* 0.048 0.176

Widowed 6.9 (2.1)* 2.7 (1.5)*

Divorced/ 22.9 (3.5)* 12.5 (8.1)*

separated

Single 56.9 (4.1)* 67.0 (4.5)*

Education level 0.004 0.209

(%)

Elementary 6.9 (2.1)* 1.8 (1.3)*

Secondary 74.0 (3.6)* 62.5 (4.6)*

Higher 19.2 (3.9)* 35.7 (4.5)*

Methadone (% 80.1 (3.3)* 71.4 (4.3)* 0.103 0.102

yes)

Methadone, mg 69.4 (91.1) 47.6 (30.3) 0.041 0.30
(0.01,0.58)

Buprenorphine 17.2 (8.1)* 25.0 (4.1)* 0.127 0.095

(% yes)

Buprenorphine, 8.9 (8.2)* 12.0 (6.7)* 0.132 0.41

mg (—0.13,0.95)

GHQ 16.0 (7.1) 12.8 (6.4) <0.001 0.47
(0.22,0.42)

Values between brackets are standard deviations unless indicated: *, Standard
errors. Comparisons: t-tests for continuous variables, chi-square tests for
categorical variables g, Hedge’s effect size, V, Cramer’s V. Values in bold are
statistically significant (p < 0.05).

TABLE 2 | Results of logistic regression analyses, persons without sexual
dysfunction (reference category) vs. persons with sexual dysfunction, unadjusted
and controlling for age (except for the age effect).

Variables OR, unadjusted OR, adjusted
(95% Cl) (95% CI)

Age 1.03 (1.01,1.06)

Marital status (ref.: single)

Married 0.87 (0.43,1.75) 0.73(0.35,1.51)

Widowed 3.05 (0.81,11.50) 2.15(0.54,8.53)

Divorced/separated 2.16 (1.07,4.34) 1.56 (0.72,3.36)

Education level (ref.:

elementary)

Secondary 0.31(0.07,1.45) 0.33(0.07,1.58)

Higher 0.14 (0.03,0.69) 0.16 (0.03, 0.80)

Methadone (ref.: No)
Methadone, mg

1.61(0.91,2.87)
1.01 (1.001,1.02)
0.62 (0.34,1.15)
0.94 (0.87,1.02)
1.07 (1.03,1.12)

1.70 (0.95,3.07)
1.01 (1.0001,1.02)
0.58 (0.31,1.07)
0.94 (0.87,1.02)
1.09 (1.04,1.13)

Buprenorphine (ref.: No)
Buprenorphine, mg
GHQ

Numbers in bold indicate statistically significant effects (p < 0.05).

Interestingly, when performing the same analyses using more
restrictive definitions of SD, results did not change for criteria b

(any one item with a score >5) and ¢ (any three or more items
with scores >4), while in regards to criteria a (cut-off score in the
total scale >19) there was no difference shown in the severity of
mental health symptoms.

As shown in Table 3, only one significant effect emerged
for item # 2 (easiness for sexual activation) when analyzing
distribution of scores for specific ASEX items in women taking
or not taking MTD. Subjects taking MTD reported higher
difficulty for getting aroused, with an average effect size (Cramer’s
V = 0.286). The total ASEX score, however, did not significantly
differ [#(256) = 0.15; p = 0.882] between those taking MTD
(mean = 14.77, SD = 4.58) or BUP (mean = 14.67, SD = 4.51).

Hierarchical Regression Analyses
Stepwise multiple regression analysis was conducted with
individual characteristics as shown in Table 4, including age,
marital status, and education level, use of MTD and BUP, and
overall psychological well-being as predictor variables and sex
dysfunction as criterion (dependent) variables. Table 4 shows that
the model accounted for 6.5% of the criterion variance.

Overall psychological well-being was the only significant
predictor (f = 0.27, p < 0.001).

DISCUSSION

The scientific literature that treats gender differences in SUD is
rather recent and it highlights substantial differences between
men and women. It is demonstrated by these studies that gender
influences the prevalence, the origin, the progression and the
outcome of these disorders. Women showed a quicker transition
from use to dependence (Becker and Hu, 2008), worse clinical
conditions at the time of admission, more frequent comorbidity
for depression and anxiety, increased suicide risk, and worse
physical health compared to men presenting opioid use disorder.
Psychiatric comorbidity often precedes and favor onset of SUD
in women, such as post-traumatic stress disorder which is found
related to physical and sexual abuse in all ages and worst
socioeconomic conditions (Cotto et al., 2010; Eirod-Orosa et al.,
2010; Back et al., 2011). Women indulge in sexual risky behavior
more than men by avoiding condom use, choosing a greater
number of sexual partners and using sex in exchange of money
and/or drugs more frequently; women also tend to choose stable
partners with SUD (Quaglio et al, 2004, 2006). They often
accept unprotected sex in order to grant the continuity of the
relationship (Sheeran et al., 1999). Numerous studies verified that
intimate partner violence and childhood sexual abuse in general
population are strongly related to risky sexual behaviors and to
the occurrence of sexually transmitted diseases (Urada et al.,
2013). These dynamics facilitate the manifestation of unbalanced
love or sexual relationships that favor the masculine partner’s
power. Together with SUD these situations jeopardize women’s
determination to look for and find a healthy sexual life (Engstrom
et al., 2012; Gilbert et al., 2015).

To this day gender studies have largely neglected the sexual
aspects of opioid dependent women and to the best of our
knowledge, the present study is the largest report on women
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TABLE 3 | Association between responses to specific items from the ASEX and the use of MTD (% of persons using MTD responding to each category).

Items 1 2 3 4 5 6 p "4
How strong is your sex drive? 1.62 12.69 22.34 31.47 21.83 10.15 0.210 0.167
How easily are you sexually aroused (turned on)? 1.53 10.71 20.92 39.80 21.94 5.10 0.001 0.286
How easily does your vagina becomes moist or wet during sex? 6.12 22.45 25.51 28.57 12.76 4.59 0.265 0.159
How easily can you reach an orgasm? 1.80 16.32 27.038 33.33 16.22 6.31 0.146 0.146
Are your orgasms satisfying? 9.91 31.58 29.73 16.22 7.21 5.41 0.071 0.259

From 1 “extremely strong/ easily/ satisfying” to 6 “no sex drive/ never/ can’t reach orgasm.” Higher scores means more sexual dysfunction. Numbers in bold indicate

statistically significant effects (p < 0.05); tests: chi-square (df = 5).

with SD on MTD or BUP maintenance treatment. It focuses on
the sexual health of 258 women in OMT using consistent and
validated measures of SD and also evaluating other factors (i.e.,
demographic data, mental health, and opioid dose), that could
contribute to SD. The results show that 56.6% of women receiving
BUP or MTD for at least 3 months show SD without significant
differences between MTD e BUP groups.

These results differ from the ones reported by Moreira et al.
(2008), in a large community survey that showed how 30.1% of
adult women in Southern Europe (Italy, Spain, France) suffer
from lack of sexual interest, while 22.7% experience lack of
sexual pleasure and 24.8% incur inability to reach orgasm. These
percentages indicate that female patients in OMT have a higher
rate of SDs in comparison to the general population.

In the present study the MTD group shows a significantly
higher excitation disturbance compared to the BUP group while
considering specific ASEX issues. These results are consistent
with those of the study conducted by Giacomuzzi et al
(2009), which demonstrated how, in a small sample of 30
women in OMT, it is harder to reach orgasms while taking
MTD instead of BUP.

Furthermore, demographic variables emerged from this study,
BUP and\or MTD intake are not significant predictors of SDs,
and the majority of subjects with SD have a quality of intimate
relationship and mental health poorer than the average. The
results from the stepwise regression show how women’s overall
psychological well-being is positively linked to SD. These findings
are consistent with those of other studies reporting SD, anxiety
and depression in women treated with opioid in chronic pain
(Daniell, 2008; Katz and Mazer, 2009). The relationship between
mood disorders and SD is actually still unsettled in women in

TABLE 4 | Stepwise linear regression analysis of predictors of sexual dysfunction
(N = 258).

OMT, but in many cases it could be directly associated with
opioid-induced hypogonadotropic hypogonadism, especially for
impaired androgen production. The testosterone opioid-induced
suppression can have important consequences other than SD,
such as potential anxiety, depression, fatigue and a generally
reduced quality of life. These symptoms were reported to have
improved with androgen supplementation in women undergoing
long-term opioid treatment (Brown and Zueldorff, 2007; Katz
and Mazer, 2009). As a matter of fact, the presence of depression,
anxiety and a generally reduced quality of life are common
in women in OMT and could be due to associated conditions
and co-morbidities (i.e., other medications, primary psychiatric
disorders, other medical conditions, use of other substances low
socioeconomic status), regardless of the opioid treatment. In
case of co-presence of these symptoms and SDs, female patients
in OMT should be assessed for opioid-induced hypogonadism
by laboratory endocrine evaluation to investigate if alterated
gonadal hormon levels play any role in SDs and in mood and/or
anxiety disorders.

Furthermore, demographic variables taking BUP and\or MTD
were not significant predictors of SD.

It is important to mention the correlation between MTD dose
and SD emerged by this study, dynamic which is not present in
BUP groups. Other studies have shown a dose-response effect in
patients undergoing MTD treatment due to boosting testosterone
suppression by increasing the dose of MTD. This result is clearer
in men than in women, due to limited scientific information on
testosterone levels in female patient undergoing MTD treatment
(Bawor et al., 2014). Our outcomes are in line with the previous
study carried out by Parvaresh et al. (2015) that used ASEX
and focused on MTD dose-related effect in sexual functioning in
adult women. Conversely there is no evidence in literature of a
link between SD and BUP dosage in women in OMT treatment
or about testosterone level in these subjects. If further studies
on women will confirm the correlation between SDs and MTD
dosages and on the contrary no correlation with BUP dose, this

Variables & SE 8 P-value issue should be taken into account at the moment of choice
Age 0,008 0,03 0,019 0,784  of opioid medication, especially because there are findings that
Marital status 0,33 0,271 0,085 0,224  women need higher MTD doses compared to man in order to
Education level 0,109 0,3 0,023 0,716 avoid quitting the treatment (Vigna-Taglianti et al., 2016). The
MET -1,566 1,605  —0,147 0,33  reason behind this last result is still unclear, hypothetically it
BUP —1,743 1,684  —0,155 0,302  could be partially associated to the evidence that higher MTD
Overall psychological well-being 0,176 0,041 0,271 0,000  dosages are requested in patients diagnosed with post traumatic

Predictors of sexual dysfunction final model produced at p = 0.05, F = 3,85,
P <0.01, R? = 0.063.

stress disorder or depression (Trafton et al., 2006). These illnesses
are more frequent in women than in men as explained above.
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Moreover it should be noted that, despite the lack of evidence
in literature of the correlation between the severity of SUD and
MTD or BUP dosages needed in OMT, higher MTD doses are
predictive of major reduction in illicit opioid consuming in both
men and women (Fareed et al., 2009).

CONCLUSION

Sexual dysfunctions may cause difficulties in intimate
relationships, lower patients’ quality of life, can favor and
maintain the SUD, interfere with OMT beneficial outcomes
and influence adherence to treatment (Brown and Zueldorff,
2007; Xia et al., 2013; Bawor et al, 2014). It is important to
explore the cause of SDs through a multidimensional evaluation.
It is very important to inform patients on the possible side
effects of opioid therapy on their sexuality and when present,
to their treatment also. Spreading the information can avoid the
arousal of negative thoughts about themselves and their sexual
self-efficacy.

This study shows how OMT can determine sexual side
effects in women despite being an essential and effective
treatment in opioid addicted patients. Unfortunately, the lack
of evidence about SD in women in OMT implicates absence
of intervention models in case of sexual disturbances. This can
be an obstacle to clinicians to carefully enquire about sexual
health in these subjects. Women on opioid therapy should have
routine screening for SD longitudinally, and should be treated
with appropriate measures.

In the light of the above-mentioned considerations, we now
understand the necessity of continuing the studies in order to
overcome the existing limited literature about opioid induced SD
in women and therefore better examine hypogonadism in women
in OMT. The aim is to provide female patients the chance to
eventually apply potential treatments like the choice of opioid,
opioid dose reduction and androgen supplementation.

GICS MEMBERS

There are GICS’s members, the group had help us to find the
patients for this study: Arzillo C., Benigna L., Bersani N., Bersani
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Limitations of the Study

Whereas the strength of the present study is its larger sample
size compared to previous researches, the limitations concern
the questionnaire as it is self-reported and the definition of SD
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always perceived as SD; personal views (i.e., cultural, religious, or
other) often bias interpretation. Furthermore this research lacks
a longitudinal perspective. As this research was cross-sectional,
we were unable to analyze causal influence and changes in the
studied variables across time.
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Introduction: In this study, we proposed to investigate the association between
infatuation/passionate love and impulsivity in a context of potential high impulsivity:
adolescents with attention deficit and hyperactivity/impulsivity (ADHD) diagnosis
compared with typically developing adolescents.

Methods: Impulsivity was understood as an exploratory and a sensation seeking
behavior, a trend to engage in novel and exciting activities, and was evaluated using the
UPPS Impulsive Behavior Scale. Eighty-one adolescents from 13-to-18 years old with
and without ADHD diagnosis were compared regarding infatuation intensity, behavioral
impulsivity, and social and educational profiles.

Results: After correlation analysis, we found association between higher scores on
the infatuation intensity with fewer years of formal education, heightened urgency and
sensation seeking. On the other hand, using the generalized equation model, we
showed that the association of passionate love with behavioral urgency and sensation
seeking did not change in the presence of the ADHD diagnosis.

Conclusion: The understanding of the relationship of impulsivity with infatuation might
help to clarify why some population groups show an increased risk for many negative
social outcomes.

Keywords: attention deficit/hyperactivity disorder, ADHD, impulsivity, passionate love, infatuation

INTRODUCTION

Human pair-bonding and reproduction are complex cross-cultural phenomena involving
physiological, cognitive, and emotional changes with high impact on behavior (Hatfield and
Rapson, 1993; Fisher et al.,, 2016). Specifically, the passionate love strategy may have increased
human offspring survivability as partners focusing time and energy on one another would probably
rear a child as a team. Infatuation, also known as passionate love, is the falling in love or simply
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an intense amorous feeling for one individual. Passionate love
is the first phase of a romantic relationship, a phase of positive
emotions, but also a negative and stressful one if marked by
break-ups and life dissatisfaction. Passionate love has been argued
as a “natural addiction,” including aspects such as obsessive
and intrusive thinking, euphoria, and craving (Fisher et al.,
2016). Furthermore, the process of falling in love engages brain
reward system areas involved in chemical or behavioral addiction,
specifically dopamine pathways, with the ventral tegmental
area (VTA) consistently associated with intense infatuation
(Fisher et al., 2016).

Attention-deficit/hyperactivity disorder (ADHD) is the
most prevalent neurodevelopmental disorder in childhood
and adolescence, affecting as much as 5% of young people
around the world (Barkley et al., 2006; Polanczyk et al., 2007).
ADHD is highly complex regarding its etiology but has a strong
genetic base with evidence of reward processing alteration and
dopaminergic dysfunction (Dalley and Roiser, 2012; Beauchaine
et al, 2017). Impulsivity is a core deficit and an important
long-term symptom of ADHD. Children with high levels of
hyperactive-impulsive symptoms have higher rates of academic
drop out and fewer years of education (Fredriksen et al., 2014).
Adolescents with ADHD have greater rates of car accidents
and delinquency, poorer performance in educational and
employment settings, lower occupational status, and social
problems with family members and peers (Polanczyk et al., 2007;
Bussing et al., 2010). Additionally, ADHD negatively impacts
romantic relationships, which is evidenced by lower marital
satisfaction, higher rates of divorce (Biederman et al., 1993;
Murphy and Barkley, 1996), an aggressive attitude toward others
(Wymbs et al., 2012), and poorer conflict resolution (Canu and
Carlson, 2007). Antisocial and impulsivity-driven behaviors
may partly explain many social and academic outcomes
(Fredriksen et al., 2014).

Impulsivity can be considered action with no conscious
thinking, a behavior delivered without enough self-control,
and a tendency to respond without planning (Moeller et al.,
2001). Different approaches have been used to evaluate several
aspects of impulsivity, ranging from self-report questionnaires
to cognitive measures (Salgado et al., 2009). One of such
aspects related to impulsivity is associated with an exploratory
behavior, a trend to engage in novel and exciting activities,
and a sensation-seeking behavior. Sensation seeking may serve
an adaptive purpose, increasing the chances of reproductive
success and food obtention (Irwin and Millstein, 1986; Spear,
2000), but also can lead to negative outcomes (Whiteside
and Lynam, 2001). Relative to human development, sensation
seeking likely peaks in adolescence (Zuckerman, 1974; Roth
et al,, 2005). In adolescence, youngsters start to engage in new
and exciting experiences and begin to expand and have more
complex social interactions and relationships. Adolescence is a
vulnerable phase for risk-taking. Statistics point to a peak in
dangerous activities, such as car accidents, auto and hetero-
aggression, drug and alcohol abuse, unprotected sex, and a rise
in psychopathologies’ rate (Steinberg and Monahan, 2007; Casey
et al, 2008). The high sensitivity to incentives and contexts
related to impulsivity in adolescence was associated with an

imbalance in the self-control circuitry modulated by dopamine
(Casey, 2015).

Based on that, this study was conceived to better understand
the relationship between impulsivity and the intensity of
romantic love in conditions of high impulsivity (ADHD and
adolescence). Specifically, this study aimed to investigate a
putative association between ADHD, infatuation intensity, and
behavioral impulsivity, since they appear to share some neural
substrates. Then, we sought to evaluate a possible moderation
effect of ADHD on the relationship between infatuation and
impulsivity in adolescence.

METHODS
Participants and Study Design

This was a transversal study of adolescents (n = 81) aged 13-to-
18 years old, being 55 (67,9%) girls and 26 (32,1%) boys, with 51
(63%) of them presenting a typical development and 30 (37%)
with ADHDs. Of these, 18 (60%) were only inattentive, 5 (16.7%)
were only hyperactive/impulsive and 7 (23.3%) had a combined
profile. Typically-developing participants were from two local
urban schools or from a collaborative school from a nearby city,
and adolescents with ADHD were recruited in an impulsivity and
attention research center. The ADHD screening was performed
with the MTA-SNAP-IV (Mattos et al., 2006), which shows good
accuracy in detecting this condition among Brazilian children
and adolescents (Costa et al., 2018). Adolescents with typical
development were classified based on parents reporting a lack of
history of psychiatric or neurological disease and may not have
borderline or clinical scores in the internalizing and externalizing
scales of the Child Behavior Checklist (parent form) (Achenbach
et al, 2011). The study was approved by the local ethics board.
All the volunteers gave written informed consent and their main
caregiver consented for participation. The study is in accordance
with the Declaration of Helsinki.

Instruments

Juvenile Love Scale (JLS)

To measure infatuation/passionate love intensity, we used the
Brazilian version of the Juvenile Love Scale (JLS) (Hatfield
and Young, 1998). The JLS is composed of 30 items rated
on a nine points-Likert scale with higher scores indicating
a higher passionate love intensity. The JLS access cognitive,
emotional, and behavioral features of passionate love such as
intrusive thinking and idealization of the other, attraction toward
the partner (especially sexual), positive and negative feelings,
physiological arousal, physical proximity, and be available to the
other (Hatfield and Sprecher, 1986; Cacioppo et al., 2012). We
used the Brazilian version short version of JLS, containing 15
items, which was previously validated to our culture (Soares et al.,
2017). In this sample, JLS internal consistency was higher than
0.90 suggesting good reliability.

Juvenile Love Scale scores, obtained by summing all items,
provides a global measure on how much infatuated the
respondent is. In the original study, Hatfield and Young (1998)
described five different categories based on percentile data,
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ranging from “the thrill is gone,” the lower level of passionate love,
and “wildly, even recklessly, in love,” the higher one. However,
since our sample is relatively small, we divided our participants
in only two groups (more infatuated and less infatuated groups),
based on the sample median JLS score.

UPPS Impulsive Behavior Scale (UPPS)

We administered the UPPS Impulsive Behavior Scale as a
behavioral measure of impulsivity (Whiteside and Lynam, 2001).
The scale was adapted and validated to the Brazilian context
(Sediyama et al., 2017). The UPPS is a self-report scale with 45

items addressing four behavioral dimensions of impulsivity: (1)
urgency, a tendency to act precipitously under distress or extreme
negative emotions; (2) (lack of) premeditation or acting without
thinking; (3) (lack of) persistence, related to the ability of remain
focused on a task; and (4) sensation seeking, a tendency to engage
in novel and exciting experiences (Whiteside and Lynam, 2001;
Cyders et al., 2007). The scale is presented in a Likert-type format
ranging from 1 to 4: (1) strongly agree, (2) partially agree, (3)
partially disagree, and (4) strongly disagree. Higher scores are
suggestive of higher impulsivity. UPPS internal consistency in
this sample was higher than 0.90.

TABLE 1 | Participants’ characteristics and group comparisons.

Control ADHD Comparison

1 SD M SD U z Parameter
Age 16.0 1.3 15.3 1.4 546.5* 2.2 -
Socioeconomic status 1 15.4 39.6 19.3 603.5 —-14 -
Education 10.0 1.0 10.0 1.2 405.5%* -3.3 -
Inattention (SNAP-IV) 10.5 10.4 26.0 9.8 1430.0%* —-4.9 >151
Hyperactivity/impulsivity (SNAP-IV) 41 3.7 12.2 6.1 1513.0%* -3.7 >10"
ODD symptoms (SNAP-IV) 4.0 4.4 10.1 6.1 1609.0** —2.4 >71
Urgency (UPPS) 28.6 6.8 30.9 8.0 654.5 —1.1 29.0 (6.0)2
Premeditation (UPPS) 24.5 8.0 25.5 7.2 688.0 -0.7 24.0 (5.0
Perseverance score (UPPS) 231 6.3 24.5 6.8 688.0 -0.7 21.0 (5.0)2
Sensation seeking (UPPS) 31.7 7.2 34.9 6.8 583.0 -1.8 34.0 (7.0)2
Juvenile Love Scale (15 items) 76.3 31.6 7.7 35.2 738.5 -0.3

SE, standard error; U, Mann-Whitney U-test; Z, difference between standard scores. *p = 0.05; **p < 0.01. 'Cutoff for ADHD according to Costa et al. (2018), 2We
found no Brazilian normative values for adolescents in UPPS, so we added parameters — Mean (SD) based in d’Acremont and Van der Linden (2005) community studly.
This second parameter should be interpreted carefully, since the referred study was conducted with French Adolescents, a different culture from our sample.

TABLE 2 | Participants’ correlations among Passionate Love and Impulsivity measures on adolescence.

Variable(s) 1 2 3 4 5 6 7 8
(1) Passionate Love (JLS) -

(2) Age (years) —0.03 -

(8) Education —0.21 0.71%* -

(4) Socioeconomic level (CCEB) 0.02 0.03 0.06 -

(5) Urgency (UPPS) 0.28*% 0.13 -0.10 —0.20 -

(6) Premeditation (lack of) (UPPS) —0.01 —0.01 —-0.02 -0.07 0.37** -

(7) Perseverance (lack of) (UPPS) -0.17 0.08 —0.01 -0.10 0.37** 0.60** -

(8) Sensation seeking (UPPS) 0.26* -0.17 -0.19 —0.08 0.29** 0.09 -0.11 -

JLS, Juvenile Love Scale; CCEB, Brazilian Economic Classification Criteria (higher scores suggest higher socioeconomic situation);, UPPS, UPPS Impulsive Behavior

Scale. *p < 0.05; **p < 0.01.

TABLE 3 | Effect of Passionate Love on adolescents’ Impulsivity measures depending on ADHD status.

Outcome Predictor F df p-value B2

Urgency (UPPS) Passionate Love (JLS) 4.14* 1 0.045 0.051
Group 0.34 1 0.561 0.004
Group*Passionate Love (JLS) 1.63 1 0.130 0.021

Sensation seeking (UPPS) Passionate Love (JLS) 4.41* 1 0.039 0.054
Group 0.76 1 0.386 0.010
Group*Passionate Love (JLS) 0.16 1 0.205 0.021

JLS, Juvenile Love;, UPPS, UPPS Impulsive Behavior Scale; df, degrees of freedom. *p < 0.05.
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TABLE 4 | Description of participants’ scores on the UPPS scale stratified by JLS scores.

Less infatuated group

More infatuated group

Control ADHD Control ADHD
Variable(s) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Urgency 30,0 (8,7) 33,1(+7,3) 28,7 (£ 6,1) 27,5(+6,8)
Premeditation 24,8 (+9,2) 25,1 (+8,3) 24,4 (£7,1) 25,4 (+ 6,5)
Perseverance 20,5 (£ 6,1) 24,4 (+£7,2) 25,0 (£ 6,1) 24,2 (£ 6,2
Sensation seeking 35,4 (+6,4) 34,9 (4 6,1) 30,0(+7,3) 33,4 (+7,3)

SD, standard deviation.

Sociodemographic Characteristics

Information about adolescents’ age, sex, and education was
given by parents. Participants’ socioeconomic status (SES) was
characterized by the Brazilian Economic Classification Criteria
(CCEB) which provides evidence about purchasing power and
general situation of the households through questions about
possession of durable goods and educational level of the head of
the household. Scores can vary from 0 to 100 and fall in one of six
socioeconomic strata: A (monthly household income estimation
of U$ 6464.42), Bl (monthly household income estimation of
U$ 2863.93), B2 (monthly household income estimation of
U$ 1501.60), C1 (monthly household income estimation of
U$ 837.14), C2 (monthly household income estimation of U$
502.90), and DE (monthly household income estimation of U$
237.68) (ABEP, 2008). Higher scores suggest better SES. In this
sample, participants had the following economic classifications: 4
(9%) A, 7 (16%) B1, 15 (35%) B2,9 (21%) C1, 7 (16%) C2, 1 (2%)
DE (ABEP, 2008).

Statistical Procedures

All analyses were performed with SPSS 22.0. We conducted
descriptive statistics and correlational analysis to investigate
variables distribution and their associations. Then, we tested
whether significant associations between passionate love and
impulsivity measures would change depending on group
diagnosis. General Linear Models were built independently for
each significant impulsivity measure associated with passionate
love (dependent variables). Main effects and group-by-passionate
love interaction were computed controlling for significant
demographic differences between typically developing and
ADHD adolescents.

RESULTS

Table 1 shows descriptive information regarding adolescents’
age, education, and socioeconomic situation. Additionally,
descriptive information was given for passionate love
intensity through the JLS and UPPS factors (i.e., urgency,
lack of premeditation, lack of perseverance, and sensation
seeking). Typically developing adolescents were mostly
girls (n = 43) and ADHD participants mostly boys
(n = 17). We found no group differences regarding sex
in any measure of ADHD, impulsivity or in passionate
love (all p > 0.05).

We found an association between higher scores on the
JLS, heightened urgency and sensation seeking (Table 2). We
didn’t find any association between participants’ sex, education,
and socioeconomic level and love intensity. The general linear
model (see Table 3) showed that the association of passionate
love with behavioral urgency and sensation seeking did not
change depending on ADHD diagnosis. Additionally, we tested
if any of these associations were moderated by the age of the
participant, stratified by the samples median (16 years). We found
no interaction between age, diagnosis, passionate love on any
impulsivity measure.

Table 4 shows the participants’ scores on all four impulsivity
domains, divided into infatuated (above average and below
average on JLS scores), and then categorized in ADHD group
(6 or more hyperactivity and/or inattentive symptoms on SNAP-
IV) and control group (5 or less hyperactivity and/or inattentive
symptoms on SNAP-IV).

DISCUSSION

To the best of our knowledge, this is the first study
investigating the possible effects of romantic love on impulsivity
in adolescents and its relationship with ADHD symptoms.
Our results showed that love affects sensation seeking and
urgency, suggesting that passionate love intensity may exert
some influence on these aspects of impulsivity. There is also
a correlation between love and urgency, as well as there
is between love and ADHD symptoms. These results point
toward a positive direction relationship, which means that
the more passionate, more sensation seeking behaviors are
exhibited, and more reckless they tend to act when under
negative emotions.

Self-control appears to be an important factor for maintaining
a long-term relationship. According to early studies, cognitive
control would predict behaviors which could contribute to a
lasting relationship, including staying faithful, resist flirting and
being forgiving (Finkel and Campbell, 2001; Ritter et al., 2010).
In the early stages of love, however, the impulsivity related to
sensation-seeking could be beneficial (Van Steenbergen et al.,
2014). Sensation seeking refers to individual high motivation
for novelty and intense and unusual sensory experiences
(Norbury and Husain, 2015). Our results of higher rates of
sensation seeking behaviors among the more infatuated subjects
could indicate an openness for new habits and experiences,
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which would allow incorporating the other in one’s life (Aron
and Aron, 1986). Unbalanced top-down cognitive control might
enhance impulsive activity (Hofmann et al, 2009), just as
observed in addiction (Dalley et al., 2011). Some authors have
suggested that passionate love is a “natural addiction” since
they share these brain processes drive, such as impulsivity
(Fisher et al, 2016). Indeed, the striatal dopamine release
on the in-love brain is similar to the process involved
in addiction, with an enhancement of reward regulation
networks, and is also related to sensation seeking (Fisher
et al., 2005; Frascella et al., 2010; Xu et al, 2011). This
dopaminergic modulation could change the balance between
striatal and prefrontal connections, favoring an increase of
impulsivity in the early stages of passionate love (Cools, 2008;
Van Steenbergen et al., 2014). Additionally, the hypothalamic
pituitary adrenal (HPA) axis increases its activity during the
early stages of passionate love, indicating a high-stress level
(Marazziti and Canale, 2004). Stress can be seen as an altered
mood state and insecurity (Starka, 2007; Berscheid, 2010), too
typical of the early stages of passionate love, contributing
to non-rational behavior in a love situation. According to
our results, more infatuated individuals may tend to act
rashly (urgency), especially in contexts associated with the
loved one.

We found no moderating effect of ADHD diagnosis over
love and impulsivity interaction, indicating that passionate
love intensity seems to affect ADHD and typically-developing
adolescents in the same way. Despite the changes in cortico-
striatal pathways associated with diverse forms of impulsivity
in ADHD, there was no additive role of the disorder in
adolescents’ passionate love influence on urgency or sensation
seeking tendencies.

Our study has limitations that must be addressed. One
of the study’s limitations was the sample size, which was
insufficient to detect small effect sizes. In this sense, more
discrete associations may not be perceived in our data. The
control group was not interviewed by a child psychiatrist
due to the context of their data collection (schools). To
minimize this bias, we used the CBCL scale as a screening
tool, an instrument that shows high concordance with a
clinical interview when responded by the participants’ parents
(Brasil and Bordin, 2010). We also did not have detailed
data on participants’ relationship status, even though they
could just think about someone when informing scores in
the JLS. We had no information about how long possible
couples were together, partners age and SES, neither on
participants’ pubertal development. Of the ADHD sample, 60%
were only inattentive, 16.7% were only hyperactive/impulsive,
and 23.3% had a combined presentation profile. The inattentive
predominance might partially explain why there was no
difference in UPPS impulsive scores between adolescents with
and without ADHD in our sample. As it is inherent to any
correlation approach, we cannot determine whether passionate
love increases urgency and sensation seeking behaviors when

one is in love, or if adolescents for whom extreme emotions
act like a boost to impulsiveness, or that are inclined
to live exciting new experiences, get to experience more
intense infatuation.

Intense passionate/romantic love is a near-universal human
phenomenon. The turmoil that accompanies adolescence may
serve as a motivation enhancer to courtship attraction and the
pursuing of a mating partner, which can lead to a love that is
returned or rejected. Anyhow, passionate love likely increases
activity related to impulsivity for better or for worse. The
understanding of the relationship of impulsivity with infatuation
might help to clarify why some population groups show an
increased risk for many negative social outcomes.
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Endocannabinoids Interact With the
Dopaminergic System to Increase
Sexual Motivation: Lessons From the
Sexual Satiety Phenomenon

Ana Canseco-Alba and Gabriela Rodriguez-Manzo*

Departamento de Farmacobiologia, Centro de Investigacion y de Estudios Avanzados (Cinvestav-Sede Sur), Ciudad de
Meéxico, México

In male rats, copulation to satiety induces a long-lasting sexual inhibitory state,
considered to rely on a decreased sexual motivation. Dopaminergic transmission at
the mesolimbic system plays a central role in the regulation of male sexual motivation.
Endocannabinoids (eCBs) modulate the activity of the mesolimbic system and both
dopamine (DA) and cannabinoid receptor activation reverses the sexual inhibition that
characterizes sexually satiated rats. The eCB anandamide reverses sexual satiety when
systemically administered or infused into the ventral tegmental area (VTA), the region
where the activity of mesolimbic dopaminergic neurons is regulated. Thus, it could be
thought that sexual motivation is diminished during the long-lasting sexual inhibition of
sexually satiated rats and that eCBs reverse that inhibition through the modulation of
the dopaminergic system. To test this hypothesis, we assessed the motivational state
of sexually satiated male rats and determined if 2-arachidonoylglycerol (2-AG), the most
abundant eCB and a full cannabinoid receptor agonist, also reversed the sexual inhibitory
state. To establish the possible interaction between 2-AG and anandamide with the
dopaminergic system for the reversal of sexual satiety, we analyzed the effects of the
co-administration of each eCB and DA receptor agonists or antagonists. Results showed
that 24-h after copulation to satiety, when the sexual inhibition is well established, the
males’ sexual motivation is diminished as measured in the sexual incentive motivation
test. 2-AG, similarly to anandamide, reverses sexual satiety through the activation of
CB1 receptors and both eCBs interact with the dopaminergic system to reverse the
sexual inhibitory state. 2-AG effects are mediated by the modulation of the D2-like DA
receptor family, whereas anandamide’s effects are clearly mediated by the modulation of
the D1-like DA receptor family and the activation of D2-like DA receptors. Present results
evidence that a reduced sexual motivation underlies the sexual inhibitory state of sexually
satiated rats and support the notion that eCBs reverse sexual satiety by modulating
dopaminergic transmission, presumably at the mesolimbic system. Anandamide and
2-AG have a different interaction with D1-like and D2-like DA receptor families. Altogether
present data endorse the association of the eCB system with the regulation of the
motivational tone at the mesolimbic system.

Keywords: endocannabinoids (eCBs), CB1 receptors, D1-like/D2-like DA receptors, sexual motivation, sexual
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INTRODUCTION

Sexually experienced male rats allowed to copulate without
restriction with a single female will ejaculate repeatedly
until becoming sexually exhausted (Beach and Jordan, 1956;
Rodriguez-Manzo and Fernandez-Guasti, 1994). Copulation to
satiety has as its main outcome the installation of a long- lasting
sexual behavior inhibition (up to 72 h) that gradually fades away,
requiring a 15-day period of sexual rest for exhausted males to
completely recover their initial ejaculatory capacity (Rodriguez-
Manzo et al, 2011). Twenty-four hours after copulation to
satiety, when exposed to a new sexually receptive female, the
majority of these animals (two-thirds of the population) does not
show any sexual activity and the remaining third displays a single
ejaculatory series after which males will not resume copulation
(Rodriguez-Manzo and Fernandez-Guasti, 1994).

Copulation is a highly rewarding behavior and the mesolimbic
dopaminergic (MSL) system is involved in the control of
its motivational component and reinforcing properties (Kelley
and Berridge, 2002). The dopamine (DA) neurons of the
MSL system, originating in the ventral tegmental area (VTA)
of the midbrain, project to the nucleus accumbens (NAcg
1982; Ikemoto and Panksepp, 1999). DA has
been suggested to be important for the assignment of the
motivational value to rewarding behaviors (Berridge and
Kringelbach, 2011) and motivation plays a central role in
the maintenance of rewarding behaviors that are triggered
by salient environmental stimuli, such as sexual behavior
(Everitt, 1990). Copulation activates the MSL system increasing
DA release at the NAcc (Mas et al, 1990; Pfaus et al,
1990; Wenkstern et al., 1993) and augmenting c-Fos protein
expression in the DA neurons of the VTA (Balfour et al., 2004).
During repeated copulation, DA levels at the NAcc remain
elevated, indicating a continued activation of the MSL system
(Fiorino et al., 1997).

The long-lasting sexual behavior inhibition that characterizes
sexually exhausted male rats is considered to rely on a
decreased sexual motivation (Guadarrama-Bazante and
Rodriguez-Manzo, 2019), as their performance in a sexual
motivation paradigm, immediately after reaching sexual
satiety, is diminished (Agmo et al, 2004). Besides, it has
also been shown that interfering with the sexual motivation
decline that follows copulation to exhaustion, by means of
the Coolidge effect (renewal of sexual activity in satiated
rats induced by changing the female partner), hinder the
establishment of the long-lasting sexual behavior inhibition 24 h
after copulation to satiety (Rodriguez-Manzo, 1999a). These
data suggest that changes in the motivational component of
copulatory behavior might play an important role in the sexual
satiety phenomenon.

Interestingly, 24 h after copulation to exhaustion, once the
sexual inhibitory state is established, changing the female partner
has no effect on the sexual responsiveness of the satiated
rats (Rodriguez-Manzo, 1999a). Though, the established sexual
inhibition can be reversed by a number of pharmacological
agents (a 5-HT1A receptor agonist, an o2-adrenoceptor
antagonist, L and 3 opioid antagonists, among others), acting

Swanson,

at different neurotransmitter systems, which seem to directly
or indirectly interact with the dopaminergic system (Rodriguez-
Manzo and Fernandez-Guasti, 1995; Rodriguez-Manzo, 1999b).
In addition, DA receptor agonists, systemically administered
or infused into the NAcc, also reverse the sexual inhibition of
satiated rats (Guadarrama-Bazante et al., 2014; Guadarrama-
Bazante and Rodriguez-Manzo, 2019). Together, these data
suggest that DA transmission plays a central role in the reversal
of sexual satiety.

Endocannabinoids (eCBs) are retrograde transmitters, of
which anandamide (AEA) and 2-arachidonoylglycerol (2-AG)
are the best characterized (Di Marzo et al, 1998). Unlike
classical neurotransmitters, eCBs are synthesized and released on
demand, during periods of high neural activity (Freund et al,
2003). At the MSL system, eCBs are released from the DA cell
bodies in the VTA and from the medium spiny neurons in
the NAcc (Lupica and Riegel, 2005). Once in the synaptic cleft,
they retrogradely activate CB1 cannabinoid receptors, located on
GABAergic and glutamatergic axon terminals in each of these
brain regions, thereby inhibiting neurotransmitter release (Alger,
2002; Wilson and Nicoll, 2002). Through the modulation of MSL
system’s activity, eCBs regulate rewarding behaviors (Lupica
et al., 2004; Gardner, 2005). Sexual behavior is rewarding and
eCBs are involved in its control (Gorzalka et al., 2008), playing a
complex role in its expression (for review, see Rodriguez-Manzo
and Canseco-Alba, 2015).

In sexually satiated male rats, low doses of AEA
reverse the sexual inhibition that characterizes sexual
satiety (Canseco-Alba and Rodriguez-Manzo, 2014), an

effect mimicked by its direct infusion into the VTA
(Canseco-Alba and Rodriguez-Manzo, 2016).

Based on these data, it could be thought that sexual motivation
is diminished during the long-lasting sexual inhibitory period
that characterizes sexually exhausted rats and that eCBs reverse
that inhibition through the modulation of the dopaminergic
system. To test this hypothesis, in this work we first assessed
the motivational state of sexually exhausted male rats 24 h after
copulation to satiety, by means of a sexual incentive motivation
test. We then determined if 2-AG, the most abundant eCB in
the brain, also reversed sexual satiety through the activation
of CBI1 receptors. Finally, we analyzed the possibility of an
interaction between AEA or 2-AG and the dopaminergic system
for the reversal of sexual satiety, determining the possible
participation of each of the two DA receptor families in
this effect.

MATERIALS AND METHODS

Animals

Sexually experienced adult male Wistar rats (250-300 g b. wt.)
were used in this study. Animals were housed, eight per cage,
under inverted light/dark cycle conditions (12 h light: 12 h
dark, lights on at 22:00 h), at 22°C, and with free access
to food and water. For the selection of sexually experienced
males, rats were subjected to five independent sexual behavior
tests, and those males showing ejaculation latencies (EL) shorter
than 15 min, in at least three of these tests, were considered
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FIGURE 1 | Description of sexual behavior protocols. The left side of the figure describes the protocol followed to render sexually experienced male rats, consisting
in subjecting sexually naive rats to five independent sexual behavior sessions, run every other day. At the end of this process males showing ejaculation latencies (EL)
shorter than 15 min are considered sexually experienced and selected for the study. The right side of the figure describes the sexual satiety paradigm, involving
sexually experienced male rats that copulate ad libitum with a single sexually receptive female (1) until reaching the sexual satiety criterion (around 4 h). Twenty-four
hours later these males receive the pharmacological treatment or its vehicle and are subjected to a sexual behavior test with a new sexually receptive female (92).

sexually experienced (see Figure 1). Receptive female Wistar
rats served as sexual stimuli. Sexual receptivity was induced
in intact females by the sequential s.c. injection of estradiol
benzoate (12 wg/rat) followed 24 h later by progesterone
(6.0 mg/rat). Our institutional Internal Committee for the
Care and Use of Laboratory Animals (Comité Institucional
para el Cuidado y Uso de Animales de Laboratorio, CICUAL)
approved all experimental procedures (Protocol 0230-16), which
followed the regulations established in the Mexican Official
Norm for the use and care of laboratory animals NOM-062-
Z0O0-1999.

Sexual Exhaustion Paradigm
Sexual behavior observations were conducted in a room under
dim red light, during the dark phase of the cycle. Male
rats were introduced into polycarbonate cylindrical arenas
(62 cm diameter, 52 cm height), with the floor covered with
fine sawdust, and a 5-min adaptation period was allowed to
the males before introducing a receptive female. The males
copulated with a single receptive female during 4 h, without
restriction. Previous data from our laboratory have shown that
this period is sufficient for all animals to reach the sexual
exhaustion criterion, ie., 90 min from the last ejaculation
without attaining another ejaculation. At the end of the sexual
exhaustion session, the animals were returned to their home
cages. Twenty-four hours later, the same animals were subjected
to a sexual behavior test with a new sexually receptive female,
after receiving the pharmacological treatments or the vehicle (see
Figure 1).

In this last test, we recorded the percentage of males
displaying sexual behavior, i.e., mount, intromission, ejaculation
and copulation resumption after ejaculation. Since these animals

are sexually inhibited, the display of each of these sexual
responses indicates a facilitation of sexual behavior expression.
When the proportion of satiated animals capable of resuming
copulation after a first ejaculation, during the 24 h test,
is significantly increased in response to a pharmacological
treatment, it is considered that sexual satiety was reversed. In
those animals ejaculating, we recorded the following specific
sexual parameters: intromission latency (IL, time from the
introduction of the female to the appearance of the first
intromission); mount and intromission number displayed
prior to ejaculation (M and I); EL (time from the first
intromission until ejaculation) and post-ejaculatory interval
(PEL, time from ejaculation to the first intromission of the
next copulatory series). These specific parameters are regularly
used to evaluate the sexual performance of sexually experienced
male rats.

Locomotor Activity

In order to discard non-specific effects of the drug treatments
that could have interfered with sexual behavior execution,
the animals’ spontaneous locomotor activity was recorded
immediately after the sexual behavior tests that followed drug
treatments. To this purpose, male rats were placed into an
acrylic box (33 x 44 x 20 cm), with the floor divided
into 12 squares (11 x 11 cm for each quadrant), and the
number of crossings from one quadrant to another during a
5-min period was recorded. The cage was carefully cleaned
between tests.

Sexual Incentive Motivation Test
The sexual incentive motivation test was conducted in a room
under dim red light following the method described by Agmo
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(2003). This is a non-conditioned test measuring the sexual
incentive motivation induced in male rats by a sexually receptive
female as opposed to the social incentive motivation induced
by another male rat. The apparatus consists of a solid plastic
elliptic open field arena (85 x 50 x 40 cm) that has two
diagonally opposed windows (one in each long wall extreme),
separated from the central arena by wire mesh. Each of these
windows communicates with a removable incentive animal cage
(20 x 10 x 15 cm), separated from the arena by the wire mesh
in which the incentive animals, i.e., a sexually receptive female
or a sexually experienced male are placed. In front of each
window, a rectangular zone in front of each incentive animal
cage (measuring 30 x 20 cm) is designated as the incentive zone.
Between tests, the female and male cages are semi-randomly
changed from one position to another and the apparatus cleaned
to eliminate odor traces from other animals.

Prior to the experimental session, the male subjects are
habituated to the arena for three consecutive days in the
absence of incentive animals and allowed to freely explore
it for 10 min. On the test day, the incentive animals are
introduced into their cages, the experimental male is then
placed into the center of the arena where it can hear, see
and smell the inaccessible incentive animals and its behavior is
videotaped during 10 min, in the absence of the experimenter.
An observer, blind to the experimental groups, analyzed video
recordings. The cumulative time spent by the experimental
subjects in the respective incentive zones is considered as
indicative of the incentive motivation generated by each animal
(male or female).

Drugs

All drugs were purchased from Sigma-Aldrich Chem. Company
(St. Louis, MO, USA). Arachidonoylethanolamide (anandamide,
AEA) and 2-AG were dissolved in a vehicle composed by a
mixture of ethanol (2%), Tween80 (2%) and saline solution
(96%). AM251 was dissolved in a vehicle composed by a mixture
of DMSO (1 drop), Tween (2%) and saline solution (98%).
Haloperidol was dissolved in distilled water adding three drops
of ascorbic acid (0.01%). Apomorphine, quinpirole, SKF38399,
SCH23390 and raclopride were dissolved in saline solution.
All drugs were ip. injected in a volume of 1 ml/kg. All the
CB1 ligands (AEA, 2-AG and AM251) were administered 5 min
before subjecting the animals to the sexual behavior tests.
The DA receptor ligands had different latencies, which are
specified for each drug in the experimental design. Estradiol
benzoate and progesterone were dissolved in sesame oil and
s.c. injected to the females as described above, under the
animals’ heading.

Statistical Analyses

Comparison of the proportions of sexually exhausted rats
exhibiting the different sexual behavior responses, i.e., mount,
intromission, ejaculation and copulation resumption after
ejaculation, was conducted by means of the Fisher F-test. The
distinct sexual behavior parameters of sexually experienced males
in the dose-response curves, as well as the locomotor activity
data were compared by means of the Kruskal-Wallis ANOVA

followed by Dunn’s test when pertinent. The differences in
the time spent by male rats in the different incentive zones
were established by means of the Mann-Whitney U test. All
statistical analyses were performed with the Sigma Plot program
(version 12.0).

Experimental Design

Experiment 1: Incentive Sexual Motivation of
Sexually Exhausted Male Rats

Two independent groups of sexually experienced male rats
(n = 12 each) were used. One group was directly tested for
incentive motivation and served as the control group. The
experimental group was first subjected to the sexual exhaustion
paradigm and 24 h after copulation to satiety, tested for
incentive motivation.

Experiment 2: Effects of 2-AG on Sexual Behavior
Expression of Sexually Experienced and Sexually
Exhausted Male Rats

A dose-response (D-R) curve of the effects of 2-AG
(0.03-3.0 mg/kg) in sexually experienced rats was run to
establish the effects of this eCB on copulation of sexually
active animals. To establish the effects of 2-AG in sexually
satiated rats, six independent groups of sexually experienced
males (n = 8 each) were subjected to the sexual exhaustion
paradigm and 24 h later, injected with different doses of 2-AG
(0.03-3.0 mg/kg) or its vehicle and their sexual activity recorded.
An additional group of sexually exhausted rats was employed
to establish if 2-AG effects were mediated by CBI receptors.
In this case, the CB1 receptor antagonist AM251 (0.1 mg/kg)
was injected to the satiated male rats immediately before the
administration of an effective 2-AG dose (0.3 mg/kg) and after
5 min the sexual behavior test was run. The AM251 dose was
chosen from a previously reported D-R curve (Canseco-Alba
and Rodriguez-Manzo, 2014).

Experiment 3: Interaction of the eCBs AEA and 2-AG
With the Dopaminergic System in Sexually
Exhausted Male Rats

Four independent groups of sexually exhausted males
(n = 8 each) were used to establish the effects of the unspecific
DA receptor antagonist haloperidol (125 jg/kg, —30 min) on the
reversal of sexual exhaustion induced by an effective dose of AEA
(0.3 mg/kg) or 2-AG (0.3 mg/kg). The AEA dose was chosen
from the D-R curve of AEA effects on sexually satiated males
previously reported (Canseco-Alba and Rodriguez-Manzo,
2014). The haloperidol dose was chosen from a published D-R
curve run in sexually satiated animals (Rodriguez-Manzo, 1999b)
and was injected 30 min prior to either eCB; the control group
received the combination of vehicles.

The possible interaction of the unspecific DA receptor
agonist, apomorphine with the eCBs AEA and 2-AG was
determined by the co-administration of the DA agonist and
each of the eCBs, at doses that were subthreshold for
reversing sexual satiety. To this aim, four additional independent
groups of satiated males (n 8 each) were used; one
receiving the combination of vehicles, another receiving the
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TABLE 1 | Specific sexual behavior parameters of the first copulatory series of sexually experienced male rats treated with specific doses of dopamine (DA) receptor

agonists.

Treatment n IL M 1 EL PEI
Vehicle (saline) 8 0.91 £0.17 3 8 8.07 £0.76 5.68 £ 0.34
Apomorphine 10 pg/kg 8 0.68 £0.14 2 6.5 6.04 £0.79 5.78 £ 0.54
SKF-38399 0.1 mg/kg 8 0.80 £0.18 5 10 9.77 +£1.0 6.03 + 0.47

IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI, postejaculatory interval. Temporal measures are expressed in minutes (min) as

mean + SEM and M&I as median number.

sub-effective dose of apomorphine (10 pg/kg, —15 min) and
two for the combinations of apomorphine with either AEA or
2-AG, at sub-effective doses (0.03 mg/kg each). Apomorphine’s
ineffective dose was chosen from a pilot study with sexually
experienced male rats. The data of this pilot study are shown
in Table 1.

Experiment 4: Participation of D1-Like DA Receptors
in the eCB-Induced Reversal of Sexual Satiety
Two independent groups of sexually satiated rats (n = 8 each)
were used to establish the effects of the combined treatment of an
effective dose of AEA or 2-AG (0.3 mg/kg each) with a dose of the
D1-like receptor antagonist SCH23390 that lacked effects per se
(0.1 mg/kg, —30 min). A dose-response curve of SCH23390 was
run in sexually experienced male rats to identify the dose not
modifying sexual behavior per se (Figure 6).

Two additional groups of sexually exhausted males
(n = 8 each) were employed to establish the effects of the
combination of previously determined suboptimal doses
of AEA or 2-AG (0.03 mg/kg each) with a sub-effective
dose of the D1-like receptor agonist SKF38399 (0.1 mg/kg,
—30 min), which was determined in a pilot study with sexually
experienced male rats. The data of this pilot study are included in
Table 1.

Experiment 5: Participation of D2-Like DA Receptors
in the eCB-Induced Reversal of Sexual Satiety
Two independent groups of sexually satiated rats (n = 8 each)
were used to establish the effects of the combined treatment of an
effective dose of AEA or 2-AG (0.3 mg/kg each) with a dose of the
D2-like receptor antagonist raclopride that lacked effects per se
(0.03 mg/kg, —20 min). A dose-response curve of raclopride was
run in sexually experienced male rats to identify the dose not
modifying sexual behavior (Figure 8).

Finally, another two groups of sexually exhausted males
(n = 8 each) were employed to establish the effects of the
combination of suboptimal doses of AEA or 2-AG (0.03 mg/kg
each) with a suboptimal dose of the D2-like receptor agonist
quinpirole (0.03 mg/kg, —15 min) chosen from a previously
reported D-R curve in sexually satiated rats (Guadarrama-
Bazante et al., 2014).

RESULTS

Sexual Incentive Motivation of Sexually
Exhausted Male Rats

In the sexual incentive motivation test it was found that sexually
experienced male rats spent significantly more time in the

incentive zone of the sexually receptive female as compared to the
time spent in the male’s incentive zone (Mann-Whitney U test,
U =2, P < 0.001). In contrast, in the sexually exhausted males,
tested 24 h after copulation to satiety, there was no difference
between the time spent by the males in the incentive zones of
the sexually receptive female and the sexually active male (Mann-
Whitney U test, U = 82.5, P = 0.93; Figure 2).

Effects of 2-AG on Sexual Behavior of
Sexually Experienced and Sexually
Exhausted Male Rats

Figure 3 depicts the dose-response curve of the effects of
different doses of 2-AG on the sexual behavior of sexually
experienced male rats. It can be observed that none of the
sexual parameters were statistically significantly modified by
any 2-AG dose. The percentage of sexually exhausted male
rats showing mounts and intromissions (M&I), ejaculating (E)
and resuming copulation after ejaculation (CR), 24 h after
copulation to satiety, in response to different doses of the eCB
2-AG, are shown in Figure 4. As it can be seen in panel A,
the majority of the tested doses (0.1-3.0 mg/kg) significantly
increased the proportion of satiated rats attaining ejaculation
[seven out of eight (87.5%; Fisher F test, P 0.01) for
0.1 mg/kg; eight out of eight (100%; Fisher F test, P = 0.001)
for 0.3 mg/kg and six out of eight (75%; Fisher F test,
P < 0.05) for both the 1.0 and 3.0 mg/kg doses] and resuming
copulation thereafter [five out of eight (62.5%; Fisher F test,
P < 0.05) for 0.1 mg/kg; six out of eight (75%; Fisher F test,
P < 0.01) for 0.3 mg/kg; and five out of eight (62.5%; Fisher
F test, P < 0.05) for the 1.0 and 3.0 mg/kg doses], while
the lowest dose tested (0.03 mg/kg) failed to increase these
proportions. Thus, 2-AG doses between 0.1 and 3.0 mg/kg
reversed sexual satiety.

Figure 4B depicts the action of the CB1 receptor antagonist,
AM251, at a dose that lacks effects per se (0.1 mg/kg), on the
increase in the percentages of sexually exhausted rats ejaculating
and resuming copulation after ejaculation induced by 0.3 mg/kg
2-AG. It can be observed that the 2-AG-induced reversal of
sexual satiety was canceled, indicating that this effect is mediated
by CB1 receptors.

Interaction of the eCBs AEA and 2-AG With
the Dopaminergic System in Sexually
Exhausted Male Rats

Figure 5 shows the effects of the combined injection of
the unspecific DA receptor antagonist haloperidol with AEA
or 2-AG (panels A and B, respectively) and those of the
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Sexual Incentive Motivation Test
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FIGURE 2 | Sexual incentive motivation is measured as the time spent by the male rat in the incentive zones of the sexually receptive female (dashed bars) or the
male (empty bars), in control sexually experienced (n = 12) and in sexually satiated male rats (n = 12). Data in the graph are expressed in seconds (s) as

mean + SEM. A statistically significant difference was found in the sexually experienced males in the time spent in each of the incentive zones. Mann-Whitney U test,
**P < 0.001. The features of the apparatus used to evaluate sexual incentive motivation are depicted on the left side of the figure.
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combined injection of apomorphine, a non-specific DA receptor
agonist, with AEA or 2-AG (panels C and D, respectively) in
sexually exhausted male rats. Haloperidol injection (125 pg/kg)
per se did not induce mating behavior in sexually satiated
rats, while a dose of 0.3 mg/kg AEA (panel A) or 2-AG
(panel B), statistically significantly increased the proportions
of satiated rats ejaculating (Fisher F test, P < 0.01 for
AEA; P < 0.001 for 2-AG) and resuming copulation after
ejaculation (Fisher F test, P < 0.05 for both eCBs), as
compared to vehicle-treated satiated males. Pre-treatment with
haloperidol canceled both, AEA- and 2-AG-induced increases in
these percentages.

Apomorphine, at the dose of 10 pg/kg, lacked effects
on copulation of satiated rats, as did AEA (panel C) and
2-AG (panel D) at the dose of 0.03 mg/kg. However, the
combined administration of AEA with apomorphine increased
the proportion of sexually exhausted males copulating. These
increases were statistically significant for M (Fisher F test,
P < 0.05), for I (Fisher F test, P < 0.01) and for CR (Fisher
F test, P < 0.05). The combined treatment of apomorphine
with 2-AG statistically significantly increased the proportion of
satiated rats showing I (Fisher F test, P < 0.05), E (Fisher F test,
P < 0.05) and CR (Fisher F test, P = 0.01). Thus, sub-effective
doses of apomorphine and each of the eCBs synergized to reverse
sexual satiety.

Participation of D1-Like DA Receptors in
the eCB-Induced Reversal of Sexual
Satiety

A dose-response curve of the effects of the Dl-like
receptor antagonist SCH23390 on the sexual behavior
of sexually experienced male rats is shown in Figure 6.
SCH23390 significantly increased the temporal parameters in
these animals at the 0.3 and 1.0 mg/kg doses (Kruskal-Wallis
ANOVA H3) = 24.66, P < 0.001; Dunn’s Test, P < 0.05 for
IL), (Kruskal-Wallis ANOVA Hgy, = 1636, P < 0.001;

Dunn’s Test, P < 0.05 for EL; Kruskal-Wallis ANOVA
H@E) = 2033, P < 0.001; Dunn’s Test, P < 0.05 for
PEI). The lowest SCH23390 dose (0.1 mg/kg) reduced
the I number (Kruskal-Wallis ANOVA Hg, 8.18,
P < 0.042; Dunn’s Test, P < 0.05), considered a sexual
facilitative outcome, and lacked effects on any other
parameter; therefore, this dose was selected for the
combined treatments.

Figure 7 depicts the effects of the combined injection
of the Dl1-like receptor antagonist SCH23390 with effective
doses of AEA (panel A) or 2-AG (panel B), as well as
the effects of the combination of sub-effective doses of the
D1-like receptor agonist SKF-38399 with sub-effective doses
of AEA (panel C) or 2-AG (panel D), on sexual behavior
expression of sexually satiated rats. It can be seen that the
sole administration of 0.1 mg/kg SCH23390 lacked effects in
sexually satiated rats, however, it canceled the increase in the
percentage of satiated rats showing sexual behavior induced
by an effective dose of AEA (panel A). By contrast, this same
SCH23390 dose did not block the actions of the 2-AG effective
dose on copulation of sexually satiated rats (panel B). This
tigure also shows that combination of sub-effective doses of the
D1-like receptor agonist with AEA synergized to significantly
increase the proportion of satiated rats showing each of the
sexual behavior responses (Fisher F test, P < 0.01 for M;
P < 0.05 for I, E and CR; panel C), whereas its combination with
a sub-effective dose of 2-AG failed to significantly increase these
proportions (panel D).

Participation of D2-Like DA Receptors in
the eCB-Induced Reversal of Sexual
Satiety

Figure 8 shows a dose-response curve of the effects of the D2-like
receptor antagonist raclopride on the sexual behavior of sexually

experienced male rats. Raclopride had sexual effects at doses from
0.1 to 1.0 mg/kg, increasing the EL (Kruskal-Wallis ANOVA,
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FIGURE 3 | Dose-response curve of the effects of different doses of 2-arachidonoylglycerol (2-AG; 0.03-3.0 mg/kg, n = 8 each) or vehicle (C) on the specific sexual
behavior parameters of sexually experienced male rats. IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI,
postejaculatory interval. Latencies are expressed in minutes, as mean + SEM, and numbers as medians.

H3) =26.36, P < 0.001; Dunn’s test, P < 0.05) at the two higher ~ with an effective dose of AEA, raclopride did not block the
doses and the PEI at the lower dose (Kruskal-Wallis ANOVA, increases induced by this eCB (panel A), however, it canceled
H@) = 20.33, P < 0.001; Dunn’s test, P < 0.05). We selected  the 2-AG-induced increases in the proportion of satiated
the lowest raclopride dose tested (0.03 mg/kg) for the combined  animals capable of displaying the different sexual behavior
treatments, as it lacked sexual effects. responses (panel B). Combination of sub-effective doses of

The effects of the combined injection of raclopride with  the D2-like receptor agonist quinpirole and the eCBs, AEA
effective doses of AEA or 2-AG on sexual behavior expression  or 2-AG, synergized to significantly increase the proportion of
of sexually exhausted male rats are shown in Figure 9 (panels  satiated rats showing each of the sexual behavior responses.
A and B, respectively), as well as the effects of the combination =~ The combination of quinpirole with AEA promoted M, I
of sub-effective doses of the D2-like receptor agonist quinpirole and E display in all animals (Fisher F test, P = 0.02 for
with sub-effective doses of AEA (panel C) or 2-AG (panel M; P = 0.007 for I and E) and seven out of eight animals
D). It can be observed that 0.03 mg/kg raclopride, per se, resumed copulation thereafter (Fisher F test, P = 0.01).
lacked effects on copulation of satiated rats. When combined  Combined treatment of quinpirole with 2-AG induced M
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FIGURE 4 | (A) Dose-response curve of the effects of different doses of 2-AG (0.03-3.0 mg/kg) or vehicle (C) on the percentage of sexually satiated rats that
exhibited the different sexual behavior responses: mount and intromission (M and I), ejaculation (E) and copulation resumption after ejaculation (CR). Fisher F test,
*P < 0.05, *P < 0.01, **P < 0.001 vs. C. Panel (B) shows that the CB1 receptor antagonist, AM251 (0.1 mg/kg), blocks the reversal of sexual exhaustion induced
by 0.3 mg/kg 2-AG, i.e., the increase in the percentage of satiated rats ejaculating (E) and resuming copulation after ejaculation (CR). Fisher F-test *P < 0.05;

P < 0.001; n = 8 for each group. Asterisks over bars indicate statistical significance vs. the control group; other comparisons are indicated.

0.1 0.3 +
mglkg mglkg 2-AG

and I behavior in all animals (Fisher F test, P = 0.026 for
M and P = 0.007 for I), while seven out of eight animals
ejaculated (Fisher F test, P = 0.041) and resumed copulation
after ejaculation (Fisher F test, P = 0.01; panels C and D,
respectively).

The specific sexual behavior parameters of the satiated
animals in which treatments reversed satiety are shown
in Table 2.

None of the pharmacological treatments significantly affected
the spontaneous ambulatory behavior of sexually satiated male
rats. These data are presented in Table 3. Table 1 includes the
data of the pilot studies showing the doses of apomorphine
and SKF-38399 that lacked effects per se on the sexual behavior
of sexually experienced male rats which were selected for
experiments involving combined treatments of sub-effective
drug doses.
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TABLE 2 | Specific sexual behavior parameters of those sexually satiated male rats achieving ejaculation in response to drug treatment and of a group of sexually

experienced male rats as a reference.

Treatment n IL M | EL PEI

2-AG 0.3 mgr/kg 6/8 13.65 +£2.45 6 9 9.29 +£2.93 15.67 £2.92
Apomorphine 10 png/kg + AEA 0.03 mg/kg 7/8 3.91 +0.68 3 7 5.62 +£1.05 16.02 + 2.70
Apomorphine 10 ng/kg + 2-AG 0.03 mg/kg 7/8 3.01 +£1.24 6 10 10.07 + 3.02 16.41 + 1.58
SKF-38399 0.1 mg/kg + AEA 0.03 mg/kg 6/8 3.62 £ 0.56 3 8 8.57 £1.80 20.32 + 3.03
Quinpirole 0.03 mg/kg + AEA 0.03 mg/kg 8/8 422 +2.43 1 3 9.17 £2.43 23.92 +£3.18
Quinpirole 0.03 mg/kg + 2-AG 0.03 mg/kg 7/8 13.18 £ 6.32 1 7 6.37 £ 0.84 38.05 + 8.23
Sexually experienced 8/8 222 £0.28 0.5 6.5 597 £0.64 5.50 + 0.61

IL, intromission latency; M, number of mounts; I, number of intromissions; EL, ejaculation latency; PEI, postejaculatory interval. Temporal measures are expressed in minutes (min) as

mean + SEM and M and | as median number.

DISCUSSION

The main findings of the present series of experiments can be
summarized as follows: (a) sexually exhausted male rats exhibit a

reduced sexual motivation 24 h after copulation to satiety, when
the sexual inhibitory period is well established; (b) low doses of
the eCB 2-AG reverse sexual satiety through a CB1 receptor-
dependent mechanism, but do not modify copulatory behavior
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of sexually experienced male rats; (c) the eCBs AEA and 2-AG
interact with the dopaminergic system to induce sexual behavior
expression in sexually exhausted male rats; (d) D2-like, but not
D1-like DA receptors, participate in the 2-AG-induced sexual
satiety reversal; and (e) AEA-induced satiety reversal is mediated
by D1-like DA receptors. Notwithstanding, D2-like receptor
agonists also synergize with AEA to induce sexual activity in
sexually exhausted males.

The sexual incentive motivation test revealed that sexually
exhausted male rats do not show the preference for a sexually
receptive female exhibited by sexually experienced animals,
thereby confirming that during the sexual inhibitory period
that characterizes sexual satiety, male rats have a reduced
sexual motivation. As mentioned in the introduction section,
previous data implied that sexual motivation might play a role
in the sexual satiety phenomenon (Rodriguez-Manzo, 1999a;
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Guadarrama-Bazante and Rodriguez-Manzo, 2019), including a
report on a diminished sexual motivation measured in male rats
immediately after reaching sexual satiety (Agmo et al., 2004).
However, the sexual motivational state of the satiated animals
during the long-lasting sexual inhibitory period (i.e., 24-72 h
later) had not been directly assessed. This assessment is
important, because 24 h after copulation to satiety, not only
the characteristic sexual inhibitory state is well established, but
also other possible confounding factors are absent. For instance,
the fatigue due to intense copulation is no longer present, since
the animals rested overnight. Males had free access to water
and food when returning to their home-cages after copulation
to satiety, eliminating hunger and thirst as factors playing a
role in their lack of interaction with the receptive female rat.
Finally, during the sexual incentive motivation test, the sexually
satiated rats are exposed to a new sexually receptive female,
eliminating the possible habituation to the sexual partner as

another factor involved in the absence of preference. Under
these conditions, we believe that the lack of interest for the
sexually receptive female exhibited by sexually satiated males 24 h
after copulation to satiety reflects an actual decrease in sexual
motivation, thus validating the notion that this factor is involved
in the long-lasting sexual inhibitory state that characterizes the
sexual satiety phenomenon.

eCB signaling in the brain has been found to regulate
the motivation for natural rewards (Parsons and Hurd, 2015).
Reinforcing this notion, previous data from our group showed
that the eCB AEA reversed sexual satiety after its direct infusion
into the VTA (Canseco-Alba and Rodriguez-Manzo, 2016).
This result supports the idea that eCBs’ actions at the MSL
system might modify the sexual motivational tone of sexually
satiated rats. AEA and 2-AG are the best-characterized eCBs
and both activate CBI receptors; however, AEA binds with
moderate affinity and is a partial agonist at CB1 receptors,
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whereas 2-AG binds with low affinity but exhibits full efficacy at
these receptors (Hillard, 2000). Besides, 2-AG is more abundant
than AEA in the brain (Stella et al., 1997; Nomura et al.,
2008) and is considered as the key eCB released on demand
by VTA DA neurons to modulate its own activity (Melis
et al.,, 2004; Tanimura et al., 2010). Therefore, it was crucial
to determine if 2-AG was also capable of reversing the sexual
inhibitory state of sexually exhausted rats. Results showed that
similar to AEA’s effects (Canseco-Alba and Rodriguez-Manzo,

2014), low doses of 2-AG reversed sexual satiety through the
activation of CB1 receptors. However, 2-AG was capable of
inducing copulation in satiated rats within a broader dose
range than AEA (0.1-3.0 mg/kg vs. 0.1-0.3 mg/kg, respectively),
which is compatible with the higher efficacy of the former
at CBI1 receptors. Interestingly, 2-AG induced the display of
sexual behavior in sexually satiated rats but did not modify the
sexual performance of sexually experienced animals. A possible
explanation for this differential action could be based on the
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proposal that the net effect of CB1 receptor-mediated actions
at the MSL system depend on the level of baseline activity
of midbrain DA neurons, such that enhancing DA neuronal
firing may have a larger effect when baseline frequency is low
compared to when neurons are burst firing (Covey et al., 2017).
Following this idea, when sexually experienced rats are exposed
to sexually receptive females as well as during copulation,
DA neurons fire in the bursting mode rendering a phasic
DA release in the NAcc (Robinson et al, 2002). Although,
eCBs are capable of removing the tonic inhibition exerted by
GABAergic inputs onto midbrain dopaminergic neurons to
promote the phasic mode of DA release (Oleson et al., 2012),
in the sexually experienced males this effect is also elicited by
the rewarding stimulus (Grace, 1991; Grace et al., 2007), i.e., the
presence and interaction with the sexually receptive female,
which could account for the lack of 2-AG sexual facilitative
effects in these animals. By contrast, in sexually satiated rats

the inhibition of their sexual responsiveness suggests that DA
neuron baseline activity is low, explaining the ability of 2-AG to
produce sexual behavior facilitative effects in animals with this
sexual condition.

A central finding of the present work is that both AEA and
2-AG interact with the dopaminergic system to reverse sexual
satiety. Sub-optimal doses of each of these eCBs synergized
with a dose of apomorphine that was subthreshold for reversing
sexual satiety, whereas the reversal of the sexual inhibitory state,
induced by effective doses of AEA or 2-AG, was canceled by
the DA receptor antagonist haloperidol. These results contribute
to strengthening the notion of a relationship between eCB and
DA signaling in the facilitation of reward-motivated behaviors
(Oleson and Cheer, 2012; Wenzel and Cheer, 2018). They also
suggest that the deficient motivational tone of sexually exhausted
rats might be increased by eCBs’ actions, through the modulation
of DA activity, enabling sexually satiated males to respond with
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TABLE 3 | Effect of the different drug treatments on spontaneous locomotor
activity of sexually exhausted male rats.

Drug Dose Number of counts/
5 min mean + SEM
2-AG Veh 0 44.25 + 3.41
2-AG 0.08 mg/kg 47.50 £+ 2.86
0.1 mg/kg 47.25 + 6.05
0.3 mg/kg 51.75 + 6.18
1.0 mg/kg 46.75 £ 5.76
3.0 mg/kg 48.88 + 6.08
AM251 Veh + 2AG Veh 0 42.00 + 3.13
AM251+2-AG 0.1 mg/kg + 0.1 mg/kg 49.50 + 1.60
Haloperidol 125 pg/kg 46.71 £ 2.19
Hal Veh + AEA/2-AG Veh 0 41.10 £ 2.31
Haloperidol + AEA 125 png/kg + 0.3 mg/kg 38.12 £1.97
Haloperidol + 2-AG 125 ng/kg + 0.3 mg/kg 41.03 £+ 2.47
saline + AEA/2-AG Veh 0 35.87 + 2.09
Apomorphine 10 ng/kg 36.25 £ 1.81
Apomorphine+ AEA 10 pg/kg + 0.03 mg/kg 38.25 +£ 1.08
Apomorphine+ 2-AG 10 pg/kg + 0.03 mg/kg 35.75 £ 3.29
SCH23390 0.1 mg/kg 37.00 + 2.61
SCH23390 + AEA 0.1 mg/kg +0.3 mg/kg 32.62 +£1.48
SCH23390 + 2-AG 0.1 mg/kg + 0.3 mg/kg 50.38 + 3.77
Raclopride 0.03 mg/kg 30.37 + 1.58
Raclopride + AEA 0.03 mg/kg + 0.3 mg/kg 32.87 £ 2.60
Raclopride + 2-AG 0.03 mg/kg + 0.3 mg/kg 47.01 + 3.20
SKF38399 0.1 mg/kg 38.28 £+ 3.47
SKF38399 + AEA 0.1 mg/kg + 0.03 mg/kg 33.14 £ 2.25
SKF38399+ 2-AG 0.1 mg/kg + 0.03 mg/kg 44.57 + 4.65
Quinpirole 0.08 mg/kg 56.11 £7.85
Quinpirole + AEA 0.03 mg/kg + 0.03 mg/kg 47.86 + 1.90
Quinpirole + 2-AG 0.03 mg/kg + 0.03 mg/kg 50.25 + 3.83

Kruskal-Wallis ANOVAs, non-significant.

sexual activity to the rewarding stimulus, represented by the
receptive female.

It has been proposed that the dopaminergic system might
be the common final pathway for the pharmacological reversal
of sexual satiety. This idea emerged from the fact that
several drugs, acting at different neurotransmitter systems, are
capable of reversing sexual satiety by interacting, directly or
indirectly, with the dopaminergic system (Rodriguez-Manzo
and Fernandez-Guasti, 1995; Rodriguez-Manzo, 1999b; Hull
and Rodriguez-Manzo, 2017). Present results are in line with
this proposal ascribing to the MSL system a central position
in the dopaminergic-mediated regulation of male rat sexual
behavior expression.

Midbrain DA neurons are involved in the signaling of reward-
related stimuli by changing their firing pattern (Grace, 1991;
Grace et al., 2007). The basal activity of these neurons involves
low-frequency firing resulting in a dopaminergic tone capable
of activating high-affinity D2-like DA receptors in the NAcc.
Upon the presentation of a rewarding stimulus, this firing pattern
changes to a high-frequency burst firing that is accompanied
by an increase in NAcc DA release, which activates low-affinity
D1-like DA receptors (Grace et al., 2007; Dreyer et al., 2010). On
these bases, establishing the DA receptor family/families involved
in the 2-AG/DA and AEA/DA interactions to induce sexual
behavior display in sexually satiated rats appeared relevant.
Interestingly, our data showed that there was a differential
interaction between each of these eCBs and the two DA receptor

families. 2-AG synergized with D2-like, but not with D1-like
DA receptor agonists, to induce sexual satiety reversal; an effect
that was completely prevented by the D2-like receptor antagonist
raclopride. In contrast, AEA synergized with both D1- and
D2-like DA receptor agonists to reverse the sexual inhibition, but
only the D1-like DA receptor antagonist SCH23390 was able to
block the AEA-induced sexual satiety reversal.

It has been documented that 2-AG and AEA, in spite
of activating the same cannabinoid receptors and signal
transduction pathways (Janero et al, 2009), do not always
play the same physiological role, acting sometimes in concert
and sometimes not (Di Marzo and Cristino, 2008; Luchicchi
and Pistis, 2012). It is important to recall that in the present
work eCBs were exogenously administered and, therefore, could
activate CB1 receptors in different brain regions. Within the
MSL system, CB1 receptors are expressed both in the NAcc
(Pickel et al., 2006) and in the VTA (Herkenham et al., 1991);
therefore, systemically administered eCBs might have reversed
satiety by acting at each of these brain regions, where they behave
as retrograde messengers suppressing presynaptic glutamate and
GABA release (Lupica and Riegel, 2005). However, substantial
evidence indicates that exogenously administered cannabinoids
increase DA release in rat NAcc (Chen et al., 1990; Gardner and
Vorel, 1998; Gessa et al., 1998) and excite midbrain DA neurons
in the VTA (French et al., 1997). These data suggest that the
actions of exogenously administered eCBs in the present work
would be exerted at the VT A; a proposal supported by the finding
that intra-VTA infusion of AEA reverses sexual satiety (Canseco-
Alba and Rodriguez-Manzo, 2016).

In relation to DA receptors, D1-like and D2-like receptors
within the MSL system are mainly expressed in the NAcc,
segregated in different populations of medium spiny neurons,
which constitute 95% of the cells in this brain region (Yang et al.,
2018). According to present data, the 2-AG/DA interaction for
the reversal of sexual satiety clearly involves only the activation
of D2-like receptors, probably from the NAcc, since in the VTA
these receptors are somatodendritic autoreceptors that regulate
the firing rate of DA neurons and DA release in terminal fields.
D2 autoreceptor activation reduces DA release at the NAcc
and also limit somatodendritic DA release in the VTA (Rice
and Patel, 2015). In support of the notion that the 2-AG/DA
interaction takes place in the NAcc is the finding that direct
infusion of the selective D2-like DA receptor agonist, quinpirole,
into this brain region reverses the sexual inhibition of satiated
rats (Guadarrama-Bazante and Rodriguez-Manzo, 2019).

Results of this work also suggest that AEA’s interaction with
DA transmission in sexually satiated rats is essentially, although
not exclusively, mediated by D1-like DA receptor activation.
This conclusion derives from the fact that D1-like DA receptor
blockade with the antagonist SCH23390 canceled AEA-induced
reversal of sexual satiety and a sub-effective dose of the D1-like
receptor agonist SKF33939 synergized with a dose of AEA, that
was subthreshold for reversing sexual satiety, to promote sexual
behavior display. In line with this finding, our group observed
that systemically administered DA receptor agonists reverse
sexual satiety through the activation of D1-like DA receptors
(Guadarrama-Bazante et al., 2014).
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AEA also synergized with D2-like DA receptor activation
to reverse sexual satiety, but reversal of sexual satiety induced
by an effective dose of AEA, was not canceled by the D2-like
receptor antagonist raclopride. These results evidence that AEA
effects are mediated by the modulation of D1-like DA receptors,
though the independent activation of D2-like DA receptors with
quinpirole could synergize with the AEA-mediated activation of
D1-like DA receptors to reverse satiety. Interestingly, activation
of D2-like DA receptors in the NAcc increases the extracellular
levels of AEA in this brain region (Giuffrida et al., 1999). In
fact, DA exerts modulatory effects on both AEA and 2-AG
content in the NAcc (Patel et al., 2003), where medium spiny
neurons synthesize and release these eCBs in response to DA
stimulation. Remarkably, the NAcc’s content of AEA and 2-AG is
differentially modulated by the activation of D1-like and D2-like
DA receptors, respectively (Patel et al., 2003). These data further
support the relationships described in the present work, between
AEA and D1-like DA receptors and between 2-AG and D2-like
DA receptors. Thus, a possible contribution to the reversal of
sexual satiety of changes in NAcc’s content of these two eCBs,
resulting from the activation of the two DA receptor families,
cannot be discarded.

In spite of the differential interaction found for each
eCB with the DA receptor families, it has been considered
that the simultaneous activation of D1-like and D2-like DA
receptors in the NAcc is required for the processing of
reward relevant information (Ikemoto et al., 1997). Moreover,
it has been reported that only the combination of D1-like
and D2-like receptor agonists is able to enhance NAcc core
cell firing in vitro—an effect in which the participation of
eCBs is required—, while the independent activation of each
of these receptor families does not reproduce this result
(Seif et al, 2011). Remarkably, we found that the direct
infusion of the non-selective DA receptor agonist, apomorphine,
into the NAcc induced a full sexual satiety reversal, not
obtained with any other pharmacological treatment so far
tested in sexually satiated rats. In this case, the most effective
apomorphine dose induced sexual behavior to ejaculation and
copulation resumption after ejaculation in every sexually satiated
animal. Besides, the copulatory performance of these males
was as efficient as that of sexually experienced males, an
outcome not commonly seen with other treatments reversing
satiety (Guadarrama-Bazante and Rodriguez-Manzo, 2019).
This result reinforces the notion that the regulation of the
rewarding properties and motivational tone at the NAcc
is mediated by the cooperative actions of the two DA
receptor families.

Based on the data here presented, it could be proposed
that repeated activation of the MSL system by intense
copulation during sexual satiety development, induces a
diminished sexual motivational tone, responsible for their
characteristic long-lasting sexual behavior inhibition. AEA and
2-AG seem to reverse this sexual inhibitory state by modulating
dopaminergic transmission, presumably at the MSL system.
Specific experiments further analyzing the role played by eCBs
in the regulation of DA-mediated motivation for natural rewards
at the MSL system are warranted.

The motivational component of male rat sexual behavior and
the initiation of the copulatory behavioral pattern (Blackburn
et al., 1992) have not only been linked to mesolimbic DA, but
also to DA transmission at the hypothalamic medial preoptic
area (mPOA; Pfaus and Phillips, 1991; Hull et al, 1999).
Indeed, DA levels increase simultaneously in the NAcc and
mPOA in response to the presence of an inaccessible sexually
receptive female (Blackburn et al., 1992; Hull et al., 1999).
However, present and previous data from our lab do not
suggest a participation of this brain region in the eCB/DA-
mediated increase in sexual motivation that leads to the reversal
of sexual satiety. To the extent of our knowledge, eCBs have
not been associated to the control of mPOA DA neuron
activity and, infusion of DA receptor agonists into this brain
region does not reverse sexual satiety, except for a specific low
dose of the D2-like receptor agonist quinpirole (Guadarrama-
Bazante and Rodriguez-Manzo, 2019). However, the systemic
administration of several quinpirole doses failed to reverse
the sexual inhibition of satiated rats (Guadarrama-Bazante
et al., 2014). Notwithstanding, the indirect participation of the
mPOA, a brain region that is crucial for male sexual behavior
expression in all vertebrate species (Hull et al., 1999), through
its efferent projections, which have been considered essential
for the initiation of the copulatory pattern (Everitt, 1990),
cannot be discarded. Actually, some of these projections target
specifically the VTA (Simerly and Swanson, 1988; Stolzenberg
and Numan, 2011; Zahm et al., 2011) and might influence the
activity of mesolimbic DA neurons favoring an increase in sexual
motivation of sexually satiated rats.

The present work uses sexual satiety as an animal model to
provide new evidence showing that eCBs modulate the MSL
system with an impact on sexual motivation. This model offers
the opportunity to explore the nature of adaptive inhibitory
mechanisms (Bancroft, 1999) controlling the expression of
an innate behavior normally triggered by specific incentive
stimuli, i.e., copulation in the presence of an accessible sexually
receptive female, which appears to involve changes in the
male’s motivational tone. This research also suggests that
CB1 receptor activation might have therapeutic potential to
positively influence sexual arousal and desire, which deficiency
underlies several human sexual disorders, the hypoactive sexual
desire disorder (American Psychiatric Association, 2013) among
them; this possibility should be explored.

Like all studies, the present work has its limitations. Since all
drug treatments in this study were systemically administered, the
involvement of brain structures outside the mesolimbic system
as well as peripheral effects of eCBs cannot be discarded. The
participation of the MSL system in the eCB-mediated actions
here described has to be confirmed, however, this study is a good
starting point motivating more specific experiments directed to
identify the brain loci within the mesolimbic system where the
described eCB/DA interactions occur.
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Modeling Human Sexual Motivation
in Rodents: Some Caveats

Olivia Le Moéne and Anders Agmo *

Department of Psychology, University of Tromse, Tromse, Norway

Sexual behavior is activated by motivation. An overwhelming majority of experimental
studies of the intricacies of sexual motivation has been performed in rodents, most of
them in rats. Sometimes it is desirable to generalize results obtained in this species to
other species, particularly the human. It is hoped that studies of the neurobiology of
rodent sexual behavior may shed light on the central nervous mechanisms operating
in the human, and the search for efficient pharmacological treatments of human
sexual dysfunctions relies partly on studies performed in rodents. Then the issue of
generalizability of the rodent data to the human becomes crucial. We emphasize the
importance of distinguishing between copulatory acts, behavior involving the genitals,
and the preceding event, the establishment of physical contact with a potential mate.
Comparisons between the structure of copulatory behavior in rats and humans show
abysmal differences, but there may be some similarity in the underlying mechanisms.
The endocrine control of sex behavior is shortly mentioned, and we also compare the
effects of the few drugs known to affect both rodent and human copulatory behavior.
The stimuli activating sexual motivation, often called desire in the human literature, are
examined, and the sexual approach behaviors in rats and humans are compared. There
is a striking similarity between these species in how these behaviors respond to drugs.
It is then shown that the intensity of sexual approach is unrelated to the intensity of
copulatory behavior. Even though the approach is a requisite for copulation, an activity
that requires at least two individuals in close physical contact, these two aspects of
sexuality do not covary. This is similar to the role of the testosterone in men and male
rats: although the hormone is needed for sex behavior, there is no correlation between
serum testosterone concentration and the intensity of copulation. It is also pointed out
that human sexual behavior is mostly determined by social conventions, whereas this is
not the case in rats and other rodents. It is concluded that some observations in rats can
be generalized to the human, but extreme caution must be exercised.

Keywords: sexual motivation, sexual behavior, orgasm, ejaculation, paracopulatory behavior, lordosis

INTRODUCTION

The typical textbook definition states that motivation is a concept referring to the mechanisms
responsible for the activation, direction and persistence of behavior. According to this
definition, the organism would be completely inactive in the absence of motivation. Once
the organism has been activated, motivational systems determine which of all possible
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behaviors should be performed, and for how long the organism
should persist with that behavior. Thus, motivation is underlying
all activity and the choice of the specific activities to be performed
at any moment. It is difficult to imagine a more fundamental
concept in the science of behavior. These basic notions have
been extensively discussed elsewhere (Hernandez-Gonzalez et al.,
2008; Agmo, 2011).

The early search for understanding motivational processes
concentrated on rather basic behaviors, such as drinking,
eating, and sex. It was believed that the motivational control
of these basic behaviors was similar in all animal species.
Consequently, the choice of species as an experimental subject
was often based on convenience. However, already in 1949, at
a meeting with the American Psychological Association, Frank
Beach expressed concern about the overly frequent use of rats,
hamsters and guinea-pigs in behavioral research (Beach, 1950).
He feared that the concentration on a few, similar species, was
incompatible with a real comparative psychology, and would
make it impossible to determine if and how behavioral principles
established in one species were at work in other species. The
question of the generalizability of observations in one species to
another is still unresolved.

In the present review article, we will discuss the
generalizability of observations made on rat sexual behavior to
the human. In other words, we will ask the question of whether
we can use rat sex as a model of human sex. Some general
notions about rat models and their potential utility have been
outlined elsewhere (Agmo et al., 2004; Agmo, 2014), and they
will not be repeated here. Instead, we will provide an in-depth
analysis of the usefulness of observations of copulatory behavior
on one hand and of sexual approach behaviors on the other, in
rats and humans. Long ago, it was pointed out that the validity
of generalization between species is strictly dependent on the
quality of the description and understanding of the behavior in
each of the species we want to generalize between (Beach, 1976).
Therefore, we will include an analysis of the characteristics of
rat and human sexual behavior. We will also discuss similarities
and differences in the endocrine control of sexual behavior, and
of the effects of drugs on these behaviors. In the end, we will
ascertain that we are not now in possession of sufficient data of
sufficient quality for any firm conclusion. Before turning to these
issues, however, we will define the essential concepts employed
here. This should reduce the possibility of misunderstanding and
enhance clarity of all subsequent arguments.

DEFINITIONS

Sexual motivation, often called sexual desire in the human
literature, is an abstract concept referring to the probability of
displaying copulatory behavior when a mate is available or the
intensity of that behavior when displayed. It can also refer to the
intensity of approach to a potential sexual partner. Since sexual
activities (except masturbation) require at least two individuals
in close physical proximity, any sexual encounter is preceded by
approach behaviors.

The intensity of copulatory behavior can be quantified
in many ways in male rats. We consider short latencies to

mount, intromission or ejaculation as well as large number
of mounts and intromissions as indicators of high intensity,
whereas long latencies and low numbers indicate low intensity.
High copulatory rate (number of sexual acts per unit time)
and short interintromission intervals can likewise be considered
indicators of high intensity, and low rate and long intervals
constitute evidence for low intensity. In female rats, the
indicators range from lordosis quotient and number of
paracopulatory behaviors in the standard observation cage
and these plus the temporal aspects of interaction with
the male in the divided cage and seminatural environment
(see “Rodents” section for explication of the terms used).
In humans, the intensity of copulatory behavior is rarely
defined or quantified. It appears that simple self-report of the
number of copulatory encounters per unit time is used as
indicator of the intensity of that behavior. Throughout this
article, we refer to one or several of the abovementioned
criteria whenever we mention the intensity of copulation.
The intensity of sexual approach behaviors in rats and
humans will be operationally defined in the “Sexual Approach
Behaviors” section.

Copulatory behavior is any action leading to sexual reward.
Sexual reward is a state of positive affect activated by physical
stimulation of the genitalia or mental representations of such
stimulation (Agmo, 2007, p. 3). Evidence for the capacity of
mental representations to cause sexual reward indistinguishable
from that obtained by genital stimulation is limited to the human
female. Fantasies alone can lead to the subjective experience
of orgasm and the physiological manifestations of that state
identical to those observed after orgasm caused by clitoral
stimulation (Whipple et al., 1992). Likewise, imaging studies have
revealed that the brain areas activated by fantasies or clitoral
stimulation are similar (Wise et al., 2016). In men as well as in
males and females of non-human species, physical stimulation
of the genitals seems to be required for the obtainment of
sexual reward.

It may appear inadequate to consider fantasizing leading to
orgasm as a copulatory behavior. However, the fantasies are
often about genital interaction with a mate (Seehuus et al., 2019),
i.e., about copulatory behavior in a strict sense. The fact that the
mate is imaginary rather than real is not crucial, according to
our judgment. It may also be argued that humans may engage in
sexual activities without obtaining or expecting to obtain sexual
reward. In those cases a different reward, for example money,
improved relationship or favors of all kinds, operates. Thus,
motor patterns similar to those constituting copulatory behavior
become instrumental for obtaining non-sexual reward. We do
not consider such behavior as sexual. It may also be noted that
these behaviors probably are determined by motives other than
sexual. In fact, Meston and Buss (2007) have listed more than
200 possible motives, most of them unrelated to sexuality, for
engaging in motor patterns similar to copulation.

We prefer the term “copulatory behavior” rather than “sexual
behavior”, since the former more explicitly refers to genital
activities. Another reason for avoiding “sexual behavior” is
to clearly distinguish between non-genital sexual approach
behaviors and acts involving the genitals. Thus, from here on
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we stick to “copulatory” instead of “sexual” when referring to
behaviors involving the genitals.

A model of the relationship between external stimuli, central
nervous processes and somatic as well as visceral responses to
these stimuli is presented in Figure 1. Much of the ensuing
discussion is based on this model.

ANIMAL SEX IS NOT ALWAYS A MODEL

For a long time, copulatory behavior in rats, hamsters, guinea-
pigs, rabbits and many more exotic species was studied without
any explicit intention of generalizing to other species. The basic
purpose of these studies was simply to describe the nature
of copulatory behavior and the internal and external stimuli
controlling it in a particular species and even in particular strains
of some species. Species and strain comparisons were frequent,

but generalizations from one species or strain to another were
made only with great caution (for example see Beach, 1976) or
not at all. The influential normative descriptions of male rat
sexual behavior (e.g., Beach and Jordan, 1956; Larsson, 1956)
were never intended to be generalized to other species. The
detailed analysis of the circuits and hormones controlling female
rat lordosis is perhaps a still better example of this. The sensory
pathways transmitting the stimulus required for activating the
behavior, from the cutaneous receptors to the diencephalon, as
well as the descending output to musculus longissimus lateralis
and musculus transversospinalis, both responsible for the lordosis
posture, have been painstakingly described (Pfaff, 1980). This
is also the case for the action of the ovarian hormones in
hypothalamic structures, down to the molecular level (reviewed
in Pfaff, 2017; see also Micevych and Sinchak, 2018). The
applicability of these findings to humans was not of any major
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Sex hormones
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- i e o
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FIGURE 1 | A model for sexual incentive motivation. The text in italics represents the example of the male rat. (a) A reciprocal excitatory relationship functioning in
such a way that the central motive state enhances the sensory system’s sensibility to stimuli with sexual significance. When such stimuli are perceived, the sensory
system excites the central motive state which in turn further sensibilizes the sensory system, i.e., the relationship is one of reciprocal positive feedback. (b) At a
certain threshold level of activity, the central motive state engages a series of viscerosomatic activities preparing the subject for sexual interaction. (c) The appropriate
environmental stimuli activate motor patterns that bring the subject in contact with the source of stimulation. During approach, additional incentive stimuli may be
encountered. These will be centrally represented and enhance the central motive state through (a). (d,e) Provided that approach behaviors have been successful
and that appropriate viscerosomatic reactions are being accomplished, the subject’s behavior may change from unconditioned or conditioned instrumental
responses to the execution of sexual reflexes. These are activated by tactile stimulation of the perineal or lower abdominal region. If the subject is sexually
inexperienced such stimulation is obtained accidentally. If the subject already has acquired sexual experience, then conditioned instrumental responses may facilitate
the attainment of tactile stimulation necessary for activation of sexual reflexes. At the point of transition from approach to execution of copulatory reflexes, the
behavioral sequence is aborted in the absence of tactile stimulation. In case that sexual reflexes indeed are activated, sex behavior will normally continue until
ejaculation. (f) The positive affect induced by ejaculation will feed back to the central motive state where a short-lasting inhibitory system is activated. (g) At the same
time, the positive affect and associated processes of reinforcement will strengthen the learning of associations between itself and environmental cues. These cues
will acquire incentive properties in relation to the intensity of the positive affect that is experienced. For further details, see Agmo (1999, 2011) and Paredes and Agmo
(2004). Reprinted from Agmo (1999). Copyright (1999), with permission from Elsevier.
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concern to the brilliant scientists behind these discoveries. The
rat was not used as a model for something; it was studied in its
own right. Whether the knowledge about the molecular actions
of steroid hormones are applicable to other animals, including
humans, is a completely different and perhaps irrelevant question
in this context.

WHY DO WE NEED MODELS FOR
STUDYING HUMAN SEXUAL BEHAVIOR
AND MOTIVATION?

Satisfaction of scientific curiosity, for example understanding the
intricacies of rat copulatory behavior and its hormonal control,
is not of basic importance for organizations financing research
or for scientists with utilitarian inclinations. To both of them, the
use of non-human animals is a means of enhancing human well-
being. Then, the discoveries made in non-human animals are of
interest only if applicable to humans. Moreover, the problems
addressed should preferably be related to important public health
issues. Since sexual dysfunction neither is a cause of death nor of
great expenses to society, research on such dysfunctions is not
necessarily of high priority. Nevertheless, sexual activities have
been reported to positively contribute to human well-being, as
assessed by different types of questionnaires (Blanchflower and
Oswald, 2004; Cheng and Smyth, 2015; Kashdan et al., 2018).
Disorders of sexual function can lead to reduced quality of life
(Hisasue et al., 2005; Rosen and Bachmann, 2008; Rosen et al.,
2009). Thus, even though these disorders are not life-threatening,
they may disrupt the life of the affected individuals.

The most common of the sexual disorders in women is sexual
interest/arousal disorder (West et al., 2008; Burri and Spector,
2011). Before the DSM-5 (American Psychiatric Association,
2013) this condition was known as female hypoactive sexual
desire disorder. We will use this old name. In men, the prevalence
of hypoactive sexual desire disorder is somewhat below that of
erectile dysfunctions and premature ejaculation (Beutel et al.,
2006; McCabe and Connaughton, 2014). The opposite condition,
hyperactive sexual desire, was rejected for inclusion in the
DSM-5, but is nevertheless of some clinical concern (Kafka,
2014). It is often assumed that the paraphilias are associated with
hyperactive desire, and treatments reducing desire may be viable
therapeutic approaches to this kind of disorder (Kafka, 2003).
The high prevalence of the reduced desire disorders and the social
apprehension caused by the paraphilias, notably pedophilia, have
prompted a search for efficient pharmacological treatment. This
search was also inspired by the commercial success of treatments
for erectile dysfunction. Regardless of the reasons behind the
pursuit of drugs able to stimulate low sexual desire and to inhibit
excessive desire, the need for preclinical models with acceptable
predictive validity became apparent.

Other human sexual dysfunctions that have been modeled in
non-human animals include premature ejaculation, a condition
common in young men. Even though the role of sexual
motivation in the etiology of premature ejaculation is unclear,
this is another example of the search for a treatment of a sexual
disorder using rodent models.

An entirely different condition, persistent lack of sexual
attraction or asexuality, has attracted some attention during the
last few decades. It has been estimated that between 0.4% and
3.3% of the adult population consider themselves as asexual
(Aicken et al, 2013; Hoglund et al, 2014). The condition is
not included in diagnostic manuals like the ICD-11 or DSM-
5 and is often regarded as a sexual orientation or identity
(e.g., Hinderliter, 2013; Bogaert, 2015). There are, nevertheless,
reports showing that some male rats and mice also may display
a persistent lack of sexual attraction (Portillo and Paredes,
2003; Portillo et al., 2013). However, asexuality is not a clinical
condition and consequently there is no interest in developing
treatments. This means that there is no need for rodent models.
The condition will not be further discussed.

HUMAN COPULATORY BEHAVIOR

Generalities

Even though Moll (1897) and Ellis (1933) had analyzed human
copulatory behavior in elegant ways, the groundbreaking work
of Kinsey et al. (1948, 1953) can be considered the origin of
modern enquiries into human sexuality. Since the times of
Kinsey, scientists have reported quantitative data concerning
most aspects of human sexual behavior. The overwhelming
majority of these data stems from self-reports of sexual
activities. The Kinsey group obtained their data through highly
structured interviews performed by well-trained interviewers
whereas most of the subsequent work has been based on the
use of questionnaires. Answers have been provided in either
written form (e.g., Alexander and Sherwin, 1993; Merghati
Khoei et al., 2018) or as responses to questions made over the
telephone (e.g., Lewin et al., 1998). More recently, internet-based
questionnaires have become widespread (e.g., Ritter et al., 2018).
Regardless of the way in which the self-reports are obtained, they
are notoriously unreliable. The most eloquent example of this
is that men systematically report a considerably higher number
of heterosexual partners than women. However, when a man
has sex with a new woman, there is always a woman having
sex with a new man. Thus, in societies where the proportion of
men in the population is approximately equal to that of women,
which is the case in most societies, the number of partners
must be close to equal for the two sexes. This has been pointed
out many times (e.g., Smith, 1992; Wiederman, 1997). Possible
causes for the discrepancy between men and women in reporting
the number of partners may be different accounting strategies
(women counting, men estimating) and misreporting due to
social norms, among others (Mitchell et al., 2019). In any case,
the questionnaire-based notion that men are more promiscuous
than women survives facts showing that it is impossible.

Since most of the knowledge about human copulatory
behavior is based on questionnaires, it must be considered
as approximate, in the best of cases. There are, however,
notable exceptions. Masters and Johnson (1966) made careful
observations of humans during actual copulation, and their
work is still unsurpassed. Others have studied genital arousal
(erection and vaginal lubrication) under various conditions,
thereby obtaining objective data on sexual responses. Still,
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others have analyzed cerebral blood flow or oxygenation when
humans are exposed to sexually relevant stimuli (e.g., Mouras
et al., 2003), or during masturbation (e.g., Stoléru et al., 2012)
while in a magnetic resonance scanner. Due to the constraints
of the scanner tube, brain imagery during actual copulation
has not been performed. Nevertheless, the imaging studies
have given rise to sophisticated models of the cerebral control
of human sexual behavior (e.g., Georgiadis and Kringelbach,
2012). However, the fact that a brain area is activated or
inhibited during sexual activities does not constitute evidence
for that area actually being important for these activities.
Lesions in some of the areas showing intense fos activation
during female rat sexual behavior can leave the behavior
unaffected (Guarraci et al., 2004). This can be an example
of the typical redundancy of brain systems mediating basic
behaviors. The functions of one area can be fulfilled by other
areas when needed.

Despite the fact that a large quantity of descriptive and
a limited amount of experimental data concerning human
copulatory behavior are available, we are seriously lacking
knowledge about many basic aspects of that behavior. This
becomes particularly evident as soon as we are interested in
the mechanisms activating the behavior. Neither the central
nervous mechanisms underlying human sexual motivation nor
the stimuli that render a human attractive to other humans
are more than vaguely understood. Since sexual motivation is
activated by stimuli emitted from other individuals, knowledge
of these stimuli and how they affect the receiving individual are
essential. It must be observed that even if humans sometimes
replace the external stimuli from another individual with mental
representations of such stimuli, the mechanisms activating sexual
motivation are probably similar.

Description

In his classical description of human copulatory behavior (van
de Velde, 1926), it was assumed that this behavior was a
continuous activity, starting with sexual arousal (erection and
vaginal lubrication) followed by vaginal penetration and male
thrusting until ejaculation in the male and orgasm in the
female. van de Velde’s (1926) graphical illustration of human
sexual intercourse is shown in Figure 2. The continuous
nature of human copulation was later confirmed by direct
observations (Masters and Johnson, 1966). In fact, these scientists
adapted van de Velde’s (1926) scheme of copulation in their
famous three-phase model (excitement, plateau, orgasm). A
more recent account, based on clinical experience, added
desire as an event preceding excitement (Kaplan, 1979), but
the notion of a continuous process has not been challenged.
The continuous flow of sexual behavior patterns in human
encounters have been brilliantly described (Schick et al., 2016),
although the descriptions are based on self-reports rather than
on direct observation.

Classical accounts of human sexual activities only considered
heterosexual encounters in pairs. Sex among groups of humans
as well as copulation in same-sex pairs has not been studied and
analyzed with the same care. As far as we know, however, the
continuous nature of the interaction is still present, probably

even in groups where the members may change partner in
the midst of copulation (Tewksbury, 2002; Friedman et al,
2008; Meunier, 2014). Nevertheless, it can be maintained
that the vast majority of human sexual activities occurs in
heterosexual pairs, and that vaginal—penile intercourse is
the most common of these activities (Laumann et al., 1994;
Lewin et al., 1998). In fact, 95% of adult men and women
reported to have engaged in penile-vaginal intercourse during
the last 3 months regardless of whether the survey was
made in Germany or Australia (Rissel et al., 2014; Goethe
et al., 2018). None of the studies mentioned inquired about
continuous or interrupted sexual encounters, probably because
it is a priori assumed that human sexual encounters indeed
are continuous.

Endocrine Control

In men, there is clear-cut evidence for the crucial importance of
androgens, acting on the androgen receptor, for the activation
and maintenance of adequate sexual functioning (Bagatell et al,,
1994; Schmidt et al., 2009). Estrogens are not required (Sartorius
et al,, 2014). In women, it is not clear if estrogens coming from
the ovaries and from aromatization of androgens in other tissues,
acting on estrogen receptors, or androgens, mainly coming from
the adrenal cortex, and acting on androgen receptors, are needed.
There are strong proponents for both opinions (Waxenberg et al.,
1959; Tuiten et al., 2000; Cappelletti and Wallen, 2016). However,
recent data showing the efficiency of testosterone therapy for
treating low sexual motivation in women may settle the issue
in favor of actions at the androgen receptor (Traish et al., 2009;
Guay and Traish, 2010; Khera, 2015).

Drugs and Sex

There is no lack of anecdotal evidence for the most spectacular
drug effects in humans, but there are very few controlled studies.
Still worse, the results of these studies are often contradictory. In
fact, there are very few drugs for which there is solid evidence for
some effect on human copulatory behavior. We will now examine
these drugs. We do not consider the drugs improving erection
as drugs modifying copulatory behavior, even though they make
that behavior possible.

The time from vaginal penetration until ejaculation is called
the intravaginal ejaculation latency. Some men ejaculate with a
very short latency. Even though this is an expression of normal
interindividual variation, it is considered a pathology with the
label premature (early) ejaculation. A drug, dapoxetine, prolongs
this latency in men diagnosed with premature ejaculation
(Yue et al., 2015; Russo et al., 2016). The drug is, in fact,
the only pharmacological treatment for premature ejaculation
approved in Europe and in many other countries (excepting the
United States).

Dapoxetine is a fast-acting specific serotonin reuptake
inhibitor (SSRI). Not surprisingly, some of the SSRIs used
for the treatment of depression have also been employed for
the treatment of premature ejaculation, with results equally
good or better than those reported for dapoxetine (reviewed
in Waldinger, 2007). It is noteworthy that the ejaculation-
delaying effect is desirable in men suffering from premature
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FIGURE 2 | van de Velde's (1926) illustration of human coital interactions. (A) The changes in sexual excitation during an ideal copulatory encounter. With ideal it is
understood that the man and the woman reache orgasm at the same time. Excitation is defined as the summation of sexual desire and pleasure, bodily and psychic.
(B) Similar to panel (A), but here the sexual interaction occurs with an inexperienced woman without adequate coital stimulation. (C) Similar to panel (A), but now the
woman is sexually experienced. The prelude was omitted, but the woman'’s low initial excitation was compensated for by her experience. From van de Velde (1926).

ejaculation, while it is regarded as an unpleasant side effect sexuality, from desire through arousal to orgasm, have been
in men taking SSRIs for the treatment of depression. In fact, reported to be affected by the SSRIs, in both men and women
iatrogenic (caused by a presumably therapeutic treatment) (reviewed in Rosen et al, 1999; La Torre et al., 2013). Delayed
sexual dysfunction is considered a serious problem with the ejaculation in men and anorgasmia in women might be the most
SSRIs, and it is sometimes supposed to be the most frequent common adverse effects, but the poor quality of the clinical
cause for abandoning treatment (e.g., Kennedy and Rizvi, data precludes any firm conclusion (Kronstein etal,2015).
2009). This assertion, however, has no support in clinical data.  Indeed, in a carefully conducted, double-blind study on
Non-sexual side effects or lack of antidepressant effect are the  healthy, young men fluoxetine had no significant effect on
main causes for discontinuation of treatment with the SSRIs  any parameter of sexual function (Madeo et al, 2008). It
(Bull et al., 2002). Nevertheless, deleterious effects of these  appears that the effects of SSRIs on human sexual performance
drugs on sexual functions are not uncommon. All facets of  are inconsistent.
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Multiple Orgasms and Ejaculations

We have not been able to find any experimental data concerning
the latency to orgasm from the moment of penile penetration
into the vagina until orgasm in women. However, orgasm
induced by masturbation (clitoral stimulation) has been carefully
studied. The mean orgasm latency is usually around 7 min,
and the duration of orgasm is about 20-30 s when objective
measurements (change in vaginal blood flow or vaginal and
anal contractions) are used (see Levin and Wagner, 1985,
and references therein). Interestingly, self-reports of orgasm
duration did not correlate with the physiological measurements,
prompting Levin and Wagner (1985; p. 439) to remind us of the
fact that “data obtained from questionnaires or interviews
have suspect validity.”

There are many reports of women experiencing multiple
orgasms in the course of a single sexual encounter (see Darling
et al, 1991). Estimates of the proportion of multiorgasmic
women range from 42.7% in the Darling et al.’s (1991) study
to 14% in Kinsey et al’s (1953) classical study. The interval
between successive orgasms varies between a few seconds and
a few minutes, and the number of sequential orgasms varies
between 2 and 20 (Kinsey et al., 1953; Darling et al., 1991). The
duration of a sexual encounter, from vaginal penetration until the
last orgasm, is not known.

In healthy, young men the mean intravaginal ejaculation
latency has been found to be 3.01 min (Kreutzer et al,
2001) in one study and 5.4 min in another (Waldinger et al.,
2005). It appears that most sexual encounters end after the
first ejaculation, although there are scant data supporting this
assertion. In any case, detumescence follows ejaculation, and
there is a period of time, called the post-ejaculatory refractory
period, during which another erection is impossible.

The fact that there are almost no studies of the “refractory
period” in men, has not impeded scientists from publishing
reviews of the subject with irregular intervals (e.g., Levin,
2009; Seizert, 2018). One of the few published experimental
studies used young men as subjects. They were asked to
watch a pornographic video while erection (tumescence and
rigidity) was monitored (Ekmekgcioglu et al, 2005). When
erection was complete, the men applied mechanical stimulation
to the penis until ejaculation. The mean ejaculation latency
(time from the start of stimulation until ejaculation) was
2.2 min, not dramatically different from that measured in
copula. The sexually relevant stimulation (pornographic video)
continued after ejaculation. About 80% of the men showed
complete detumescence after ejaculation, whereas the remaining
proportion showed only partial detumescence. However, 68.2%
of the men showed a second erection, indistinguishable from
the first. The mean interval between ejaculation and the
following erection was 19 min. Other studies employing a similar
procedure have reported mean post-ejaculatory refractory
periods of 11 (Aversa et al., 2000) and 13.8 (Mondaini et al., 2003)
min. However, in these studies, the subsequent erection was not
detected by objective procedures. The subjects themselves judged
when it occurred.

Considering that a majority of men are able to have a new
erection a couple of minutes after ejaculation, and that women

may experience many orgasms in rapid succession, we need to
explain why sexual encounters usually terminate after the man’s
first ejaculation. Many explanations have been launched, but
none is beyond the stage of speculation ( for a good example,
see Turley and Rowland, 2013). It must also be mentioned that
human copulatory behavior in informal settings, such as sex
clubs, have been reported to consist of a series of ejaculations
with different partners in men, and sequential orgasms with
different partners in women. Also in the latter cases, the cause
for ending copulatory activity remains unknown.

We propose that a very simple mechanism, negative
alliesthesia, can offer a conceptual, but not neurobiological,
explanation. Briefly, alliesthesia refers to the frequently observed
fact that exposure to a reward momentarily reduces the value of
that reward. For example, rats and humans like sweet solutions,
and avidly consumes such solutions when made available. If
they are pre-exposed to a small amount of the solution, they
will consume far less than when non-exposed (Cabanac and
Duclaux, 1973). Although negative alliesthesia first was reported
for tastants, it also operates for other kinds of stimuli (Brondel
and Cabanac, 2007). In the context of sex, having achieved one
ejaculation or orgasm may reduce the reward value of sexual
activity, and consequently the incentive value of sexually relevant
stimuli. Thus, sexual activity ceases. Some humans may require
more prolonged sexual activity before the negative alliesthesia
has built up to the level required for ceasing sexual activity,
and therefore continue copulating beyond the first ejaculation.
The mechanisms underlying sexual alliesthesia are unknown, but
the present notion provides at least a conceptual framework for
the pursuit of these mechanisms.

Negative alliesthesia should not be confounded with
habituation. The latter phenomenon requires repeated exposure
to a constant stimulus, whereas negative alliesthesia may occur
after a single exposure, as in humans ceasing to copulate after one
orgasm. Furthermore, habituation is a case of non-associative
learning, whereas alliesthesia refers to change in the reward value
of a stimulus. However, in multiple ejaculators, like male rats,
habituation to a female probably contributes to the end of sexual
activity. In humans, this is probably not the case.

RODENTS

Copulatory behavior in rodents consists of a series of stereotyped
motor patterns performed in an ordered sequence. Since the rat
is the most studied and still most used species, we will limit the
following description to male and female rats. Sexual behavior in
mice, hamsters, and guinea pigs are somewhat different, but in all
these species it is still a series of stereotyped motor patterns, and
the central nervous control of this behavior is quite similar.

Description: The Female Rat

The basic element of female rat sexual behavior is the lordosis
posture, a concave arching of the back, stretched hind-legs, and
the tail moved to one side (Pfaff et al., 1973). This posture exposes
the vaginal opening, making it possible for the male to achieve
vaginal penetration, in the rat literature called intromission.
We will consistently use the term intromission when talking
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about copulatory behavior in rodents. In addition to lordosis,
the female will often rapidly shake her head up and down
and sideways, giving the impression that she wiggles the ears.
Lordosis and ear-wiggling are activated by tactile stimulation
from the male. Although stimulation of the flanks and rump is
most efficient for activating lordosis, stimulation of any part of
the body can be enough. There may also be some ear-wiggling
without direct physical contact with the male. Finally, the female
can approach the male, and then suddenly run away with darting
or hopping movements. This behavior is called solicitation. The
exact stimulus responsible for activating solicitation is unknown.
Ear-wiggling and solicitation are frequently grouped together
under the label paracopulatory or proceptive behavior (Erskine,
1989) Sexual encounters between a male and a female rat can
be arranged in many ways. The most common is to put the
animals together in a small cage and observe what they are
doing. A variant is to divide the cage in halves with a wall
having one or several holes. The size of the holes can be adjusted
so that the slim female can move between halves whereas the
fat male remains confined to one half. The female can thus
escape from the male to her own half whenever she finds
it convenient. An entirely different procedure is to create an
environment somewhat similar to rats’ natural habitat. This can
be done by combining a large open space with an artificial
burrow, and allow a mixed sex group to live in the environment
for some time. Such seminatural environments have been used
only in a handful of studies of sexual behavior (reviewed in
Chu and Agmo, 2016b).

In the small cage, the members of the pair have no escape
from each other. In the divided cage, the female has the
privilege to escape from the male. It is often maintained
that the female controls sexual interaction in this situation.
In seminatural environments, both the female and the male
can escape whenever they want, simply because of the size of
the environment and the availability of easily defended nest
boxes. In the latter situation, both males and females can
and do control sexual interactions. If we want to study the
ordered sequence of events constituting copulatory behavior,

and obtain meaningful results, the small cage must be avoided.
Since it fails to give the rats an opportunity to escape, and
since escape is a fundamental part of sexual interactions among
wild rats observed in their natural habitat (Calhoun, 1962;
Robitaille and Bouvet, 1976), the small cage lacks external
validity in the brunswikian sense. According to Brunswik (1955),
an externally valid design should either be a random sample
of experimental procedures in which the target event may
occur or the test procedure should be as similar as possible
to the subjects’ natural habitat (see also Petrinovich, 1980).
Studies failing to incorporate at least one of these criteria lack
external validity, and results cannot, therefore, be generalized
beyond the specific procedure used. The divided cage and the
seminatural environment offers surprisingly similar descriptions
of the structure of female sexual behavior, and can probably be
considered as externally valid.

In the divided cage, the female will sooner or later enter the
male’s half, and the male will sooner or later mount the female.
The mount may or may not be transformed into an intromission.
If it is, the female will usually return to her half of the cage.
If the mount ends without intromission, the likelihood for the
female to escape to her own half is not above random (Ellingsen
and Agmo, 2004). In case the male ejaculates, the likelihood for
the female escaping to her half of the cage is higher than it is
after an intromission. Furthermore, the time she will remain in
her half of the cage is longer than after an intromission. Thus,
the likelihood of escape from the male and the time the female
remains inaccessible are directly proportional to the intensity of
sexual stimulation received (Erskine, 1989). Figure 3 illustrates
the typical temporal sequence of female rat sexual behavior. The
important thing to observe here is that female rat sexual behavior
is a series of approach-avoidances.

Approach is activated by attractive stimuli whereas avoidance
is a response to aversive stimuli. Therefore, during sexual
interaction, the male is transformed from an attractive to
an aversive stimulus by intromission and ejaculation. At
the same time, intromission and ejaculation cause positive
affect (see “Multiple Ejaculations and Orgasm” section).
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FIGURE 3 | Sexual behavior in a cage in which the female can escape from the male copulation partner. The female is present already at the beginning of the
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intromission following the first ejaculation. Copulation may have continued for several ejaculations, however.
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The mechanisms behind the contradictory reactions of the
female are not entirely known, but some informed speculations
have been made (Komisaruk and Whipple, 2000). One
possible explanation is that mechanical stimulation of the
vaginal wall momentarily reduces sexual motivation and causes
short-lived pain.

In females in the seminatural environment, the interval to
the next sexual event is less than 3 min after having received
a mount. After an intromission it is about 5 min, and after
an ejaculation it is about 13 min (Chu and Agmo, 2014).
During these intervals, the females are engaged in non-sexual
activities or resting. These data show that sexual interactions
in a seminatural environment have consequences similar to
what was described for the divided observation cage. Despite
the fact that three rather than one male were able to copulate
with the female in the seminatural environment, the relationship
between the amount of sexual stimulation received by the female
and the interval to the next sexual event remained similar to
that observed in the divided cage. Thus, female sexual behavior
is a sequence of approach-avoidance also in a seminatural
environment (Chu and Agmo, 2014).

The female rat copulatory behavior pattern, lordosis, has
a duration of 1-2 s (e.g., Ellingsen and Agmo, 2004). In a
seminatural environment, intact females display a total of about
200 lordosis during the period of behavioral estrus. This period
has a mean duration of 7.3 h (Chu and Agmo, 2014). For about
400 s of this time, the female is engaged in actual copulatory
behavior, i.e., 0.015% of the time. The overwhelming majority of
time was spent in other activities, unrelated to sex. These other
activities were now and then interrupted by sexual acts. Data
from a seminatural environment confirm that copulation in the
female rat consists of a series of intermittent, short interactions
with males.

Description: The Male Rat

Turning to the male, we find the same sequence of
approach-avoidance as in the female. In fact, it will soon
become evident that there is a surprising similitude between
male and female rat sexual behavior. Whereas the basic
female sexual behavior pattern is the lordosis, the mount
is the basic male behavior pattern. When mounting, the
male stands on his hind legs with his forepaws placed on
another rat’s rump from behind while performing a series of
antero-posterior pelvic movements, thrusting. Accelerometric
studies of the movements during copulation have shown
that the mount is extremely stereotyped (reviewed in Morali
and Beyer, 1992) with a mean duration of about 400 ms
and a thrusting frequency of about 18 Hz. During some
mounts, the erect penis will make contact with the vaginal
orifice. The male will then make a strong forward thrust
leading to intromission. The duration of the intromission
is about 400 ms. The male will thereafter dismount with a
vigorous backward thrust. After a couple of intromissions,
ejaculation will occur. Penile insertion lasts longer (1-2 s)
and is accompanied by intravaginal thrusting and the
expulsion of semen. The male dismounts slowly, without
any backward thrust.

A mount not ending in intromission may be succeeded by
another mount within a few seconds. An intromission will be
followed by a short period of inactivity or non-sexual activities.
In our laboratory, sexual quiescence after a mount bout with
or without intromission lasts 42 + 13.6 s (median =+ semi-
interquartile range), based on data from 143 rats tested in
heterosexual pairs in a small cage. In these same males,
quiescence following ejaculation lasted 301 + 40.3 s. The
conclusion to be drawn from this is that the period of sexual
inactivity following a sexual interaction depends on the intensity
of that interaction in males as well as in females.

In a seminatural environment, male sexual behavior is also
a sequence of discrete events followed by long periods of
non-sexual activities or complete inactivity. In fact, during
periods of sexual activity the males spend 77% == 4% of the time
resting and grooming, while 8% =+ 2% was spent on pursuing
the female. Only 0.3% of the time was used for the execution of
copulatory acts, i.e., mount, intromission and ejaculation (Chu
and Agmo, 2015b). Periods of sexual activity were defined as
the time between the first mount or intromission recorded until
the last copulatory event before a period of inactivity exceeding
60 min. An example of male sexual behavior in a seminatural
environment can be found in Figure 4.

Endocrine Control

It is established beyond doubt that gonadal hormones are
required for the display of copulatory behaviors in male and
female rats (for recent reviews, see Gonzédlez-Flores et al., 2017;
Hull and Rodriguez-Manzo, 2017). In many strains of rats,
simultaneous activation of both androgen and estrogen receptors
are needed for male sexual behavior to occur. In female rats,
androgen receptors do not contribute to sexual behaviors.

Drugs and Rat Sex

Pharmacological studies of rat sex behavior were once upon
the time very popular. We will make no intent to review the
voluminous literature. This declining field has been reviewed
many times before (e.g., Bitran and Hull, 1987; Paredes and
Agmo, 2004; Snoeren, 2015; Uphouse, 2014). Instead, we will
focus on the few kinds of drugs having known effects on
human copulatory behavior. These are, as mentioned, limited to
dapoxetine and other SSRIs. Although the effect of flibanserin
is questionable in humans, we will also mention the few studies
performed in rats.

The SSRIs fluoxetine and paroxetine have been shown to
enhance ejaculation latencies in rats (e.g., Vega Matuszczyk et al.,
1998; Waldinger et al., 2002). However, we were not able to
see any effect of fluoxetine (Figure 5). This negative finding is
in agreement with other studies (e.g., Frank et al., 2000). The
only possible conclusion is that the effects of SSRIs in male
rats are inconsistent. This is not surprising since only about
20%-30% of men treated with SSRIs for depression report sexual
side effects and only part of those report delayed ejaculation.
It is unlikely that prolonged ejaculation latency in such a small
proportion of the experimental subjects could render the effect
statistically significant.
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FIGURE 4 | Sexual behavior displayed by male rats in a seminatural environment during females’ natural estrus. There were three males in the environment. Time
0 represents the beginning of estrus, i.e., when the female or females presented their first lordosis. A copulatory bout (CB) is a period of continuous (adjacent
copulatory events are separated by less than 60 min) male sexual activity. (A) One single female is in estrus. All males copulate with the female during overlapping
periods. (B) Three females are in estrus simultaneously. Each male copulates with the three females, and each female copulates with all the males in overlapping
periods. Rat copulatory behavior seems to be entirely promiscuous, perhaps similar to what is observed in sex clubs frequented by humans (see “Multiple Orgasms
and Ejaculations” section). For further details, see Chu and Agmo (2015b). Reprinted with permission from the American Psychological Association.

Dapoxetine enhances the ejaculation latency in male rats as ~ Aquino and Fernandez-Guasti, 2013b). However, another SSRI,
it does in men, but only in rats selected because of their initially ~ paroxetine, does not alter female rat copulatory behavior in
short latency (Clement et al., 2012; Olayo-Lortia et al., 2015). For ~ any way (Kaspersen and Agmo, 2012), not even after a very
obvious reasons, there has been no interest in studying the effects ~ long treatment period (Snoeren et al, 2011). As was the case

of dapoxetine on female rat copulatory behavior. for the male rat, SSRIs have inconsistent effects on female
There are several reports of reduced lordosis and  copulatory behavior.
paracopulatory behavior in female rats treated with fluoxetine Flibanserin, an agonist at 5-HT;a receptors and a weak

(e.g., Matuszczyk et al., 1998; Maswood et al., 2008; Ventura-  antagonist at 5-HT, receptors, has been tested in rats.
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FIGURE 5 | Parameters of copulatory behavior in male rats treated with fluoxetine, 10 mg/kg per day orally, or saline for 15 days. The test on Day O was performed
1 h after the first fluoxetine administration. (A) Intromission latency. Analysis of variance (ANOVA) for repeated measures on the factor Day of treatment and
independent measures on the factor Treatment failed to reveal any statistically significant effect of Treatment, of Day of treatment and of the interaction

Day x treatment (all ps > 0.07). (B) Number of intromissions. Also here, ANOVA failed to detect any significant effect (all ps > 0.51). (C) Interintromission interval. No
effect (all ps > 0.39). (D) Ejaculation latency. No effect (all ps > 0.13). Data are mean =+ standard error of the mean (SEM). Data are from an unpublished experiment,

performed by one of the present authors (AA) together with Juoni Sirvid, Gro Sandberg and Live Serensen.
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The drug enhanced the number of solicitations displayed by
ovariectomized females after 2 weeks of treatment and on.
Females treated with estradiol benzoate (EB) only or with EB
combined with progesterone (P) responded in the same way
(Gelez et al., 2013).

Multiple Ejaculations and Orgasm

It is not known whether rats experience something similar to
the human orgasm. Some argue that they do (Pfaus et al,
2016), whereas others consider it unnecessary to employ
anthropomorphisms to explain rat behavior (e.g., Agmo, 2007).
Nevertheless, there are much data showing that sexual activity
leads to positive affect in both male and female rats. Events or
activities causing positive affect are considered to be rewarding.
Sexual reward has been extensively studied with the conditioned
place preference procedure, a procedure often used to evaluate
positive affect induced by natural rewards as well as by
drugs like morphine, cocaine and amphetamine. Ejaculation
produces a robust place preference (e.g., Agmo and Berenfeld,
1990). Several intromissions without ejaculation are also able
to produce place preference, although ejaculation seems to
be more efficient (Camacho et al., 2009; Tenk et al., 2009).
Mounts without intromission are not enough. In the female,
the receipt of several intromissions causes place preference,
regardless of whether she copulates in the divided observation
cage (Paredes and Alonso, 1997; Paredes and Vazquez, 1999)
or in a small cage (Meerts and Clark, 2007, 2009b). Even
artificial stimulation of the cervix works well in this procedure
(Meerts and Clark, 2009a). It may be interesting to note that
even prolonged copulation, leading to the receipt of several
ejaculations, is just as rewarding as copulation limited to one
ejaculation or 15 intromissions (Arzate et al., 2011). Regardless
of whether the sexual reward experienced by rats have anything
in common with the human experience of orgasm or not, we
can conclude that sexual activities are rewarding for both rats
and humans.

The female rat will display lordosis to every male mount
during the entire period of behavioral estrus, and show
undiminished amounts of paracopulatory behaviors until
the abrupt end of estrus when observed in a seminatural
environment (Chu and Agmo, 2014, 2015a). In the divided
cage, there is no reduction in lordosis responses after prolonged
copulation, but the rate of paracopulatory behaviors is reduced
when the female has received several ejaculations (Ventura-
Aquino and Ferndndez-Guasti, 2013a). We have confirmed
that observation in females having received five ejaculations
during a prolonged test in a divided cage. However, although
the rate of paracopulatory behaviors was lower in the 5th
ejaculatory series than in the first, the number of these behaviors
remained constant (Figure 6). Since the intensity of male
behavior was much reduced in the 5th series, the interval between
copulatory interactions increased, and the duration of the series
was far longer than for the first series. Thus, even though
a constant number of behaviors were displayed, the rate was
inevitably reduced.

In conclusion, male and female rats continue to copulate
for extended periods. The mechanisms underlying the end of a
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FIGURE 6 | Paracopulatory behaviors displayed by female rats tested in a
divided cage until the male had achieved five ejaculations. We determined the
number of those behaviors displayed in the male’s half as well as the number
displayed in the female’s half during the 1st and 5th ejaculatory series.

(A) The rate expressed as number per minute of paracopulatory behavior.
Two-factor ANOVA with repeated measures on one factor (Series) revealed a
main effect of Series (F 1,6y = 20.269, p = 0.004) but not of Side (female,
male; F1,6 = 0.778, p = 0.412). The interaction Series x Side was also
non-significant (F 1,6y = 1.326, p = 0.293). (B) Number of behaviors. ANOVAs
found no effect (all ps > 0.24). (C) Male copulatory behavior. The number of
intromissions performed during the 1st and 5th series was similar

(te) = 0.786, p = 0.462, paired t-test). The rate of intromission, calculated as
number per minute, was lower in the 5th series than in the 1st (tg = 2.691,
p = 0.018). Data (mean &+ SEM) are from an experiment performed by Ellinor
Ellingsen and Ana Lene Turi. *Different from 1st series (o < 0.05).

Intromission
rate

Frontiers in Behavioral Neuroscience | www.frontiersin.org

51

August 2019 | Volume 13 | Article 187


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Le Moéne and Agmo

Sex in Rats and Humans

period of sexual activity remain obscure. In the male, the last
event of a bout of copulatory activity is equally often a mount,
an intromission or an ejaculation (Chu and Agmo, 2015b). In the
female, it seems that the end of sexual activity is associated with
a sudden loss of attractivity to the males, at least in a seminatural
environment (Chu and Agmo, 2015a). As was the case with
humans, the neurobiological mechanisms behind the end of
copulatory activity in rats are unknown. Again, we propose
that negative alliesthesia can be used as a conceptual basis for
future work.

COPULATORY BEHAVIOR IN RATS AND
HUMANS: SOMETHING IN COMMON?

Concerning the structure of copulatory behavior, the differences
between rats and humans are abysmal. Whereas a sexual
encounter in rats consists of a series of very short periods
of genital contact interrupted by long periods of non-sexual
activities, in humans a sexual encounter is continuous, normally
without any intrusion of non-sexual activities. The apparent
dissimilarity in copulatory behavior may not apply to the
underlying mechanisms controlling basic processes, though. In
the human, ejaculation is triggered by continuous mechanical
stimulation of the glans penis. In rats, the mechanical
stimulation is intermittent. However, each intromission leads
to a gradually increasing excitation, continuing to increase for
several minutes post-intromission. The excitation is reinforced
by the following intromissions until an ejaculatory threshold is
reached (Larsson, 1960; extensively discussed in Agmo, 2011).
Thus, the difference between rats and humans is that in rats, a
gradually increasing excitatory state is produced by intermittent
mechanical stimulation whereas humans require continuous
mechanical stimulation. In both species, ejaculation occurs when
the excitation surpasses a threshold. Since the ejaculation latency
is somewhat shorter in men than in rats, it appears that
continuous stimulation causes a more rapid increase in excitation
than intermittent stimulation does.

Male rats ejaculate many times before reaching sexual
exhaustion, whereas most humans end a sexual encounter
after the man’s first ejaculation. Whether this is a result of
social learning or of the inherent nature of human copulatory
behavior is not known, since the mechanisms causing cessation
of copulatory activity are unknown. Likewise, it is not known if
female rats experience something similar to orgasm in women.
Consequently, we cannot know if rats, like women, may have
multiple orgasms during a single sexual encounter.

Copulatory behavior is dependent on gonadal hormones in
rats and humans, even though the crucial hormones may be
different. In male rats, the simultaneous action of androgens
and estrogens is necessary, whereas only androgens may be
sufficient in men, as already mentioned. In female rats, estrogen
and progesterone synergize to induce sexual behavior, whereas
the role of these ovarian hormones is unclear in women, as
pointed out above. Androgens do not contribute to female rat
sexual behavior, but they may be important in women. There
are also similarities in drug actions in rats and humans, despite
the large differences in copulatory behavior. The most important

TABLE 1 | Comparison of some basic characteristics of copulatory behavior in
rats and humans and the responses to drugs used clinically for the treatment of
sexual dysfunctions.

Rats Humans
General
Copulation is continuous No Yes
Copulatory motor patterns  Highly stereotyped Extremely variable
Multiple ejaculations The rule Occasionally
Ejaculation latency? ~7 min 3-5min
Post-ejaculatory period® ~5 ~19 min
Multiple female orgasms ? Yes
Latency to orgasm ? ~7 min°®
Depends on gonadal Yes Yes
hormones?
Drug effects
SSRI May enhance ejaculation Inhibition in some
latency individuals
Dapoxetine Enhances ejaculation Enhances ejaculation
latency latency
Flibanserin Stimulates paracopulatory Stimulates desire in
behaviors women?

?Unknown or uncertain effect; @time from the first vaginal penetration until ejaculation
in rats, time from penile insertion until ejaculation in men; Ptime from ejaculation until the
following vaginal penetration in rats, time from ejaculation until next erection in men; ctime
from the start of clitoral stimulation until orgasm. Latency in copula is unknown. IMales
and females collapsed.

similarities and differences in copulatory behavior between rats
and humans are summarized in Table 1.

SEXUAL APPROACH BEHAVIORS

We have already mentioned that copulatory behavior requires
physical proximity of at least two individuals, and that
copulation, therefore, must be preceded by approach behaviors.
In fact, van de Velde (1926) described the first phase of a sexual
encounter, the prelude, in the following words: “As soon as
the first stirrings of the impulse of approach are perceptible,
the prelude to sexual union begins” (from a reprint of the
English translation, van de Velde, 1926, p. 102). This idea
is not much different from Kaplan’s (1995) notion of the
desire phase. For these and other reasons, we have suggested
that the intensity of sexual approach behaviors is an exquisite
indication of the intensity of sexual motivation (Agmo et al,
2004; Spiteri and Agmo, 2006; Agmo, 2014). It has even been
argued that the intensity of copulatory behavior is not an
indicator of sexual motivation. In fact, Meyerson and Lindstrom
(1973, p. 1) wrote: “However, the intensity of the copulatory
act or the readiness to respond to mating attempts of another
individual cannot be taken as a measure of sexual motivation. It
is the eagerness to seek sexual contact, not the consummatory
act which interests us.” This is certainly an exaggeration,
but there is no doubt that studies of sexual approach
are most informative in rodent studies (for a discussion,
see Agmo, 2014).

The approach behaviors are as variable in rats as they
are in humans. A rat can walk, run, jump, swim or dig in
order to approach a potential mate, and a human can engage
in all kinds of activities with the purpose of establishing
contact with and approach to a desired individual. This
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means that we cannot describe sexual approach behaviors in
terms of particular motor patterns. Consequently, it seems
reasonable to consider all actions leading to reduced distance
to a potential mate as sexual approach behavior. It is,
however, most important to distinguish sexual approach from
non-sexual or social approach. van de Velde (1926) simplified
the issue by making the rather grotesque assumption that
any “stirring of the impulse of approach” is a manifestation
of the desire to establish a sexual encounter. However, both
humans and rats are social animals, and most approaches
to other individuals are made because of purely social
motivation. In rats, experimental setups can be arranged so
that sexual approach can be clearly distinguished from social
approach. To the contrary, in humans this distinction can
rarely, if ever, be made. It could be assumed that a purely
heterosexual woman approaches other women for uniquely
social reasons. However, if she would approach a man, it
could be either because of social motivation, sexual motivation,
or a combination of both. In fact, the quantification of the
intensity of human sexual approach behavior, uncontaminated
by social approach, is extremely difficult or perhaps impossible.
As we soon will see, this conundrum has been solved by
replacing studies of human approach behaviors with studies
of genital responses. Such responses cannot be regarded as
manifestations of social motivation. To the contrary, it is
generally accepted that they represent sexual motivation and
nothing else.

Sexual Approach in Men and Women

There are, for the reasons mentioned in the preceding section,
no experimental studies of the behavior patterns employed by
humans when sexually approaching other individuals. There are
many literary or anecdotal descriptions, but the scientific value
of these anecdotes is most doubtful. Likewise, the many manuals
explaining how to successfully approach and seduce men or
women are of little help for scientists. Nevertheless, there are
some possibilities to objectively evaluate something that might
approximate human sexual approach behavior.

As was outlined in the model of sexual motivation illustrated
in Figure 1, a sexual incentive will activate approach behavior
and visceral responses, provided the stimulus is presented in an
adequate context. Among the most reliable visceral responses to
sexual incentives is enhanced genital blood flow, manifested as
erection in men and vaginal lubrication in women. Thus, the
magnitude of the genital response can be used as a proxy for
the impact of sexually relevant stimuli on sexual motivation. The
latter is the factor causing the individual to engage in approach
behaviors. It must be mentioned that in the human literature, the
genital response to sexual incentives is called “sexual arousal.”

The complex relationship between the genital responses and
the subjective experience of these responses, as reported on a
questionnaire, is beyond the scope of the present discussion. It
has been brilliantly reviewed elsewhere (Meston and Stanton,
2019). In our opinion, the notion of subjective sexual arousal
does not contribute to our understanding of the mysteries
of sexual motivation (Agmo, 2008). It cannot be used for
non-human animals, for example. In the following, we will

use genital blood flow as the sole reliable indicator of sexual
motivation or desire in the human.

External Stimuli and the Activation of

Sexual Motivation in Men and Women

We have already mentioned that humans may use mental
representations (fantasies) of sexually relevant stimuli instead of
external stimuli for the activation of sexual responses, including
orgasm in women. There are also observations showing that
fantasies make an important contribution to sexual desire
(Birnbaum et al., 2019). Unfortunately, these private events
are difficult to investigate with experimental methods, and are
beyond the scope of the present communication. We will,
therefore, only discuss external stimuli. The initial activation
of sexual motivation, and consequently of sexual approach
behaviors and genital responses, must be achieved by distant
stimuli, i.e., olfactory, auditory, or visual. Once approach has
been successful, tactile stimuli will become crucial for the further
enhancement of sexual motivation and the eventual initiation of
copulatory activities.

To our knowledge, there is only one study in which the
stimuli important for sexual approach in the human has been
described in a non-laboratory setting. The probability for a
woman to be approached by a man in a nightclub depended on
the amount of naked flesh exposed and the amount of sexually
suggestive dance movements made (Hendrie et al., 2009). None
of the other stimuli emitted by a woman, for example facial
expressions or verbal activities, had any effect. This study seems
to be unique in the way that direct approach rather than genital
responses to sexually relevant stimuli was observed. However, the
nightclub setting imposes many limitations, and experimental
studies of actual approach behavior are desperately needed
before any conclusion can be presented as to the exact stimuli
causing this approach. In the meantime, we need to base our
knowledge of the stimuli activating sexual motivation on studies
of genital responses.

In both men and women, visual and auditory stimuli with
sexual content are efficient for activating genital responses, and
the combination of these modalities is still more efficient
(McConaghy, 1974; Gaither and Plaud, 1997). In fact,
moving pictures of diverse sexual activities, in heterosexual
or homosexual pairs, and sometimes in groups, are routinely
used in laboratory studies of genital responses. In vernacular
language, this kind of movies are called pornographic. In the
scientific literature, the euphemism erotic is often used, for
some unknown reason. There is an extensive literature on the
importance of the content in written descriptions of sexual
activities or in pornographic movies, in relation to the sex of
those depicted as well as of those observing, and of preferences
for the own or the opposite sex (reviewed in Rupp and Wallen,
2008). We will ignore this literature, and simply conclude that
the modalities of vision and audition are crucial in human sexual
approach. There is no evidence for any role of olfactory stimuli,
despite the widespread belief to the contrary (for discussion and
references, see Agmo, 2007; Le Moéne and Agmo, 2017). We
regret that this might be inconvenient for the perfume industry
and for the sociobiologists.
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It must be mentioned that neutral stimuli may acquire the
capacity to activate genital responses through learning. In a most
elegant study, the presentation of a neutral picture was associated
with clitoral stimulation in women. Clitoral stimulation is an
unconditioned stimulus causing enhanced vaginal blood flow.
After a few pairings, the picture enhanced this blood flow by
itself, i.e., it worked as a conditioned stimulus (Both et al., 2008,
2011). There are several other studies showing that classical
conditioning can transform any stimulus into a sexually relevant
stimulus in men and women (reviewed in Hoffmann, 2017). It
is generally believed that this kind of learning is the basis of
fetishism (Koksal et al., 2004). In any case, the fact that learning
can make any stimulus capable of activating sexual motivation in
humans should not be ignored.

Drugs and the Activation of Sexual
Motivation (Desire)

Women

The vaginal response to pornographic movies is not altered
by menopause (Laan and van Lunsen, 1997; Suh et al,, 2004),
despite the strong reduction in circulating estrogens associated
with that state. This observation can suggest that estrogens are
not important for responses to sexually relevant stimuli, or
that even in menopause they are above the level required for
maximal responding.

One single drug (flibanserin, Addyi®) has been approved
by the Federal Drug Administration for the treatment of
female hypoactive sexual desire disorder. Initially, the drug was
developed as an antidepressant, but it failed both some preclinical
tests and a phase II study (Gellad et al., 2015). Since some of
the participants in the clinical study reported heightened sexual
desire, it was decided to develop the drug for treatment of low
sexual desire rather than for depression. Although the phase III
studies indeed suggested some effect on sexual desire (DeRogatis
et al., 2012; Thorp et al,, 2012), it is questionable whether this
drug is superior to placebo (Saadat et al., 2017; Anderson and
Moffatt, 2018). Perhaps this is related to the fact that flibanserin
was approved because of political pressure rather than because of
proven efficiency (Woloshin and Schwartz, 2016). Interestingly,
the effects of flibanserin on vaginal responses to sexual stimuli
has not been evaluated and, as mentioned, its effect on subjective
measures, mainly self-reports, of sexual desire is questionable.

Another kind of drugs that might affect sexual motivation
in women is the SSRI. As was the case with flibanserin, the
effect of SSRIs on vaginal responses to sexually relevant stimuli
has not been studied. Thus, we do not know if these drugs
are affecting anything else than performance on questionnaires.
It is amazing that the rather simple procedures needed for
objectively assessing vaginal responses are so rarely used, whereas
the notoriously unreliable questionnaires are omnipresent. Most
unfortunately, we are constrained to conclude that the effects of
clinically used drugs on vaginal responses to sexual stimuli are
entirely unknown.

Even though adrenergic compounds are not used for the
clinical treatment of sexual desire disorders, a nonspecific
adrenergic a and P agonist, ephedrine, has been tested for

effects on female sexual functions. The drug increases the vaginal
response to pornographic movies (Meston and Heiman, 1998).
To the contrary, an o, antagonist, yohimbine, has no effect
(Meston and Worcel, 2002). This is cumbersome, since blocking
the o, receptor generally enhances the release of noradrenaline
(Gobert et al., 2004). Consequently, yohimbine and ephedrine
should have similar effects. To further complicate things, it has
been reported that the o, agonist clonidine reduces the vaginal
response to a pornographic movie (Meston et al., 1997). It seems
that the role of the adrenergic receptors in sexual responses in
women needs to be further evaluated before any conclusion can
be reached.

Men

Seventy-five percentage of castrated men show a drastically
diminished penile response to a pornographic movie segment
(Greenstein et al., 1995). This is also the case in men suffering
from severe hypogonadism after treatment with leuprolide
(Schober et al.,, 2005), a compound inhibiting gonadotropin
release from the pituitary. These observations suggest that
androgens are needed for the activation of genital responses
to sexually relevant stimuli, hence for the activation of
sexual motivation.

Some SSRIs are used for treating paraphilia because it has
been suggested that this condition may be related to unusually
high levels of sexual motivation (e.g., Kafka, 2003). Although
there are some data suggesting good effects (Briken and Kafka,
2007), there is no consensus regarding the long-term usefulness
of SSRIs (Holoyda and Kellaher, 2016). This may be related to the
observation that SSRIs like fluoxetine and citalopram do not alter
the penile response to a pornographic movie in healthy young
men, not even after 4 weeks of treatment (Haensel et al., 1998;
Madeo et al., 2008). This interesting observation suggests that
SSRIs do not reduce sexual desire, at difference to widely held
beliefs. In fact, in the Madeo et al. (2008) study, the SSRIs not
only failed to affect objectively measured sexual arousal but also
sexual desire as evaluated by a questionnaire.

A review of sexual functions in people using drugs for
recreational purposes, including tobacco and alcohol, concluded
that not even these commonly used and socially acceptable drugs
have been adequately studied and that no firm conclusion as
to their sexual effects could be presented (Zaazaa et al., 2013).
Therefore, we will end the account of drug effects here.

We cannot leave this section without addressing the
limitations of using genital responses as a proxy for sexual
approach behaviors. Even though we maintain that both genital
blood flow and sexual approach are manifestations of sexual
motivation, we must accept that these expressions of motivation
do not always coincide. An eloquent example is the reliable,
stimulating effect of sildenafil on penile responses to sexually
relevant stimuli, such as pornographic movie segments, in men
with (e.g., Gingell et al., 2004) and without erectile dysfunction
(e.g., Kolla et al., 2010). However, there is no evidence showing
that sildenafil enhances any other aspect of sexual function
than erection (Jones et al., 2008). This means that we cannot
automatically infer effects on sexual approach behaviors from
effects on genital responses. Additional data are always required.
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FIGURE 7 | A photograph of the sexual incentive motivation test arena. The
incentive animal cages (marked with an A on the photograph) are located on
the outside of the oval arena (100 x 50 cm). They are detachable from the
outside of the wall so that the position of the incentive animals can be
changed randomly. The side facing the arena is made of a wire mesh that
allows the experimental subject to see, smell and hear the incentives. A virtual
zone of 21 x 29 cm (marked with a B on the photograph) is defined outside
each incentive animal cage. A computerized videotrack system determines
the experimental subject’s position, the time spent in the incentive zones, the
number of visits to them, the distance moved during the test, the mean speed
of movement while moving, and the immobility time. Reproduced from Spiteri
and /&gmo (20086). Copyright 2006, republished with permission from Elsevier.

Unfortunately, in the absence of experimental studies, these
additional data have to come from self-reports or questionnaires
of some kind.

Sexual Approach in Rodents

The direct observation of sexual approach behavior in rodents
does not pose the slightest problem, and there are many
established procedures available (reviewed in Ventura-Aquino
and Paredes, 2017). We will briefly describe the one that we
have used for many years (Agmo, 2003; Agmo et al., 2004). The
setup is illustrated in Figure 7. It has been validated in several
ways, and it allows for a clear distinction between approach
behavior to a potential mate (sexual approach) on one hand
and to a social stimulus (social approach) on the other. In
order to determine whether the approach to the sexual incentive
really represents sexual motivation, we performed a series of
experiments. First, we replaced the sexual incentive with a second
social incentive, so that the experimental male or female rat
only had social incentives to approach. There was no systematic
difference between these two incentives regardless of which
specific incentive was used. In fact, all social incentives were
about equally attractive. With the regular setup, with a sexual
and a social incentive, we then tested male and female subjects
that should have no sexual motivation. Castrated males did not
distinguish between incentives, and when they were treated with
testosterone, they enhanced the approach to the sexual incentive
without altering approach to the social incentive (Agmo, 2003;
Attila et al., 2010). In females, there was no variation in approach

to the social incentive during the estrus cycle, whereas approach
to the sexual incentive peaked in proestrus. Ovariectomized
females approached equally the sexual and the social incentive,
whereas females given EB alone or EB + P approached the sexual
incentive far more than the social incentive (Spiteri and Agmo,
2006). Finally, we tested males that should have reduced sexual
motivation because of immediately preceding sexual activity.
Actually, the test was performed after that the males had had
continuous access to a receptive female for 4 h. The males did not
distinguish between the social and the sexual (a different female)
incentive. Likewise, females tested immediately after having
received three ejaculations did not approach the sexual incentive
more than the social (Agmo et al., 2004). All these observations
made us conclude that the procedure indeed can be used for
quantifying sexual motivation expressed as approach behavior.

The Stimulus Control of Rodent Sexual Approach
Exactly as is the case in humans, sexual approach in rats must
be activated by a distant stimulus. There is no reason to believe
that rats produce mental representations of sexually relevant
stimuli, meaning that any manifestation of sexual motivation
must have its origin in an external stimulus. We have carefully
determined the role of olfactory, auditory and visual stimuli
(Agmo and Snoeren, 2017) in the procedure described in the
preceding section. The results of the corresponding experiment
are shown in Figure 8. It turned out that olfactory stimuli are
necessary but not sufficient. The odor of a sexual incentive
is not superior to a social incentive. The odor employed was
produced by a sexually receptive female left in the incentive
cage for 6 h and withdrawn just before the test. Urine, feces
and body odors left on the walls and floor were the odor
sources. To become superior to a social incentive, odor must be
combined with another stimulus, either auditory or visual. The
exact auditory and visual stimuli required could not be identified,
but we excluded the ultrasonic vocalizations that rats emit in the
presence of conspecifics, particularly conspecifics of the opposite
sex. Devocalized sexual incentives were not less approached
than vocalizing incentives. The lack of importance of ultrasonic
vocalizations had already been established in a series of studies in
this same procedure (Snoeren and Agmo, 2013, 2014a,b) and in
a seminatural environment (Chu et al., 2017). It must be added
that, as is the case in the human, any stimulus may acquire
sexual significance through conditioning (see Kvitvik et al., 2010;
Chu and Agmo, 2012; and references therein). For a much more
extensive analysis of the stimulus control of sexual approach
behaviors, the reader is referred to Le Moéne and Agmo (2017).

Even though not systematically evaluated in other rodent
species, we assume that olfaction is of prime importance. The role
of additional sensory modalities is not known.

Drugs and Sexual Approach in Female Rats

Because of scientists’ fascination for copulation, studies of
sexual approach behavior in rodents are not often performed.
For example, the only drug in clinical use for the explicit
treatment of sexual motivation, flibanserin, has not been
studied with regard to its effects on sexual approach. To
the contrary, there are some data concerning the SSRIs. We
have reported that 20 days of treatment with paroxetine
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FIGURE 8 | Sexual approach behavior in male rats in response to different kinds of stimuli (olack bars). As control for social approach, an intact male was used
(gray bars). The experimental subject could choose between spending its time close to the male stimulus or close to the alternative stimulus. The ordinate shows
time spent in proximity to the different stimuli. The stimuli are indicated on the abscissa. 1. An intact male and an empty, clean cage, N = 11. The time spent close to
the male was far superior to the time spent close to the empty cage. This illustrates nicely the male’s social attraction. 2. An intact male and a sexually receptive
female, N = 10. The difference between the time spent with the female and the time spent with the male is the intensity of sexual attraction [(sexual + social
approach) — social approach] = sexual approach. 3. Intact male and playback of female ultrasonic vocalizations, N = 10. As can be seen, the vocalizations were not
more attractive than a silent, empty cage. 4. Intact male and the odor of a sexually receptive female, N = 11. The female had spent 6 h in the cage before being
removed just before the test. She left behind urine, feces and other body odors that may stick to the floor and walls of the small cage. The odor was not more
attractive than the male. Thus, odor by itself has no sexual attractant properties according to our definition (see Stimulus 2). 5. As always, an intact male. The other
stimulus was here an anesthetized female and the experimental subject was anosmic. Thus, the only stimulus modality available to the male was vision, N = 9.
Neither of the stimuli was more attractive than an empty cage. Thus, olfaction is necessary for social as well as for sexual approach. Visual stimuli have no impact. 6.
Intact male and a devocalized female were the available stimuli, and the experimental subject was anosmic. The test was performed in complete darkness. Thus,
neither visual nor olfactory stimuli were available, and no stimuli from the female’s vocal cords, N = 10. None of the stimuli was attractive to the experimental male. 7.
Intact male and the odor of a female + playback of female ultrasonic vocalizations were the alternatives, N = 10. Both were equally attractive, showing that odor +
vocalizations have no sexual attractant properties. 8. Intact male and anesthetized female + playback of vocalizations. The experimental subject was anosmic, N = 9.
There was no difference between these latter stimuli and an empty cage, showing that the sight and vocalizations from a female does not attract a male at all. 9.
Intact male and sexually receptive female. The experimental subject was anosmic, and the test was performed in complete darkness. The only stimulus available to
the male was auditory, N = 10. They did not produce sexual attraction. 10. Intact male and anesthetized female, providing olfactory and visual stimulation but no
sounds, N = 11. She was as attractive as an active female. 11. Intact male and devocalized female, test performed in complete darkness, N = 9. This female was as
attractive as an intact female. 12. Intact male and devocalized female. The subject was anosmic, N = 10. No social or sexual attractivity was observed. *Different
from the social incentive (male rat), p < 0.05. @Different from the empty cage (stimulus 1), p < 0.05. The conclusion from this experiment was that olfactory stimuli
need to be combined with some other stimulus in order to activate sexual attraction. The other stimulus cannot be produced by the female’s vocal cords. Further
details can be found in Agmo and Snoeren (2017).

reduces sexual approach in female rats (Kaspersen and  As can be seen in Figure 9, fluoxetine treatment reduced sexual
Agmo, 2012). Similar data have been reported after treatment  approach, particularly during the tests performed after 10 and
with fluoxetine (Adams et al., 2012). This drug also affects 15 days of treatment. It seems that fluoxetine consistently reduces
female rat behavior in an operant procedure. The authors  sexual approach in males.

interpreted the effects as signs of reduced sexual motivation

(Uphouse et al, 2015). Contradictory data have also been ~Sexual Approach in Rats and Humans: Any
reported. In a study employing a procedure almost identical ~ Sjmilarities?

to ours, Matuszczyk et al. (1998) failed to detect any effect
of fluoxetine on sexual approach, even though the drug
reduced lordosis. Nevertheless, we conclude that the majority
of data suggests that the SSRIs reduces sexual approach in
the female rat.

Table 2 summarizes the main characteristics of sexual approach
behaviors in rats and humans. As can be seen, there are striking
similarities. The main difference is with regard to the stimulus
modalities involved in the activation of sexual motivation, hence
approach. Furthermore, it is likely that mental representations
of sexually relevant stimuli as sources of sexual motivation are
Drugs and Sexual Approach in Male Rats exclusive to humans.

As was the case with females, sexual approach behaviors have Except for the two differences mentioned in the preceding
rarely been evaluated in drug studies in males. This makes it  paragraph, it seems that the mechanisms of sexual approach
easy to summarize the literature, particularly since we will limit  are most similar in these species. Unfortunately, the scarcity of
ourselves to clinically used drugs with established or presumed  drugs with established effect on human sexual approach make
effects on sexual motivation in men. The only candidate drugs  comparisons of drug effects extremely limited. Moreover, the
for inclusion in this group are the SSRIs, as mentioned. It has ~ complete absence of experimental evaluation of human sexual
been reported that treatment of male rats with fluoxetine for  approach forces us to use genital responses to sexual stimuli as a
14 days reduces their approach to a sexually receptive female  proxy for actual approach as soon as we search for objective data.
(Vega Matuszczyk et al., 1998). We have replicated this finding.  Nevertheless, the conclusion that sexual approach is controlled
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FIGURE 9 | The effects of fluoxetine, 10 mg/kg and day given orally, on sexual approach behaviors in male rats. The procedure described in “Sexual Approach in
Rodents” section was used. Test duration was 10 min. The acute test was performed 60 min after drug administration. (A) Preference score. Mixed two-factor
ANOVA with Treatment and Day as factors revealed a significant Treatment effect (F 1 34) = 7.528, p = 0.010), but there was no effect of Day (F 3 102) = 0.192,

p =0.902) and no interaction Treatment x Day (F(s,102) = 1.239, p = 0.300). (B) Time spent in the vicinity of the social incentive (another male) and in the vicinity of
the sexual incentive (receptive female rat). Three-factor ANOVA with the factors Incentive, Treatment and Day found an effect of Incentive (F 1 34) = 86.072,

p < 0.001) and of Treatment (F 1,34y = 7.134, p = 0.012) but not of Day (F (g 102) = 1.789, p = 0.154). The time spent in the vicinity of the female was superior to that
spent in the vicinity of the social incentive at all tests according to the Tukey HSD test. There was also an interaction between Incentive and Treatment

(F (1,34 = 7.993, p = 0.008). Fluoxetine did not alter the time spent in the vicinity of the male incentive whereas the time spent in the vicinity of the sexual incentive
was reduced. There were no other interactions (ps > 0.300). Thus, fluoxetine did not modify social approach but reduced sexual approach. Since there was no
interaction Treatment x Day, this effect was present already at the acute test. (C) The distance moved during the test, a measure of ambulatory activity, was not
altered by treatment and did not vary between days (ps > 0.102). Thus, the inhibition of sexual approach cannot be explained as a secondary effect of reduced
activity. Data are mean £ SEM. *Different from saline, p < 0.05. From an unpublished experiment performed by AA, Juoni Sirvié, Gro Sandberg and Live Serensen.
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TABLE 2 | Comparison of some basic characteristics of sexual approach behaviors in rodent and humans.

Rats Humans

Efficient stimulus

Neutral stimuli may become sexual incentives through learning
Behavioral responses

Depends on gonadal hormones

Effects of SSRIs

Olfactory + any other modality Visual, auditory (fantasies)

Yes Yes

Context dependent Context dependent
Yes Yes

May inhibit May inhibit

by similar behavioral and neural mechanisms in rats and humans
seem warranted.

Relationship Between Sexual Approach

Behavior and Copulatory Behavior

In “Sexual Approach in Rodents” section, we have discussed
sexual motivation, expressed as the intensity of genital responses
in humans and approach to a potential mate in rodents. We
also have mentioned that sexual motivation is a determinant
of the intensity of copulatory behavior. A fundamental issue
is whether sexual motivation is a unitary concept or not. If it
is, then the intensity of genital responses and approach should
always covary with the intensity of copulatory behavior. In
humans, there does not seem to exist any systematic study of
the relationship between genital responses to sexually relevant
stimuli and the intensity of copulatory behavior. The typical
setup for evaluating genital responses in men and women is such
that no copulatory activity can occur in the testing situation.
The only way to determine any possible relationship between the
magnitude of the individual’s genital response and the intensity
of copulatory behavior displayed by the same individual would
be to enquire about the person’s sexual activity outside the
laboratory. Under the conditions that magnitude of the genital
response is stable between the laboratory and bedroom contexts
and that the individual correctly reports his or her sexual activity,
this might be an acceptable approximation. Unfortunately, this
kind of study has not been performed, at least not published.
Instead, much effort has been invested in finding out how genital
responses relate to subjective sexual arousal, as discussed earlier.
The issue of whether subjective arousal has any relationship to
actual copulatory activities or if it is a useless concept has not
been of much concern.

In rodents, there is direct experimental evidence showing
that the intensity of copulatory behavior can be experimentally
manipulated independently of the intensity of sexual approach
behaviors (Agmo, 2002). After repeatedly pairing ejaculation
with a female smelling of fish oil with an injection of LiCl, a
compound producing stomach ache and diarrhea, both approach
to and copulation with such females were suppressed. However,
the experimental males approached non-scented females with
undiminished intensity, but they did not copulate with them
when given the opportunity. Thus, the conditioned inhibition
of approach was specific to an olfactory stimulus (fish oil)
whereas inhibition of copulation generalized to any female.
Pharmacological studies have also revealed that approach
and copulation can be modified in opposite directions by
drugs. The adrenergic o, antagonist RX 821002 enhances

approach behavior whereas copulation is reduced, for example
(Chu and Agmo, 2016a).

We have further evaluated the notion that approach can
vary independently of copulation by calculating the correlation
between sexual approach and copulatory behavior in a large
number of rats. As shown in Table 3, there was no significant
correlation between the intensity of approach and the intensity
of copulatory behavior. Thus, at the level of the individual, there
is no relationship between approach and copulation. However,
if we instead look at the group level, for example comparing
the mean intensity of sexual approach in a group of intact
rats with that in a group of castrated males, we find a highly
significant difference. The preference score was 0.70 £ 0.04
[mean =+ standard error of the mean (SEM)] in the intact group
vs. 0.46 £ 0.03 in the castrated group (p < 0.001). This is also
the case with every aspect of copulatory behavior. In fact, the
castrated males did not display a single mount, and obviously
no intromission or ejaculation. Thus, the intact group shows a
higher level of approach than the castrated group, and also a far
more intense copulatory behavior.

Turning to females, we again find that there is no correlation
between the intensity of approach and copulatory behavior in the
divided cage, a procedure in which the female can pace sexual
interaction (Table 4). As was the case with males, however, we
find a clear relation between approach and copulation at the
group level. When comparing data from ovariectomized females
given either oil or EB + P, we find clear-cut differences both in
approach and copulatory behavior. The mean & SEM preference
score was 0.72 == 0.03 in hormone-treated females whereas it was
0.55 £ 0.06 in oil-treated females (¢(16) = 2.980, p = 0.009). The

TABLE 3 | Pearson correlations between sexual approach behavior (quantified
as a preference score? obtained in the procedure described in Agmo, 2003) and
copulatory behavior in intact male rats having displayed at least one mount or one
intromission in a test for copulatory behavior performed immediately after the test
for approach behavior.

Copulatory behavior parameter Correlation N

Mount latency 0.016 195
Number of mounts —0.009 195
Intromission latency —0.067 173
Number of intromissions 0.064 173
Ejaculation latency —0.008 154
Post-ejaculatory interval —0.153 154

2Preference score = [time spent approaching a sexually receptive female/(that time +
the time spent approaching another male)]. Not all animals displaying mounts achieved
intromission, and not all animals displaying intromission ejaculated during the test. The
test duration was determined by the following criteria: end of the first post-ejaculatory
interval, no intromission within 15 min of introduction of the female, no ejaculation within
30 min of the first intromission. Data were pooled from several experiments performed in
the laboratory.
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TABLE 4 | Pearson correlations between sexual approach behavior and
copulatory behavior in ovariectomized female rats given EB, 25 pg and P, 1 mg,
48 and 4 h before being subjected to a test for sexual approach behavior
immediately followed by a test for copulatory behavior in the divided cage.

Copulatory behavior parameter Correlation N
Latency to enter male’s half —0.156 30
Exit after male mount 0.010 29
Return latency after mount —0.063 29
Exit after intromission —0.300 25
Return latency after intromission 0.201 25
Return latency after ejaculation 0.056 24
Number of paracopulatory behaviors —-0.122 30

Data are pooled from three separate experiments performed in the laboratory by Chiara
Pozzato and AA. Approach behavior was quantified as a preference score established
in the sexual incentive motivation test (Agmo, 2003). Latency to enter male’s half, time
between introduction of the female into her half and entry into the male half with all
four paws; exit after mount, proportion of mounts followed by escape to the female’s
half within 10 s, return latency after mount, time between the female’s entry into her
half and her return, with all four paws, to the male’s half after having received a mount.
Exit and return latency after intromission are self-explanatory. All females escaped after
ejaculation. Thus, the proportion of exits is a constant and cannot be used for calculating
a correlation.

former displayed intense copulatory behavior whereas the latter
showed none. It is evident that sexual approach at the individual
level is unrelated to copulatory behavior, exactly as it is in males,
but that there is a relationship at group level.

The contradictory observations between the lack of
relationship between approach and copulation within the
individual and the clear relationship at the group level is
similar to the lack of relationship between serum testosterone
concentration and the intensity of copulatory behavior at the
individual level (e.g., Damassa et al., 1977, in rats and Brown
et al., 1978, in men) even though testosterone is necessary for
that behavior. This fact is normally explained by posing that
above a minimum serum concentration of testosterone, further
increases in concentration has no consequence. We propose
that a similar principle also holds for sexual approach behavior.
Although approach is a requisite for copulation, once the
intensity of approach surpasses a certain level, further increase
has no consequence.

THE CAVEATS

Female rat copulatory behavior is relatively straightforward,
and relevant behavior patterns are limited to lordosis and
paracopulatory behaviors. Other behaviors displayed by females,
such as sniffing or anogenital sniffing of the male, have no
relationship to copulatory behavior (Chu and Agmo, 2014; Le
Moéne and Agmo, 2018). It can obviously be argued that rat
lordosis has no equivalent in women, and that treatment effects
on that behavior cannot be generalized to women. Nevertheless,
the ease by which lordosis is displayed is determined by
motivation, and since lordosis is a sexual response, that
motivation is sexual. This same argument could be used for
the paracopulatory behaviors. Most women are not ear-wiggling
during copulation, yet rat ear-wiggling is, like any other behavior,
controlled by motivation. Since this behavior is a response to
a sexually relevant stimulus [a sexually active male induces far
more ear-wiggling than a castrated male (Vreeburg and Ooms,

1985)], it can be supposed to be controlled by sexual motivation.
Thus, any treatment effects on ear-wiggling represent effects on
motivation. Even though the behavioral manifestations of sexual
motivation are drastically different in rats and women there may
well be similar underlying mechanisms in operation.

Likewise, in the male rat there is a series of behavioral
parameters that have no equivalence in men. Rat measures
such as the interval between intromissions or the proportion of
mounts ending in vaginal penetration are probably meaningless.
It is also uncertain whether these parameters represent
motivation of any kind. The ease with which intromission is
achieved depends on vascular erection as well as the activity in
the penile striated muscles (Sachs, 1982; Giuliano et al., 1994).
Any alteration in the coordinated activity of these processes can
modify copulatory behavior, even though they are unrelated to
sexual motivation. A complete description of male copulatory
behavior might make it possible to distinguish effects on
peripheral mechanisms from effects on motivation. However,
any speculation about motivation based on copulatory behavior
suffers from a considerable degree of uncertainty. It appears far
more difficult and risky to infer changes in sexual motivation
from changes in copulatory behavior in males than in females.

Sexual approach behaviors have sometimes been considered
as the only acceptable indicator of sexual motivation. The data
showing that the intensity of approach is unrelated to the
intensity of copulatory behavior at the individual level makes
this assertion somewhat exaggerated. If the proposal made above,
that variations in the intensity of approach behaviors have
no consequence for the intensity of copulatory behavior when
the former are above some minimum level, is true it appears
of limited interest to pursue treatments that might lead to
enhancement beyond the minimum. To the contrary, in the case
of search for treatments of hypoactive sexual desire disorder, it
can be assumed that sexual approach behaviors in those affected
are below the minimum, and any increase would consequently be
beneficial. Thus, rodent models of human conditions involving
reduced desire should evaluate approach rather than copulation.

The uncertainties regarding the correspondence between
copulatory and sexual approach behaviors in rodents and
humans are considerable, as mentioned. Nevertheless, there is
no doubt that in both species, these behaviors are determined by
one or another aspect of sexual motivation. We will now turn
to an additional complication, jeopardizing any generalization
from rodent to human. Whereas rodent sexual approach
and copulation are mainly determined by preprogrammed
mechanisms in the central nervous system, human sexual
relationships are basically determined by social conventions.
Anthropologists and sociologists have elegantly shown that
human sexual behaviors, in the widest sense, are social
constructions (Ford and Beach, 1951; Marshall and Suggs,
1971; Gagnon and Simon, 2002). Conventions determine to
whom, when and where we can manifest sexual approach, how
this approach should be manifested, and how to proceed in
order to initiate copulatory activity. The nature of that activity,
i.e., the motor patterns employed, are also largely determined by
conventions, acquired through social learning. Even the impact
of sexually relevant stimuli are made context-dependent because
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of social learning. A naked human body will not function as a
sexual incentive on a nudist beach, whereas it usually is most
efficient in the intimacy of a bedroom.

The fundamental role of social determinants in human
sexual activities has obviously no equivalence in rodents. Insofar
as those determinants influence the activation and behavioral
manifestations of sexual motivation, rodent models are of
limited help. However, even if social factors are crucial for
human sexuality, there are basic neurobiological and behavioral
mechanisms on which these factors act. According to the
incentive motivation model presented in Figure 1, the central
motive state prepares the ground for the actions of sexual
incentives and for the responses to those. The incentives and the
responses may well be heavily dependent on social learning, but
without an appropriate central motive state no stimulus would
act as an incentive and no response would be performed. There
is no reason to believe that the nervous basis for the central
motive state is drastically different in rodents and humans. This
means that we should pursue means to discover the workings
and manifestations of the activity of the central motive state
underlying sexual motivation.

CONCLUSION

Like any other behavior, sexual approach and copulation
are determined by motivation. We assume that a particular
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Sex, Drugs, and the Medial
Amygdala: A Model of Enhanced
Sexual Motivation in the Female Rat

Sarah A. Rudzinskas'?, Katrina M. Williams??, Jessica A. Mong"® and Mary K. Holder**

"Program in Neuroscience, University of Maryland, Baltimore, MD, United States, ?Department of Veterans Affairs, Geriatric
Research Education and Clinical Center, Baltimore, MD, United States, *Department of Pharmacology, University of
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Methamphetamine (METH) is a psychomotor stimulant that is reported to enhance
sexual desire and behavior in both men and women, leading to increases in unplanned
pregnancies, sexually-transmitted infections, and even comorbid psychiatric conditions.
Here, we discuss our rodent model of increased sexually-motivated behaviors in which
the co-administration of METH and the ovarian hormones, estradiol and progesterone,
intensify the incentive properties of a sexual stimulus and increases measures of sexually-
motivated behavior in the presence of an androgen-specific cue. We then present
the neurobiological mechanisms by which this heightened motivational salience is
mediated by the actions of METH and ovarian hormones, particularly progestins, in
the posterodorsal medial nucleus of the amygdala (MePD), a key integration site for
sexually-relevant sensory information with generalized arousal. We finally demonstrate
the cellular and molecular mechanisms underlying this facilitation of sexual motivation
by METH, including the upregulation, increased phosphorylation, and activation of
progestin receptors (PRs) in the MePD by METH in the presence of ovarian hormones.
Taken together, this work extends our understanding of the neurobiology of female
sexual motivation.

Keywords: methamphetamine, dopamine, proceptive behavior, progesterone, sexual motivation, medial amygdala

INTRODUCTION

Sexual behaviors are a complex, coordinated suite of actions that arise from the integration of
psychological and physiological processes with external elements. One key component of sexual
behaviors is that of sexual motivation, a hypothetical, internal willingness to engage in sexual
behaviors (Holder and Mong, 2017). Although research into female sexual motivation is an
active and growing field, relatively little is understood about the neurobiological origins of sexual
motivation in women. Many of these mechanistic questions cannot be currently answered in
women, so rat models are most frequently used to study sexual motivation and behavior (Pfaus
et al., 2003; Blaustein, 2008).

In this review article, we discuss the modulators of female sexual motivation, using the
concept of incentive motivation as a foundational working model. Next, we summarize what is
known in regard to the neurobiology of female sexual motivation in rats. We then describe our
methamphetamine (METH) model of increased sexually-motivated behaviors in female rats. We
finally detail insights into the neurobiology and mechanisms of enhanced female sexual motivation
gained using this model.
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RODENT SEXUAL BEHAVIORS

The female rats show a wide range of specific sexual behaviors
that are displayed in the presence of a male rat. Following
anogenital investigations, the female will typically engage in
approach and solicitation behaviors, which serve to initiate sexual
contact with a male (McClintock and Adler, 1978; Erskine,
1989; Pfaus et al., 2003). The female approaches the male with
a head-wise orientation then quickly runs away (Pfaus et al.,
2003). This runaway takes the form of proceptive behaviors such
as hopping and darting, with and without ear wiggling, in a
traditional behavioral arena (Madlafousek and Hlindk, 1983).
Hopping is distinct from general locomotion as it is a rapid,
stiff-legged upward jump, followed by a bow-shaped return to
the floor, and ends in a crouch. A hop covers the distance
of approximately one extended body length (Madlafousek and
Hlinak, 1977). Darting is a specialized form of a runaway from
the male in which the female accelerates swiftly, using rapid
low steps with the body held near the floor (Hemmingsen,
1933; Beach, 1942). The series of hopping-and-darting typically
ends with a presentation behavior, or a pre-lordotic crouch
(Madlafousek and Hlindk, 1977). This crouch serves to help
support the male’s mounting behaviors. Upon a successful mount
by the male, the female rat displays a behavioral reflex known as
lordosis, in which the female arches her back, elevates her head
and rump, and deflects her tail to one side (reviewed in Erskine,
1989). Proceptive behaviors typically precede the first lordosis
during the period of sexual receptivity, and the numbers of
proceptive events increase in the minute preceding lordosis (Chu
and Agmo, 2015). Indeed, females that display more proceptive
behaviors are pursued more frequently by males (Chu and Agmo,
2014). In addition, the female’s display of proceptive behaviors
precedes nearly all male sexual behaviors (Bergheim et al., 2015).

In arenas that allow for separation between the male and
female rat, such as a paced mating arena with escape chamber(s)
or bilevel chambers, the female rat controls the tempo and
occurrence of the sexual behaviors (McClintock and Adler, 1978;
Erskine and Baum, 1982; Erskine, 1985; Pfaus et al., 2003). If
female rats are given the opportunity to choose between two
males, they display a consistent partner preference, as indicated
by increased time with a preferred male and by returning to
him more rapidly in a paced-mating environment even across
multiple encounters (Lovell et al., 2007).

MODULATORS OF SEXUAL MOTIVATION
Central Motive State

There are two necessary components of any motivated behavior:
(i) the incentive properties of an external stimulus; and (ii) a
central motive state (Bindra, 1974; Agmo, 1999). The external
stimulus has incentive or aversive qualities that serve to influence
the hedonic, or pleasurable values. Incentive stimuli create a
tendency for an individual to approach the object; whereas,
aversive stimuli create a tendency for avoidance behaviors
(Bindra, 1974). The central motive state is the integration of
the physiological processes, such as hormones, with the neural
processes that direct the motivational behaviors (Bindra, 1974;

Agmo, 1999). It is the interplay between the incentive qualities
of the stimulus and the central motive state that ultimately
determine the likelihood of a particular behavioral response,
whether it be approach or avoidance behaviors (Figure 1).

One major assumption of the central motive hypothesis is
that of the hedonic value of the external stimulus. In order to
apply this hypothesis to the study of female sexual motivation,
it must, therefore, be established that females engage in sexual
behavior to experience sexual pleasure (Pfaus et al., 2003; Agmo,
2007). Sexually-motivated female rats lever press (Bermant,
1961; French et al., 1972), cross an electrified grid (Meyerson
and Lindstrom, 1973), and nose-poke (Matthews et al., 1997;
Cummings and Becker, 2012) to gain access to a sexually-active
male. When female rats can pace sexual behavior, as in bilevel
arenas or those with escape chambers, they show conditioned
place preference in that they spend more time in the portion
of an arena in which a sexual encounter occurred (Paredes
and Alonso, 1997; Meerts and Clark, 2007). Subsequent studies
indicate that female rats will only develop this conditioned
place preference when copulation is at their preferred pacing
interval (Jenkins and Becker, 2003b). Finally, female rats show
evidence of orgasm-like behavior as indicated by contractions of
the pelvic-floor muscles and short-term changes associated with
reward state such as ultrasonic vocalizations (USVs; Pfaus et al.,
2016). Taken together, these studies indicate that sexual behavior
may, in itself, be rewarding to the female rat, at least under
certain conditions.

The central motive state determines the external stimulus’s
incentive value through modulation of the hedonic value of that
stimulus (Berridge, 2004). It would then follow that changes
to the central motive state could increase the attractivity to
a sexually-relevant stimulus (Pfaus et al., 2003; Agmo, 2007).
That is, an increased activation of the central motive state
would enhance the strength of behavioral responses toward
sexually-salient cues. This may take the form of more olfactory
investigations and displays of the solicitation, proceptive, and
pacing behaviors in the presence of a male rat. In addition, it is
possible that this enhanced activation of the central motive would
also lead to the abolition of mate preferences, as the same sensory
cues may increase in incentive qualities.

We can conceive of the central motive state as arising from
two components: (i) a generalized state common to all forms
of motivated behavior; and (ii) a specific drive that depends
on physiological needs (Pfaff, 1999). The first component is
generalized arousal which energizes all motivated behaviors
(Pfaff et al., 2008). The specific neurobiological signals known to
mediate the sexual motivation and behavior in the female rat are
the ovarian hormones estradiol and progesterone (Cummings
and Becker, 2012; Uphouse et al.,, 2015). Although these are
not the only neurobiological factors that could alter the central
motive state to lead differences in sexual motivated behaviors,
we will focus discussion on the factors of generalized arousal and
ovarian hormones in this review article.

Generalized Arousal
Generalized arousal is a hypothetical construct that energizes
all behavioral processes by promoting wake, alertness, and
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FIGURE 1 | A conceptual model of sexual motivation, which are represented by thin, black arrows and enhancements by methamphetamine (METH), which are
represented by thick, green arrows. The olfactory, such as the major histocompatibility complex | and Il (MHC | and MHC II), which contribute to pheromones,
auditory, such as ultrasonic vocalizations (USVs), and tactile, such as the flank stimulation, qualities of a sexual stimulus interact with the central motive state, which
itself is modulated by the generalized arousal state and the activation of a specific drive (e.g., the presence of ovarian hormones and activation of their cognate
receptors). METH requires the activation of dopaminergic and progestin receptors (PRs) to enhance the activation of the central motive state and female sexual
motivation. The presence of a sexual stimulus and activation of the central motive state then influences the likelihood of sexual behavioral responses, which then
have the ability to feedback and alter the central motive state itself. Changes to the central motive state then feedback to alter the salience of particular qualities of
the sexual stimulus. METH increases the salience of androgen-specific cues of a sexual stimulus, which in term lead to increases in display of solicitations, proceptive
hops and darts, and paced mating behaviors. There is also a decrease in the number of rejection behaviors.

responses to and interaction with the environment (Pfaff et al.,
2008). Generalized arousal has been demonstrated by: (i) a
responsiveness to sensory stimuli across multiple modalities;
(ii) motor activity; and (iii) emotional or affective reactivity
(Pfaff et al., 2008). The ascending, diffuse neuromodulatory
systems that form the reticular activating formation contribute
to generalized arousal. Noradrenergic projections to the
cerebral cortex modulate the sensory responsiveness, whereas
the nigrostriatal dopaminergic projections mediate the motor
activity directed towards salient stimuli (Pfaff et al., 2008).
Mesolimbic dopaminergic projections, which comprise part of
the natural reward circuit, facilitate the incentive salience, or
the “wanting” of some stimulus (reviewed in Berridge, 2007,
2019). As such, certain types of sexual behaviors (e.g., female-
paced sexual behavior) will result in a release of dopamine in
the nucleus accumbens (Jenkins and Becker, 2003a). Further,
the administration of agonists of noradrenergic or dopaminergic
receptors will enhance, and antagonists will reduce, measures of
female sexual behavior (Foreman and Moss, 1979; Fernandez-
Guasti et al.,, 1985a,b, 1987; Grierson et al., 1988; Petitti and
Etgen, 1990; Chu and Etgen, 1999; Chu et al., 1999). Thus, both
neurotransmitters appear to work in conjunction to modulate
general arousal and prime a female towards sexual behavior.

Ovarian Hormones

The period of sexual receptivity in rats is limited to a few hours
prior to the onset of ovulation (Nequin et al., 1979; Freeman,
1994). Several classic studies have demonstrated the role of both
estradiol and progesterone in triggering both proceptive and
receptive sexual behaviors in the rat (Beach, 1976). High levels
of estradiol are sufficient and activation of the estrogen receptors

(ERs) is necessary to induce lordosis behaviors; however, the
intensities of lordosis, based on the degree of spinal curvature,
is highly variable with frequent displays of rejection behaviors
(Boling and Blandau, 1939; Beach et al., 1942; Whalen, 1974;
Spiteri et al, 2010). Progesterone increases the efficacy of
estradiol in the induction of lordosis. In addition, progesterone
and the activation of the PRs is necessary for the occurrence of
the solicitation, proceptive, and paced mating behaviors (Boling
and Blandau, 1939; Beach et al.,, 1942; Beach, 1976; Whalen,
1974; Fadem et al., 1979; Tennent et al., 1980; Edwards and
Pfeifle, 1983; Olster and Blaustein, 1988; Blaustein, 2008). These
hormones strongly affect the responses to olfactory and tactile
stimuli, with modest effects on generalized arousal (Chu et al,,
2015), providing evidence that the ovarian hormones contribute
to the central motive state to modulate the incentive qualities of
the male rat.

NEUROBIOLOGY OF SEXUAL
MOTIVATION

The historical focus of the neurobiology of female sexual
behavior has been focused on the neurocircuit that controls
lordosis. Aslordosis is a behavioral reflex, the neural mechanisms
of it are more readily elucidated than the neural mechanisms
of sexual motivations. The lordosis circuit has been exquisitely
detailed wusing multilateral approaches including electric
stimulation and lesions of each of the nuclei in the circuit
(Mathews and Edwards, 1977; Davis et al., 1979; Pfaff and
Sakuma, 1979; Sakuma and Pfaff, 1979; Brink and Pfaff, 1980;
Schwartz-Giblin and Pfaff, 1980; Femano et al., 1984a,b),
patterns of neuronal activation (Flanagan et al., 1993; Tetel et al.,
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1993; Flanagan-Cato and McEwen, 1995; Polston and Erskine,
1995; Pfaus et al., 1996; Pfaus and Heeb, 1997), and viral tract
tracing studies to map the anatomical connections (Daniels et al.,
1999). Of primary importance for lordosis is the ventrolateral
portion of the ventromedial nucleus of hypothalamus (VMN;
reviewed in Pfaff et al,, 1994). The ovarian hormones serve
to activate the neurons of the VMN, which then overcomes
the tonic inhibition on lordosis (Powers and Valenstein, 1972;
Moss et al., 1974; Pfaft and Sakuma, 1979; Kow et al., 1985;
Fahrbach et al., 1989).

The mechanisms and the neural circuitry controlling female
sexual motivation have not been as well elucidated. Furthermore,
if motivated behavior arises from both the incentive properties
of a sensory stimulus and mediators of the central motive
state, it is likely that the neural circuitry that processes these
sensory cues also contribute to sexual motivation. The work of
ourselves and others indicates that sexual motivation arises from
an interplay of activation of the natural reward circuity and the
processing of olfactory cues in the limbic/hypothalamic social
behavior circuitries.

The posterodorsal nucleus of the medial amygdala (MePD) is
a good candidate region for the regulation of sexual motivation
and the modulation of the output sexual behavior (Mascod
and Carrer, 1980, 1984; Erskine, 1989; Kondo and Sakuma,
2005; Afonso et al, 2009). Changes to generalized arousal
would influence the activation of the MePD as it receives both
noradrenergic and dopaminergic input (Gray, 1999; Pitkéinen,
2000). The MePD contains both ERs and PRs (Pfaff and
Keiner, 1973; Simerly et al., 1990), making it sensitive to
the specific drivers of sexual motivation. The MePD also
receives chemosensory signals of pheromones from the accessory
olfactory bulb (Keller et al., 2009), so it would be activated by
sexually relevant olfactory cues. The projections of the MePD
target and can activate several key output nuclei involved in social
and sexual behaviors including the VMN (Kevetter and Winans,
1981; Simerly, 2002; Keller et al., 2009). Finally, lesions of the
MePD lead to fewer lordosis responses (Masco and Carrer, 1984),
proceptive behaviors (Mascé and Carrer, 1980; Afonso et al.,
2009), and a reduction in conditioned place preference (Garcia-
Horsman et al, 2008) and sensitivity to sexual stimulation
(Guarraci, 2010).

METHAMPHETAMINE INCREASED
MEASURES OF SEXUAL MOTIVATION
TOWARDS AN INCENTIVE STIMULUS

To better explore the neurobiology of sexual motivation in
females, we created a model of enhanced motivation by
administering METH. METH is a drug of abuse that intensifies
sexual drives, desires, and sexual activities in women (Rawson
et al., 2002; Semple et al, 2004a). In addition, METH use
is also associated with a more pleasurable sexual experience
(Lorvick et al., 2012). These anecdotal and clinical self-reports
are supported by the increased rates of sexually-transmitted
infections and of unplanned pregnancies (Semple et al., 2004b;
Mansergh et al., 2006). As users of METH tend to administer it

several times over the course of a few days (Haile et al., 2009),
we administer METH (5 mg/kg/day) once a day for 3 days
to ovariectomized female rats at the same time as the ovarian
hormones estradiol benzoate and progesterone (Holder et al.,
2010). The optimal time to test for female sexual behavior is
4-6 h following the administration of progesterone (Nequin
et al,, 1979; Freeman, 1994). Importantly, neither stereotyped
behavior nor hyper-locomotor behavior are present 4-6 h after
METH administration, suggesting that any increase in sexual
behavior due to METH reflects heightened sexual motivation,
not motor responses (Holder et al., 2010).

The acute administration of METH enhances measures of
sexual motivation in hormonally-primed female rats (Holder
and Mong, 2010; Holder et al, 2010; Winland et al., 2011).
METH treatment increases the lordosis response in addition to
doubling the frequency of proceptive behavior of hops, darts,
and ear-wiggles (Figure 2A; Holder et al., 2010). When tested
in a paced-mating arena, female rats treated with METH are
less likely to leave the male rat following sexual stimulation,
and if they leave, they return to him more rapidly compared
to saline-treated, hormonally-primed females (Holder et al.,
2010; Winland et al., 2011). In addition, these METH-treated
female rats displayed more solicitation and proceptive behaviors,
especially during the post-ejaculatory interval (Holder and
Mong, 2010). The possibility remains that METH may alter
the timing and displays of sexual behavior instead of sexual
motivation per se; however, there is growing evidence that
motivation and timing of behaviors are not independent
processes such that changes to the hedonic value lead to
alterations in interval duration, indicating that the changes in
timings of a behavior are produced by changes in motivational
state (reviewed in Galtress et al., 2012). While the decreased
latency to return to the male is suggestive of an increased tempo
for sexual behavior, the timing aspects should be further explored
using more direct measures of sexual motivation in female rats
(e.g., operant responding).

METH may also alter the preferences of specific sexual
partners based upon relevant sensory cues. For example,
METH-treated, hormonally-primed female rats make more
approaches and spend more time with a potential sexual partner
(e.g., amale or a castrated male treated with dihydrotestosterone)
compared to a non-sexual partner (e.g., a female or a castrated
male; Winland et al, 2011; Rudzinskas and Mong, 2016).
Dihydrotestosterone provides the necessary androgen-mediated
cues, such as pheromones (Orsulak and Gawienowski, 1972;
Drewett and Spiteri, 1979), sufficient to elicit solicitation, hops,
and darts, with METH treatment increasing the number of
proceptive behaviors (Figure 2B; Rudzinskas and Mong, 2016).
These pheromonal cues are olfactory in nature, and while
there are no differences in anogenital investigations induced
by METH, there are significantly fewer sniffing behaviors.
Consistent with an increase in generalized arousal as part of
the central motive state, this work suggests that METH may
enhance the detection of olfactory cues. Future work is necessary
to explore the potential effects of METH on olfaction. Taken
together, these data suggest that METH does not alter the ability
of females to discriminate between stimuli, but rather enhances

Frontiers in Behavioral Neuroscience | www.frontiersin.org

68

September 2019 | Volume 13 | Article 203


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Rudzinskas et al.

Methamphetamine-Enhanced Female Sexual Motivation

A [Saline
B MVETH .
£ 257
€
2 201 .
£ *
& 15+
[
(]
S
® 104
[T
[5)
ETY ‘ \
c 5
[3°]
[}
£ 0+ T T
200 250 500
Dose of Progesterone (jug)
B
100 [—IHormones + Saline %k
c I Hormones + METH
E 80
T}
N
£
» 60
e
c
o
>
(Y 40
[Tem
(o]
3+
w 20
- T
9 T i
0

Castrate + DHT
Male Stimulus

Castrate

FIGURE 2 | The enhancement of sexually-motivated behaviors by METH.
(A) METH treatment doubles the number of proceptive events displayed in
10 min regardless of progesterone (P) dose, compared to the respective
saline-treated females. (B) Replacement of androgen-specific cues in
castrated males induces more markedly increased proceptive behaviors in
hormonally-primed female rats treated with METH. Data represents means +
standard error of the mean (SEM); *p < 0.05, **p < 0.01. Reprinted with
permission from Elsevier, Inc., Amsterdam, Netherlands.

central motive state arousal to increase sexual motivation in a
context-specific manner by potentiating the behavioral responses
towards an incentive stimulus.

A LOCUS FOR ENHANCED SEXUAL
MOTIVATION

The combination of METH and ovarian hormones enhances
the measures of sexual motivation; therefore, we hypothesized
that METH would converge with ovarian hormone actions to
increase neuronal activity and induce neuroplasticity of the
neurocircuitry that underlies sexual motivation and behavior.

There is an additive effect of METH and ovarian hormones on
the expression of cFos, an immediate early gene that is used as
a marker of neuronal activation, in both the MePD and VMN
(Figure 3A; Holder et al, 2010; Williams and Mong, 2017).
The MePD projects to and can activate the VMN (Kevetter and
Winans, 1981; Simerly, 2002; Keller et al., 2009). Therefore, it is
likely that the increase in cFos in the VMN follows the increase in
neuronal activation of the MePD. In further support, spinophilin,
a cytoskeleton-associated protein found in dendrite spines, has
a 60% increase in the MePD, but not the VMN, following the
administration of METH and ovarian hormones (Figure 3B;
Holder and Mong, 2010). This increase in spinophilin suggests
that METH and ovarian hormones synergize to increase the
density of dendritic spines and, thus, synaptic connectivity in
the MePD. Taken together, the increase in neuronal activation
and spinophilin in the MePD suggest that the METH-induced
enhancement of female sexual motivation and behavior arise
from converging actions of the ovarian hormone in the MePD.

It has been previously reported that lesions of the MePD do
not abolish the expression of female sexual behavior, but rather,
reduces the expression of sexually-motivated behaviors (Masco
and Carrer, 1980, 1984; Afonso et al., 2009). Lesions of the MePD
also prevent the METH-induced increase in proceptive behaviors
(Figure 3C; Holder et al, 2015). The Daun02 inactivation
techniques allow for a more precise investigation of the cells
activated in the MePD and the interactions of METH and ovarian
hormone signaling on sexually motivated behaviors. Briefly,
neuronal activation induces both cFos and p-galactosidase
expression in Sprague-Dawley cFos-lacZ trans-genetic rats
(Koya et al., 2016). The B-galactosidase both serves as another
method of visualizing activated neurons, but it also converts
the prodrug Daun02 into daunorubincin, which then triggers
apoptosis of the activated cell populations (Santone et al,
1986; Farquhar et al., 2002; Pfarr et al., 2015). Therefore, this
Daun02 inactivation technique produces selective lesions of the
cells that are activated by METH and/or ovarian hormones. As
with the cFos expression, the combination of METH and ovarian
hormones produces an increase of B-galactosidase over that of
ovarian hormones in a discrete population of cells within the
MePD (Figures 3D,E; Williams and Mong, 2017). In addition,
successful Daun02 lesions of this neuronal ensemble reduce
the proceptive behaviors to baseline levels, further supporting
the notion that the MePD utilizes signals from METH on
hormonally responsive neurons to augment the behavioral
response (Figure 3F; Williams and Mong, 2017). Furthermore,
the Daun02 inactivation does not alter receptive/reflexive sexual
behaviors, supporting the MePD’s role as an integration center
specifically for sexual motivation. Taken together, these results
indicate a synergy of intracellular signaling cascades induced by
METH and ovarian hormones within MePD cells. This will be
further explored in subsequent sections.

One way in which this synergy of intracellular signaling
cascades could result in an increase in sexual motivation is via
changes in epigenetic modifications, which can then lead to
marked changes in gene expression. These epigenetic changes
could occur on the DNA directly, leading to localized regulation
of gene transcription, or by modification of the histones, an
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integral part of the chromatin around which the DNA spools,
which lead to more global alteration of gene transcription
(reviewed in Robison and Nestler, 2011). DNA methylation,
in which methyl groups are added to DNA molecules by
DNA methyltransferase (DNMT), results in repression of

gene transcription. Both METH and ovarian hormones reduce
the enzymatic activity of DNMT in the MePD (Rudzinskas
and Mong, 2018). Acetylation of the histones enables gene
transcription by allowing chromatin expansion, and histone
deacetylases (HDAC) are enzymes that remove the acetyl groups,
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leading to more tightly coiled DNA and a reduction of gene
transcription. The combination of both METH and ovarian
hormones reduces the enzymatic activity of HDAC in the MePD
(Rudzinskas and Mong, 2018). Reduced activity of both HDAC
and DNMT should allow for enhanced gene transcription in cells
of the MePD. Moreover, these data further support the notion
that the MePD is a locus for this enhanced sexual motivation,
as no significant changes in HDAC or DNMT activity occur
in the VMN. In addition, these changes in enzymatic activity
are not the result of changes in the total protein levels of the
enzymes (Rudzinskas and Mong, 2018). Taken together, these
data suggest that dynamic epigenetic changes may play some
role in the genetic mechanisms which underlie METH-enhanced
proceptivity. As such, these changes should be investigated
further on a gene-by-gene basis, particularly in relationship to
the genes explored in the next section of this review article.

MECHANISMS OF ENHANCED SEXUAL
MOTIVATION

Dopamine Receptors

While cells within the MePD mediate the METH-facilitated
increase in proceptive behavior, it remains unclear how METH
and ovarian steroids specifically activate this cellular population
to increase neural activation. One likely source of neural
activation is dopamine, as one of the primary responses following
METH administration is the release of a bolus of dopamine into
the synapse (Sulzer et al., 2005; Fleckenstein et al., 2007). The
MePD receives both direct and indirect inputs from the ventral
tegmental area, a major source of dopaminergic synthesis in
the mesolimbic, natural reward pathway (reviewed in Ikemoto,
2007). Thus, it is likely that dopamine receptor (DR) activation in
the MePD mediates the enhanced sexually motivated behaviors
by METH.

Activation of the excitatory D1-type DRs (D1Rs), which
comprise both D;R and DsR, in the MePD in the absence of
METH increases the number of proceptive events above levels
induced by ovarian hormones alone (Figure 4A). In addition,
administration of an antagonist to these DIRs in the MePD
prevents the METH-induced increase in proceptive behaviors
(Figure 4B; Holder et al., 2015). In contrast, administration of
agonists or antagonists to the D2-type DRs, which comprise
DR, D3R and D4R, in the MePD has no effect on the number
of proceptive behaviors displayed. Interestingly, the overall
quantity of D1Rs in the MePD remained unchanged between
treatment groups (Rudzinskas, 2017). These experiments suggest
that METH, through a release of dopamine, may work through
the activation of a stable population of DIRs in the MePD
to directly modify the expression of genes underlying female
sexual motivation.

The DR agonists and antagonists were administered once a
day, for 3 days; therefore, it is probable that the genes affected
would be both those necessary for the immediate display of sexual
motivation and behavior and those involved in more long-lasting
changes to the sexual motivation circuit. One such gene whose
expression could be modified via changes in DIR activation is
the PR (Olesen et al., 2005, 2007). Indeed, METH alone, in the
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FIGURE 4 | Effects of microinfusions into the posterodorsal medial
amygdala (MePD) on sexually-motivated behaviors. (A) Infusion of the
dopamine type-1 receptor (D1R) agonist SKF38393 increases the number of
proceptive events displayed in 10 min. (B) Infusion of the D1R antagonist
SCH23390 prevents the METH-induced increase in proceptive behaviors.
(C) Infusion of the progestin receptor (PR) antagonist RU486 prevents the
increase in proceptive behavior induced by METH treatment. Data represents
means + SEM; *p < 0.05. Reprinted with permission from Elsevier, Inc.,
Amsterdam, Netherlands.

absence of estradiol, increases PRs in the MePD (Holder et al.,
2015). However, in a follow-up study, a D1R antagonist infused
into the MePD at the same time of METH administration failed
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ERK1/2 phosphorylation and increases proceptive behavior.
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to change PR levels in the MePD (Williams et al., 2018). It may be
microinfusions of the antagonist at a longer time course prior to
METH administration may have prevented the METH-induced
increase in PRs.

Progesterone Receptors

Progesterone and activation of the PRs are necessary for the
display of proceptive behavior, and there is functional specificity
of the two isoforms of the nuclear receptor. PR, activation
contributes primarily to the display of lordosis, whereas PRp
activation seems to contribute primarily to proceptivity (Mani
et al, 2006). PR activation, primarily through PRg, in the
MePD may facilitate increases in proceptive and other sexually-
motivated behavior. While the contributions of the PR isoforms
in the MePD to enhancement of sexual motivation by METH
has not been determined, it has been demonstrated that the
microinfusion of RU486, a PR antagonist, into the MePD
decreases the METH-facilitated proceptive behaviors (Figure 4C;
Holder et al, 2015). Finally, recent work demonstrates that
increasing PR protein expression with a lentiviral overexpression
vector injected into the MePD in the absence of METH increases

proceptive behaviors and lordosis intensity, with no other noted
effects on social, exploratory, or rejection behaviors (Williams
et al, 2018). Taken together, it is clear that PRs in the
MePD have functional relevance toward the induction of female
sexual motivation.

Intracellular Mechanisms
In addition to activated DIR increasing the number of PRs
in the absence of estradiol, DIR activation can also activate
PRs in the absence of progesterone (Auger, 2001); therefore,
METH-facilitated activation of DIR could work via other,
intracellular mechanisms in conjunction with the increased
PRs to enhance sexual motivation. The ligand-bound PR is
necessary to modulate proceptive behaviors; however, METH
can facilitate these proceptive behaviors even in the presence
of subthreshold doses of progesterone (Figure 2A; Holder
et al., 2010). Taken together, this evidence suggests that METH
administration enhances PR sensitivity to ligand in the MePD
(Weigel et al., 1995).

The changes to PR sensitivity and/or functionality may
arise from post-translational modifications, which include
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phosphorylation, acetylation, sumoylation, and ubiquitination
(Hagan et al., 2012). Of these, the phosphorylation is thought to
be the primary regulator of PR actions, such that phosphorylation
of specific sites on the PR enhances transcriptional activity
(Denner et al,, 1990; Bai et al, 1997; Weigel and Moore,
2007). In fact, activation of DIRs leads to a sequence of
kinase phosphorylation events, which could then modulate the
activational state of the PRs (Auger, 2001). The PR is highly
promiscuous, as it is able to dock onto activated mitogen-
activated protein kinases, such as the extracellular signal-
regulated kinases (ERK1/2), Src kinases, and the ERs (Lu and Xu,
2006; Dressing et al., 2009). ERK1/2 has been reported to directly
phosphorylate the progesterone receptor, while both ERK1/2 and
Src kinase have been reported to act in a complex with both
ERs and PRs (Migliaccio et al, 1998; Boonyaratanakornkit
et al., 2001). The activation of these kinase cascades leads
to enhancements of both receptive and proceptive behaviors
(Gonzalez-Flores et al., 2009, 2010; Lima-Hernandez et al., 2012).
As the activation of both D1Rs and PRs in the MePD are
necessary for the METH-induced enhancement of proceptive
behaviors, it is likely that the behaviorally-relevant neurons
contain both DIRs and PRs and that the METH-induced
enhancement of sexual motivation arises due to the activity
of kinases. In support, METH administration leads to
phosphorylation of the ubiquitous kinases ERK1/2 and cSrc
in hormonally intact or primed rats (Hebert and O’Callaghan,
2000; Choe et al., 2002; Zhang et al., 2004; Pascoli et al., 2005;
Williams et al., 2018). The cytosolic-dependent kinase pathways
that could be induced by DIR activation converge with the
hormone-dependent kinase pathways at two serine sites in the
PRs, serine 294 and 345, suggesting a molecular mechanism
through which METH may modulate PR activity (Figure 5).
The combined actions of METH and the ovarian hormones
increased the phosphorylation of PR serine 294, but not serine
345, in the MePD. Moreover, the administration of a DIR
antagonist prevented this increase in phosphorylation of the PRg
at serine 294 (Williams et al., 2018), further supporting the role
of the PRp isoform in the mediation of proceptive behaviors. The
activity of the Src kinase to phosphorylate serine 294 of the PR is
required for the enhancements of sexual motivation of METH;
however, blocking the activation of the ERK1/2 also prevents
the METH-induced increases of proceptive behaviors without
affecting the serine 294 phosphorylation. Taken together, these
data provide evidence of a direct molecular interaction of D1R
and PR actions such that the intracellular signaling cascades
initiated by DIR activation phosphorylate a site on the PRs in
order to modulate the activational states of the PRs. Further
studies are necessary to elucidate the role of serine 294 in the
MePD and in the relative contributions of the different kinase
activation pathways in the MePD on the enhancement of sexual
motivation in the female rat. The utilization of modern tools such
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Sexual motivation is notably different than other motivations such as hunger and thirst,
because it lacks homeostatic drive. Sexual motivation poses no threat to physical
well-being; individual survival is not at stake. Nevertheless, sexual motivation is a
powerful drive and is critical for species survival. Understanding the complexity of sexual
motivation has the potential to advance our understanding of other motivations, even
pathological motivations, such as those associated with substance abuse. The study of
motivation that is unique to females has often been neglected. A number of paradigms
have been developed to investigate female sexual motivation beyond measuring only the
lordosis reflex. Lordosis is a reflexive posture displayed by female mammals in response
to male sexual stimulation to facilitate intromission. The lordosis reflex is essential, but
studying the drive to mate is compromised in the absence of robust lordosis. Therefore,
appetitive measures of sexual behavior (e.g., preferences, solicitation behaviors) are
more specific and more sensitive indicators of sexual motivation than lordosis alone.
Paradigms designed to study female sexual motivation often provide a female subject
with the choice to interact with a sexually vigorous male or either a non-sexual partner
(i.e., female, castrated male) or to remain alone. The study of appetitive measures of
sexual motivation has elucidated the role of hormones in female sexual motivation,
as well as the underlying neural pathways. The present review describes methods
for studying female rats to advance our understanding of sexual motivation and
sexual dysfunction.

Keywords: paced-mating behavior, partner-preference test, mate choice, solicitation behavior, rats

FEMALE SEXUAL MOTIVATION MODELED IN RATS

Motivation for sex is unlike many other drives, in that sex lacks a homeostatic drive for balance.
Early theories of motivation relied on the assumption that an organism is motivated by an
experience of deprivation that creates a need, subsequently activating drives, and then behaviors,
which are directed toward a beneficial goal, relieving deprivation (Hull, 1943). Because there is no
necessary “deprivation state”, “set point” or “optimal” amount of sex, it is difficult to account for
the motivation resulting in sexual behavior with a concept that starts with deprivation. However,
in most females — across species — sexual motivation can only be observed when fertilization
is possible; if the female is not approaching ovulation, no sexual behavior is displayed and
sexual motivation is low. A female rat will avoid a male rat during all phases of her estrous
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cycle (metestrus, diestrus), except for behavioral estrus (i.e.,
proestrus). The day of proestrus is characterized by a rise in
gonadal hormones (e.g., estrogen followed by progesterone)
in anticipation of ovulation. This period of behavioral estrus
lasts approximately 24 h. It starts abruptly and ends abruptly
(Chu and Agmo, 2015a,b). Therefore, sexual motivation in most
mammalian females can only be measured during a limited
period of time. During this time, females will display the
lordosis reflex. The lordosis reflex is defined as the dorsal
flexion of the female rat’s back in response to physical contact
(e.g., mounting) from a male rat (Beach, 1976). The lordosis
posture facilitates penile penetration and reflects a female’s
willingness to receive sexual stimulation from the male (ie.,
sexual receptivity). However, because lordosis is a reflex in
response to physical contact from the male, it lacks elements
of what many consider the basic element of motivation -
drive. In many species, including humans, the time-sensitive
willingness to engage in sex contributes to the observation
that in most species, males have a higher drive for sex
than females. Approach behavior is often used as a measure
of, and surrogate for, drive. If organisms are motivated to
acquire a goal (e.g., food, water, drugs), they will actively
seek out and approach the goal. Initially, goal-directed sexual
motivation was studied using instrumental conditioning (Everitt
and Stacey, 1987; Everitt et al, 1987; Everitt and Wolf,
2002), much like early studies of drug reward. However, these
experiments required extensive training and pairing of sexual
stimuli with instrumental responses. The present review attempts
to identify more parsimonious measures of female sexual
motivation. Over the last 40 years, a number of paradigms
have been developed to specifically measure female sexual
behavior and quantify sexual motivation. The study of female
sexual motivation has turned out to be a complicated and
nuanced endeavor.

LABORATORY PARADIGMS THAT
MEASURE FEMALE SEXUAL BEHAVIOR
AND MOTIVATION

One of the first advances in the study of female sexual motivation
involved studying wild and domesticated rats in a semi-natural
environment (McClintock and Adler, 1977; McClintock and
Anisko, 1982; McClintock et al., 1982). The environment was
developed such that female rats could control the rate, or pace,
of sexual contact. In the paced-mating behavior paradigm, a
sexually receptive female is given the opportunity to approach
and withdraw from a sexually vigorous male, thereby controlling
the timing of mounts, intromissions, and ejaculations (i.e.,
sexual stimulations). Female rats will pace the receipt of sexual
stimulation in semi-naturalistic conditions, as well as in more
minimal laboratory settings. This paradigm has been used
extensively to model naturalistic aspects of female sexual behavior
and quantify female responses (Erskine, 1989; Blaustein and
Erskine, 2002). Typically, in this paradigm a female rat is given
the opportunity to enter through holes in a divider that separate
the subject from a male rat. In Figure 1A, a female rat is

FIGURE 1 | Photograph of a typical paced-mating behavior test where a
female rat can mate with one male rat (A). Photograph of a partner-preference
test where physical contact is restricted between a female rat (center
compartment) and a male stimulus (left compartment) or a female stimulus
(right compartment). Both stimulus animals behind wire mesh (B). Photograph
of a partner-preference test where physical contact is not restricted between a
female rat (center compartment) and a male stimulus (left compartment) or a
female stimulus (right compartment) (C). Photograph of a mate choice test
where a female rat could interact freely with either of two male stimulus
animals (D).

depicted leaving the center compartment and approaching the
male rat on the left. Access to another male on the right is
prevented by blocking the holes in the divider. Furthermore,
when female rats can control the rate at which they receive
sexual stimulation from one or more males simultaneously, we
can assess how the specific measures of paced-mating behavior
(e.g., percentage of exits: likelihood of leaving the male after
sexual stimulation; contact-return latency: latency to return to the
male after sexual stimulation) reflect female sexual motivation.
For example, changes in the latency to return to the male after
receiving sexual stimulation reflect changes in motivation, with
faster return latency indicating an increase in motivation to
mate. Differences in percentage of exits are also sensitive to
motivational state. For instance, more intense genital stimulation
(mount < intromission (mount + penetration) < ejaculation)
increases the likelihood of the female’s withdrawal and leads to
longer periods away from the male (Erskine, 1989). Allowing
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the female to pace sexual contact with one or more males
is similar to the mating conditions of rats in their natural
habitat (Calhoun, 1962). Paced-mating behavior is associated
with larger litters (Coopersmith and Erskine, 1994) and is more
rewarding (Paredes and Vazquez, 1999; Martinez and Paredes,
2001) for the female, when compared to non-paced conditions.
The observation of paced-mating behavior in females, makes
understanding female sexual motivation more complicated than
male sexual motivation, given that there are aspects of a sexual
encounter that seem to drive females away from males in
the middle of a sexual encounter. The complexity of female
sexual behavior is even more problematic when viewing this
behavior through a lens common to the study of motivation;
more approach = more motivation. Female sexual behavior is
not endless approach behavior, suggesting that not all aspects of
sexual contact are equally motivating. Therefore, sexual behavior
in the female rat becomes a delicate balance between approaching
the male and avoiding the male (Paredes and Vazquez, 1999).
Somatosensory stimulation received from the male, and female
motivation, act in concert to affect female behavior and likely
contribute to the avoidance of the male during mating (Erskine
et al, 2004; Clark et al., 2011). Because receipt of sexual
stimulation triggers withdrawal, the amount of time spent with
the male is reduced when mating is possible, relative to when the
female can only exchange olfactory, visual, and auditory stimuli,
but not mate with the male (Clark et al., 2004). The control of
the timing of sexual contact is not only rewarding for females
(Paredes and Vazquez, 1999; Martinez and Paredes, 2001), but
also increases fertility. Therefore, the somatosensory stimulation
experienced during intromission and insemination (Komisaruk
and Wallman, 1977) may have been essential for the development
of paced mating in the species and contributes to the rewarding
qualities of vaginocervical stimulation.

The partner-preference test is a paradigm commonly used
to evaluate approach and the appetitive aspects of sexual
behavior (Paredes and Alonso, 1997; Avitsur and Yirmiya, 1999;
Paredes and Vazquez, 1999; Bakker, 2003). During a partner-
preference test, a sexually receptive female is given the choice
to spend time in the vicinity of either a sexual partner (e.g.,
sexually vigorous male) or a non-sexual partner (e.g., same-
sex conspecific, castrated male). A sexually receptive female rat
will spend more time with the sexual partner when the sexual
partner is placed behind a wire mesh thereby restricting physical
contact (Figure 1B), than when physical contact is not restricted
and mating is possible (Figure 1C). The difference between
preferences observed when physical contact is restricted vs. when
physical contact is unrestricted indicates that the distal cues (i.e.,
auditory, visual and olfactory) of a sexual partner are not only
sufficient for approach behavior but these cues elicit a more
robust preference in female rats (Clark et al., 2004). Because
female rats spend less time with a sexual partner under conditions
that also allow them to engage in paced-mating behavior, it is
possible that some aspects of sexual stimulation received during
paced mating may be aversive to female rats. Alternatively, the
difference between the two conditions of the partner-preference
test could also be a function of the very nature of paced-mating
behavior. Specifically, leaving the male after the receipt of sexual

stimulation followed by periods of time remaining away from the
male could artificially reduce the time that a female rat can spend
with a sexual partner.

The conditioned-place preference (CPP) paradigm has also
been used to assess the rewarding aspects of sex. Although
the CPP paradigm has been useful in assessing the rewarding
properties of drugs that are commonly abused, such as opiates
and psychomotor stimulants (Carlezon, 2003), it has also been
used to identify which aspects of sex and under which conditions
do female rats find sex rewarding. In the CPP paradigm, aspects
of a sexual encounter (e.g., conditions for mating, types of
mating stimulation) are repeatedly paired with spending time
in one distinct context (e.g., white walls, gravel floor), whereas
another distinct context (e.g., black walls, grate floor) is paired
with a control condition (e.g., no mating). If aspects of a sexual
encounter were sufficiently rewarding, an association between
the context and sexual encounter will develop. Evidence of this
reward state will be expressed by subjects as a preference to spend
time in that conditioned context when given the opportunity to
spend time in either context. Initial studies found that paced-
mating behavior could be conditioned, therefore female control
over the timing of mating is rewarding (Paredes and Alonso,
1997). Furthermore, pre-treatment with naloxone (i.e., opiate
antagonist) blocks the formation of a CPP associated with
female paced sexual stimulation, indicating that the rewarding
properties of paced-mating behavior depend on opioid receptors
(Paredes and Martinez, 2001). However, a number of studies
have since suggested that what is rewarding is not necessarily
control per se, but allowing the female to take a break between
sexual stimulation. For example, Becker and colleagues reported
increases in mesencephalic (i.e., striatum, nucleus accumbens)
dopamine release in response to copulation if the female
experiences her “preferred pacing interval” between sexual
stimulations, even when the female had no active control of this
interval (Jenkins and Becker, 2001, 2003a,b). Meerts and Clark
(2007, 2009) have also found that vaginocervical stimulation
(VCS) is rewarding when measured using the CPP paradigm,
independent of active control (i.e., artificial VCS or non-paced
mating conditions), as long as females are given a brief period of
time without any sexual stimulation following ejaculations (the
most intense sexual contact), suggesting that the reprieve from
sexual stimulation is critical for the reward state.

The mate choice paradigm is another methodology that has
been used to advance our understanding of the rewarding
properties of sex in female rats. Although rats are promiscuous,
preference for one mate over another has been observed. In this
paradigm, female rats are given the choice to mate with multiple
male rats simultaneously (Figure 1D). Choice of one mate over
another can be determined by which mate the female spends
more time with and/or which mate is visited first. Results from
our lab have consistently found that a female rat will spend
more than twice as much time with one mate (i.e., her preferred
mate) than another (i.e., her non-preferred mate), as well as
return faster to her preferred mate than to her non-preferred
mate following sexual stimulation. In addition, female rats receive
more sexual stimulations from their preferred mate than their
non-preferred mate. Female rats will visit and display solicitation
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behaviors more frequently with their preferred mate than their
non-preferred mate (Ferreira-Nuio et al., 2005; Lovell et al., 2007;
Zewail-Foote et al., 2009). The pattern of behavior displayed with
a preferred mate further supports the conclusion that measures
of paced-mating behavior reflect sexual motivation. Specifically,
females are less likely to leave their preferred mate than their non-
preferred mate after receiving sexual stimulation, but if they do
leave, they return to their preferred mate faster than their non-
preferred mate. In addition to describing the patterns of mate
choice in female rats, we have also investigated the effects of mate
choice on reproductive success (Lovell et al., 2007; Zewail-Foote
et al., 2009). From these studies, we have found that female rats
consistently prefer the same mate across multiple tests, as well
as between different females. However, using the mate choice
paradigm or olfactory preferences for particular mates, we have
been able to determine that it is unlikely that preference for a
particular male rat is related to urinary testosterone levels, body
weight, or testes weight (Winland et al., 2012) but instead female
rats are attracted to males with high levels of major urinary
proteins, which could communicate health, nutritional status,
and social rank (Kumar et al., 2014). Surprisingly, mate choice
does not seem to provide any reproductive advantage (Winland
etal., 2012; Chu et al., 2015).

During any mating encounter, in any paradigm, female
rats also display species-specific, sex-specific behaviors, such as
hopping, darting, ear wiggling, and presenting (Erskine, 1989).
These additional behaviors displayed by sexually receptive female
rats seem to attract or “solicit” the attention of potential mates,
hence the common use of the term “solicitation behaviors” to
describe this cluster of behaviors. Although the underlying neural
mechanism of these behaviors is not well known, solicitation
behaviors often precede the receipt of sexual stimulation from
a male, suggesting that there is a functional purpose for these
behaviors. Not all female rats display solicitation behaviors
consistently throughout a mating encounter, nevertheless,
interest in sexual contact has been inferred from the rate at which
females attract a male rat’s attention with the display of hops,
darts, ear wiggles, and presentations. New qualitative analyses
of complex sequences of behavior may be useful in furthering
our understanding of the role solicitation behaviors play in a
sexual interaction.

INDICATIONS OF MOTIVATION

A consistent pattern of behavior has been identified in the
many recent experiments investigating female sexual behavior
using the aforementioned paradigms. For example, following
the administration of a number of different psychomotor
stimulants that are known to enhance, or cross-sensitize with,
other reinforcing drugs, female rats have been shown to spend
more time with a sexual partner, leave a sexual partner less
frequently, and display more solicitation behaviors (Guarraci,
2010; Guarraci and Bolton, 2014). This pattern of behavior likely
reflects an increase in a female rat's motivation to spend time
interacting with a male rat. Alterations in motivation do not
always follow the above pattern perfectly; rarely do we observe

females spending more time, leaving less often, coming back
faster, and displaying more solicitations as the result of a drug
treatment or other experimental manipulation. More often than
not, we see the pattern with two or three of these behaviors
affected. For instance, ketamine, at doses comparable to what is
being used off-label to treat depression, increased time spent with
a male rat during a partner-preference test and decreased the
likelihood of leaving the male after sexual stimulation (Guarraci
et al,, 2018). In addition to pharmacological studies, we have
also observed this pattern of enhanced motivation to mate under
other conditions. The pattern is observed while a female is mating
with her preferred mate (as mentioned above). This pattern is
also observed after repeated mating encounters, as female rats
transition from virgins to experienced breeders. With regular
repeated sexual experience, female rats spend more time with a
male, are less likely to leave after sexual stimulation, return to
the male faster, and display more solicitation behaviors, when
compared to virgin females during their first sexual encounter
(Meerts et al., 2014, 2016; Guarraci and Meerts, 2017; Arnold
etal., 2019; Piergies et al., 2019).

In contrast, a variety of conditions result in a consistent
pattern indicating a disruption of sexual motivation beyond
the lordosis reflex. This pattern is characterized by female rats
spending less time with a sexual partner, leaving the male
more frequently, taking longer to return after receiving sexual
stimulation, and displaying fewer solicitation behaviors. We have
observed this disruptive pattern when female rats are exposed to
drugs that block estrogen receptors or drugs that inhibit PDE-5
(Clark et al., 2003, 2009). Lesions of the medial preoptic area of
the hypothalamus also decrease time spent with a sexual partner,
increase the likelihood of leaving, and delay returning to the
male after receiving sexual stimulation (Yang and Clemens, 2000;
Guarraci et al., 2004; Guarraci and Clark, 2006) when subjects are
tested for partner preference and during paced-mating behavior.
Interestingly, this pattern was observed even though the lordosis
reflex remained intact; motivation of the female rat to actively
pursue sexual contact was diminished by the lesions despite
robust lordosis.

An important consideration must be made when a
manipulation or treatment changes levels of general locomotor
behavior. For example, psychomotor stimulants increase
locomotion. Such increases in locomotion can artifactually affect
measures we record during mating tests, such as visits to the
stimulus animals. In contrast, opiates and aging have been shown
to decrease general locomotor behavior. In lieu of these changes
in locomotion, we have had to rely on discrimination between the
male and the female stimulus. Specifically, even when locomotor
behavior is increased following administration with caffeine,
we have noted that visits to the male stimulus outpace visits
to the female, indicating discriminating motivation (Guarraci
and Benson, 2005). Similarly, we have noted increases to the
male stimulus compared to the female stimulus despite overall
decreases in visits to both stimulus animals in middle-aged
female rats (under review).

Taken together, the growing literature investigating female
sexual motivation indicates that sexual behavior in the female
rat a complex balance between approach and withdrawal that
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can be measured with a number of paradigms. Studies of
sexual motivation in female rats can be used to advance our
understanding of the underlying neural pathways of healthy
motivation, as well as dysfunctional motivation.
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Motivational drives guide behaviors in animals of different species, including humans.
Some of these motivations, like looking for food and water, are crucial for the survival of
the individual and hence for the preservation of the species. But there is at least another
motivation that is also important for the survival of the species but not for the survival
of the individual. Undoubtedly, sexual motivation is important for individuals to find a
mate and reproduce, thus ensuring the survival of the species. In species with sexual
reproduction, when males find a female in the appropriate hormonal conditions, they
will display sexual behavior. However, some healthy males do not mate when they have
access to a sexually receptive female, even though they are repeatedly tested. These
non-copulating (NC) individuals have been reported in murine, cricetid and ungulates.
In humans this sexual orientation is denominated asexuality. Asexual individuals are
physically and emotionally healthy men and women without desire for sexual intercourse.
Different species have developed a variety of strategies to find a mate and reproduce.
Most species of mammals are polygamous; they mate with one or several partners
at the same time, as occur in rats, or they can reproduce with different conspecifics
throughout their life span. There are also monogamous species that only mate with one
partner. One of the most studied socially monogamous species is the Prairie vole. In this
species mating or cohabitation for long periods induces the formation of a long-lasting
pair bond. Both males and females share the nest, show a preference for their sexual
partner, display aggression to other males and females and display parental behavior
towards their pups. This broad spectrum of reproductive strategies demonstrates the
biological variability of sexual motivation and points out the importance of understanding
the neurobiological basis of sexual motivational drives in different species.

Keywords: sexual motivation, polygamy, monogamy, wanderer, non-copulating males, asexuality

INTRODUCTION

Mammals display several reproductive strategies that can be influenced by population density,
group size, distribution, home range size, abundance of food and resources. In mammals, the most
common mating strategy is polygamy with the polygyny (one male more than one female) and
polyandry (one female, more than one male, rare or inexistent in no human species) as subtypes.
In polygamy, there is no sexual exclusivity and reproductive success is maximized through
multiple mating partners (Kleiman, 1977). Social monogamy is a reproductive strategy in species
in which resources are evenly distributed but sparse, females can disperse and have large home
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ranges, and males are not able to defend the access to more
than one female. Also, a low density of females and food can
favor monogamy. Monogamy is also present when successful
rearing of offspring requires paternal and maternal care. Males
help carry the litter, provide food for them and the mother when
this resource is energetically costly to obtain, and the litter size is
larger (Clutton-Brock and Harvey, 1978). Socially monogamous
males and females after mating establish a pair bond that can
last more than one reproductive cycle. However, in monogamous
species some males and females do not form this pair bond and
only mate opportunistically.

Interestingly, there are males and females in polygamous and
socially monogamous species that do not mate even if they
have the opportunity. In humans, around 1% of healthy men
and women are not interested in engaging in sexual activity
and are denominated as asexual. However, asexual individuals
are interested in other motivational aspects of sexuality such
as romantic relationships (Bogaert, 2004; Prause and Graham,
2007; Brotto and Yule, 2017; Jones et al., 2017). The biological
bases of asexuality in humans are not well understood due to
their complexity and ethical issues. However, the physiological
bases of asexuality have been studied in murine, cricetid and
ungulates, where some males do not mate even if they are tested
with several sexually receptive females. In this manuscript, we
will briefly outline different motivational strategies associated
with reproduction in mammals and then we will describe
in more detail the possible neurobiological factors associated
with non-copulating (NC) males and the socially monogamous
prairie vole.

In most mammals, sexual behavior consists of stereotyped
movements usually organized in predictable patterns that are
similar between individuals, but which vary between species.
The specific patterns displayed by males and females reflect
the motivational or consummatory aspects of sexual behavior.
The comparative analysis between species showing different
mating strategies including monogamy, polygamy and the case
of asexuality could help us understand the biological variability
of sexual motivational drives in mammals.

MOTIVATIONAL DRIVE IN RODENTS

Under the appropriate hormonal conditions, females in estrus
will display a series of stereotyped behaviors to attract a male.
Originally described by Beach (1976), proceptive behaviors
are displayed to attract the male and they include approach,
orientation, and runaway. After a receptive female approaches
the male, she positions herself placing her anogential region in
contact with his face. After that, she may display hopping and
darting as if running away and ear wiggling. In some rodents,
these proceptive behaviors can be accompanied by scent marking
and/or ultrasonic vocalizations (Gonzalez-Flores et al., 2017).
After these behaviors are displayed by the female, the male will
usually follow her and display mounts and intromissions. In the
case of a sexually experienced male rat, he will display around
15 intromissions before ejaculating. If the female is receptive,
she will arch her back, elevate the pelvis and deviate the tail.
This lordosis reflex facilitates intromissions and ejaculations

(Hardy and DeBold, 1972). It has been suggested that the male
rat is an unconditional incentive stimulus for the female which
she will approach without a previous learning or rewarding
experience (for a discussion see Agmo, 2003). Consistent with
this hypothesis studies in seminatural and natural conditions
have demonstrated that the female rat has a very active role
in mating, controlling and spacing the stimulation she receives
during a sexual interaction (McClintock and Adler, 1978).
Classical studies have shown that under laboratory conditions
females can also control (pace) the sexual interaction (Erskine,
1989). Many studies indicate that when subjects (males or
females) pace the sexual interaction a reward state is induced that
ensures that the behavior will be repeated in the future (reviewed
in Paredes, 2014). Moreover, mating under pacing conditions
induces the formation of new cells and neurons in the olfactory
bulbs (OBs) and dentate gyrus of the hippocampus indicative of
permanent plastic changes after mating (for a review see Bedos
et al., 2018; Portillo et al., 2019).

Another important characteristic that is observed in natural
and/or seminatural conditions is that rats are promiscuous.
Usually, several females will be in estrus at the same time and
they will mate with one or several partners repeatedly changing
partners in the middle of copulation (McClintock and Anisko,
1982). In this way, a female could receive as first stimulation
an ejaculation from a male that had been mating with another
female and a male could mate with a female that has received
several intromissions or ejaculations. Other studies in which
subjects can choose between different mating partners indicate
that the females spend more time with a male, but the preferred
male is different across the estrous cycle (Ferreira-Nufio et al,
2005). It has also been shown that rats can develop conditioned
mate preference for a partner that has been associated with
sexual reward cues (Pfaus et al., 2001). More recent studies in
seminatural observations indicate that females have a preferred
male with whom they copulate more but receive intromissions
and ejaculations from both the preferred and non-preferred
males (Chu and Agmo, 2014). One important characteristic of
group mating is that males and females eventually receive the
same amount of stimulation with both sexes controlling sexual
interaction. It thus appears that sexual behavior in rats has
evolved to ensure that sexual interaction will be rewarding for
both sexes and hence increase the probability that the behavior
will be repeated (for a discussion see Paredes, 2014).

Non-copulating (NC) Males

Under appropriate conditions and when the female is in
estrous most males will mate with her. However, it is well
documented that some males will not mate even though they
area repeatedly tested with receptive females. The existence of
NC animals in different species confirms the biological variability
in sexual motivational drives and allows the opportunity to
study and understand the biological bases of asexuality (see
below). NC males have been identified in sheep, guinea pigs,
gerbils, hamsters, rats and mice (Whalen et al., 1961; Harding
and Feder, 1976; Paredes et al., 1990; Alexander et al., 1999;
Clark and Galef, 2000; Portillo et al., 2006, 2010, 2013; De
Gasperin-Estrada et al, 2008; Borja and Fabre-Nys, 2012;
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Canseco-Alba and Rodriguez-Manzo, 2013; Mirto et al., 2017;
Ventura-Aquino and Paredes, 2017). They represent between 1%
and 5% of murine (Portillo et al., 2006, 2013) and 16%-20%
of ungulates (Alexander et al., 1999). To our knowledge, no
research group has evaluated whether there are asexual females
in different mammalian species. Therefore, this is a field of great
scientific potential and interest. Some studies have evaluated
females that display low levels of sexual behavior. For example,
Snoeren and coworkers evaluated the sexual motivation of
a female rat to approach a male using an arena with two
compartments. One of the compartments was empty and the
other contained a sexually active male, only females were able
to move from one compartment to the other. Females were
classified into three groups: those that avoid the male, females
that approach the male and a middle group. The females that
avoid the males show low preceptive behaviors. The authors
suggest that the females that avoid the males represent an animal
model to evaluate hypoactive sexual desire disorder (Snoeren
et al, 2011). In the following section, we will describe studies
of NC males in murine and ungulates, which are the most
studied species.

Several studies have suggested that NC males can have
alterations in brain regions that control sexual behavior. In
mammal’s the medial preoptic area (MPOA) regulates different
motivated behaviors such as aggression, parental and sexual
behavior (Pfaff and Baum, 2018; Yoshihara et al., 2018; Tsuneoka,
2019). With respect to sexual behavior, the MPOA modulates the
appetitive (motivational) and consummatory (execution, mount,
intromission and ejaculation) aspects of male sexual behavior
(Paredes, 2003; Pfaff and Baum, 2018). Bilateral lesions of the
MPOA eliminate consummatory components of sexual behavior
in several species including fish, lizard, snake, quail, rat, guinea
pig, marmoset, chicken, frog, mouse, hamster, ferret, goat, cat,
dog and rhesus monkeys. On the other hand, stimulation of
the MPOA induces penile erections in squirrel monkeys. In
rats stimulation of this brain region increases mating; review
in Paredes (2003) and references therein. The lack of sexual
behavior in NC males is not associated with a decrease in
plasmatic testosterone levels or a reduction of testis and seminal
vesicle weight (Stefanick and Davidson, 1987). Also, males with
lesions in the MPOA do not present alterations in penile erection
or seminal emission (Larsson and Heimer, 1964; Lisk, 1968;
Stefanick and Davidson, 1987; Liu et al, 1997). As already
mentioned, the MPOA also plays a fundamental role in the
appetitive components of male sexual behavior. Male rats with
MPOA lesions show a decrease in the time they pursue the
female. Partner preference tests have also demonstrated the
importance of the MPOA in the motivational components of
male sexual behavior. When given the choice to interact with
a sexually receptive female or a male, both male rats and
ferrets show a clear preference for the sexually receptive female.
However, after bilateral lesions of the MPOA the males do not
mate with the females and they show a preference for the male in
both ferrets (Cherry and Baum, 1990) and rats (Paredes et al.,
1998). Male rats also show a clear preference for odors from
estrous females as opposed to odors from anestrous females or
clean odors. Again, rats with MPOA lesions lose this preference

and equally prefer estrus and anestrus female odors. This change
in olfactory preference was not associated with alterations in the
neuronal processing of sexually relevant odors in the accessory
olfactory system (Hurtazo and Paredes, 2005).

Much like males with MPOA lesions, NC male rats, do
not have genital dysfunction as they show penile reflexes
and spontaneous seminal emission similar to copulating males
(Stefanick and Davidson, 1987). Also, NC rats and mice do not
have alterations in plasmatic testosterone or estradiol levels that
could explain the lack of sexual interest and systemic hormone
replacement fails to induce sexual activity (Whalen et al,
1961; Stefanick and Davidson, 1987; Portillo and Paredes, 2003;
Portillo et al., 2006, 2013). Although there are no differences
in their plasmatic hormonal levels, NC rats have alterations in
their steroid receptors. Androgen receptors (ARs) are higher
and estrogen receptors alpha are lower in the MPOA of NC
males and the activity of the aromatase enzyme (enzyme that
converts testosterone to estradiol) is reduced in the MPOA of
NC males (Portillo et al., 2006, 2007). Interestingly, our research
group has demonstrated, that testosterone or estradiol implants
in the MPOA induces mating in previously NC male rats
(Figure 1). These effects are specific to the MPOA since estradiol
or testosterone implants outside this area fail to induce sexual
behavior (Antonio-Cabrera and Paredes, 2014). Similarly, NC or
sexually sluggish rams do not have alterations in testosterone
or luteinizing plasmatic levels. However, when copulating rams
cohabit with sexually receptive females their plasmatic levels of
luteinizing hormone (LH) increase. This physiological response
is not observed in NC rams or in males that do not mount
receptive females but display the behavior with other males
(male-oriented males; Alexander et al., 1999). NC rams also have
alterations in their hormone receptors. NC rams have a reduced
number of estrogen receptors in the MPOA and higher number
in the anterior adenohypophyses in comparison to sexually active
males (Alexander et al., 1993). Moreover, studies in rats and
rams have shown that the MPOA of NC or sexually sluggish
males, those that do not mate consistently or take a long time to
ejaculate, is smaller than that of copulating males and similar to
the MPOA of females (Rhees et al., 1999; Alexander et al., 2001)
suggesting that these males show neuroanatomical feminization
of the MPOA.

NC male rats also have alterations in different aspects of
sexual motivation. NC rats show less social behavior such as
autogenital grooming and display reduced grooming partner
and vocalizations than copulating males (Pottier and Baran,
1973). Our research group has shown that NC males show a
reduced preference for odors or for the presence of sexually
receptive females. Whereas copulating male rats and mice show
a clear preference for a receptive female with whom they can
mate (sexual preference) or for one they can only see, hear
and smell (sexual incentive motivation) as opposed to a male
or a non-receptive female, NC mice and rats do not show
any preference (Portillo and Paredes, 2003, 2004; Portillo et al,,
2013). In rodents, the sense of smell is very important to
identify conspecifics and their pheromones. Copulating males
show a strong preference for bedding exposed to secretions of
receptive females as opposed to anestrous, male or clean bedding.
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FIGURE 1 | Characteristics of non-copulating males (NC) and voles with resident and wandering mating strategies. NC rats have normal plasmatic levels of
testosterone (T) and estradiol (E) and ungulates have normal plasmatic levels of T and luteinizing hormone (LH). The medial preoptic area (MPOA) is involved in sexual
motivation and shows a reduced size in NC rats and rams in comparison to copulating males. The MPOA in NC males has increase androgen receptors (ARs),
reduce estrogen receptor alpha (ERA) and low activity of aromatase enzyme (ARO). Treatments that induce sexual activity in previously NC male rats: MPOA kindling
stimulation; T or E implants in the MPOA; systemic administration of naloxone, endocannabinoid anandamide and Phlegmarirus sururus extract. Prairie voles are
socially monogamous species. However, around 30% of the males show a promiscuous mating strategy (wanderers) which have shorter anogenital distances,
decrease in oxytocin receptors in the nucleus accumbens (NAc) and vasopressin 1a receptors in the cingulated/retrospenial cortex and thalamus in comparison to
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Although NC males also choose the estrous odors this preference
is significantly reduced compared to copulating males (Portillo
and Paredes, 2003, 2004; Portillo et al., 2013). NC mice can
discriminate volatile urine odors from males and females, but
they spend less time smelling them compared with copulating
males (Portillo et al., 2013). Taken together, these results suggest
that NC males are not sexually motivated by the receptive females
or their odors (Figure 2).

The lower preference for estrous female odors in NC males
may be due to deficits in the neuronal processing of sexually
relevant odors. For example, when copulating males detect odors
from estrus females, the MPOA, and other neuronal regions
in the vomeronasal projection pathway increase their neuronal
activity, evaluated by the expression of the protein of the early
gen c-Fos. On the contrary, the MPOA and central structures
of the vomeronasal projection pathway in NC males do not
increase their neuronal activity (Portillo and Paredes, 2004;
Portillo et al., 2013). Thus, NC males have an alteration in the
neuronal processing of sexually relevant cues. This reduction in
neural activity could simply reflect the reduce motivation that
these males have for sexually receptive females or their odors
(Figure 2).

Sexual behavior can be induced in NC males using different
experimental strategies. Systemic injection of the opioid receptor
antagonist naloxone can induce mating behavior in formerly NC

rats (Gessa et al.,, 1979; Canseco-Alba and Rodriguez-Manzo,
2019). Administration of the endocannabinoid anandamide
induces sexual activity in 50% of previously NC male rats
(Canseco-Alba and Rodriguez-Manzo, 2013). These males were
able to mate 14 days after the drug treatment without needing
another administration of the compound. Endocannabinoid
anandamide induces sexual behavior in previously NC male
rats through the activation of the CB1 cannabinoid receptor
(Canseco-Alba and Rodriguez-Manzo, 2019). Endocannabinoids
modulate presynaptic neurotransmitter release. Rodriguez-
Manzo group reports a high proportion of NC male rats in their
experiments, around 20% of their male Wistar rats were classified
as NC. In our studies, using the same rat strain, we found that
only around 1%-3% of the males can be classified as NC. The
high frequency of NC males reported in other research groups
could be due to different housing and or breeding conditions.

Another compound that induces sexual behavior in
previously NC male rats is the aphrodisiac Phlegmarirus
saururus. This compound is rich in alkaloids, principally
sauroine, sauroxine and 6-hydroxylycopodine and when
administered to NC males induces sexual behavior
(Birri et al., 2017).

Kindling is a model of epilepsy in which an initially
subconvulsive electrical stimulation of a specific region of
the brain eventually develops a generalized seizure. Kindling
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FIGURE 2 | Neuronal brain regions and neuromodulators involved in sexual motivation in NC rats. Copulating male rats and mice show an increase in neuronal
activity in response to odors from sexually receptive females in the olfactory bulbs (OBs) a region involved in conspecific recognition and in neuronal areas involved in
the social behavior network (SBN; bed nucleus of the stria terminalis, BNST, amygdala, AMG) and MPOA, and mesolimbic reward system (MRS; NAc and ventral
tegmental, VTA). However, in NC male rats and mice no increase in neuronal activity is observed in some of these neuronal regions. In NC male rats DA is not
increase when males are exposed to estrous females indicative of a lack of interest reducing approach behavior to the incentive. The MPOA is an important interface
with the VTA to establish a reward state that assures that the behavior will be repeated (McHenry et al., 2017).

can induce several plastic changes in the brain such as
modulation of neurotransmitters (GABA), monoamines, several
opioid peptides, long term potentiation (LTP) and changes in
cellular protein synthesis (Gorter et al., 2016). Even though
kindling did not modify sexual behavior in copulating rats when
induced in the MPOA, the development of MPOA kindling in
previously NC male rats induced sexual activity in seven out
of nine animals. The sexual behavior displayed by previously
NC male rats with MPOA kindling was very similar to that
observed in copulating males. This effect of kindling over sexual
behavior was specific to the stimulated area, because kindling
in the AMG in NC males did not induce sexual behavior
(Paredes et al, 1990). The induction of sexual activity in
previously NC male rats with MPOA kindling is long lasting
since males displayed sexual behavior even 8 months after
kindling stimulation had ceased (Portillo et al, 2003). The
induction of sexual activity in previously NC rats could be
associated with changes in neuromodulatory systems, protein
synthesis or LTP.

NC males are poorly studied in other species. In male
Mongolian gerbils (which are socially monogamous; Scheibler
et al, 2004), hormone exposure during fetal development
modifies their sexual behavior when adults. Males that develop
between two females have lower levels of circulating testosterone
and deficits in the development of genital musculature in
comparison to males gestated between two males. Around 22%
of males located between two females when reach adulthood
did not mount the females and when they cohabited with them,
they failed to induce pregnancy. These NC gerbils show high
levels of alloparental behavior, they spend 30%-50% more time

caring for pups than males that developed between two males
(Clark et al, 1992; Clark and Galef, 2000). Clark and
Galef propose that although NC gerbils are unable to have
descendants, they can increase their fitness by contributing to
rear collateral kin.

From the above-described studies, it is evident that asexuality
or the lack of copulation in different species has an important
biological component that can modify the structure of the central
nervous system and consequently its function reducing sexual
motivation. The MPOA is a brain region where these changes
might occur as part of the circuits controlling sexual behavior.
NC males are a valuable animal model to study the factors that
modulate motivational sex drive and hence sexual behavior.

ASEXUALITY

The NC males that have been identified in several species could
be equivalent to asexual individuals in humans. However, it is
necessary to recognize the limitations of these comparisons since
the psychological (fantasies) and romantic aspects of human
sexuality cannot be studied in animals. In general, asexual
individuals are healthy men and women without physical or
emotional disorders, who report low or absent sexual desire
and/or attraction (erotic and sensual allure). That is, they do
not feel sexual attraction to any congener (Bogaert, 2004; Prause
and Graham, 2007; Brotto et al., 2010). Asexual individuals have
more negative explicit and implicit attitudes toward sex as well as
explicit negative attitudes toward romance (feeling of infatuation
or emotional attachment) than individuals who engage in sex.
Thus, asexual people have a neutral or negative view of sex,
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low passion but can have romantic attraction (Bogaert, 2012;
Bulmer and Izuma, 2018; Zheng and Su, 2018). However, this
sexual orientation does not prevent them from engaging in
emotional relationships, and some of them have relationships
with other asexual individuals (Bogaert, 2004; Prause and
Graham, 2007; Brotto et al., 2010; Brotto and Yule, 2017;
Jones et al., 2017).

Bogaert in 2004 reported that approximately 1% of the
population of Britain and the United States identify themselves as
asexual (Bogaert, 2004, 2015). In New Zealand students, asexual
individuals represent about 2% of the population (Lucassen
et al., 2011), and in Finland 3.3% and 1.5% of women and
men, respectively (Hoglund et al., 2014). Asexual individuals are
more likely to be women (70%; Bogaert, 2012, 2015). Bogaert
reported that asexual individuals, in general, experience their
first sexual interaction at an older age than sexual persons
and throughout their lives they have fewer sexual partners.
Asexual and sexual women differ in parameters such as age,
socioeconomic status, education, race, weight, age of menarche
and religiosity (Bogaert, 2004). In contrast, asexual and sexual
men differ in socio-economic status, education, weight and
religiosity; review in Prause and Graham (2007). However,
recent studies did not find significant differences between sexual
and asexual individuals regarding education level and physical
health (Greaves et al., 2017; Yule et al, 2017; Zheng and Su,
2018). Asexual people report more frequent anxiety disorders
such as somatization, depression, more interpersonal problems
and suicidal and psychotic symptoms than sexual participants
(Yule et al., 2013).

Both asexual men and women report falling curiosity
about sexual relationships during adolescence, but they report
having less frequent sexual intercourse experience because it
is unpleasant. In fact, a low percentage of asexual individuals
reported to be in a relationship. Moreover, some asexual
individuals who are married engage in sexual activity only to
please their partners. That is, they have unwanted but consensual
sex (Carrigan, 2011; Van Houdenhove et al., 2014, 2015a; Zheng
and Su, 2018). Asexuality is not due to physical alterations,
because asexual men do not have erection deficiencies and
sometimes masturbation is pleasurable, but not sexual contact
with a partner (Brotto et al, 2010). An early study found
no significant differences in masturbation frequency between
asexual and sexual men. However, while sexual men masturbate
for reasons associated with sexual needs; their partners are
not interested in sex, are unavailable, or they simply want
sexual satisfaction, asexual men masturbate because they report
to be bored, or because it helps them relax and/or fall sleep
(Bogaert, 2012).

Asexual as well as sexual women participants respond to
audiovisual erotic stimuli with an increase in genital congestion,
which is an indication that they experience normal levels of
genital arousal. Even though masturbation is usually enjoyable,
asexual women masturbate less frequently than sexual women
(Brotto and Yule, 2011, 2017; Zheng and Su, 2018). Similar to
asexual men, asexual women masturbate to relax and release
stress or tension and they feel that this activity is not sexual
because it does not involve sexual thoughts or sexual emotions

(Van Houdenhove et al., 2015a). In a recent study (Yule et al.,
2017), asexual women and men reported to be less likely to
masturbate for sexual pleasure or fun. Around 40% of asexual
individuals reported that they had never had a sexual fantasy
in comparison with sexual participants of both genders (8%).
Sexual fantasies are less exciting in asexual than in sexual
participants. Asexual people (12% men and 14% women) that
have sexual fantasies, do not see themselves in the fantasies. Their
fantasies are about other people, voyeurism and fictional human
characters. Asexual men or woman reported to have fantasies
that do not include sexual or romantic content, for example
cuddling (Yule et al., 2017).

Although asexual individuals are not interested in the physical
part of a relationship, they experience the need and desire
to develop emotional bonds, and they look for the romantic
side of relationships and a stable emotional partner. Some
asexual men and women reported that they like kissing and
cuddling but without a sexual connotation (Scherrer, 2008).
Asexual individuals can self-categorize into aromantic with
no romantic feelings and romantic. The ideal relationship
of aromantic asexual men and women is a friendship-like
interaction. On the other hand, romantic asexual people which
represent the majority (79%-72%) have the same romantic
desires and needs as sexual individuals. Romantic asexual men
and women can be homo-romantics (14%), hetero-romantics
(32%) and bi-romantics (26%). Other asexual individuals identify
themselves as gender-neutral (not referring to either sex),
genderqueer (individuals who see their gender as fluid or
hybrid), or reject the binary between male and females (Scherrer,
2008; Brotto et al,, 2010; MacNeela and Murphy, 2015; Van
Houdenhove et al., 2015b; Zheng and Su, 2018).

Asexual people describe different benefits to their orientation.
Among those are that they keep away from the common
problems of intimate relationships, which include high risk of
acquiring a sexually transmitted infection, unwanted pregnancies
and finding a partner. Among the main disadvantages of
asexuality are that asexual men and women are seen as less
human than people with other sexual orientations, difficulties in
establishing intimate non-sexual relationships and the positive
effects of sex are missing. Some asexual individuals worry
that there is something wrong with them and wonder if they
are the only ones with this sexual orientation (MacInnis and
Hodson, 2012). This could increase because there is a lack of
awareness and disbelief that asexuality exists in the general
population. Thus, the asexual community lacks visibility and
credibility in social media and communications (MacNeela
and Murphy, 2015; Robbins et al, 2016). In an attempt to
reduce the lack of awareness and increase visibility asexual
societies have been created. The Asexual Visibility and Education
Network (AVEN) founded in 2005 stands out among them.
AVEN is a social network that focuses on informing about
asexuality. This network links members with scientific studies
related to this orientation and makes information available to
contact other asexual members with the possibility of finding
an emotional partner. There is a clear need to understand
the biological bases of asexuality. Due to ethical limitations,
studies in humans have mainly concentrated on questionnaires
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and clinical descriptions. However, studies in NC animals
suggest that they are present in different species representing
a biological variability in which sexual motivation is reduced.
More research is needed in this area, not to cure asexuality,
but to understand and give support to those that could
need it.

Monogamous Prairie Vole

As already described, there are different reproductive strategies
in mammals that are influenced by external and internal factors
in trying to assure the survival of the species. While in mammals
the most common mating strategy is polygamy, there are
species that have developed a socially monogamous reproductive
strategy (around 3%-9% of mammals) demonstrating the
biological variability in sexual motivation. Microtus ochrogaster
is a socially monogamous species (Lukas and Clutton-Brock,
2013). Sexually naive females and males form long-lasting pair
bonds after mating or cohabitation for at least 6 h, sharing a nest
and home range, showing a preference for their sexual partner,
displaying selective aggression to other males and females,
defending a territory and displaying parental behavior to their
pups. When the sexual partner dies, the survivor usually does
not form a new pair (Getz and McGuire, 1993; Gobrogge, 2014;
Walum and Young, 2018).

However, not all voles pair bond (residents), in natural
and laboratory conditions some males have home ranges that
overlap with territories of other males and females. These
voles mate when they find an available receptive female but
do not form a pair bond or defend the territory (Getz and
McGuire, 1993; Carter et al, 1995; Getz and Carter, 1996;
Ophir et al., 2008). These males represent around 30% of the
population and have been denominated as wanderers. Females
can also be wanderers but less than 15% have been found
to adopt this reproductive strategy (Ophir et al., 2008). This
behavioral pattern is not fixed since some wanderers had
been residents or become residents during the same season.
Studies have evaluated the socially monogamous or wandering
reproductive strategies in voles. Resident male voles defend
their territory and have shorter home ranges than wanderers
(Solomon and Jacquot, 2002). Residents have more possibility to
sire a litter probably by mate guardian. Resident males with litters
had fewer home range overlaps than reproductively successful
wanderers. As expected wandering males that sired a litter had
a higher home range overlap than that of unsuccessful wanderers
(Ophir et al., 2008, 2012).

In semi-natural conditions, resident male voles have longer
anogenital distances than wanderers (Ophir and Delbarco-Trillo,
2007). Studies in rodents indicate that the anogenital distances
depend on prenatal levels of testosterone; pre and neonatal
treatment with an AR blocker (flutamide) decrease anogenital
distance in male rats and impairs sexual behavior (Dominguez-
Salazar et al., 2002). Male gerbils with longer anogenital distances
have higher testosterone levels, higher testes weight, scent mark
more frequently and display sexual behavior more than males
with shorter anogenital distance (Clark et al., 1990). These results
suggest that changes in testosterone levels could be associated
with resident and wanderer mating strategies.

Female voles show a clear sexual preference for males
with longer anogenital distances and larger testes. Male
voles with longer anogenital distances had higher levels of
seminal fluid and sperm than males with short anogenital
distances (Ophir and Delbarco-Trillo, 2007). Thus, resident
pair voles are more masculinized and fertile than wanderers.
Females can identify these characteristic to choose a mate
and eventually form a pair bond (Ophir and Delbarco-Trillo,
2007). These reproductive strategies have no impact on the
general health of the voles since there are no significant
differences in their body mass and survival (Solomon and
Jacquot, 2002). Differences in neurotransmitters have been
reported between residents and wanderers. In male prairie
voles, vasopressin facilitates pair bonding. Moreover, vasopressin
receptor la (V1aR) is higher in the ventral pallidum (VP) of
prairie voles in comparison to polygamous Microtus montanus
(montane voles) and Microtus pennsylvanicus (meadow vole;
Nair and Young, 2006). Resident male voles that have extra-
pair copulation (sexual infidelity) and wandering males in
a seminatural enclosure show low levels of vasopressin la
receptor V1aR expression in neuronal regions involved in
spatial memory such as the posterior cingulate/retrosplenial
cortex and laterodorsal thalamus. However sexual fidelity is
not associated with vasopressin la receptor in the VP or
lateral septum (LS) areas involved in pair bonding formation
(Ophir et al., 2008).

Another neurotransmitter involved in pair-bonding is
oxytocin. Prairie voles have a higher density of oxytocin receptors
in the nucleus accumbens (NAc) medial prefrontal cortex
(mPFC) and AMG compared to the closely related non-socially
monogamous montane and meadow voles (Insel and Shapiro,
1992). Interestingly, the density of oxytocin receptors in the NAc
and caudate putamen is highly variable in prairie voles (Ophir
etal., 2012). Ophir and coworkers showed that sexual exclusivity
is not related to oxytocin receptor density. They demonstrated
that males that sired offspring only with their sexual partners did
not differ in oxytocin receptors in the forebrain in comparison
with males that sired offspring with a female that was not their
partner. However, paired male voles had more oxytocin receptors
in the NAc than wandering males (Ophir et al., 2012).

As already described, pair-bonding can be induced by mating
or cohabitation for 6 h (Williams et al., 1992; Carter et al., 1995;
Wang et al., 1997). We evaluated if mating and pair-bonding
endure because they induce a positive affective state. In male
voles, the pair bond resulting from mating until one ejaculation
or copulation for 6 h induces a positive affective state evaluated
by the conditioned place preference (CPP) test. This positive state
is not induced if males are exposed to auditory, olfactory and
visual stimulation with a receptive female, but without physical
contact for 6 h. This rewarding state induced by mating is opioid-
dependent because the administration of the opioid antagonist
naloxone to males that ejaculate once or mate for 6 h blocked
the induction of a reward state (Ulloa et al., 2018). Female voles
that were exposed to a sexually active male without mating or
that mated for 6 h or mated until one ejaculation did not develop
a reward state. The failure to develop CPP and hence a reward
state in female voles after mating could be due to the fact that
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FIGURE 3 | Schematic representation of emotional, reward and sensory brain circuits involved in pair-bonding formation. Recognition and memory formation of the
sexual partner cues are encoded by the OB, the AMG, the MPOA, the Hipp, the NAc and the lateral septum (LS; green lines). The prefrontal cortex (PFC) and NAc
modulate affiliative behavior. The VTA is known to modulate motivational, reward and emotional salient stimuli. The VP is related to the hedonic or motivational stimuli
of the partner, and the paraventricular nucleus is involved in social recognition and bond separation. Oxytocin (blue lines), dopamine (red lines) and vasopressin
(purple lines) play a fundamental role in pair bonding. Oxytocin is involved in individual discrimination and partner preference. Dopamine induces approach behavior
facilitating partner preference without mating and is involved in pair bond maintenance. Vasopressin is relevant in social recognition, territory marking and aggressive
behavior. Opioids (yellow lines) are involved in sexual and partner associated reward that contributes to the establishment of long term pair bond (review in
Lieberwirth and Wang, 2016; Walum and Young, 2018).

females were not allowed to control, pace, the sexual interaction. ~ Neural Control of Sexual Motivation
As described above in order for sexual behavior to be rewarding  In a recent review, we described in detail the possible neural
in female rats, they need to pace the sexual interaction (Martinez  circuits that control sexual motivation (Ventura-Aquino et al.,
and Paredes, 2001; Arzate et al., 2011). When females receive ~ 2018). Briefly, there are two brain circuits that have homologies
at least 10 intromission, the sexual stimulation is rewarding.  in different vertebrate lineages which integrates internal and
Similarly, sexual behavior is rewarding only in those males that  external stimuli. Both are part of the social decision-making
mate pacing the sexual interaction (Agmo and Berenfeld, 1990;  network facilitating adaptation and survival of the individual.
Paredes and Alonso, 1997; Martinez and Paredes, 2001; Parada  The first circuit is the social behavior network (SBN) important
etal., 2010; Pfaus et al., 2012). Further studies in female voles are  for the control of sexual behavior that includes brain regions
needed to determine if sexual stimulation in pacing conditions  such as the MPOA, the AMG, the anterior hypothalamus and
induces a reward state. the ventro medial hypothalamus. The second network, the
A recent study demonstrated that female voles that mate, = mesolimbic reward system (MRS), includes the ventral tegmental
but not those exposed to a peer formed a place preference for  area (VTA) and the NAc and is important for reward, including
cues associated with their mates (Goodwin et al., 2019). The the reward associated with sexual incentives. When a potential
differences between our study and that of Goodwin etal. (2019)is  mate is present and mating occurs, under appropriate conditions
that we allowed the females to mate with the male for 6 hin each  (pacing for the female, for example) a reward state will be induced
of the three reinforcing conditioning days. After mating females  that will favor the repetition of the behavior (Paredes, 2014).
were returned to their home cage without the male partner. In As described above the MPOA is a key brain area regulating
Goodwin’s study females cohabited with the male for 12 h in the = sexual motivation (for a review see Paredes, 2003) and the
reinforcing conditioning days. Our females were sexually naive  release of opioids in this brain region is important for sex to
and in order to avoid pregnancy females were ovariectomized  be rewarding in both males and females (Paredes, 2014). The
and treated with intraperitoneal (i.p.) administration of estradiol =~ NAc is also important for sexual motivation and dopamine
benzoate. In the study of Goodwin et al. (2019), females were  (DA) is released in anticipation and prediction of reward
sexually experienced and had previously produced litters. Futures ~ (Berridge et al., 2009; Berridge and Robinson, 2016). Different
studies need to address possible rewarding differences between  lines of evidence indicate that a variety of events enhance
residents and wanderers. DA release in the NAc, including eating, drinking, as well
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as aversive stimuli such as tail pinch, restraint stress, foot-
shock, social defeat, and aggressive encounters (for a review see
Paredes and Agmo, 2004). Taken together these results
suggest that DA is involved in the wanting response for
different motivated behaviors. In rats, DA participates in the
consummatory aspects of mating, whereas opioids are involved
in the reward state associated with mating. In voles, mating
induces oxytocin and DA release facilitating the association
of sexually relevant cues of the partner with mating inducing
pair bonding (Lieberwirth and Wang, 2016; Walum and Young,
2018; Figure 3).

CONCLUSION

The motivational drives that control and influence sexual
behavior produce great biological variability between species
that induce different behavioral patterns. These behavioral
patterns under the appropriate conditions allow males and
females to reproduce and ensure the survival of the species.
The promiscuous, monogamous and NC (asexual in humans)
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Low levels of desire and arousal are the primary sexual dysfunctions in women,
necessitating neurobiological studies of sexual motivation in female animal models. As
the mesocorticolimbic system is a primary neural circuit underlying sexual motivation,
the goal of this study was to test the hypothesis that medial prefrontal cortex (mPFC)
glutamate mediates sexual behavior activation of the nucleus accumbens. Glutamatergic
neurons in the mPFC were activated by sex behavior, and these sex-activated cells
shown to project to the nucleus accumbens. During sexual interactions with the
male, glutamate transients recorded in the nucleus accumbens of female hamsters
were specifically associated with the receipt of intromissions from the male. Further,
inhibition of the mPFC during sex significantly decreased nucleus accumbens activation.
Glutamatergic medial prefrontal cortical input to the nucleus accumbens mediates
the activity in the nucleus accumbens during female sexual behavior. These results
offer novel insights into the neurobiology of the motivational control of female sexual
behavior and provide attractive avenues for pursuing target-specific and clinically-
relevant therapies for sexual dysfunction in women.

Keywords: sexual behavior, reward, glutamate, medial prefrontal cortex, nucleus accumbens, DREADD

INTRODUCTION

Unlike in men where sexual dysfunction is primarily reflected in performance issues (i.e., erectile
failure), sexual dysfunction in women is often more subtle, characterized by a loss of motivation
to initiate sex and a loss of pleasure during sex (McCabe et al, 2016). This lack of interest
in sex, especially among women in intimate relationships, carries with it serious psychological
consequences that include relationship problems, low self-esteem, and importantly, decrements in
health-related quality of life (Biddle et al., 2009). Unfortunately, there are few therapeutic options
for women with low levels of sexual motivation, and available options are relatively ineffective
(Jaspers et al., 2016; Goldstein et al., 2017). A reason so few therapeutic options exist comes from the
erroneous belief that animal models cannot capture the essential components of sexual motivation
in women. As a result, very little is known about neural mechanisms underlying female sexual desire
in women.
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Glutamate and Female Sexual Behavior

In contrast to the view that female sexual desire cannot be
modeled in animals, we and others have developed behavioral
analyses that measure the incentive value and pleasurable
consequences of female sexual behavior in rodents, including the
female’s willingness to engage in copulatory activity with a male
(Mendelson and Pfaus, 1989; Paredes and Vazquez, 1999; Meisel
and Mullins, 2006; Cummings and Becker, 2012; Georgiadis
et al., 2012). An important component of these behavioral
analyses is the separation of the motivational components of
female sexual behavior from the overt expression of female
sexual behavior, i.e., the lordosis posture (Pfaus et al., 1990;
Georgiadis et al, 2012). Hypothalamic circuits have long
been known to mediate female sexual behavior in rodent
models (e.g., Pfaff, 1980). More recent studies have pointed
to the mesocorticolimbic circuits controlling female sexual
motivation (Meisel and Mullins, 2006; Micevych and Meisel,
2017), consistent with the role of this system in motivational
control in general (e.g., Salamone and Correa, 2012).

The nucleus accumbens has a key role in the incentive
motivational processes (Bindra, 1969; Berridge, 2007) of both
“wanting” and “liking” female sexual behavior (Micevych and
Meisel, 2017). Damage to the nucleus accumbens of rats
dramatically reduces the female’s willingness to engage in sexual
interactions with a mounting male, i.e., wanting sex (Dohanich
and McEwen, 1986; Rivas and Mir, 1991; Guarraci et al., 2002),
though the lesions do not reduce the incidence of lordosis if the
male is able to successfully mount the female. Separate studies
link the nucleus accumbens to the rewarding consequences of
sexual behavior for female rodents (Hedges et al., 2009; Been
et al., 2013), indicating the role of this region in the liking of
sexual behavior.

We have spent several decades studying sexual motivation
in a female Syrian hamster model (reviewed in Meisel and
Mullins, 2006). Syrian hamsters offer a distinct advantage
over the more commonly used rat model. Early studies of
the mesocorticolimbic circuits linked this system to locomotor
activity (Mogenson et al., 1980). The primary limitation of using
female rat sexual behavior to understand its control by this
system is that female rats have a high level of locomotor activity
during sexual interactions (e.g., Guarraci et al., 2002). This
characteristic of female rat sexual behavior makes it very difficult
to separate the locomotor activation of the mesocorticolimbic
system from the activation resulting from sexual behavior. We
explicitly chose female Syrian hamsters for our studies as they
remain relatively immobile during sex, maintaining the lordosis
posture for upwards of 9 min of a 10 min test (Meisel et al.,
1988). As a result, it is much easier to associate mesocorticolimbic
activation with components of sexual behavior in female Syrian
hamsters than in female rats.

The neurobiological underpinnings of our model of the
motivational control of female sexual behavior have focused on
the mesocorticolimbic dopamine system and its innervation of
the nucleus accumbens. We know that the pleasurable aspects
of sexual behavior in female rodents and the willingness of
these females to regulate sexual contacts with a male both
correlate with nucleus accumbens dopamine release and are
modulated by manipulations of dopamine innervation of the

nucleus accumbens (Meisel and Mullins, 2006). At the same
time, that dopamine is an important regulator of the nucleus
accumbens with respect to female sexual behavior, concordant
stimulation by both dopamine and glutamate is key to nucleus
accumbens activity (Carlezon and Thomas, 2009). Research on
male rats highlights the key role of mesocorticolimbic glutamate
regulating copulation (Hernandez-Gonzalez et al., 2008; Beloate
and Coolen, 2017), and in this light it is surprising that so
little attention has been paid to the effects of glutamate in this
system on female sexual behavior. In a similar vein, the medial
prefrontal cortex (mPFC) and its glutamatergic inputs to the
nucleus accumbens are at the core of this circuit, though very
little is known about medial prefrontal cortical control of the
nucleus accumbens during female sexual behavior.

In this report, we provide a converging set of experiments
that identify for the first time the importance of mPFC glutamate
innervation on the activation of the nucleus accumbens during
female sexual behavior. We first analyzed c-Fos staining
to evaluate neuronal activation in the mPFC and nucleus
accumbens during sexual behavior in female Syrian hamsters. We
next demonstrated that efferents from the mPFC to the nucleus
accumbens core are activated during female sexual behavior.
Further, c-Fos activation in the mPFC during sexual behavior
was localized to glutamatergic neurons. In vivo recordings of
extracellular glutamate in the nucleus accumbens were associated
with the female’s receipt of intromission from the mounting
male. Finally, we used viral expression of inhibitory DREADDs
in the mPFC to demonstrate that silencing the mPFC during
sexual behavior prevented the increase in nucleus accumbens
c-Fos expression by female sexual behavior.

MATERIALS AND METHODS

Animals

Adult (about 55 days old at arrival) female hamsters (Charles
River Laboratories, Wilmington, MA, USA) were used as
experimental subjects, whereas similar-aged adult male hamsters
were used as stimulus animals for the sexual behavior tests.
Females were housed individually and males housed in pairs
in polycarbonate cages (females: 51 x 41 x 20 cm; males:
43 x 23 x 20 cm). The colony room was maintained on a
reversed 14 h light/10 h dark photoperiod with lights off between
13:00 and 23:00. Behavioral testing was performed during the
nocturnal animals’ dark phase. The animal room was maintained
at 22°C, with food and water available for the animals ad libitum
except during periods of behavioral testing. All procedures in
these experiments were approved by the University of Minnesota
IACUC and are in accordance with The Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 80-23;
revised 2011).

Surgeries

One week after arrival to the laboratory, female hamsters
were bilaterally ovariectomized under sodium pentobarbital
anesthesia (Nembutal, 8.5 mg/100 g body weight, i.p., Abbott
Laboratories, Abbott Park, IL, USA). Stereotaxic surgery was
performed directly following ovariectomy. Depending on the
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experiment, one of two stereotaxic approaches was taken. For the
neural tracing study, unilateral intracranial injections were made
by lowering a microinjection syringe (Model #701, Hamilton
Company, Hamilton, Reno, NV, USA) under stereotaxic control
(Microinjection Unit, Model 5002, David Kopf Instruments,
Tujunga, CA, USA) into the NAc core and injecting a volume
of 50 nL cholera toxin subunit § (CTB; Product #104, List
Biological Laboratories, Campbell, CA, USA) over the course
of 30 s. For viral vector delivery of an inhibitory DREADD,
bilateral injections of 1.0 pL pAAVS5-CaMKIla-hM4D(Gi)-
mCherry (Addgene, Cambridge, MA, USA) were infused over
the course of 10 min. To minimize the flow of infused solution
up the needle tract, the syringe was left in place for 10 min after
each injection.

Female hamsters in the biosensor study were stereotaxically
implanted with a unilateral BASi guide cannula (0.7 mm
diameter; Bioanalaytical Systems, West Lafayette, IN, USA).
The guide cannula was fixed to the skull using dental acrylic
(Patterson Dental, St. Paul, MN, USA) extending to three
stainless steel screws secured to the skull (Pinnacle Technology,
Lawrence, KS, USA), and a stainless steel post was inserted into
the cannula shaft to prevent occlusion.

Post-surgical analgesic (Butorphanol, 10 mg/kg, s.c., Fort
Dodge Animal Health, Fort Dodge, IA, USA or meloxicam,
2 mg/kg, s.c., Norbrook, Overland Park, KS, USA) and antibiotic
(0.1 mL Baytril, 2.27% solution s.c., Bayer Animal Health,
Monheim, DE, USA) were provided on the day of surgery and
for each of the next three postsurgical days for all animals.

Sexual Behavior Testing

One or 3 weeks (viral vector studies) following surgery, female
hamsters were hormone-primed for sexual behavior testing via
subcutaneous injections of 10 pg of estradiol benzoate (Sigma-
Aldrich, St. Louis, MO, USA) in 0.1 mL of cottonseed oil
(Sigma-Aldrich) at approximately 48 and 24 h prior to the
sexual behavior test, followed by a subcutaneous injection of
progesterone (500 pg in 0.1 mL of cottonseed oil, Sigma-Aldrich)
4 h prior to the testing. Females were paired with a male hamster
in either the biosensor testing chamber or in the female’s home
cage for a 10 min session. Copulatory parameters of the females
(lordosis latency and total lordosis duration) and males (mounts,
intromissions, ejaculations) were obtained to ensure that the
females received comparable levels of sexual stimuli. For c-Fos
experiments, control females were not given a sexual behavior
test following hormonal priming; instead their cage was placed in
the same behavioral testing room with the male hamsters present
for 10 min. In the DREADD experiment, female hamsters were
given either 5 mg/kg CNO in 0.9% saline (Enzo Life Sciences,
Farmingdale, NY, USA) or an equivalent volume of saline
(0.1 mL/100 g body weight) 30 min prior to behavioral testing.

Perfusion and Tissue Sectioning

Sixty minutes after sexual behavior testing or soon after biosensor
recordings, female hamsters were deeply anesthetized with the
euthanizing agent Buthanasia-D (0.2 mL i.p., Merck Animal
Health, Summit, NJ, USA) and transcardially perfused with
25 mM phosphate buffer (~50 mL) containing 0.9% saline (PBS,

pH = 7.6) followed by 4% paraformaldehyde in PBS (~500 mL).
The brains were removed and post-fixed for either 2 h or
overnight (c-Fos/CTB experiment only) in 4% paraformaldehyde
and then placed in a 10% sucrose solution in PBS overnight. Serial
coronal sections (40 wm) of frozen brain tissue were sectioned
on a microtome (American Optical, model 860) and every fourth
section was processed for immunohistochemical localization of
the proteins of interest.

Immunohistochemistry

c-Fos Staining

Free-floating sections were rinsed in PBS with 0.1% IgG-free
bovine serum albumin (Jackson ImmunoResearch, West Grove,
PA, USA) wash buffer and then incubated in a polyclonal
antibody to c-Fos primary (1:10,000, Santa Cruz Biotechnology,
Santa Cruz, CA, USA, Cat# sc-52) in wash buffer with 0.3%
Triton-X100 (Sigma-Aldrich) at room temperature for 48 h
at 4°C. After rinsing in wash buffer, sections were incubated
for 60 min at room temperature in biotinylated anti-rabbit
IgG secondary antibody (1:600; Vectastain Elite ABC Kkit;
Vector Laboratories, Burlingame, CA, USA), rinsed in wash
buffer, and then incubated in an avidin-biotin horseradish
peroxidase complex (1:200, Vectastain Elite ABC Kit) for
60 min at room temperature. The sections were then rinsed
in wash buffer and reacted in a 0.1 M Tris buffer (pH = 7.6)
with 0.56 mM 3,3'-diaminobenzidine tetrahydrochloride (DAB,
Sigma-Aldrich) solution, 0.003% hydrogen peroxide and 63 mM
nickel ammonium sulfate (Sigma-Aldrich). After 5 min, sections
were rinsed in Tris buffer to stop the chromagen reaction.
Immunostained sections were mounted onto glass slides
(Adhesion Superfrost Plus Microscope Slides, Brain Research
Laboratories, Newton, MA, USA), cover slipped with DPX
mounting media (Sigma-Aldrich), and imaged using bright
field microscopy.

Dual Labeling for c-Fos With GAD or CaMKll«
Free-floating sections were treated as described for c-Fos
staining. After the DAB reaction and appropriate rinses, sections
were incubated for 72 h at 4°C in a primary antibody
against GAD67 (1:3,000, EMD Millipore, Burlington, MA, USA,
Cat#¥MAB5406) or for 48 h at 4°C in a primary antibody
against CaMKIIo (1:1,000, Abcam, Cambridge, UK, Cat#
ab111890), and rinsed as described. The sections were then
incubated in secondary antibody for 1 h followed by avidin-
biotinylated HRP complex for 1 h with appropriate rinses.
Finally, sections were incubated a second time in DAB, though
without the nickel ammonium sulfate, washed, mounted on
slides, and coverslipped.

Dual Labeling for c-Fos With CTB

Free-floating sections were treated as described for c-Fos
staining. After the DAB reaction and appropriate rinses, sections
were incubated for 48 h at 4°C in a primary antibody against
CTB (1:70,000, List Biological Laboratories, Campbell, CA, USA,
Cat# 703) and rinsed. The sections were then incubated in
secondary antibody for 1 h followed by avidin-biotinylated HRP
complex for 1 h with appropriate rinses. Then sections were
incubated for 5 min in DAB in 0.175 M sodium acetate buffer
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without nickel ammonium sulfate, washed, mounted on slides,
and coverslipped.

Viral Vector Visualization and Fluorescent

Histochemistry

Sixty minutes following the sexual experience, subjects were
injected with an overdose of Buthanasia-D, intracardially
perfused and the brains sectioned as described in “Perfusion and
Tissue Sectioning” section. Free-floating sections were rinsed in
PBS wash buffer and then incubated in anti-c-Fos (1:10,000) in
wash buffer with 0.3% Triton-X100 (Sigma-Aldrich) at 4°C for
24 h. After rinsing in wash buffer, sections were incubated in
a biotinylated secondary antibody (1:600, Vector Laboratories)
for 60 min at room temperature, rinsed in wash buffer,
and then incubated in streptavidin DyLight® 488 (1:200, SA-
5488, Vector Laboratories) for 60 min at room temperature.
Sections were then rinsed in wash buffer before being mounted
onto glass slides, cover slipped with VectaShield® HardSet™
mounting medium (H-1500, Vector Laboratories) and examined
under a confocal microscope (Leica SPE personal confocal,
Wetzlar, Germany) for c-Fos localization as well as the rostral-
caudal spread of AAV injection, visualized directly with the
AAV-expressed mCherry.

Image Analysis

Brightfield microscopic analyses of regions of interest in the
mPFC and the NAc were obtained with a Leica microscope
(Leica DN4000 B) equipped with a digital camera connected to
a computer running Leica software. Our approach to counting
fields of stained neurons was modeled after Bradley and Meisel
(2001). Digital images were obtained and adjusted to match
brightness and contrast as seen through the microscope. The
same digital settings were used to capture all images for an
individual experiment. The digital images were then opened in
Adobe Photoshop (Adobe, San Jose, CA, USA) to place boxes
identifying the regions of interest to analyze.

Analyses for the caudal NAc were based on Bradley and
Meisel’s (2001) findings. Within rostral to caudal coronal
sections containing the NAc, the anterior commissure is
monotonically shifted in a medial direction. We can take
advantage of this to precisely identify a rostral-caudal level to
analyze that is matched across all brains. For the NAc, we took
a single section in which the distance from the ventral tip of the
lateral ventricle was 300 pm from the medial edge of the anterior
commissure, and from this section took cell counts from the
right hemisphere in each animal. For the mPFC a single section
was also measured to be consistent with the approach for the
NAc. In this case, the section to be counted represented the mid
rostral-caudal level of the mPFC and was matched to a template
histological section based on the position and shape of the corpus
collosum to ensure that the region of interest was sampled from
the same location among all brains analyzed. A rectangular box
was placed within the region of interest to ensure a consistent
area in which cell counts were obtained. Image] Fiji software
(Schindelin et al., 2012) was used to count labeled cells within
these regions.

Fluorescent images were obtained with a Leica SPE personal
confocal microscope for c-Fos localization as well as for
parameters of the AAV injection. For all cell counts, digital
images of the regions of interest were transferred to Photoshop
to superimpose the rectangle outlining the counting region
and the labeled cells were counted manually using the Image]J
cell-counter plugin.

Biosensor Testing
Glutamate oxidase-based sensors (Pinnacle Technology,
Lawrence, KS, USA) were used to detect glutamate release
in the female hamsters during sexual behavior (Moore et al.,
2017). First, sensors were calibrated before use. Animals were
then lightly anesthetized using a subthreshold dose of sodium
pentobarbital (Nembutal, 3 mg/100 g body weight, i.p.) and the
calibrated sensor was inserted through the guide cannula. Each
animal was then placed in the testing chamber consisting of
a 10-gallon glass aquarium with pine bedding taken from the
animal’s home cage, after which the sensor was connected to
a potentiostat via an electrically shielded cable and electrical
swivel (Pinnacle Technology). After the animal was injected with
progesterone, the sensor was allowed to equilibrate for the next
4 h. A male hamster was then placed in the testing chamber
for approximately 10 min while the amperometric signal and
time-locked video data were simultaneously recorded. During
sexual interactions with a male, female hamsters maintain a tonic
lordosis posture for minutes on end while the male intermittently
mounts the female (e.g., Meisel et al., 1988). Consequently, we
were able to measure glutamate transients in the female’s brain
in response to discrete mating stimulation provided by the male
hamster and in the absence of non-specific movement artifacts.
After recordings were completed, females were perfused as
described, the brains frozen sectioned at 40 wm, and the free
floating sections stained conventionally with cresyl violet acetate.
The stained sections were mounted on slides and coverslipped.
Brightfield images of the location of the biosensor were obtained
with a Leica microscope (Leica DN4000 B) and the digital images
used to plot the location of the biosensor.

Biosensor Analyses
Finding Peaks

After importing the raw amperometric data and behavioral
annotations acquired during experimental recording, the raw
current vs. time was plotted. A moving average taken over 20 data
points (one point collected each second) was then used to create
a smoothed data set from the raw voltage; this represented more
tonic changes occurring throughout the experimental recording.
Then, to obtain a normalized signal producing a flat basal
response, the smoothed dataset was subtracted from the raw
dataset. Using the standard “findpeaks” MATLAB function, we
located peaks in the data using a threshold value determined
by calculating half of the root-mean-square (RMS) of the
normalized signal.

Peak Characterization
Peak characterization was performed by examining both the
peak prominence in units of amplitude (nanoamps) and the
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FIGURE 1 | Female sexual behavior activates the nucleus accumbens (NAc) shell and core, but not the medial or lateral caudate-putamen (CPu). (A) Hamster atlas
plate (+2.1 mm from Bregma) indicating counting domains for 1-medial CPu, 2-lateral CPu, 3-NAc shell, and 4-NAc core. (B) Representative c-Fos counting boxes
for the NAc core. (C) There was no significant difference between animals that received sex experience and controls in either the medial or lateral CPu. (D) There
were significantly more c-Fos positive cells in animals that received sex experience than for their control counterparts in both the shell and core of the NAc (*indicates
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width of the peak in units of time (seconds). Both the
average peak prominence and width were compared across each
subsequent mating bout using a repeated measures analysis
of variance (ANOVA) to determine if tonic changes occurred
during the course of experimental testing. A peri-peak analysis
was also performed using combined data from all mating
bouts using frequency histograms of the number of peaks that
occurred within a 5 s window of each behavioral annotation
(e.g., mount or mount with subsequent intromission). Peri-event
time analyses between mounts with and without intromission
were also performed that included the first 5 min after the start
of the first mating bout.

Statistics

Parametric statistical tests were based on the demonstration
of homogeneity of variance among treatment groups. For the
immunohistological experiments, unpaired t-tests were used
to evaluate possible differences between animals receiving
sexual behavior testing and untested controls. Proportions of
mounts with and without intromission associated with glutamate
peaks for individual animals were compared by Chi-squared
tests using the online Graph Pad 2 x 2 contingency table

calculator!. One-way ANOVAs were used to analyze the
DREADD experiment, with Tukey multiple comparison post hoc
tests probing significant ANOVAs. All significant differences
were based on p < 0.05.

RESULTS

Female Sexual Behavior Activates the NAc
and mPFC

Figure 1A identifies the locations for the regions of interest
in which c-Fos cells were counted in the dorsal and ventral
striatum. An example of c-Fos staining is illustrated in Figure 1B.
Confirming previous findings, female hamsters (n = 14) who
received a 10 min sexual behavior test had significantly more
c-Fos positive cells in the NAc core compared with control female
hamsters (n = 12) who remained in their cage in the presence of
male hamsters (t4) = 4.41, p < 0.0002, Figure 1D). A similar
increase in c-Fos labeling was observed in the NAc shell of these
animals (f(24) = 2.59, p < 0.02, Figure 1D). We used the caudate

Uhttps://www.graphpad.com/quickcalcs/contingency2/
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FIGURE 2 | Female sexual behavior activates the medial prefrontal cortex (mPFC). (A) Hamster atlas plate (+3.2 mm from Bregma) counting domains for the
prelimbic (PrL) and infralimbic (IL) regions of the mPFC. (B) There was a significant increase in c-Fos labeled cells after sex behavior in the combined regions of the
mPFC (Total mPFC), which was represented individually in both the (C) PrL and (D) IL subregions (*p < 0.01).
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FIGURE 3 | Female sexual behavior increases the number of c-Fos neurons
in CaMKlla neurons in the mPFC. (A) A histological image illustrating the
double labeling for c-Fos and CaMKlla. Arrows point to several double
labeled cells in which nuclear staining for c-Fos is a black reaction product
and cytoplasmic CaMKlla is brown. (B) There were no differences in the total
numbers of CaMKlla labeled neurons in the total mPFC following sex
behavior. (C) Sex behavior increased the number of c-Fos cells within
CaMKilla neurons for the total MPFC, demonstrating increased activation of
PFC glutamatergic neurons following a single sexual experience (*indicates

p < 0.01).

as an anatomical control and did not find any change in c-Fos
labeling in the medial or lateral caudate as a function of sex
behavior testing (Figure 1C).

The mPFC is part of the mesocorticolimbic circuit that
includes the nucleus accumbens, yet this region had not been
examined previously with respect to activation by female sexual
behavior. Figure 2A illustrates the regions of interest for the
c-Fos analyses in the mPFC. Females receiving a sex behavior
test (n = 15) had significantly more total c-Fos labeled cells
(t2s) = 2.90, p < 0.01, Figure 2B) and more c-Fos labeled cells
in both the infralimbic (t(26) = 2.73, p < 0.01, Figure 2C) and
prelimbic (t(26) = 2.86, p < 0.01, Figure 2D) subdivisions of the
mPFC when compared with female hamsters who remained in
their cage in the presence of male hamsters (n = 13).

Sex-Activated mPFC Neurons Are

Glutamatergic

Given our finding of activation of the mPFC following
female sexual behavior, we wished to determine the neuronal
phenotype of these sex-activated cells. We used double label
immunohistochemistry to identify sex-activated GABAergic
and glutamatergic cells in this region. After confirming equal
numbers of GAD labeled neurons in female hamsters tested for
sexual behavior (n = 6) or control females (n = 7), we found no

Frontiers in Behavioral Neuroscience | www.frontiersin.org

October 2019 | Volume 13 | Article 227


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Moore et al.

Glutamate and Female Sexual Behavior

C Total mPFC
. otal m "
=2
S 304 |
+
B
O 201
i
o
L 104
)
0+ T
Control Sex
D PrL
251
3 ;- ] *
= 204
B 3 8 |
¥ +
- t\b' 5 E 181
: 1%
£ 104
o
fid
5 5
0- T
Control Sex
.
E
IL
25+
- w
3 204
o
- 4
E 154 |
%)
£ 104
0
4
S 5
04

Control Sex

FIGURE 4 | Double immunolabeling revealed a significant increase in
activated inputs to the NAc core from the prelimbic region of the mPFC.

(A) lllustration of the unilateral infusion of cholera toxin B (CTB) targeted to the
core of the NAc. (B) Immunohistochemical labeling of the retrograde tracer
CTB confirmed injection sites were biased to the core of the NAc. (C) There
was no significant change in c-Fos labeling in CTB cells within the total
mPFC, though (D) there was a significant increase in c-Fos labeling within
CTB cells in the prelimbic (PrL) subregion following sex behavior. (E) The
infralimbic (IL) region of the mPFC did not exhibit a change in c-Fos within
CTB labeled cells following sex (*p < 0.05).

difference in the number of c-Fos positive cells between these
groups (data not shown).

We next used CaMKIIa labeled cells (Figure 3A) in the mPFC
as a marker for glutamatergic neurons. There were no group
differences in the numbers of CaMKIIa labeled cells (Figure 3B)
between females receiving sexual behavior testing (n = 6) or
control females (n = 7). Across all levels of the mPFC female
sexual behavior increased the number of c-Fos labeled CaMKIIa
positive cells compared to controls (t(11) = 4.20, p < 0.002;
Figure 3C). These results indicate that female sexual behavior
activates mPFC glutamatergic neurons.

Characterization of Sex-Activated

Afferents to the NAc Core

After identifying the neurotransmitter phenotype of these
sexual behavior-activated mPFC neurons, we directly
mapped the underlying circuitry using dual labeling of
the retrograde tracer cholera toxin B (CTB, Figure 4) and
c-Fos to determine active afferents to the NAc during sex.
Immunohistochemical analysis revealed that all of the CTB

tracer injections were core biased in the NAc (Figure 4A). mPFC
neurons providing afferents to the NAc core had increased
numbers of c-Fos labeled cells (Figure 4B) in females tested
for sexual behavior (n = 15) compared with control females
(n = 13), with an increase in the prelimbic (f = 2.11,
p < 0.05, Figure 4C), but not infralimbic (Figure 4D) portions
of the mPFC.

Characterization of NAc Glutamate

Release During Sexual Behavior

Given that sexual behavior activated glutamatergic neurons in
the mPFC that project to the NAc, we used glutamate biosensor
recordings to test whether there were elevations in glutamate in
the female hamster NAc during sexual interactions with a male.
Our hypothesis was that glutamate would be elevated during
sex, with the specific expectation that there would be glutamate
transients associated with the receipt of copulatory stimulation
from the mounting male hamster. Hence for this experiment, the
focus of our analyses was on individual biosensor cases rather
than on the grouped data.

NAc Core

During sexual interactions with the male hamster, glutamate
transients were regularly recorded in NAc core biosensor
placements (n = 4). Figure 5A demonstrates one representative
case (see Supplementary Figures S1-S3 for additional core
cases). The glutamate transients were differentially associated
with the receipt of intromission by the mounting male hamster
(Figure 5B). In this female hamster (and in two of the
three cases reported in the Supplemental Results) there were
significantly more peaks within 5 s of the start of a mount
that resulted in intromission than for mounts without a
subsequent intromission (see Table 1). The temporal patterning
of these peaks was consistent among all animals tested, as
illustrated in Figure 5C with all peaks occurring within 3 s
of the start of a mount with intromission. Very few glutamate
peaks were measured in conjunction with mounts without
subsequent intromission, and for these peaks there was no
concordance in the timing of the fluctuations in the glutamate
signal (Figure 5C).

NAc Shell

As in the NAc core, glutamate transients were found in
NAc shell recordings (n = 4). Figures 6A,B demonstrates
one representative case (see Supplementary Figures $4-S6 for
additional shell cases 2-4). In each case, there were significantly
more peaks within 5 s of the start of a mount that resulted in
intromission than for mounts without a subsequent intromission
(see Table 2). In contrast to glutamate activity in the NAc core
during sexual interactions, in the shell there was no concordance
in the timing of the glutamate peaks relative the start of mounts
with intromission (Figure 6C).

Medial Caudate
There were no peaks identified in any of the recordings
in association with behavioral events for any of the four
hamsters with probes in the medial caudate used as anatomical
controls (Figure 7).
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FIGURE 5 | Glutamate biosensor recording in NAc core, Subject #1. (A) This probe was in the center of the rostral NAc core (+2.6 mm from Bregma). (B) MATLAB
annotated signal and peak analysis for the first mating bout. Blue rectangles indicate peaks determined by a threshold value of half of the root-mean-square (RMS) of
the normalized signal. Blue circles (startMountl) indicate the start of a mount that results in an intromission. Magenta circles (startintromission) indicate the start of a
penile intromission from a male. Green circles (endMountl) indicate the end of a mount that resulted in an intromission. (C) Mounts with subsequent intromissions
were collapsed across the first 5 min of the sex test. These mounts with intromission had a coincident increase in glutamate (blue signal) that peaked 3 s after the
start of the mount. No coincident signal was seen in glutamate among mounts without intromission (red signal).

TABLE 1 | Proportion of mounts with and without subsequent intromission
associated within 5 s of a glutamate peak in NAc core.

Subject Mounts w/Intromission  Mounts alone  Chi Square analysis
NAcC-1 49/583 (93%) 16/52 (31%) x2 =423,p < 0.001
NAcC-2 29/45 (64%) 0/5 (0%) x2=7.7,p<0.01
NAcC-3 23/27 (85%) 12/21 (67%) x2=47,p<0.05
NAcC-4 10/14 (71%) 1/4 (25%) x> =28,NS

Inhibitory DREADD Silencing of mPFC

During Sexual Behavior

In this study we used viral expression of DREADD:s to silence
glutamatergic mPFC neurons in female hamsters during sexual
behavior to test whether c-Fos activation in the NAc core
was driven by mPFC glutamatergic afferents. Because the
sex-activated neurons in the mPFC were CaMKIla-expressing

neurons (Figure 3D), we inhibited the mPFC using an inhibitory
DREADD (Roth, 2016) with a CaMKIIa promoter. Viral
injection sites were verified as being localized to the mPFC
using fluorescent microscopy for the mCherry reporter. Only
AAV-injections that spanned the prelimbic and infralimbic
subdivisions of the mPFC were included in the analyses
(Figure 8A). Control females not receiving sexual behavior
received either a saline injection or CNO. There were no
differences between saline and CNO animals in this condition
(data not shown), so these sex behavior controls (n = 6) were
combined into a single treatment group. Analyses of the mPFC
confirmed that the CNO decreased c-Fos labeling following
sexual behavior. There was a significant treatment effect across
groups (F(2,15 = 16.64, p < 0.001; Figure 8B), with post
hoc Tukey’s multiple comparisons tests confirming that saline-
treated females tested for sexual behavior (n = 6) had more c-Fos
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FIGURE 6 | Glutamate biosensor recording in NAc shell, Subject #1. (A) This probe was in the caudal NAc shell (+1.5 mm from Bregma). (B) MATLAB annotated
signal and peak analysis for the first mating bout. Blue rectangles indicate peaks determined by a threshold value of half of the RMS of the normalized signal. Blue
circles (startMountl) indicate the start of a mount that results in an intromission. Magenta circles (startintromission) indicate the start of a penile intromission from a
male. Green circles (endMountl) indicate the end of a mount that resulted in an intromission. (C) Although there are significantly more glutamate peaks associated
with mounts that resulted in intromission, there was no coincident timing of those peaks (blue signal), a finding similar to that of mounts without intromission (red
signal).

TABLE 2 | Proportion of mounts with and without subsequent intromission
associated within 5 s of a glutamate peak in the NAc shell.

Subject  Mounts w/Intromission Mounts alone  Chi Square analysis
NAcSh-1 52/58 (90%) 5/31(16%) x2 = 47.4,p < 0.001
NAcSh-2 38/40 (95%) 3/48 (6%) %2 =69.1,p < 0.001
NAcSh-3 35/41(85%) 6/45 (13%) %2 =44.6,p < 0.001
NAcSh-4 45/45 (100%) 6/30 (20%) x° =529,p < 0.001

labeling in the mPFC than did control females not tested for
sexual behavior (p < 0.01). Females tested for sexual behavior
and receiving CNO (n = 6) had fewer c-Fos labeled cells than did
the saline-treated females receiving sex (p < 0.01). There was no
significant difference between the no sex controls and sex tested
females receiving CNO.

Key to our overarching hypothesis, this inhibition of the
mPFC resulted in significantly attenuated c-Fos labeling in the

NAc core following female sexual behavior (F(315 = 60.76,
p < 0.0001; Figure 8C) with post hoc Tukey’s multiple
comparisons tests confirming that saline-treated females
tested for sexual behavior had more c-Fos labeling in the
NAc core than did control females not tested for sexual
behavior (p < 0.01). Females tested for sexual behavior
and receiving CNO had fewer c-Fos labeled cells than
did the saline-treated females receiving sex (p < 0.01),
but were not reduced to control levels, with these groups
demonstrating a significant difference from each other
(p < 0.01). The CNO injections did not affect the levels
of lordosis shown by the hamsters (data not shown),
so the effects of the CNO on c-Fos in the NAc were
independent of the levels of sexual behavior displayed by
the female hamsters. These results suggest that glutamate
neurons in the medial PFC activated during sex are at
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FIGURE 7 | This figure depicts a glutamate biosensor placement within the medial caudate (insert) as well as the raw trace for the glutamate signal during a sex
behavior test. For this and the other caudate animals there were few peaks recorded and no systematic glutamate changes associated with behavioral events

(vertical lines).

least partially responsible for driving neuronal excitability
in the NAc.

DISCUSSION

Despite a  large literature  detailing  dopaminergic
neurotransmission in mesolimbic circuitry during female
sexual behavior (Meisel et al., 1993; Mitchell and Gratton,
1994; Mermelstein and Becker, 1995; Kohlert et al., 1997;
Kohlert and Meisel, 1999; Becker et al., 2001; Jenkins and
Becker, 2003), the role of glutamate has been disproportionately
understudied. The overarching goal of this study was to help
close this gap in knowledge, adding to our understanding
of the complex underpinnings of female sexual reward
and motivation.

Our discovery that the mPFC (see Wise, 2008 for a discussion
of the prefrontal cortex in rodents) is activated by sexual
behavior led us to consider the functional relationship between
the mPFC and the nucleus accumbens with respect to the
control of female sexual behavior. The ventral tegmental area
(VTA) sends distinct dopaminergic projections to both the
mPFC and the NAg, rather than collateral inputs to each region
(Swanson, 1982; Lammel et al., 2008; Yetnikoff et al., 2014).
Based on this pattern of innervation, we explored the serial
connection between the mPFC and NAc in conjunction with
activation by female sexual behavior. Our results demonstrate
that sexual behavior had no effect on the numbers of glutamate

neurons in the mPFC (as measured by CaMKIla staining).
Instead, the existing glutamate neurons within the mPFC were
activated by female sexual behavior, and these activated neurons
project to the NAc. Finally, DREADD-mediated inhibition of
glutamatergic mPFC neurons prevented increased activity in
the NAc following sex, providing converging evidence of the
importance of mPFC glutamatergic projections driving activity
in the NAc. What is missing from this work, and is a focus of
ongoing research, is what behavioral functions are affected by
inhibition of PFC glutamatergic inputs to the NAc. We found
that the expression of lordosis is not affected by direct inhibition
of the PFC (and in turn indirect inhibition of the NAc). Our next
step is to test different motivational endpoints to see whether
these behaviors are mediated by PFC glutamatergic activation
of the NAc.

In addition to anatomically demonstrating the involvement
of prefrontal glutamatergic neurotransmission in female sexual
behavior, we sought to characterize glutamate release in the
NAc during sexual behavior. Using enzymatic biosensors, we
discovered that the core of the NAc releases glutamate with a
short latency preceding individual intromissions from the male.
These glutamate peaks had a coincident timing with respect
to the onset of intromission. These results are consistent with
the view that one function of the nucleus accumbens core
is to coordinate sensory cues (in this case intromission by
the mounting male) with an appropriate action, a process not
affected by repeated presentation of the stimulus (e.g., Brown
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(o < 0.05).

et al, 2011). Intromission also elicited glutamate transients
in the NAc shell, though these peaks were not coordinated
in time. We hypothesize that the shell is responding to the
rewarding consequences of intromission, a process that is more
abstract and altered by repeated exposure to the stimulus, and
therefore is more variable in its timing (e.g., Brown et al., 2011;
Sackett et al., 2017).

The timing of the onset of glutamate release was an interesting
finding that came from the characterization of glutamate release
in the NAc during sexual behavior. Although the peak of
the transient occurred after the onset of a mount culminating
in intromission, the initial rise in glutamate was found to
actually precede the actual receipt of intromission. We and
others have demonstrated that female hamsters can control
whether the mounting male hamster can achieve intromission
(Noble, 1979, 1980; Bradley et al., 2005; Parada et al., 2014).
These data suggest that glutamate in the nucleus accumbens
is signaling this anticipatory response. A higher proportion of
glutamate peaks occur in response to mounts with subsequent
intromission as opposed to mounts alone, though a smaller
proportion of mounts that do not result in intromission are
also associated with glutamate transients. This small proportion
of mounts without subsequent intromission that are still
associated with glutamate release may indicate prediction
error by the female (Hart et al., 2014; Saddoris et al., 2015;
Gmaz et al., 2018).

In these experiments, we focused on the role of glutamate
innervation mediating the effects of sex-induced NAc activation;
however, we know that the NAc receives both dopamine and

glutamate functional inputs (Zahm and Brog, 1992; Brog et al.,
1993; O’Donnell and Grace, 1995; Kelley, 2004; Britt et al.,
2012). Dopamine functions as a neuromodulator within the
NAc coordinating with glutamatergic afferents to regulate the
excitability of NAc neurons (O’Donnell et al, 1999; Nicola
et al, 2000). Dopamine can affect intracellular signaling to
modulate the functional responsiveness of both metabotropic
and ionotropic glutamate receptors (Chen and Roche, 2007;
Cahill et al, 2014). Understanding the coordinated actions
of both dopamine and glutamate on nucleus accumbens
neurons in regulating female sexual behavior is a goal of our
current research.

Consistent with the literature from rodent models,
mesocorticolimbic  circuitry = mediates the rewarding
consequences of sexual behavior in people (Stahl, 2010;
Georgiadis and Kringelbach, 2012; Oei et al., 2012; Kingsberg
et al., 2015). Increased PFC and nucleus accumbens activation
has been demonstrated in response to different components
of sexual arousal in human subjects (Bocher et al., 2001;
Sabatinelli et al., 2007; Voon et al., 2014; Wehrum-Osinsky et al.,
2014; Lee et al., 2015; Ruesink and Georgiadis, 2017). Within
this circuitry, dopamine and glutamate are the predominant
signaling molecules, though how dopamine or glutamate release
may be associated with sexual function or dysfunction in women
is unknown. It is abundantly clear that animal models of sexual
reward and motivation provide a logical preclinical avenue to
a mechanistic understanding for the development of targeted
therapeutics (Kingsberg et al., 2015; Jaspers et al., 2016), despite
obvious differences in behavior patterns between animals and
people. In this context, we have developed behavioral tests to
measure both the pleasurable consequences of sexual interactions
in female hamsters as well as the motivational control (Meisel
and Mullins, 2006). The emphasis for future studies will be to
evaluate neuronal mechanisms underlying sexual motivation
and pleasure in our Syrian hamster model to provide viable
directions for the development of therapeutics for low sexual
desire in women.
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The fruitless (fru) gene of Drosophila melanogaster generates two groups of protein
products, the male-specific FruM proteins and non-sex-specific FruCOM proteins. The
FruM proteins have a 101 amino acids (a.a.)-long extension at the N-terminus which
is absent from FruCOM. We suggest that this N-terminal extension might confer
male-specific roles on FruM interaction partner proteins such as Lola, which otherwise
operates as a transcription factor common to both sexes. FruM-expressing neurons
are known to connect with other neurons to form a sexually dimorphic circuit for male
mating behavior. We propose that FruM proteins expressed in two synaptic partners
specify, at the transcriptional level, signaling pathways through which select pre- and
post-synaptic partners communicate, and thereby pleiotropic ligand-receptor pairs for
cell-cell interactions acquire the high specificity for mutual connections between two
FruM-positive cells. We further discuss the possibility that synaptic connections made
by FruM-positive neurons are regulated by neural activities, which in turn upregulate Fru
expression in active cells, resulting in feedforward enhancement of courtship activities of
the male fly.

Keywords: Drosophila, sexually dimorphic circuit, social effect, mating behavior, transcription factors

PREFACE

fruitless (fru) mutant males in Drosophila are known to exhibit strong male-to-male courtship
activities with reduced or no female-directed courtship (Hall, 1978; Villella et al., 1997; Yamamoto
and Koganezawa, 2013). The gene responsible for fru mutant phenotypes encodes, when wild type,
a group of transcriptional regulators with a masculinizer function FruM (Ito et al., 1996; Ryner
et al., 1996), which organize, together with the other sex-determinant protein Doublesex (Dsx),
a subset of neurons into the sexually dimorphic neural circuitry for mating behavior (Kimura
et al., 2005, 2008; Cachero et al., 2010; Rideout et al., 2010; Robinett et al., 2010; Ruta et al.,
2010; Yu et al., 2010; Kohl et al., 2013; Tanaka et al., 2017). However, there remain uncertainties
regarding the mechanisms of action of the fru gene in achieving this organizer role in the sexual
dimorphism formation of the brain. This article discusses three major questions. Do non-sex-
specific products (FruCOM) of the fru gene have nothing to do with sex-type specification? Is
the neural masculinizing action of FruM ascribable entirely to its cell autonomous function? Does
the fru gene affect adult behavior exclusively through its developmental functions before adult
emergence? In this article, we discuss the importance of the finding that nearly all neuroblasts in
both FruM-positive and FruM-negative lineages express FruCOM, the finding that postsynaptic
tissues form through interactions with a fru-positive presynaptic neuron (non-cell autonomy), and
the finding that the fru-positive circuit appears to accommodate itself to ambient conditions to best
tune the male’s behavior from time to time.
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MULTIFACETED FRU PROTEIN ACTIVITIES
RELY ON COMPLEX SPLICING

The fru gene spans over 150 kb of the genome, and harbors
at least four promoters, P1-P4 (Ryner et al., 1996; Usui-Aoki
et al., 2000; Figure 1A). The distally located PI promoter is
dedicated to sex-specific functions of the fru gene, whereas
the P2-P4 promoters contribute to the production of FruCOM
proteins, which are shared by both sexes (Ryner et al., 1996;
Anand et al., 2001; Song et al., 2002; Figures 1B,C). Structurally,
FruM proteins have a unique N-terminal extension composed of
101 amino acids (a.a.), followed by the main body of the protein,
which is composed of a sequence identical to full-length FruCOM
(except for small variations; Ryner et al., 1996; Song et al., 2002;
Figure 1D). Thus, although the C-termini are common to FruM
and FruCOM, there are five types of C-terminal splice variants
called types A to E (Figures 1A,B). For example, the FruM
isoform with the C-terminus of type B is referred to as FruBM.
Types A, B and E in our terminology (Usui-Aoki et al., 2000)
correspond to types A, C and B in the terminology adopted by
the Barry Dickson (Demir and Dickson, 2005; Stockinger et al.,
2005) and Stephen Goodwin groups (Song et al., 2002). Thus
far, the type A, B and E isoforms (following the terminology of
Usui-Aoki et al., 2000, which is adopted throughout this article)
have been studied in some detail, and so we will focus on these
three isoforms in the following discussion. The 101 a.a. extension
unique to FruM proteins has no known motif, whereas the main
body of the protein has a BTB domain near the N-terminus
and two zinc finger motifs at the C-terminus (Ito et al., 1996;
Ryner et al., 1996; Figure 1D). The BTB-Zn finger proteins are
dominated by transcriptional regulators, and indeed, this proved
to be true for FruM as well; FruBM binds to the DNA region
named FROS to repress transcription of a target gene (e.g., robol,
Ito et al., 2016) that forms a complex with other transcription
regulators, including HDAC1, HP1a, Bonus, TRF2 and Lola (Ito
et al., 2012; Chowdhury et al., 2017; Sato et al., 2019), some
of which are well known for their involvement in chromatin
modifications. Although C-terminal variations likely contribute
to target specificities (Neville et al., 2014; von Philipsborn et al.,
2014), the absence of the male-specific N-terminal extension
probably does not narrow the range of target choice, because
major portions of the behavioral and cellular phenotypes of
FruM-null mutants are rescuable by artificial expression of
FruCOM instead of FruM (Ferri et al., 2008). This observation,
however, does not exclude the possibility that FruCOM might
have additional transcriptional targets to which FruM proteins
are unable to bind for transcriptional regulation.

Whereas FruCOM functions as well as FruM in terms of
masculinizing neural and behavioral traits, FruCOM and FruM
have different endogenous tissue distributions (Lee et al., 2000).
The PI promoter seems to be active only in neurons, as FruM
expression is strictly confined to neurons (Sato et al., 2019).
PI-derived fru mRNAs are transcribed in both females and males
(Usui-Aoki et al., 2000), but the FruM protein is male-specific
and absent from females (Lee et al., 2000; Usui-Aoki et al., 2000).
The male-specific FruM expression is a result of sex-specific
splicing of the fru primary transcript (Figures 1B,C), which

yields fru mRNA encoding a full-length ORF in males and an
ORF prematurely interrupted by a stop codon (and thus non-
coding) in females (Heinrichs et al., 1998). Thus, the presence or
absence of FruM (FruCOM is not expressed in adult neurons of
either sex) is decisive in directing the sexual fate of a neuron to
the male fate or female fate.

The sex-determination in Drosophila is achieved on a cell-
by-cell basis, i.e., each cell composing the entire organism
establishes its sexual identity according to the genetic code
without any involvement of sex hormone signaling. When the
ratio (X/A) of the number of X-chromosomes over the number
of autosome pairs (typically “2”) is 1.0 (such as when somatic
cells in an individual carry two X chromosomes) or larger,
the cell adopts the female fate, whereas, when the X/A value
is 0.5 (in an individual carrying a single X chromosome) or
smaller, the cell adopts the male fate. Counting of the relative
numbers of X-chromosomes is performed by a transcriptional
two-directional switch at the Sex-lethal (SxI) gene, which is
transcribed only when X/A exceeds 1.0. Thus the SxI gene
typically produces the Sxl protein only in XX individuals. The
female-specific SxI protein functions as a splicing regulator that
induces female-specific splicing of its target, the transformer
(tra) gene primary transcript. Only a transcript spliced in the
female pattern can encode a functional Tra protein, which in turn
induces female-specific splicing distinct from a default splicing
that occurs in males in its targets, e.g., the primary transcript
from the PI promoter of the fru gene (fru-PI). Upon binding
to the Tra target motif in the fru-PI primary transcript (Ito
et al., 1996; Ryner et al., 1996; Heinrichs et al., 1998), the Tra
protein induces splicing of the fru-PI primary transcript at the
site 3’ to the binding site in females, leading to the production
of an mRNA whose ORF is interrupted by a termination signal
(Ito et al., 1996; Ryner et al, 1996; Heinrichs et al, 1998;
Figure 1C). In males, default splicing in the absence of Tra
takes place at a more 5’ site, which excludes the termination
signal from the mature fru mRNA (Ito et al., 1996; Ryner et al.,
1996; Heinrichs et al., 1998). fru is therefore considered to be
an effector transcription factor gene in the sex determination
cascade, together with the other Tra target, dsx.

DOES MALE-SPECIFIC FRUM SIGNALING
INTERSECT NON-SEX-SPECIFIC FRUCOM
SIGNALING?

No Tra-binding motif has been identified in primary transcripts
from P2-P4 promoters. The P1 promoter dedicated to sex-related
functions is active only in neurons, while the P2-P4 promoters
are active in a variety of tissues. The apparent absence of
FruCOM (P2-P4 products) in neurons and neuron-restricted
FruM (PI products) expression do not necessarily mean that
FruCOM is “non-neural.” Lee et al. (2000) observed a large
number of cells labeled by the anti-FruCOM but not anti-FruM
antibodies in the brain and ventral nerve cord of third instar
female and male larvae. Our recent analysis with wandering stage
larval brains convincingly showed that nearly all neuroblasts
transiently express FruCOM proteins, which rapidly fade out and
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FIGURE 1 | Schematic representation of the fruitless (fru) gene structure. (A) Locations of four promoters (P1-P4), the exon-intron organization and the fru/7?!
P-element insertion point (an inverted triangle) are shown. Filled and open boxes indicate coding and non-coding exons, respectively. The second exon subjected to
sex-specific splicing is highlighted in color. A-E denote isoform-specific exons for types A-E. The start and termination codons are also shown. (B) Splicing variations
and the resulting protein isoform variants are illustrated. (C) The Tra-binding sites and sexually dimorphic splicing mechanism are depicted. (D) Schematic

representation of the FruM and FruCOM protein structures.

disappear in the daughter cells (i.e., ganglion mother cells and
neurons; Sato et al., 2019). This raises the intriguing possibility
that FruCOM proteins have a hitherto uncharacterized function
in proliferating neuroblasts, such as specifying the types of
neurons the neuroblast should produce. A comprehensive
analysis of clonal cell lineages unraveled that PI1-dependent fru-
positive neurons (hereinafter fru[+]-neurons) that are sexually
dimorphic derive from multiple neuroblasts rather than a few
dedicated neuroblasts: in fact, all type II neuroblast lineages bring
about sexually dimorphic fru[+]-neurons (Ren et al., 2016). It
remains to be determined whether larval expression of FruCOM
could have any sustained effect on the transcriptional state
of Fru-responsive genomic elements—such as, for example, to
sensitize them for subsequent exposure to FruM.

DO FruM PROTEINS SHAPE ONLY
NEURONS IN WHICH THEY ARE
EXPRESSED?

With a few exceptions, transcription factors act within cells
in which they are expressed. Indeed, the FruM proteins, in
their capacity as transcription factors, specify the structure of
a fru[+]-neuron by their cell autonomous functions. The best
characterized fru[+] neurons are those that compose the mAL
cluster in the brain. mAL neurons are sexually dimorphic in

three respects (Kimura et al., 2005). First, the number of neurons
that comprise the cluster is five in females and 30 in males.
Second, the ipsilateral neurite forms only in males. Third, the
posteriorly extending contralateral neurite bifurcates near its
tip only in females. These three sex-specific characteristics are
determined by the presence or absence of FruM. Reducing
functional FruM levels in males (e.g., in fru hypomorphic
mutant males) leads to an increase in the proportion of female-
typical neurons at the expense of the male-type neurons in
the mAL cluster (Ito et al., 2012). In principle, the neurons
with intersexual structures are not produced; every neuron in
the mAL cluster is either a perfect female-type or male-type
neuron under fru loss-of-function conditions (Ito et al., 2012).
By contrast, manipulations of a fru downstream element or
some fru-interacting partners result in malformation of one
or more sexually dimorphic characteristics of mAL neurons
(Goto et al., 2011; Ito et al,, 2016; Chowdhury et al., 2017; Sato
et al,, 2019). These observations suggest that FruM proteins
operate as two-directional switches between the female-type and
male-type developmental pathways in mAL neurons, whereas
the specification of each sex-specific neural structure is achieved
by pathway-specific molecules downstream of FruM. FruM and
the FruM-downstream components function in the cell that
produces these molecules, i.e., they function cell autonomously
in conferring the sex-specific characteristics onto mAL neurons.
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Sex differences in neurons other than mAL are also produced by
a similar cell autonomous mechanism, and sexually dimorphic
neurons thus specified on a cell-by-cell basis may form
synapses to establish a sex-specific circuitry. On the other hand,
synaptogenesis inevitably involves coordinated tuning of pre-
and postsynaptic elements. Thus, it is conceivable that cell-to-
cell interactions during synaptogenesis would also contribute to
sexually dimorphic refinement of dendritic arbors and axonal
terminals. There is a precedent case in which FruM expression
in a cell was shown to be pivotal for normal development of
another cell; that is, the male-specific adult muscle called the
muscle of Lawrence (MOL) was shown to form only when
innervated by a male motoneuron named the Mind (MOL-
inducing) neuron (Nojima et al., 2010), irrespective of whether
the muscle on its own is composed of female cells or male
cells (Lawrence and Johnston, 1984, 1986; Taylor, 1992). Muscle
cells do not express FruM and the MOL is not an exception to
this rule. Exploring how the MOL induction is achieved by the
Mind neuron will provide insights into the molecular mechanism
whereby FruM in a neuron exerts non-cell autonomous effects
on its synaptic partners for the formation of a sexually
dimorphic circuit.

DO FruM FUNCTION ONLY IN
DEVELOPMENT OR DO FruM ALSO
FUNCTION IN A BEHAVING ADULT FLY?

The nervous system of holometabolous insects such as
Drosophila is largely reorganized during the pupal stage when
sexually dimorphic circuitry is newly established under the
control of FruM and Dsx. Consistent with this fact, FruM
expression commences at the wandering third instar larval stage,
peaks at the pupal stage, and thereafter declines but does not
disappear after the adult emergence (Lee et al., 2000). The
functions of FruM in the adult stage have been ill-defined.
However, clues to the roles of FruM in adults were obtained
by Hueston et al. (2016). They found that fru-GAL4 expression
in the Or47b-expressing olfactory neurons is sustained through
the adult stage only when these cells are functionally active:
fru-GAL4 expression is activity-dependent in Or47b neurons
(Hueston et al., 2016). Or47b is activated by the fatty acid
ligand methyl laurate, which is an endogenous aphrodisiac for
both sexes and is contained in the adult cuticle of both sexes
(Dweck et al., 2015). The major sex pheromones in Drosophila
are several hydrocarbon compounds in the body surface cuticle
(Jallon, 1984). Notably, genetic deprivation of all hydrocarbons
from wild-type male flies makes them extremely attractive for
other males and results in male-male courtship, which is rarely
seen under normal conditions (Billeter et al., 2009). These
unusual homosexual activities among males are likely evoked by
the fatty acid attractants remaining in the cuticle, from which
hydrocarbon pheromones, both excitatory and inhibitory ones,
have been deprived. Notably, male-male courtship is a hallmark
of fru mutants that lack fru expression (Hall, 1978; Villella
et al., 1997). Recent studies have demonstrated that male-male
courtship in fru mutants is enhanced by rearing these flies in a

group and suppressed by social isolation (Pan and Baker, 2014;
Kohatsu and Yamamoto, 2015). Olfactory experience appears
important for the development of this trait because genetic
deprivation of olfaction abrogated the induction of male-male
courtship in grouped fru mutant males (Pan and Baker,
2014). These observations tempt us to postulate that activity-
dependent fru expression might play a role in experience-
dependent changes in behavior after adult emergence. Another
study showed that juvenile hormone (JH; known to stimulate
reproductive maturation in the adult) acts on Or47b olfactory
neurons in mature adult males to boost their ligand sensitivity,
making these elder males more successful in copulation than
younger males (Lin et al., 2016). This finding invites speculation
that JH might act through FruM to elevate Or47b sensitivity.
Remarkably, Wu et al. (2018) suggested that some of the JH
actions are mediated by a FruM-dependent mechanism: they
showed that a sex difference in sleep patterns disappears and
FruM expression in the brain declines in male flies when
JH signaling is inhibited. Of note, sleep activities and sexual
activities are reciprocally regulated by a group of fru[+] neurons
called P1 neurons (Chen et al., 2017), which were originally
identified to be the primary decision-making cells for the
initiation of male courtship (Kimura et al., 2008). It would be
of interest to examine whether the mechanism by which JH
elevates male mating success by acting on Or47b is dependent
on functional FruM in these neurons. A recent study revealed
that IR52a-expressing fru[+]-chemosensory neurons on the wing
margin mediate input to stimulate male-male courtship (He
et al., 2019). It remains to be examined whether fru expression
in the IR52a-sensory neurons as positive regulators for
male-male courtship is also modulated by neural activities during
the adult stage.

PERSPECTIVES

The fru gene produces two major protein groups: FruM and
FruCOM. The FruM proteins have an N-terminal extension that
FruCOM proteins lack, but we do not know how important this
structural difference is in terms of the protein functions. The
expressions of the FruM and FruCOM proteins are mutually
exclusive both spatially and temporally (e.g., neuroblasts vs.
neurons in the postembryonic nervous system; Sato et al,
2019), implying that each protein group acts in a different
developmental context, possibly through partially redundant
signaling mechanisms.

Molecular studies on the actions of FruBM protein have
revealed that this protein forms a transcriptional complex
with an isoform of Lola, a pleiotropic transcription factor,
to transcriptionally repress the robol gene, a direct target of
FruM (Ito et al, 2016). In male flies, FruM protects Lola
from truncation upon binding to Lola through each-others’
BTB domains; the N-terminal portion of Lola is otherwise
truncated by ubiquitin proteasome digestion (Sato et al., 2019).
Robol functions to inhibit the extension of the male-specific
neurite of mAL neurons, thereby contributing to the formation
of sexual dimorphism in these neurons (Ito et al, 2016).
Full-length Lola represses robol in males, whereas truncated
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Lola inhibits full-length Lola’s action to repress robol, with
the result that the ipsilateral neurite forms in males but not
females (Sato et al., 2019). Lola is known to drive neuroblasts
to exit the stem cell state and enter the differentiation pathway
(Southall et al., 2014). An intriguing possibility is that FruCOM
contributes to this process together with Lola in both sexes
by playing a transcriptional role similar to that of FruM in
sexual-type specification in males, and yet its target specificity
or its preference for interaction partners differs from that of
FruM. Notably, fasciculation and path-finding of pioneering
axons in the embryo were disrupted by fru mutations that lost
FruCOM while retaining FruM proteins (Song et al., 2002). In
the embryonic nervous system, FruCOM but not FruM proteins
are expressed in neuroblasts, ganglion mother cells (GMCs) and
some neurons and glial cells (Song et al., 2002). Remarkably,
axon guidance and fasciculation defects were rescued by the type
A or type B isoform of FruCOM (but not by any of the FruM
isoforms) when these proteins were overexpressed in neuroblasts
and GMCs (but not neurons), suggesting that FruCOM functions
are required in cells before neural differentiation for normal
axonogenesis that occurs after differentiation (Song et al., 2002).
Intriguingly, FruM overexpression even exaggerated the axonal
defects in fru mutants (Song et al.,, 2002). These observations
imply that FruCOM proteins with no N-terminal extension
have biological activities distinct from those of FruM with the
N-terminal extension. One may envisage, for example, that
the male-specific N-terminal extension of FruM affects the
stability of the FruM-containing transcriptional complex by
modulating the proteasomal degradation of FruM-interaction
partners within the complex. We presume that FruM is
evolutionarily a derivative of FruCOM that was co-opted for
sex-specific functions in neurons, whereas FruCOM expression
was eliminated through negative selection in evolution.

The robol gene is the sole established target of FruM
(more specifically, FruBM; Ito et al., 2016), although the total
number of FruBM targets is expected to exceed 100 based
on immunolabeling of FruBM that bound to the target
sites on polytene chromosomes (Ito et al, 2012). Robol is
a transmembrane protein that functions as a receptor for
Slit proteins, membrane-anchored ligands that mediate cell-
to-cell interactions (Kidd et al., 1998, 1999). Robo proteins
of vertebrates and invertebrates exert pleiotropy, working
in neural midline crossing/turning/stopping, angiogenesis,
kidney development, heart development, mammary gland
morphogenesis and other developmental processes, and this
pleiotropy partly depends on the pleiotropic processing of
Robo and Slit upon their binding to each other (Blockus
and Chédotal, 2016), which occurs in two facing cells that
interact with each other. This leads to an important question.
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Women become addicted sooner after initiating cocaine use as compared to
men. Preclinical studies reveal a similar vulnerability in females, with findings from
ovariectomized rats suggesting that estradiol mediates the enhanced vulnerability.
However, since ovariectomy depletes not only estradiol, but all ovarian hormones, its
role in a physiological context is not clear. Thus, the goal of this study was to determine
the role of estradiol in the development of an addiction-like phenotype in ovary-
intact females treated chronically with the selective estrogen receptor (ER) modulator
tamoxifen. We hypothesized that tamoxifen, by antagonizing ERs, would block the
development of an addiction-like phenotype as defined by an enhanced motivation for
cocaine (assessed under a progressive-ratio schedule), and a heightened vulnerability
to relapse (assessed under an extinction/cue-induced reinstatement procedure). Effects
were examined following extended access cocaine self-administration (24-h/day; 4-
discrete trials/h; 1.5 mg/kg/infusion) and 14-days of abstinence, conditions optimized
for inducing an addict