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Abstract

In this review, first a historical perspective of serotonin’s (5-HT) involvement in female sexual

behavior is presented. Then an overview of studies implicating 5-HT is presented. The effect of

drugs that increase or decrease CNS levels of 5-HT is reviewed. Evidence is presented that drugs

which increase 5-HT have negative effects on female sexual behavior while a decrease in 5-HT is

associated with facilitation of sexual behavior. Studies with compounds that act on 5-HT1, 5-HT2

or 5-HT3 receptors are discussed. Most evidence indicates that 5-HT1A receptor agonists inhibit

sexual behavior while 5-HT2 or 5-HT3 receptors may exert a positive influence. There is

substantial evidence to support a role for 5-HT in the modulation of female consummatory sexual

behavior, but studies on the role of 5-HT in other elements of female sexual behavior (e.g. desire,

motivation, sexual appetite) are few. Future studies should be directed at determining if these

additional components of female sexual behavior are also modulated by 5-HT.
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1.0 Introduction and Overview

A contribution of serotonin (5-HT) to the modulation of female sexual behavior has been

appreciated since the early 1960s when a variety of compounds with effects on the 5-HT

system were found to reduce female rodent sexual receptivity (for reviews, see (Mendelson,

1992; Uphouse, 2000; Uphouse and Guptarak, 2010). 5-HT cell bodies are located in a

diffuse cluster of neurons in the midbrain and brainstem (Steinbusch, 1981). Among the

rostral group are the dorsal raphe nucleus (DRN), medial raphe nucleus (MRN) and the

caudal linear nucleus that provide a majority of the ascending 5-HT innervation of the brain,

including those areas important in the control of female sexual behavior (Azmitia and Segal,

1978; Hornung, 2003). The caudal grouping, located in the pons and medulla, is the major

source of 5-HT to the spinal cord (Hornung, 2003)
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Although findings were not always consistent, the bulk of evidence supported the hypothesis

that compounds that increased 5-HT reduced female sexual behavior and compounds that

decreased 5-HT facilitated sexual behavior. This early view of 5-HT as a negative regulatory

of rodent female sexual behavior has been reinforced by studies in humans that have

implicated serotonergic compounds in the treatment of human sexual dysfunction (Moll and

Brown, 2011) and by studies of genetic polymorphisms of the 5-HT system that are

associated with low sexual desire in humans (Burri et al., 2012). In addition, alterations in 5-

HT functioning are thought to contribute to the sexual dysfunction that occurs following

treatment with antidepressants such as selective serotonin reuptake inhibitors (SSRIs)

(Clayton et al., 2006; Clayton, 2002; Gelenberg et al., 2000; Gregorian et al., 2002;

Montgomery et al., 2002).

Between 1950 and 1990, a variety of drugs that impacted 5-HT at every level from synthesis

to degradation to receptor action were examined. Although most investigators accepted the

assumption that any means of increasing 5-HT function would reduce female sexual

behavior, such assumptions were based on a belief that 5-HT, as well as other chemical

messengers, acted on a single neurotransmitter receptor. The existence of at least two

serotonin receptors had been indicated as early as 1957 (Hannon and Hoyer, 2008), but it

was not until Peroutka and Snyder’s report (Peroutka and Snyder, 1979) for the existence of

two different central nervous system CNS 5-HT receptors (5-HT1 and 5-HT2) that the

concept of multiple CNS 5-HT receptors received major acceptance. Thereafter, the search

was on to determine which of these receptors might be responsible for 5-HT’s behavioral

effects and the study of female sexual behavior was no exception. When the first relatively

selective 5-HT1A receptor agonist, 8-OH-DPAT (8-hydroxy-2-(di-N-propylamino) tetralin),

became available, several investigators reported that systemic treatment with the drug

inhibited female rat lordosis behavior (Ahlenius et al., 1986; Fernandez-Guasti et al., 1987;

Mendelson and Gorzalka, 1986a). These studies led to suggestions that 5-HT1 receptors,

activated by 8-OH-DPAT, were responsible for pharmacological effects of 5-HT on female

lordosis behavior. However, as more and more 5-HT receptors were identified (Hoyer and

Martin, 1997; Zifa and Fillion, 1992), it became obvious that 5-HT’s modulation of sexual

behavior was more complex than originally anticipated. There were reports that some

pharmacological compounds increased rather than decreased female rat lordosis behavior

(Hunter et al., 1985; Wilson and Hunter, 1985) and evidence accumulated that 5-HT could

both inhibit and facilitate the behavior (Mendelson and Gorzalka, 1985; Wilson and Hunter,

1985). Moreover, a member of the 5-HT1 family, the 5-HT1A receptor, was found to reside

not only on targets of 5-HT terminals but also on soma and dendrites of 5-HT neurons in the

DRN where they reduced firing of 5-HT neurons and thereby reduced release of 5-HT

(Romero and Artigas, 1997; Sprouse and Aghajanian, 1987). Such findings challenged the

singular view that 5-HT1 receptors, as negative regulators of female sexual behavior, were

solely responsible for the effects of 5-HT.

In animal studies of 5-HT and female sexual behavior, emphasis was on the lordosis

response, a posture made by the female to enable the male to achieve intromission. The

lordosis reflex is a supraspinal reflex that is initiated by somatosensory stimuli especially

from the female’s rump. During mating, somatosensory information reaches the spinal cord

and travels in the anteriolateral column to the medulla where it integrates with relevant
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motor output (Kow and Pfaff, 1998). Higher brain areas are required to mediate the

hormonal control of the reflex. In particular, the ventromedial nucleus (VMN) of the

hypothalamus is critical for this hormonal control and communicates with the dorsal and

lateral portions of the periacqueductal gray (PAG) of the midbrain (Flanagan-Cato, 2011;

Kow and Pfaff, 1998). This VMN-PAG information is thought to be critical to estrogen’s

ability to facilitate the reflex and to coordinate the behavior with the female’s ability to

procreate. Other brain areas contribute to the fine-tuning of the reflex by coordinating the

behavior to environmental events that influence successful reproduction (Kow and Pfaff,

1998; Pfaff et al., 2008). The PAG relays hormonal information from the VMN to brainstem

areas that control the motor output and lead to the arching of the back that characterizes the

reflex (Kow and Pfaff, 1998).

However, female rodent sexual behavior is not a single behavioral response but a repertoire

of behaviors that can be divided into appetitive (grooming, excitement, motor activation),

precopulatory (proceptivity, solicitation), and consummatory (receptivity, lordosis) activities

that vary in their hormonal control and neuronal circuitry (Erskine, 1989; Pfaus et al., 1999).

Solicitation/appetitive behavior allows the female to obtain proximity to the male.

Proceptive behaviors engage the male’s attention on the female while receptive behavior

includes the actual act of copulation. Although subprimate female sexual behavior differs

from human sexual behavior in its dependence on female gonadal hormones, many aspects

of female sexual behavior have similarity across species (Agmo et al., 2004; Pfaus et al.,

2001) so that rodent models of sexual behavior have provided valuable insight regarding the

effects of serotonergic drugs. Nevertheless, there have been few attempts to differentiate the

role 5-HT plays on the various components of female sexual behavior. This is a particularly

important omission since low sexual desire/motivation is one of the most frequent

complaints in human females that experience hypoactive sexual desire disorder (HSDD) or

after antidepressant treatment (Clayton, 2002; Segraves, 2007; Shifren et al., 2008) but has

been the least studied in animal models. Therefore, a greater understanding of 5-HT’s role in

appetitive/precopulatory behaviors is badly needed.

In the following review, the effects of drugs which alter 5-HT function are overviewed with

an aim toward pointing the way to future studies that may further delineate 5-HT’s relatively

complex role in the modulation of different components of female sexual activity. A

historical and current overview of drugs that alter levels of serotonin and/or activate 5-HT

receptors is presented. Thereafter, the implications and limitations of these studies to our

understanding of 5-HT’s role in female sexual behavior is discussed.

2.0 Compounds that alter total or synaptic levels of 5-HT

In most early studies, the lordosis reflex was examined after peripheral administration of

pharmacological compounds that varied in their mode of action from blocking 5-HT

synthesis/degradation to altering release of 5-HT from nerve terminals. Drugs, such as the

monoamine oxidase inhibitor, pargyline (N-methyl-N-(2-propynyl)benzylamine

monohydrochloride), which lead to an increase in 5-HT were among the first group of

compounds reported to decrease lordosis behavior after either systemic or intrahypothalamic

administration (Allen et al., 1993; Luine and Paden, 1982; Meyerson, 1964). Consistent with
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these findings, 5-HT releasing agents, such as fenfluramine [(+)-N-ethyl-α-methyl-m-

[trifluoromethyl]phenethylamine hydrochloride] (Pettibone and Williams, 1984), reduced

lordosis behavior (Everitt et al., 1975; Michanek and Meyerson, 1977); and negative effects

on lordosis behavior were found following treatment with the 5-HT precursor, 5-

hydroxytryptophan (Sietnieks and Meyerson, 1982).

Depletion of 5-HT with vesicular monoamine inhibitors such as reserpine [(3β,16β,17α,

18β,20α)-11,17-dimethoxy-18-[(3,4,5-trimethoxybenzoyl)oxy]yohimban-16-carboxylic acid

methyl ester] (Meyerson, 1966) or tetrabenazine (9,10-dimethoxy-1,3,4,6,7,11b-

hexahydro-3-isobutyl-2H-benzo[a]quinolizin-2-one) (Ahlenius et al., 1972; Meyerson,

1966) or with the 5-HT synthesis inhibitor, parachlorophenylanine (1-[(2s,6r,11s)-8-

hydroxy-3,6,11-trimethyl-1,2,3,4,5,6-hexahydro-2,6-methano-3-benzazocin-11-yl]octan-3-

one), (Ahlenius et al., 1972; Meyerson and Lewander, 1970), increased lordosis. A

particularly significant observation was the finding that the 5-HT neurotoxin, 5,7,

dihydroxytryptamine, increased lordosis behavior (Luine et al., 1983; Moreines et al., 1988)

and that this effect was reversed over time as reinnervation with 5-HT terminals occurred

(Frankfurt et al., 1985).

Reinforcing the putative negative role of 5-HT in regulation of lordosis behavior, a variety

of relatively nonselective monoamine reuptake inhibitors such as desmethylimipramine

(10-11-dihydro-N-methyl-5H-dibenz(Z)-[b,f]azepine-5-propanamine hydrochloride);

imipramine [3-(10,11-dihydro-5H-dibenz[b,f]azepin-5-yl)propyldimethylamine

hydrochloride] and amitriptyline [3-(10,11-dihydro-5H-dibenzo[a,d]cyclopenten-5-

ylidine)propyldimethylamine hydrochloride] were reported to reduce lordosis behavior

(Meyerson, 1966). Although the effects of these drugs were consistent with an inhibitory

role of 5-HT on lordosis behavior, the fact that these compounds blocked reuptake of

multiple amine transporters made causal interpretations difficult. In more recent studies,

emphasis has been directed toward the category of antidepressants known as selective

serotonin reuptake inhibitors (SSRIs) because these compounds produce the greatest amount

of sexual dysfunction in women (Montgomery et al., 2002; Segraves, 2007; Strohmaier et

al., 2011). A summary of these studies with drugs affecting synaptic serotonin is shown in

Table 1.

In animal studies, fluoxetine [Prozac®; (±)-N-methyl-γ-[4-(trifluoromethyl)

phenoxy]benzenepropanamine hydrochloride] has been the most investigated of the SSRIs

and has been routinely reported to reduce lordosis behavior in female rats or to reduce lateral

displacement (a measure of sexual receptivity) in hamsters (Adams et al., 2012; Frye et al.,

2003; Frye and Rhodes, 2010; Guptarak et al., 2010). In female rats, the reduction of

lordosis behavior exhibits dose-dependency, the IC50 of which varies with hormonal

priming, rat strain and testing condition (Adams et al., 2012; Guptarak et al., 2010; Miryala

et al., 2013). Ovariectomized Fischer rats treated with estradiol benzoate and progesterone

were less sensitive to the lordosis-inhibiting effect of fluoxetine than were rats hormonally

primed only with estradiol benzoate (Guptarak et al., 2010); and pretesting for lordosis

behavior immediately prior to injection with fluoxetine amplified the effect of the SSRI

(Adams et al., 2012). Although the act of mating is reinforcing for the female, mating has

both positive and negative effects (Camacho et al., 2009). For example, when placed in a
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novel environment with an unfamiliar male, females show an elevated corticosterone

response (Hennessy et al., 2008). Fluoxetine also increases corticosterone (Van de Kar et al.,

1985) so that mating before injection may have amplified this response.

Since acute fluoxetine has anxiogenic properties (Birkett et al., 2011; Ravinder et al., 2012;

Robert et al., 2011) and progesterone is recognized as a potent anxiolytic (Bitran et al.,

1993; Frye, 2007; Picazo and Fernandez-Guasti, 1995), these findings suggest that stress

could amplify the effects of fluoxetine on lordosis behavior and that progesterone may

reduce this effect. An additional connection between a potential protective effect of

progesterone against the lordosis-inhibiting effect of fluoxetine has been provided by Frye

and colleagues (Frye, 2007; Frye et al., 1998; Frye and Rhodes, 2010) who reported that the

progesterone metabolite, allopregnanolone (3α-hydroxy-5β-pregnan-20-one; 3α,5β-THP),

whether delivered systemically or intracranially into the ventral tegmental area, attenuated

the effects of systemic treatment with fluoxetine.

In sharp contrast to the robust inhibitory effects of fluoxetine on lordosis behavior of Fischer

female rats, higher doses of the SSRI were required to reduce lordosis behavior in

hormonally-primed, ovariectomized or naturally cycling Sprague-Dawley females (Miryala

et al., 2013). The strain difference reported for the acute treatment is consistent with a

similar strain difference in subchronic effects of fluoxetine on lordosis behavior and estrous

cyclicity (Maswood et al., 2008; Sarkar et al., 2008b; Uphouse et al., 2006). Daily treatment

of Fischer females with 10 mg/kg fluoxetine reduced lordosis behavior and estrous cyclicity

within the first 5 days of treatment (Uphouse et al., 2006) while the effects in Sprague-

Dawley females were considerably more modest and less consistent (Maswood et al., 2008).

Although not examined in Sprague-Dawley females, it is interesting to note that fluoxetine-

treated Fischer females had lower circulating progesterone than their vehicle controls

(Uphouse et al., 2006). Given progesterone’s potential to attenuate sexual side effects of

fluoxetine, examination of progesterone levels in humans exhibiting antidepressant-induced

sexual dysfunction could be valuable.

Strain differences may account for fluoxetine’s failure to disrupt the estrous cycle of Wistar

rats even though reductions in lordosis behavior and proceptivity were present but only

following long-term treatment (Matuszczyk et al., 1998). In hormonally-primed

ovariectomized rats of this strain, 21–28 days of treatment with fluoxetine (10 mg/kg) were

required before disruptions in lordosis behavior were observed (Matuszczyk et al., 1998).

Thus, it might be assumed that repeated treatment with fluoxetine could amplify effects of

fluoxetine on lordosis behavior. However, this possibility is inconsistent with the finding

that, relative to the acute effects, the lordosis-inhibiting effects of fluoxetine were reduced,

not increased, after Fischer females were treated for 10 days with the SSRI (Sarkar et al.,

2008a). Because Matuszcyk et al. (Matuszczyk et al., 1998) tested the rats at least weekly,

the repeated mating, and not just exposure to male pheromones/odors, may have increased

the effect of fluoxetine because daily exposure to soiled bedding from the male reduced the

effect of fluoxetine in naturally cycling Fischer female rats (Sarkar et al., 2008b).

In contrast to effects of fluoxetine, the SSRI, paroxetine [(−)-trans-4R-(4′-fluorophenyl)-3S-

[(3′,4′-methylenedioxyphenoxy) methyl] piperidine hydrochloride hemihydrate] has not
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been reported to robustly reduce lordosis behavior. Following daily treatment with

paroxetine, treated rats showed a decline in lordosis behavior at only a single time point

(after 7 days of treatment) and this was present only in rats with suboptimal hormonal

priming (e.g. 5 μg estradiol benzoate alone) (Snoeren et al., 2011b). The lack of an effect of

paroxetine is a surprising outcome because the incidence of sexual dysfunction after

paroxetine treatment in humans is equal to or greater than that reported for fluoxetine

(Outhoff, 2010) and both compounds are effective blockers of 5-HT reuptake (Haenisch and

Bonisch, 2010; Hyttel, 1994; Owens et al., 1997). However, experiments with paroxetine

have primarily been performed in a pacing paradigm where females control the sexual

interaction (Erskine, 1989) while studies with fluoxetine have predominantly been

conducted in a shorter-duration paradigm where the female does not control interaction with

the male. Because paced mating is more rewarding and less stressful than mating under

conditions where the female is not in control (Parada et al., 2012; Paredes and Vazquez,

1999), this difference in testing could be a significant factor in comparisons of the effects of

SSRIs on lordosis behavior.

Few investigators have examined the effects of SSRIs on appetitive/precopulatory female

sexual behaviors. In the no-contact, partner preference paradigm, females choose between

spending time in the vicinity of a sexual (intact male) or a social (castrate male or

ovariectomized female) stimulus (Clark et al., 2004). An increase in time spent near the

sexual incentive is thought to reflect an increase in the female’s sexual motivation/arousal.

In a variation of this procedure, the time the female spends investigating (sniffing, licking or

chewing) the wire mesh that prevents access to the male is also assumed to reflect the

female’s sexual motivation (Adams et al., 2012; Hawcock et al., 2010).

In the first report in which the female’s preference for spending time with the male was

examined after fluoxetine treatment, the antidepressant produced a transient decline

(significant only after 7 days of treatment) in male preference (Matuszczyk et al., 1998).

However, such reductions in partner preference were not reported for hormonally-primed

ovariectomized Fischer females after either acute or 10 days of fluoxetine treatment (Adams

et al., 2012; Sarkar et al., 2008a). Nevertheless, after acute treatment, time near the female

was increased, investigation time was reduced, and measures of general excitement (e.g.

crossings and grooming) were reduced, consistent with a negative effect of fluoxetine on

sexual motivation (Adams et al., 2012). However, fluoxetine also appeared to reduce general

locomotor activity and this may have confounded measures of sexual motivation. In

contrast, acute paroxetine did not alter the female’s preference for spending time near the

male, but after 20 days of paroxetine treatment, time near the male was reduced (Kaspersen

and Agmo, 2012).

In the pacing paradigm, the female is allowed to control the frequency of interaction with

the male by “escaping” the male’s compartment into a chamber to which only the female has

access (Clark et al., 2009; Erskine, 1989; Paredes and Vazquez, 1999; Pfaus et al., 1999). In

this paradigm, it is assumed that sexual motivation is correlated with a faster return to

interact with the male. When treated acutely with fluoxetine, females left the male’s

chamber and remained away from the male for most of the testing period (Adams et al.,
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2012). In contrast, there were no significant effects of paroxetine on time spent with the

male in the pacing paradigm (Snoeren et al., 2011b).

While lordosis behavior is clearly reduced following treatments that increase 5-HT, the

limited study of SSRIs (or other drugs which increase 5-HT) on appetitive/precopulatory

measures of female sexual activity makes it difficult to draw major conclusions about 5-

HT’s role in these behaviors. Most antidepressants can produce sexual dysfunction in human

females, but SSRIs are associated with the highest incidence; and the most prevalent

complaint following SSRI treatment is related to low sexual desire and satisfaction

(Montgomery et al., 2002; Schweitzer et al., 2009; Segraves, 2007). Thus, additional studies

of the appetitive/precopulatory effects of agents that alter 5-HT levels are needed.

Nevertheless, the relatively small, if any, effects of antidepressant drugs, such as buproprion

[(±)-l-(3-chlorophenyl)-2-[(l,l-dimethylethyl)amino]-l-propanone hydrochloride] or

mirtazepine (1,2,3,4,10,14b-hexahydro-2-methylpyrazino [2,1-a] pyrido [2,3-c]

benzazepine) with low or absent effects on 5-HT reuptake, on sexual behavior of humans or

animals (Gregorian et al., 2002; Kanaly and Berman, 2002; Lopez et al., 2007; Meston and

Frohlich, 2001; Moll and Brown, 2011; Segraves, 2007; Serretti and Chiesa, 2009) provide

some support for the hypothesis that global elevations in 5-HT negatively impact female

sexual behavior.

3.0 Drugs acting at 5-HT receptors

Prior to recognition of the many 5-HT receptor families, a variety of drugs with putative 5-

HT receptor action were investigated. Some drugs, such as methiothepin (1-[10,11-

dihydro-8-(methylthio)dibenzo(Z)[b,f]thiepin-10-yl]-4-methylpiperazine maleate),

ketanserin [3-(2-[4-(4-fluorobenzoyl)-1-piperidinyl]ethyl)-2,4(1H,3H)-quinazolinedione

(+)tartrate salt], ritanserin (6-[2-[4-(bis(4-fluorophenyl)methylene]-1-piperidinyl]ethyl]-7-

methyl-5H-thiazolo[3,2-a]pyrimidin-5-) and cyproheptadine [4-(dibenzo[1,2-a:1′,2′-e]

[7]annulen-11-ylidene)-1-methylpiperidine] reduced lordosis behavior (Mendelson and

Gorzalka, 1986c; Sietnieks, 1985). Others such as methysergide ([8β(S)]-9,10-didehydro-N-

[1-(hydroxymethyl)propyl]1,6-dimethylergoline-8-carboxamide) increased lordosis behavior

(Franck and Ward, 1981; Hunter et al., 1985). Other drugs had effects that varied depending

on the dose of the drug used (Mendelson, 1992). With the discovery of the many serotonin

receptors and further identification of the agonist/antagonist actions of these earlier drugs at

select 5-HT receptors, studies with these drugs paved the way for current understandings

that, dependent on both the receptor subtype and the brain region affected, 5-HT can have

both positive and negative effects on female sexual behavior.

Seven families, each with subclasses, of 5-HT receptors are currently recognized (Hannon

and Hoyer, 2008). Of these, the 5-HT1, 5-HT2, 5-HT3 and 5-HT7 families have been

examined for their role in female sexual behavior. Two members of the 5-HT1 family (5-

HT1A and 5-HT1B) and two members of the 5-HT2 family (5-HT2A and 5-HT2C) have

received the most investigation. With the development of drugs that exhibit relative

selectivity for these receptors, insight into the role that different 5-HT receptors play in

female sexual behavior has begun to emerge.
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3.1 5-HT1A Receptors

Primarily because it was the target of one of the first relatively selective 5-HT receptor

agonists to be developed, there is more information about effects of 5-HT1A receptor

agonists on female sexual behavior (especially lordosis behavior) than for other 5-HT

receptors (see Table 2 for a summary of studies). 5-HT1A receptors are G-protein coupled

primarily to inhibition of adenylate cyclase and/or lead to opening of a K+ channel (Artigas,

2013; Hannon and Hoyer, 2008), are present on soma and dendrites of 5-HT neurons (where

they reduce firing of 5-HT neurons) as well as on soma and dendrites of neurons that are

postsynaptic to 5-HT terminals (Blier et al., 1998; Sprouse and Aghajanian, 1987, 1986).

Systemic treatment with 5-HT1A receptor agonists reduces lordosis behavior in rats

(Ahlenius et al., 1989; Fernandez-Guasti et al., 1987; Kishitake and Yamanouchi, 2003;

Mendelson and Gorzalka, 1986a, b; Snoeren et al., 2011b) and hamsters (Hebert et al., 1995)

and reduces sexual behavior and solicitation in female marmoset monkeys (Aubert et al.,

2012; Snoeren et al., 2011b). However, both species and rat strain differences may exist. In

the female ferret, the 5-HT1A receptor agonist, 8-OH-DPAT, does not reduce, but facilitates,

receptivity (Paredes et al., 1994), and in a comparison of two commonly used rat strains,

Fischer and Sprague-Dawley, lordosis behavior was reduced at a lower dose of 8-OH-DPAT

in Sprague-Dawley than in Fischer females (Uphouse et al., 2002).

The most effective intracranial site for 5-HT1A receptor agonist’s effects on lordosismay be

the mediobasal hypothalamus (MBH), a brain area containing the VMN that is recognized to

be critical for estradiol-facilitated female rat sexual receptivity (Blaustein, 2008). Infusion of

several 5-HT1A receptor agonists [8-OH-DPAT, buspirone ([±)-l-(3-chlorophenyl)-2-[(l,l-

dimethylethyl)amino]-l-propanone hydrochloride], 5-OH-DPAC [5-hydroxy-(3-di-n-

propylamino)chroman] and 5-MEO-DPAC [5-methoxy-(3-di-n-propylamino)chroman] into

this brain region rapidly inhibited lordosis behavior (Gonzalez et al., 1997; Uphouse et al.,

1992b; Uphouse et al., 1993). When 8-OH-DPAT was used as the agonist, a variety of

nonselective 5-HT1A receptor antagonists, propanolol [(±)-1-isopropylamino-3-(1-

naphthyloxy)-2-propanol hydrochloride] and pindolol [1-(1H-indol-4-yloxy)-3-

(isopropylamino)-2-propanol], as well as the selective 5-HT1A receptor antagonist,

WAY100635 [N-[2[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]N-(2 pyridinyl) cyclohexane-

carboxamide trihydrochloride], prevented the effects of 8-OH-DPAT following infusion into

the MBH (Uphouse et al., 1996a; Uphouse and Wolf, 2004).

However, the MBH is not the only site relevant to the effects of 5-HT1A receptor agonists on

lordosis behavior. Infusion of 8-OH-DPAT into the vicinity of 5-HT cell bodies in the DRN

(but not directly into the DRN) or MRN or into the PAG inhibited lordosis behavior but only

at higher concentrations than required to reduce lordosis behavior in the MBH (Uphouse et

al., 1992a; Uphouse et al., 1994). The fact that 8-OH-DPAT was more effective near, but not

directly in the DRN, may suggest that the drug’s effect was mediated by 5-HT1A receptors

located on non 5-HT neurons of the DRN rather than on 5-HT cell bodies (Uphouse et al.,

1992a).

In the medial preoptic area (mPOA), a brain area that several authors have argued

contributes significantly to sexual motivation (Guarraci and Clark, 2006; Kato and Sakuma,
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2000; Martinez and Petrulis, 2013), infusion of 8-OH-DPAT (at relatively high

concentrations) reduced lordosis behavior but less efficiently than following MBH infusions

(Uphouse and Caldarola-Pastuszka, 1993). Proceptivity, however, was reduced and the

female’s resistance to the male’s attempt to mount was increased. This may reflect a role for

5-HT1A receptors in the mPOA in female sexual motivation. In Syrian hamsters, a

significant reduction in lordosis duration was also seen following infusion of 8-OH-DPAT

into the mPOA-anterior hypothalamus (mPOA-AH) (Caldwell and Albers, 2002).

Therefore, drugs acting on 5-HT1A receptors may influence female precopulatory as well as

copulatory behaviors. Consistent with this is a recent report that systemic treatment with 8-

OH-DPAT reduced proceptivity and also reduced the time females spent in the male’s

compartment in a pacing paradigm (Snoeren et al., 2010; Snoeren et al., 2011a; Snoeren et

al., 2011b). Because both effects were attenuated by the 5-HT1A receptor antagonist,

WAY100635 (Snoeren et al., 2010; Snoeren et al., 2011b), a 5-HT1A receptor-mediated

effect was implicated. Therefore, the collective findings indicate that 5-HT1A receptor

agonists may negatively affect both consummatory and appetitive/precopulatory effects of

female sexual behavior and most evidence is consistent with a location of the relevant

receptors that is postsynaptic to 5-HT neurons. While MBH 5-HT1A receptors may be

especially relevant for consummatory responses, other brain areas may be involved in the

appetitive/precopulatory effects of 5-HT1A receptor agonists.

Activation of somatodendritic 5-HT1A receptors at 5-HT neurons reduces firing of these

neurons and, thereby, reduces release of 5-HT in terminal areas (Adell et al., 1993; Hjorth

and Sharp, 1991). If an elevation of synaptic 5-HT is inhibitory to female sexual behavior,

activation of somatodendritic 5-HT1A receptors might be expected to increase sexual

behavior. Data consistent with this expectation were reported by Mendelson and Gorzalka

following subcutaneous treatment with low doses of the 5-HT1A receptor agonists,

ipsapirone [2-[4-[4-(2-pyrimidinyl)-1-piperazin-yl]butyl]-1,2-benzisothiazol-3(2H)-one-1,1-

dioxide- monohydrochloride] or gepirone (2′-methyl-4′-(5-methyl-[1,2,4]oxadiazol-3-yl)-

biphenyl-4-carboxylic acid [4-methoxy-3-(4-methyl-piperazin-1-yl)-phenyl]-amide), given

to suboptimally hormonally primed ovariectomized rats (Mendelson and Gorzalka, 1986b).

Because somatodendritic 5-HT1A autoreceptors are thought to be more sensitive to 5-HT1A

receptor agonists than are those receptors located postsynaptic to 5-HT terminals (Beer et

al., 1990; Kennett et al., 1987), the low doses of these agonists were assumed to provide

activation of 5-HT1A autoreceptors without substantial activation of the postsynaptic sites.

However, more definitive tests of this possibility have not been performed. Moreover, most

evidence indicates that 5-HT, by acting on 5-HT1A receptors that exist in areas terminal to 5-

HT neurons, are responsible for 5-HT1A receptor agonists on lordosis behavior and that

these receptors may not be tonically active in preventing the emergence of the behavior

(Uphouse, 2000; Uphouse and Wolf, 2004). However, in rats with low sexual receptivity,

both the neutral 5-HT1A receptor antagonist, WAY100635, and the partial agonist/

antagonist, WAY100135 [chiral N-t-butyl-3-(1-(4-(2-methoxy) phenyl)piperazinyl)-1-

phenylpropionamide dihydrochloride, quarter hydrate], increased lordosis responding

(Kishitake and Yamanouchi, 2004; Uphouse et al., 1996a). Moreover, when women with

HSDD were treated with gepirone-extended release tablets, there was a significant reversal
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of HSDD in 63% of the patients (Fabre et al., 2011). Thus, it remains possible that some

populations of 5-HT1A receptors may be responsive to 5-HT1A receptor active drugs in a

way that positively affects female sexual behavior.

The majority of data that have implicated 5-HT1A receptors in the negative modulation of

female sexual behavior have used the 5-HT1A receptor agonist, 8-OH-DPAT, that is now

known to also act as an agonist at 5-HT7 receptors (Barnes and Sharp, 1999; Cornfield et al.,

1991). In contrast to the large number of studies that implicate 5-HT1A receptors in

modulation of female sexual behavior, there have been only 2 reports that specifically

evaluated 5-HT7 receptor active compounds (Siddiqui et al., 2007; Siddiqui and Shaharyar,

2007). These investigators reported that hormonally-primed, ovariectomized female rats,

treated with 5-HT, 8-OH-DPAT or 5-CT (5-carboxyamidetryptamine, a non-selective 5-HT

receptor agonist with 5-HT7 receptor agonist properties), showed a decline in lordosis

behavior and that both the 5-HT1A receptor antagonist, WAY100135, and the 5-HT7

receptor antagonist, SB 269970-A [2-(2-(4-methyl-piperidin-l-yl)-pyrrolidine-1-sulfonyl)-

phenol (Thomas and Hagan, 2004)] antagonized the respective agonists (Siddiqui et al.,

2007). Facilitation of the behavior in suboptimally hormonally-primed females was seen

after treatment with either WAY100135 or SB 269970-A so it is currently impossible to

exclude a role for 5-HT7 receptors. However, evidence that the sexual behavioral effects of

8-OH-DPAT are blocked by both pindolol and WAY100635 (Uphouse et al., 1996a;

Uphouse and Wolf, 2004), which have modest if any effect on 5-HT7 receptors (Hannon and

Hoyer, 2008; Lovenberg et al., 1993), enhances confidence in the conclusion that 5-HT1A

receptor agonists that have been studied reduce female sexual activity by interaction with 5-

HT1A receptors.

Based on the presence of inhibition after intracranial infusion to sites postsynaptic to 5-HT

terminals and the comparatively smaller effects in the DRN, postsynaptic sites are likely to

be responsible for effects of 5-HT1A receptor agonists. In addition, since 8-OH-DPAT

inhibits sexual behavior in rats that are missing the serotonin transporter (Olivier et al.,

2011; Snoeren et al., 2010), the drug’s ability to produce inhibition does not appear to be

dependent on changes in reuptake of 5-HT. However, in a recent study with marmoset

monkeys, 16 weeks of treatment with 8-OH-DPAT was reported to increase mRNA for the

serotonin transporter in the DRN (Aubert et al., 2013). Interestingly, 5-HT1A receptor

mRNA was increased in the medial prefrontal cortex; and 5-HT7 mRNA was increased in

the CA1 region of the hippocampus (Aubert et al., 2013). These findings illustrate the

potential for chronic 5-HT1A receptor activation to lead to alterations in gene expression in

brain areas that are important for female sexual receptivity and motivation.

3.2 5-HT1B/1D receptors

5-HT1B/1D receptors are negatively coupled to cAMP and are located on terminals of 5-HT

and non 5-HT neurons where they function as terminal autoreceptors and heteroceptors,

respectively (Daws et al., 2000; Engel et al., 1986; Hannon and Hoyer, 2008; Maura et al.,

1986; Riad et al., 2000) and reduce release of neurotransmitter from nerve terminals (Daws

et al., 2000; Hjorth et al., 2000; Hjorth and Tao, 1991). 5-HT1B receptors are the most

prominent such terminal autoreceptors in rats while, in humans, 5-HT1D receptors are the
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dominant such receptor (Kriegebaum et al., 2010; Kroeze et al., 2012). Both 5-HT1B and 5-

HT1D receptors may be located on neuronal terminals and have similar, though not identical,

pharmacology (Hannon and Hoyer, 2008; Kroeze et al., 2012). Although agents are

emerging that differentiate the two receptors, most pharmacological agents that have been

used to study female sexual behavior do not discriminate well between the two receptors and

the notation 5-HT1B/1D will be used in most of the following discussion.

If high levels of extracellular 5-HT reduce female sexual behavior, 5-HT1B/1D receptor

agonists would be expected to facilitate sexual behavior by reducing depolarization-

dependent 5-HT release while 5-HT1B/1D receptor antagonists would be expected to reduce

the behavior. There have been few tests of this hypothesis. Focus on 5-HT1B/1D receptors

was initially based on findings with drugs that, while now known to affect several 5-HT

receptors, were thought to have relatively selective agonist action at 5-HT1B/1D receptors.

For example, TFMPP [1-[m-trifluoromethylphenyl]piperazine] and mCPP [1-(m-

chlorophenyl) piperazine] enhanced lordosis behavior (Aiello-Zaldivar et al., 1992;

Mendelson, 1992; Mendelson and Gorzalka, 1990) or reduced 5-HT1A receptor-mediated

lordosis inhibition (Wolf et al., 1998b). These earlier studies were influential in implicating

5-HT1B/1D receptors in female rat lordosis behavior. However, studies with more selective

compounds have not offered convincing evidence for robust effects of 5-HT1B/1D receptor-

acting drugs (Kaspersen and Agmo, 2012).

MBH infusion with the 5-HT1B/1D receptor antagonist, GR 127935 N-[4-methoxy-3-(4-

methyl-1-piperazinyl)phenyl]-2′-methyl-4′-(5-methyl-1,2,4-oxadiazol-3--yl)-1,1′-
biphenyl-4-carboxamide hydrochloride (Liao et al., 2000), inhibited lordosis behavior in rats

made sexually receptive with estradiol benzoate priming but was considerably less evident

in rats hormonally primed with estradiol benzoate and progesterone (Uphouse et al., 2009).

Interestingly, the effect of the 5-HT1B/1D receptor antagonist appeared to result from an

amplification of infusion stress on lordosis behavior (Uphouse et al., 2009). After infusion

with the 5-HT1B/1D receptor agonist, CP 93129 [1,4-dihydro-3-(1,2,3,6-tetrahydro-4- 27

pyridinyl)-5H-pyrrol[3,2-bi]pyridin-5-one-dihydrochloride] (Uphouse et al., 2010), rats

primed only with estradiol benzoate showed lordosis inhibition, but in contrast to a transient

decline in lordosis behavior following infusion with the antagonist, effects of CP 93129

were long lasting. An explanation for similarity in effects of the agonist and antagonist is not

clear but may result from a partial agonist effect of GR 127935 (Beer et al., 1998; de Groote

et al., 2003).

Only a single study of a 5-HT 1B/1D receptor compound has been reported for appetitive/

precopulatory behavior. Kaspersen and Agmo (Kaspersen and Agmo, 2012) examined the 5-

HT1B/1D receptor antagonist, GR 125743 [N-[4-methoxy-3-(4-methylpiperazin-1-

yl)phenyl]-3-methyl-4-(pyridin-4-yl)benzamide], in both the partner preference and in the

pacing paradigms and found no effect on any component of female sexual behavior.

Given the few studies that have been performed with 5-HT1B/1D receptor selective

compounds, it is premature to draw conclusions as to how such drugs might ultimately be

found to influence female sexual activity. However, the lack of effect of these drugs in rats

hormonally primed with estradiol benzoate and progesterone coupled with the amplification
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of the effects of stress by the receptor antagonist allows for interesting speculation. Since

progesterone also reduces extracellular 5-HT in the MBH (Farmer et al., 1996; Maswood et

al., 1999) and since activation of 5-HT1B/1D receptors reduces depolarization-dependent

release of 5-HT, effects of 5-HT1B/1D receptor active drugs might be apparent only under

conditions of high 5-HT release.

3.3 5-HT2 receptors

Two 5-HT2 receptors, 5-HT2A and 5-HT2C, have been implicated in 5-HT’s modulation of

female sexual behavior. Like 5-HT1A receptors, members of the 5-HT2 receptor family can

activate multiple signaling pathways but with the phospholipase C second messenger

pathways being the most consistently observed (Raymond et al., 2001). Most 5-HT2

receptor active drugs that have been used in the study of female sexual behavior have some

affinity for both 5-HT2A and 5-HT2C receptors. Inhibition of lordosis behavior by drugs,

such as mianserin [1,2,3,4,10,14b-hexahydro-2-methyl-dibenzo[c,f]pyrazino[1,2-a]azepine

hydrochloride], mesulergine [N′-[(8-α1,6-dimethylergolin-8-yl]-N,N--dimethylsulfamide

hydrochloride], pirenpinone [3-[2-[4-(4-fluorobenzoyl)-1-piperidinyl]ethyl]-2-methyl-4H-

pyrido-[1,2-a] pyrimidin-4-one], cinanserin [N-[2-[[3-

(dimethylamino)propyl]thio-]phenyl]-3-phenyl-2-propenamide hydrochloride] and

ketanserin, with antagonist action at 5-HT2 receptors, initially led to assumptions that 5-HT2

receptors might facilitate lordosis behavior (Hunter et al., 1985; Mendelson and Gorzalka,

1986c; Sietnieks, 1985; Wilson and Hunter, 1985). Although these drugs are not selective

for 5-HT2 receptors and fail to differentiate between the 5-HT2A and 5-HT2C receptors, the

fact that they all shared 5-HT2 receptor antagonist activity was influential in pointing toward

a facilitating role for 5-HT2 receptors (See Table 3)

Of the above 5-HT2 receptor antagonists, ketanserin is the most selective in showing higher

affinity for 5-HT2 than other 5-HT receptors and exhibits higher affinity for the 5-HT2A than

for the 5-HT2C receptor (Hoyer et al., 2002). Systemic treatment with ketanserin has been

unequivocably associated with a decline in lordosis behavior (Hunter et al., 1985;

Mendelson and Gorzalka, 1986c). Interestingly, the SSRI, fluoxetine also acts as a 5-HT2

receptor antagonist (Jenck et al., 1993; Palvimaki et al., 1996) so that 5-HT2 receptor effects

may contribute to this antidepressant’s ability to reduce lordosis behavior.

When ketanserin was infused into the MBH, ketanserin inhibited lordosis behavior

(Uphouse et al., 1996b) and effects were reversed by the relatively selective 5-HT2A/2C

receptor agonist, DOI [(+/−)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane HCl] (Wolf

et al., 1998a). DOI has high affinity for 5-HT2A and 5-HT2C receptors but little affinity at

other 5-HT receptors (Hoyer et al., 1994; Zifa and Fillion, 1992). The 5-HT2B/2C receptor

antagonist, SB206553 [N-3-pyridinyl-3,5-dihydro-5-methyl-benzo(1,2-b:4,5-b′)dipyrrole-(2

H)carboxamide], with considerably higher affinity for 5-HT2C than for 5-HT2A receptors

(Kennett et al., 1996), had no effect on lordosis behavior after peripheral administration but

reduced lordosis following MBH infusion (Wolf et al., 1999). In contrast, the 5-HT2A

receptor antagonist, MDL 100907 [(R)-2,3-dimethoxyphenyl)-1-[2-(4-piperdine)-methanol]

which has higher affinity for the 5-HT2A than the 5-HT2C receptor (Herth et al., 2009), had
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little effect following MBH infusion (Wolf et al., 1999) and led to the suggestion of 5-HT2C

receptor involvement in 5-HT’s facilitation of lordosis behavior.

Consistent with a putative facilitative role for 5-HT2A/2C receptors in lordosis behavior,

MBH infusion of DOI increased lordosis behavior in rats with low sexual receptivity and the

facilitation was reversed by ketanserin (Wolf et al., 1998a). Since both DOI and ketanserin

have been reported to have higher affinity for 5-HT2A than for 5-HT2C receptors, these

findings might implicate 5-HT2A receptors in the lordosis facilitation. However, infusion of

the 5-HT receptor antagonist, MDL 100907 (which has considerably higher affinity for 5-

HT2A than for 5-HT2C receptors) was less effective in attenuating the facilitative effects of

DOI than was the 5-HT2B/2C receptor antagonist, SB 206553 (Wolf et al., 1999).

In contrast to findings in the MBH, in the mPOA, 5-HT2A rather than 5-HT2C receptors

were implicated in the facilitation of lordosis behavior (Gonzalez et al., 1997). In this brain

area, both DOI and mCPP facilitated sexual behavior and ketanserin blocked lordosis

behavior which was interpreted as evidence of 5-HT2A receptors in the facilitation.

Comparable facilitative effects were not found in the MBH. Consistent with a role for 5-

HT2A/2C receptors in the mPOA, DOI infusion into the mPOA-AH of Syrian hamsters

increased lordosis duration (Caldwell and Albers, 2002). Thus, dependent on the brain area,

both 5-HT2A and 5-HT2C receptors may have the potential to influence lordosis behavior.

Few reports of 5-HT2A2C receptor active agents are available for precopulatory/appetitive

behaviors. In one experiment where DOI was administered subcutaneously, DOI increased

proceptivity, but not receptivity, in sexually receptive females (Rossler et al., 2006). There

have been 3 reports of 5-HT2A/2C receptor agents in either the partner preference or pacing

paradigms. Kaspersen and Agmo (Kaspersen and Agmo, 2012) examined effects of SB

206553 in both paradigms and reported no effect with the exception of a small decline in the

number of proceptive behaviors. This contrasts with the report that SB 206553 reduced the

time females spent in the male’s compartment(Uphouse et al., 2005) and with the report by

Nedergaard et al. (Nedergaard et al., 2004) who compared the effects of DOI and MK-212

[6-chloro-2-(1-piperazinyl)pyrazine hydrochloride] as examples of preferential 5-HT2A and

5-HT2C receptor agonists, respectively. In the pacing paradigm, DOI reduced the female’s

post-ejaculatory return latencies, interpreted as an increase in sexual motivation; and

MK-212 increased the female’s latency to approach to the male, interpreted as a decline in

sexual motivation (Nedergaard et al., 2004). However, the authors noted the possibility that

MK-212 may have increased anxiety and thereby influenced the female’s approach

behavior.

Therefore, both 5-HT2A and 5-HT2C receptors probably contribute to the facilitative effects

of 5-HT2 receptor compounds but additional experiments will be required to determine if the

brain areas and/or elements of female sexual behavior that are affected are specific to one or

both receptors.

3.4 5-HT3 receptors

Unlike other 5-HT receptors, 5-HT3 receptors are cation-selective, ligand –gated ion

channels (Barnes et al., 2009). There have been only a few studies of 5-HT3 receptor
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compounds and female sexual behavior (Tanco et al., 1994; Uphouse et al., 2011). Systemic

treatment with 5-HT3 receptor active drugs had little effect on lordosis behavior (Tanco et

al., 1994, 1993). However, a significant decline in lordosis behavior occurred when the 5-

HT3 receptor antagonist, tropisetron [(3-endo)-8-methyl-8-azabicyclo[3.2.1]oct-3-yl 1H-

indole-3-carboxylic acid ester monohydrochloride], was infused into the MBH of

hormonally primed ovariectomized rats, but not in naturally cycling proestrous rats

(Maswood et al., 1997, 1998; Uphouse et al., 2011). Tropisetron’s inhibition was reduced by

the 5-HT3 receptor agonist, mCPBG (m-chlorophenylbiguanide). However, DOI also

attenuated the effects of tropisetron; and mCPBG reduced the inhibitory effects of 8-OH-

DPAT (Maswood et al., 1998). Therefore, the specificity of these effects for 5-HT3 receptors

remains unclear. However, a variety of sexually active neurosteroids (Rupprecht, 2003) and

SSRIs, such as fluoxetine, (Choi et al., 2003; Davies, 2012; Fan, 1994) are able to modulate

5-HT3 receptor function; and 5-HT3 receptor active drugs influence a variety of

physiological events such as pain and nausea (Costall and Naylor, 2004) that could

indirectly influence female sexual satisfaction. Moreover, activation of 5-HT3 receptors may

increase the sensitivity of peripheral sensory fibers (McKenna et al., 1991) and thereby

facilitate somatosensory modulation of lordosis behavior. Consequently, at this time, it

would be premature to draw conclusions about 5-HT3 receptor-active compounds and

female sexual behavior.

3.5 Summary of 5-HT Receptor Effects and Receptor Cross Talk

Over the past 20 years, studies with drug effects at 5-HT1A and 5-HT2 receptors have

yielded a relatively consistent profile indicating that 5-HT1A receptor agonists facilitate

lordosis behavior while antagonists of 5-HT2 receptors inhibit the behavior. The effect of

these drugs on behaviors other than lordosis has received minimal investigation. Similarly,

the study of drugs that act on other 5-HT receptors has lagged behind, in part due to the

absence of drugs with relative selectivity. However, the endogenous ligand 5-HT does not

affect a single receptor but has the potential to activate all receptors within the area of

release. Understanding how activation of a single 5-HT receptor affects sexual behavior is

likely to be an oversimplification of the effect of the neurotransmitter. For example, while

infusion of 5-HT1A receptors agonists into the VMN reliably reduced lordosis behavior, the

behavior was unaffected by simultaneous infusion with a 5-HT1A receptors agonist and

either a 5-HT2 or 5-HT3 receptor agonist (Maswood et al., 1998). Therefore, additional

studies with combinations of 5-HT receptor active drugs are needed.

In this regard, flibanserin [a 5-HT1A receptor agonist and 5-HT2A receptor antagonist; (3-[2-

[4-[4-(trifluoromethyl)phenyl]piperazin-1-yl]ethyl]-1H-benzimidazol-2-one) has been

reported to increase sexual desire in women with HSDD (Borsini et al., 2002; DeRogatis et

al., 2012; Katz et al., 2013; Kennedy, 2010; Stahl et al., 2011; Thorp et al., 2012) and to

reduce microdialysate levels of 5-HT in several brain regions (Allers et al., 2010; Invernizzi

et al., 2003). These effects of flibanserin have been attributed to its action at 5-HT1A

receptors because the decrease in 5-HT was attenuated by WAY100635 (Invernizzi et al.,

2003). Consistent with the drug’s effect on extracellular 5-HT, long-term (but not acute)

treatment with flibanserin increased solicitous behavior in rats (Gelez et al., 2013) and

increased both social and sexual behaviors in female marmoset monkeys (Aubert et al.,
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2012). These effects, while attributed to 5-HT1A receptor activation, are clearly distinct from

those of drugs such as the 5-HT1A receptor agonist, 8-OH-DPAT (Aubert et al., 2012).

Therefore, it is increasingly important to focus on the similarity and differences between

drugs such as flibanserin and those with more restricted receptor action.

Flibanserin and 8-OH-DPAT might be expected to have similar effects on sexual behavior

because both have 5-HT1A receptor agonist action. However, flibanserin alters a variety of

other sexually-related neurotransmitters such a norepinephrine (Aubert et al., 2012) and has

a greater effect on postsynaptic than on somatodendritic 5-HT1A receptors (Borsini et al.,

1995a; Borsini et al., 1995b; Marazziti et al., 2002) while 8-OH-DPAT acts at both

somatodendritic and postsynaptic 5-HT1A receptors. Moreover, flibanserin and 8-OH-DPAT

may differ in the intracellular signaling cascades initiated (Borsini et al., 1995a; Borsini et

al., 1995b). In addition, flibanserin’s 5-HT2A receptor antagonism (Aubert et al., 2012)

could be an important factor in flibanserin’s apparent prosexual effects. However, the SSRI,

fluoxetine, also acts as a5-HT2 receptor antagonist, in vitro, (Jenck et al., 1993; Palvimaki et

al., 1996) and 5-HT2 receptor antagonists are generally associated with a decrease rather

than facilitation of sexual behavior (Uphouse, 2000) (see section 3.3). Nevertheless,

fluoxetine has a higher affinity for 5-HT2C than for 5-HT2A receptors (Boothman et al.,

2006; Chen et al., 1995) so that the differential effect on these two receptor subtypes could

be important in the divergent effects of flibanserin and fluoxetine on female sexual behavior.

Moreover, fluoxetine’s 5-HT3 receptor antagonism (Choi et al., 2003; Davies, 2012; Fan,

1994) could contribute to its sexual behavioral effects. Importantly, though, while effects of

flibanserin on extracellular 5-HT and 5-HT receptors are rapid, prosexual effects do not

occur for several weeks (Allers et al., 2010; Stahl et al., 2011). The long delay required for

the increase in sexual activity may reflect well-known desensitization of 5-HT1A receptors

after agonist activation and of 5-HT2A receptors following either agonist or antagonist

treatment (Gray and Roth, 2001; Kreiss and Lucki, 1992).

The above discussion illustrates the potential importance of 5-HT receptor cross talk in the

actions of pharmacological compounds. Since most commonly prescribed pharmacological

compounds exert multiple effects on the 5-HT system, greater emphasis on the global effects

of 5-HT manipulation and female sexual behavior is needed.

4.0 Summary and Conclusions

There is little doubt that pharmacological manipulations leading to alterations in the

serotonergic system can influence female sexual behavior in a variety of species, including

humans. Recent attempts to identify 5-HT system relevant genetic polymorphisms (Kroeze

et al., 2012; Sghendo and Mifsud, 2011) and their association with female HSDD and/or

after treatment with 5-HT system altering drugs (Bishop et al., 2009; Bishop et al., 2006;

Burri et al., 2012; Serretti et al., 2007) may begin to offer a profile about which components

of the 5-HT system are especially important in female sexual behavior. However, in spite of

a considerable amount of data, there are still many limitations to our current knowledge.

It remains unclear what component(s) of the relatively complex repertoire of female sexual

behaviors are affected and which brain regions contribute to the various behavioral
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components. Since, in research with animal models, the lordosis reflex has received major

emphasis (see Table 4 for a summary), there is more information about this behavior than

for other components of female sexual behavior. For this behavior, 5-HT in the MBH is a

particularly critical site for the negative effects of 5-HT receptor-active agents. However,

these studies offer only a partial snapshot of the role 5-HT plays in female sexual behavior.

The contribution of 5-HT to female sexual motivation/satisfaction has received limited study

in animal models but is a major focus for humans with HSDD and/or for women who

experience sexual side effects of antidepressant drugs. The absence of a thorough

investigation of 5-HT active compounds in animals models of female sexual motivation is,

therefore, an important limitation on understanding 5-HT’s role in female sexual behavior.

As a consequence, the neural location(s) and 5-HT receptor(s) that contribute to female

sexual motivation remain largely unexplored.

An additional limitation is the relatively low efficacy of compounds such as SSRIs, which

regularly lead to sexual dysfunction in humans, to reduce measures of sexual motivation in

those few animal studies that have been reported. Therefore, additional effort is needed to

identify the best model(s) for studying female HSDD and/or SSRI-induced sexual

dysfunction.

In addition, it is not known how different 5-HT receptors interact to modulate sexual

behaviors or which transduction pathways are involved in 5-HT’s effects. Because 5-HT

receptors show unique, but often overlapping CNS distributions, activation of the same

receptor subtype has the potential to increase or decrease female sexual behavior depending

on (a) the brain region affected, (b) the receptor’s microenvironment, (c) and the organism’s

state at the time of drug administration. In particular, female gonadal hormones influence the

number and/or functioning of 5-HT receptors that have been implicated in female sexual

behavior (Fink et al., 1996; Mize and Alper, 2000, 2002; Mize et al., 2001; Mize et al.,

2003; Sumner and Fink, 1997). In fact, virtually all aspects of 5-HT synthesis and

metabolism are modified by estradiol (Bethea et al., 2002; Clark et al., 2012; Lu et al., 2003;

Smith et al., 2004) and/or progesterone (Farmer et al., 1996; Maswood et al., 1995; Renner

et al., 1987). Not surprisingly, therefore, the type and timing of hormonal treatment can have

robust effects on the sexual behavioral response to 5-HT drugs (Guptarak et al., 2010;

Jackson and Etgen, 2001; Jackson and Uphouse, 1998, 1996; Trevino et al., 1999; Truitt et

al., 2003).

In addition, because 5-HT receptors can utilize multiple signaling pathways (Hannon and

Hoyer, 2008; Hoyer et al., 2002; Raymond et al., 2001) and since G-protein coupled

receptors can activate different pathways often dependent on the levels of the

neurotransmitter (Hazell et al., 2012), it remains unclear what signaling pathways mediate

the effects of 5-HT receptors on female sexual behavior and if the same or distinct pathways

are involved in 5-HT’s effect on different components of the female sexual behavior

repertoire. Moreover, in most studies, investigators have focused on individual 5-HT

receptors while endogenous 5-HT can simultaneously activate all 5-HT receptors within the

release environment. Interactions that occur among 5-HT receptors and/or their signaling

cascades may amplify or even attenuate the effects of activation of individual 5-HT
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receptors. Few investigators have addressed the relevance of such interactions to female

sexual behavior.

Therefore, in spite of its rich history, the study of 5-HT pharmacology and female sexual

behavior remains in its infancy. Given the large number of 5-HT active drugs that are

prescribed for disorders of high prevalence in women, it is essential that studies of 5-HT and

female sexual behavior continue with an increased emphasis on closing the gaps in our

current understanding.

Acknowledgments

Supported by NIH HD28419. Appreciation is expressed to Ms. Cindy Hiegel, Ms. Chandra Suma Johnson Miryala,
Dr. Sharmin Maswood, and Dr. Jutatip Guptarak for reading an earlier version of the manuscript.

References

Adams S, Heckard D, Hassell J, Uphouse L. Factors influencing fluoxetine-induced sexual dysfunction
in female rats. Behav Brain Res. 2012; 235:73–81. [PubMed: 22835821]

Adell A, Carceller A, Artigas F. In vivo brain dialysis study of the somatodendritic release of serotonin
in the Raphe nuclei of the rat: effects of 8-hydroxy-2-(di-n-propylamino)tetralin. J Neurochem.
1993; 60:1673–1681. [PubMed: 7682600]

Agmo A, Turi AL, Ellingsen E, Kaspersen H. Preclinical models of sexual desire: conceptual and
behavioral analyses. Pharmacol Biochem Behav. 2004; 78:379–404. [PubMed: 15251248]

Ahlenius S, Engel J, Eriksson H, Sodersten P. Effects of tetrabenazine on lordosis behaviour and on
brain monoamines in the female rat. J Neural Transm. 1972; 33:155–162. [PubMed: 4643006]

Ahlenius S, Fernandez-Guasti A, Hjorth S, Larsson K. Suppression of lordosis behavior by the
putative 5-HT receptor agonist 8-OH-DPAT in the rat. Eur J Pharmacol. 1986; 124:361–363.
[PubMed: 2942412]

Ahlenius S, Larsson K, Fernandez-Guasti A. Evidence for the involvement of central 5-HT1A
receptors in the mediation of lordosis behavior in the female rat. Psychopharmacology (Berl). 1989;
98:440–444. [PubMed: 2528157]

Aiello-Zaldivar M, Luine V, Frankfurt M. 5,7-DHT facilitated lordosis: effects of 5-HT agonists.
Neuroreport. 1992; 3:542–544. [PubMed: 1391765]

Allen DL, Renner KJ, Luine VN. Pargyline-induced increase in serotonin levels: correlation with
inhibition of lordosis in rats. Pharmacol Biochem Behav. 1993; 45:837–841. [PubMed: 8415823]

Allers KA, Dremencov E, Ceci A, Flik G, Ferger B, Cremers TI, Ittrich C, Sommer B. Acute and
repeated flibanserin administration in female rats modulates monoamines differentially across brain
areas: a microdialysis study. J Sex Med. 2010; 7:1757–1767. [PubMed: 20163532]

Artigas F. Serotonin receptors involved in antidepressant effects. Pharmacol Ther. 2013; 137:119–131.
[PubMed: 23022360]

Aubert Y, Allers KA, Sommer B, de Kloet ER, Abbott DH, Datson NA. Brain Region-Specific
Transcriptomic Markers of Serotonin-1A Receptor Agonist Action Mediating Sexual Rejection
and Aggression in Female Marmoset Monkeys. J Sex Med. 2013; 10:1461–1475. [PubMed:
23551660]

Aubert Y, Gustison ML, Gardner LA, Bohl MA, Lange JR, Allers KA, Sommer B, Datson NA, Abbott
DH. Flibanserin and 8-OH-DPAT implicate serotonin in association between female marmoset
monkey sexual behavior and changes in pair-bond quality. J Sex Med. 2012; 9:694–707. [PubMed:
22304661]

Azmitia EC, Segal M. An autoradiographic analysis of the differential ascending projections of the
dorsal and median raphe nuclei in the rat. J Comp Neurol. 1978; 179:641–667. [PubMed: 565370]

Barnes NM, Hales TG, Lummis SC, Peters JA. The 5-HT3 receptor--the relationship between structure
and function. Neuropharmacology. 2009; 56:273–284. [PubMed: 18761359]

Uphouse Page 17

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Barnes NM, Sharp T. A review of central 5-HT receptors and their function. Neuropharmacology.
1999; 38:1083–1152. [PubMed: 10462127]

Beer M, Kennett GA, Curzon G. A single dose of 8-OH-DPAT reduces raphe binding of [3H]8-OH-
DPAT and increases the effect of raphe stimulation on 5-HT metabolism. Eur J Pharmacol. 1990;
178:179–187. [PubMed: 1691712]

Beer MS, Heald MA, McAllister G, Stanton JA. Pharmacological characterisation of a cloned dog 5-
HT1B receptor cell line. Eur J Pharmacol. 1998; 360:117–121. [PubMed: 9845281]

Bethea CL, Lu NZ, Gundlah C, Streicher JM. Diverse actions of ovarian steroids in the serotonin
neural system. Front Neuroendocrinol. 2002; 23:41–100. [PubMed: 11906203]

Birkett MA, Shinday NM, Kessler EJ, Meyer JS, Ritchie S, Rowlett JK. Acute anxiogenic-like effects
of selective serotonin reuptake inhibitors are attenuated by the benzodiazepine diazepam in
BALB/c mice. Pharmacol Biochem Behav. 2011; 98:544–551. [PubMed: 21397628]

Bishop JR, Ellingrod VL, Akroush M, Moline J. The association of serotonin transporter genotypes
and selective serotonin reuptake inhibitor (SSRI)-associated sexual side effects: possible
relationship to oral contraceptives. Hum Psychopharmacol. 2009; 24:207–215. [PubMed:
19204908]

Bishop JR, Moline J, Ellingrod VL, Schultz SK, Clayton AH. Serotonin 2A -1438 G/A and G-protein
Beta3 subunit C825T polymorphisms in patients with depression and SSRI-associated sexual side-
effects. Neuropsychopharmacology. 2006; 31:2281–2288. [PubMed: 16710319]

Bitran D, Purdy RH, Kellogg CK. Anxiolytic effect of progesterone is associated with increases in
cortical allopregnanolone and GABAA receptor function. Pharmacol Biochem Behav. 1993;
45:423–428. [PubMed: 8392205]

Blaustein JD. Neuroendocrine regulation of feminine sexual behavior: lessons from rodent models and
thoughts about humans. Annu Rev Psychol. 2008; 59:93–118. [PubMed: 17678443]

Blier P, Pineyro G, el Mansari M, Bergeron R, de Montigny C. Role of somatodendritic 5-HT
autoreceptors in modulating 5-HT neurotransmission. Ann N Y Acad Sci. 1998; 861:204–216.
[PubMed: 9928258]

Boothman LJ, Mitchell SN, Sharp T. Investigation of the SSRI augmentation properties of 5-HT(2)
receptor antagonists using in vivo microdialysis. Neuropharmacology. 2006; 50:726–732.
[PubMed: 16434063]

Borsini F, Ceci A, Bietti G, Donetti A. BIMT 17, a 5-HT1A receptor agonist/5-HT2A receptor
antagonist, directly activates postsynaptic 5-HT inhibitory responses in the rat cerebral cortex.
Naunyn Schmiedebergs Arch Pharmacol. 1995a; 352:283–290. [PubMed: 8584043]

Borsini F, Evans K, Jason K, Rohde F, Alexander B, Pollentier S. Pharmacology of flibanserin. CNS
Drug Rev. 2002; 8:117–142. [PubMed: 12177684]

Borsini F, Giraldo E, Monferini E, Antonini G, Parenti M, Bietti G, Donetti A. BIMT 17, a 5-HT2A
receptor antagonist and 5-HT1A receptor full agonist in rat cerebral cortex. Naunyn
Schmiedebergs Arch Pharmacol. 1995b; 352:276–282. [PubMed: 8584042]

Burri A, Hysi P, Clop A, Rahman Q, Spector TD. A genome-wide association study of female sexual
dysfunction. PLoS One. 2012; 7:e35041. [PubMed: 22509378]

Caldwell HK, Albers HE. The effects of serotonin agonists on the hypothalamic regulation of sexual
receptivity in Syrian hamsters. Horm Behav. 2002; 42:78–84. [PubMed: 12191650]

Camacho FJ, Garcia-Horsman P, Paredes RG. Hormonal and testing conditions for the induction of
conditioned place preference by paced mating. Horm Behav. 2009; 56:410–415. [PubMed:
19646448]

Chen Y, Peng L, Zhang X, Stolzenburg JU, Hertz L. Further evidence that fluoxetine interacts with a
5-HT2C receptor in glial cells. Brain Res Bull. 1995; 38:153–159. [PubMed: 7583341]

Choi JS, Choi BH, Ahn HS, Kim MJ, Rhie DJ, Yoon SH, Min DS, Jo YH, Kim MS, Sung KW, Hahn
SJ. Mechanism of block by fluoxetine of 5-hydroxytryptamine3 (5-HT3)-mediated currents in
NCB-20 neuroblastoma cells. Biochem Pharmacol. 2003; 66:2125–2132. [PubMed: 14609737]

Clark AS, Kelton MC, Guarraci FA, Clyons EQ. Hormonal status and test condition, but not sexual
experience, modulate partner preference in female rats. Horm Behav. 2004; 45:314–323.
[PubMed: 15109905]

Uphouse Page 18

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Clark AS, Meerts SH, Guarraci FA. Zaprinast, a phosphodiesterase type-5 inhibitor, alters paced
mating behavior in female rats. Physiol Behav. 2009; 96:289–293. [PubMed: 18996134]

Clark JA, Alves S, Gundlah C, Rocha B, Birzin ET, Cai SJ, Flick R, Hayes E, Ho K, Warrier S, Pai L,
Yudkovitz J, Fleischer R, Colwell L, Li S, Wilkinson H, Schaeffer J, Wilkening R, Mattingly E,
Hammond M, Rohrer SP. Selective estrogen receptor-beta (SERM-beta) compounds modulate
raphe nuclei tryptophan hydroxylase-1 (TPH-1) mRNA expression and cause antidepressant-like
effects in the forced swim test. Neuropharmacology. 2012; 63:1051–1063. [PubMed: 22796107]

Clayton A, Keller A, McGarvey EL. Burden of phase-specific sexual dysfunction with SSRIs. J Affect
Disord. 2006; 91:27–32. [PubMed: 16430968]

Clayton AH. Female sexual dysfunction related to depression and antidepressant medications. Curr
Womens Health Rep. 2002; 2:182–187. [PubMed: 12099193]

Cornfield LJ, Lambert G, Arvidsson LE, Mellin C, Vallgarda J, Hacksell U, Nelson DL. Intrinsic
activity of enantiomers of 8-hydroxy-2-(di-n-propylamino)tetralin and its analogs at 5-
hydroxytryptamine1A receptors that are negatively coupled to adenylate cyclase. Mol Pharmacol.
1991; 39:780–787. [PubMed: 1828859]

Costall B, Naylor RJ. 5-HT3 receptors. Curr Drug Targets CNS Neurol Disord. 2004; 3:27–37.
[PubMed: 14965242]

Davies PA. Allosteric modulation of the 5-HT(3) receptor. Curr Opin Pharmacol. 2012; 11:75–80.
[PubMed: 21342788]

Daws LC, Gould GG, Teicher SD, Gerhardt GA, Frazer A. 5-HT(1B) receptor-mediated regulation of
serotonin clearance in rat hippocampus in vivo. J Neurochem. 2000; 75:2113–2122. [PubMed:
11032901]

de Groote L, Klompmakers AA, Olivier B, Westenberg HG. An evaluation of the effect of NAS-181, a
new selective 5-HT(1B) receptor antagonist, on extracellular 5-HT levels in rat frontal cortex.
Naunyn Schmiedebergs Arch Pharmacol. 2003; 367:89–94. [PubMed: 12595948]

DeRogatis LR, Komer L, Katz M, Moreau M, Kimura T, Garcia M Jr, Wunderlich G, Pyke R.
Treatment of hypoactive sexual desire disorder in premenopausal women: efficacy of flibanserin
in the VIOLET Study. J Sex Med. 2012; 9:1074–1085. [PubMed: 22248038]

Engel G, Gothert M, Hoyer D, Schlicker E, Hillenbrand K. Identity of inhibitory presynaptic 5-
hydroxytryptamine (5-HT) autoreceptors in the rat brain cortex with 5-HT1B binding sites.
Naunyn Schmiedebergs Arch Pharmacol. 1986; 332:1–7. [PubMed: 2936965]

Erskine MS. Solicitation behavior in the estrous female rat: a review. Horm Behav. 1989; 23:473–502.
[PubMed: 2691387]

Everitt BJ, Fuxe K, Hokfelt FT, Jonsson G. Role of monoamines in the control by hormones of sexual
receptivity in the female rat. J Comp Physiol Psychol. 1975; 89:556–572. [PubMed: 1238439]

Fabre LF, Brown CS, Smith LC, Derogatis LR. Gepirone-ER treatment of hypoactive sexual desire
disorder (HSDD) associated with depression in women. J Sex Med. 2011; 8:1411–1419. [PubMed:
21324094]

Fan P. Inhibition of a 5-HT3 receptor-mediated current by the selective serotonin uptake inhibitor,
fluoxetine. Neurosci Lett. 1994; 173:210–212. [PubMed: 7523998]

Farmer CJ, Isakson TR, Coy DJ, Renner KJ. In vivo evidence for progesterone dependent decreases in
serotonin release in the hypothalamus and midbrain central grey: relation to the induction of
lordosis. Brain Res. 1996; 711:84–92. [PubMed: 8680878]

Fernandez-Guasti A, Ahlenius S, Hjorth S, Larsson K. Separation of dopaminergic and serotonergic
inhibitory mechanisms in the mediation of estrogen-induced lordosis behaviour in the rat.
Pharmacol Biochem Behav. 1987; 27:93–98. [PubMed: 2956611]

Fink G, Sumner BE, Rosie R, Grace O, Quinn JP. Estrogen control of central neurotransmission: effect
on mood, mental state, and memory. Cell Mol Neurobiol. 1996; 16:325–344. [PubMed: 8818400]

Flanagan-Cato LM. Sex differences in the neural circuit that mediates female sexual receptivity. Front
Neuroendocrinol. 2011; 32:124–136. [PubMed: 21338620]

Franck JA, Ward IL. Intralimbic progesterone and methysergide facilitate lordotic behavior in
estrogen-primed female rats. Neuroendocrinology. 1981; 32:50–56. [PubMed: 7464989]

Uphouse Page 19

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Frankfurt M, Renner K, Azmitia E, Luine V. Intrahypothalamic 5,7-dihydroxytryptamine: temporal
analysis of effects on 5-hydroxytryptamine content in brain nuclei and on facilitated lordosis
behavior. Brain Res. 1985; 340:127–133. [PubMed: 4027638]

Frye CA. Progestins influence motivation, reward, conditioning, stress, and/or response to drugs of
abuse. Pharmacol Biochem Behav. 2007; 86:209–219. [PubMed: 16979750]

Frye CA, Bayon LE, Pursnani NK, Purdy RH. The neurosteroids, progesterone and 3alpha,5alpha-
THP, enhance sexual motivation, receptivity, and proceptivity in female rats. Brain Res. 1998;
808:72–83. [PubMed: 9795145]

Frye CA, Petralia SM, Rhodes ME, Stein B. Fluoxetine may influence lordosis of rats through effects
on midbrain 3 alpha,5 alpha-THP concentrations. Ann N Y Acad Sci. 2003; 1007:37–41.
[PubMed: 14993038]

Frye CA, Rhodes ME. Fluoxetine-induced decrements in sexual responses of female rats and hamsters
are reversed by 3alpha,5alpha-THP. J Sex Med. 2010; 7:2670–2680. [PubMed: 20412429]

Gelenberg AJ, Delgado P, Nurnberg HG. Sexual side effects of antidepressant drugs. Curr Psychiatry
Rep. 2000; 2:223–227. [PubMed: 11122960]

Gelez H, Greggain-Mohr J, Pfaus JG, Allers KA, Giuliano F. Flibanserin Treatment Increases
Appetitive Sexual Motivation in the Female Rat. J Sex Med. 2013; 10:1231–1239. [PubMed:
23421417]

Gonzalez MI, Greengrass P, Russell M, Wilson CA. Comparison of serotonin receptor numbers and
activity in specific hypothalamic areas of sexually active and inactive female rats.
Neuroendocrinology. 1997; 66:384–392. [PubMed: 9430444]

Gray JA, Roth BL. Paradoxical trafficking and regulation of 5-HT(2A) receptors by agonists and
antagonists. Brain Res Bull. 2001; 56:441–451. [PubMed: 11750789]

Gregorian RS, Golden KA, Bahce A, Goodman C, Kwong WJ, Khan ZM. Antidepressant-induced
sexual dysfunction. Ann Pharmacother. 2002; 36:1577–1589. [PubMed: 12243609]

Guarraci FA, Clark AS. Ibotenic acid lesions of the medial preoptic area disrupt the expression of
partner preference in sexually receptive female rats. Brain Res. 2006; 1076:163–170. [PubMed:
16473334]

Guptarak J, Sarkar J, Hiegel C, Uphouse L. Role of 5-HT(1A) receptors in fluoxetine-induced lordosis
inhibition. Horm Behav. 2010; 58:290–296. [PubMed: 20223238]

Haenisch B, Bonisch H. Depression and antidepressants: insights from knockout of dopamine,
serotonin or noradrenaline re-uptake transporters. Pharmacol Ther. 2010; 129:352–368. [PubMed:
21147164]

Hannon J, Hoyer D. Molecular biology of 5-HT receptors. Behav Brain Res. 2008; 195:198–213.
[PubMed: 18571247]

Hawcock AB, Dawkins TE, Reynolds DS. Assessment of ‘active investigation’ as a potential measure
of female sexual incentive motivation in a preclinical non-contact rodent model: observations with
apomorphine. Pharmacol Biochem Behav. 2010; 95:179–186. [PubMed: 20096723]

Hazell GG, Hindmarch CC, Pope GR, Roper JA, Lightman SL, Murphy D, O’Carroll AM, Lolait SJ.
G protein-coupled receptors in the hypothalamic paraventricular and supraoptic nuclei--serpentine
gateways to neuroendocrine homeostasis. Front Neuroendocrinol. 2012; 33:45–66. [PubMed:
21802439]

Hebert TJ, Menard CS, Dohanich GP. Inhibition of lordosis in female hamsters and rats by 8-OH-
DPAT treatment. Physiol Behav. 1995; 57:523–527. [PubMed: 7753891]

Hennessy MB, Zate R, Maken DS. Social buffering of the cortisol response of adult female guinea
pigs. Physiol Behav. 2008; 93:883–888. [PubMed: 18221759]

Herth MM, Kramer V, Piel M, Palner M, Riss PJ, Knudsen GM, Rosch F. Synthesis and in vitro
affinities of various MDL 100907 derivatives as potential 18F-radioligands for 5-HT2A receptor
imaging with PET. Bioorg Med Chem. 2009; 17:2989–3002. [PubMed: 19329329]

Hjorth S, Bengtsson HJ, Kullberg A, Carlzon D, Peilot H, Auerbach SB. Serotonin autoreceptor
function and antidepressant drug action. J Psychopharmacol. 2000; 14:177–185. [PubMed:
10890313]

Uphouse Page 20

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Hjorth S, Sharp T. Effect of the 5-HT1A receptor agonist 8-OH-DPAT on the release of 5-HT in
dorsal and median raphe-innervated rat brain regions as measured by in vivo microdialysis. Life
Sci. 1991; 48:1779–1786. [PubMed: 1826937]

Hjorth S, Tao R. The putative 5-HT1B receptor agonist CP-93,129 suppresses rat hippocampal 5-HT
release in vivo: comparison with RU 24969. Eur J Pharmacol. 1991; 209:249–252. [PubMed:
1797566]

Hornung JP. The human raphe nuclei and the serotonergic system. J Chem Neuroanat. 2003; 26:331–
343. [PubMed: 14729135]

Hoyer D, Clarke DE, Fozard JR, Hartig PR, Martin GR, Mylecharane EJ, Saxena PR, Humphrey PP.
International Union of Pharmacology classification of receptors for 5-hydroxytryptamine
(Serotonin). Pharmacol Rev. 1994; 46:157–203. [PubMed: 7938165]

Hoyer D, Hannon JP, Martin GR. Molecular, pharmacological and functional diversity of 5-HT
receptors. Pharmacol Biochem Behav. 2002; 71:533–554. [PubMed: 11888546]

Hoyer D, Martin G. 5-HT receptor classification and nomenclature: towards a harmonization with the
human genome. Neuropharmacology. 1997; 36:419–428. [PubMed: 9225265]

Hunter AJ, Hole DR, Wilson CA. Studies into the dual effects of serotonergic pharmacological agents
on female sexual behaviour in the rat: preliminary evidence that endogenous 5HT is stimulatory.
Pharmacol Biochem Behav. 1985; 22:5–13. [PubMed: 3156384]

Hyttel J. Pharmacological characterization of selective serotonin reuptake inhibitors (SSRIs). Int Clin
Psychopharmacol. 1994; 9(Suppl 1):19–26. [PubMed: 8021435]

Invernizzi RW, Sacchetti G, Parini S, Acconcia S, Samanin R. Flibanserin, a potential antidepressant
drug, lowers 5-HT and raises dopamine and noradrenaline in the rat prefrontal cortex dialysate:
role of 5-HT(1A) receptors. Br J Pharmacol. 2003; 139:1281–1288. [PubMed: 12890707]

Jackson A, Etgen AM. Estrogen modulates 5-HT(1A) agonist inhibition of lordosis behavior but not
binding of [(3)H]-8-OH-DPAT. Pharmacol Biochem Behav. 2001; 68:221–227. [PubMed:
11267626]

Jackson A, Uphouse L. Dose-dependent effects of estradiol benzoate on 5-HT1A receptor agonist
action. Brain Res. 1998; 796:299–302. [PubMed: 9689482]

Jackson A, Uphouse L. Prior treatment with estrogen attenuates the effects of the 5-HT1A agonist, 8-
OH-DPAT, on lordosis behavior. Horm Behav. 1996; 30:145–152. [PubMed: 8797023]

Jenck F, Moreau JL, Mutel V, Martin JR, Haefely WE. Evidence for a role of 5-HT1C receptors in the
antiserotonergic properties of some antidepressant drugs. Eur J Pharmacol. 1993; 231:223–229.
[PubMed: 8453978]

Kanaly KA, Berman JR. Sexual side effects of SSRI medications: potential treatment strategies for
SSRI-induced female sexual dysfunction. Curr Womens Health Rep. 2002; 2:409–416. [PubMed:
12429073]

Kaspersen H, Agmo A. Paroxetine-induced reduction of sexual incentive motivation in female rats is
not modified by 5-HT1B or 5-HT2C antagonists. Psychopharmacology (Berl). 2012; 220:269–
280. [PubMed: 21909633]

Kato A, Sakuma Y. Neuronal activity in female rat preoptic area associated with sexually motivated
behavior. Brain Res. 2000; 862:90–102. [PubMed: 10799673]

Katz M, Derogatis LR, Ackerman R, Hedges P, Lesko L, Garcia M Jr, Sand M. Efficacy of Flibanserin
in Women with Hypoactive Sexual Desire Disorder: Results from the BEGONIA Trial. J Sex
Med. 2013; 10:1807–1815. [PubMed: 23672269]

Kennedy S. Flibanserin: initial evidence of efficacy on sexual dysfunction, in patients with major
depressive disorder. J Sex Med. 2010; 7:3449–3459. [PubMed: 20646181]

Kennett GA, Marcou M, Dourish CT, Curzon G. Single administration of 5-HT1A agonists decreases
5-HT1A presynaptic, but not postsynaptic receptor-mediated responses: relationship to
antidepressant-like action. Eur J Pharmacol. 1987; 138:53–60. [PubMed: 2442002]

Kennett GA, Wood MD, Bright F, Cilia J, Piper DC, Gager T, Thomas D, Baxter GS, Forbes IT, Ham
P, Blackburn TP. In vitro and in vivo profile of SB 206553, a potent 5-HT2C/5-HT2B receptor
antagonist with anxiolytic-like properties. Br J Pharmacol. 1996; 117:427–434. [PubMed:
8821530]

Uphouse Page 21

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Kishitake M, Yamanouchi K. Effects of highly or relatively selective 5-HT1A receptor agonists on
lordosis in female rats. Zoolog Sci. 2003; 20:1133–1138. [PubMed: 14578574]

Kishitake M, Yamanouchi K. Facilitatory effects of WAY-100635, a 5-HT1A receptor antagonist, on
lordosis in female rats. Neurosci Lett. 2004; 371:147–151. [PubMed: 15519746]

Kow LM, Pfaff DW. Mapping of neural and signal transduction pathways for lordosis in the search for
estrogen actions on the central nervous system. Behav Brain Res. 1998; 92:169–180. [PubMed:
9638959]

Kreiss DS, Lucki I. Desensitization of 5-HT1A autoreceptors by chronic administration of 8-OH-
DPAT. Neuropharmacology. 1992; 31:1073–1076. [PubMed: 1436390]

Kriegebaum C, Gutknecht L, Schmitt A, Lesch KP, Reif A. Serotonin now: Part 1. Neurobiology and
developmental genetics. Fortschr Neurol Psychiatr. 2010; 78:319–331. [PubMed: 20340067]

Kroeze Y, Zhou H, Homberg JR. The genetics of selective serotonin reuptake inhibitors. Pharmacol
Ther. 2012; 136:375–400. [PubMed: 22944042]

Liao Y, Bottcher H, Harting J, Greiner H, van Amsterdam C, Cremers T, Sundell S, Marz J,
Rautenberg W, Wikstrom H. New selective and potent 5-HT(1B/1D) antagonists: chemistry and
pharmacological evaluation of N-piperazinylphenyl biphenylcarboxamides and
biphenylsulfonamides. J Med Chem. 2000; 43:517–525. [PubMed: 10669578]

Lopez HH, Wurzel G, Ragen B. The effect of acute bupropion on sexual motivation and behavior in
the female rat. Pharmacol Biochem Behav. 2007; 87:369–379. [PubMed: 17586031]

Lovenberg TW, Baron BM, de Lecea L, Miller JD, Prosser RA, Rea MA, Foye PE, Racke M, Slone
AL, Siegel BW, et al. A novel adenylyl cyclase-activating serotonin receptor (5-HT7) implicated
in the regulation of mammalian circadian rhythms. Neuron. 1993; 11:449–458. [PubMed:
8398139]

Lu NZ, Eshleman AJ, Janowsky A, Bethea CL. Ovarian steroid regulation of serotonin reuptake
transporter (SERT) binding, distribution, and function in female macaques. Mol Psychiatry.
2003; 8:353–360. [PubMed: 12660809]

Luine VN, Frankfurt M, Rainbow TC, Biegon A, Azmitia E. Intrahypothalamic 5,7-
dihydroxytryptamine facilitates feminine sexual behavior and decreases [3H]imipramine binding
and 5-HT uptake. Brain Res. 1983; 264:344–348. [PubMed: 6850308]

Luine VN, Paden CM. Effects of monoamine oxidase inhibition on female sexual behavior, serotonin
levels and type A and B monoamine oxidase activity. Neuroendocrinology. 1982; 34:245–251.
[PubMed: 7070594]

Marazziti D, Palego L, Giromella A, Mazzoni MR, Borsini F, Mayer N, Naccarato AG, Lucacchini A,
Cassano GB. Region-dependent effects of flibanserin and buspirone on adenylyl cyclase activity
in the human brain. Int J Neuropsychopharmacol. 2002; 5:131–140. [PubMed: 12135537]

Martinez LA, Petrulis A. The medial preoptic area is necessary for sexual odor preference, but not
sexual solicitation, in female Syrian hamsters. Horm Behav. 2013; 63:606–614. [PubMed:
23415835]

Maswood N, Caldarola-Pastuszka M, Uphouse L. 5-HT3 receptors in the ventromedial nucleus of the
hypothalamus and female sexual behavior. Brain Res. 1997; 769:13–20. [PubMed: 9374268]

Maswood N, Caldarola-Pastuszka M, Uphouse L. Functional integration among 5-hydroxytryptamine
receptor families in the control of female rat sexual behavior. Brain Res. 1998; 802:98–103.
[PubMed: 9748522]

Maswood N, Sarkar J, Uphouse L. Modest effects of repeated fluoxetine on estrous cyclicity and
sexual behavior in Sprague Dawley female rats. Brain Res. 2008; 1245:52–60. [PubMed:
18929547]

Maswood S, Stewart G, Uphouse L. Gender and estrous cycle effects of the 5-HT1A agonist, 8-OH-
DPAT, on hypothalamic serotonin. Pharmacol Biochem Behav. 1995; 51:807–813. [PubMed:
7545820]

Maswood S, Truitt W, Hotema M, Caldarola-Pastuszka M, Uphouse L. Estrous cycle modulation of
extracellular serotonin in mediobasal hypothalamus: role of the serotonin transporter and
terminal autoreceptors. Brain Res. 1999; 831:146–154. [PubMed: 10411994]

Uphouse Page 22

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Matuszczyk JV, Larsson K, Eriksson E. Subchronic administration of fluoxetine impairs estrous
behavior in intact female rats. Neuropsychopharmacology. 1998; 19:492–498. [PubMed:
9803425]

Maura G, Roccatagliata E, Raiteri M. Serotonin autoreceptor in rat hippocampus: pharmacological
characterization as a subtype of the 5-HT1 receptor. Naunyn Schmiedebergs Arch Pharmacol.
1986; 334:323–326. [PubMed: 3821924]

McKenna KE, Knight KC, Mayers R. Modulation by peripheral serotonin of the threshold for sexual
reflexes in female rats. Pharmacol Biochem Behav. 1991; 40:151–156. [PubMed: 1780336]

Mendelson SD. A review and reevaluation of the role of serotonin in the modulation of lordosis
behavior in the female rat. Neurosci Biobehav Rev. 1992; 16:309–350. [PubMed: 1528523]

Mendelson SD, Gorzalka BB. 5-HT1A receptors: differential involvement in female and male sexual
behavior in the rat. Physiol Behav. 1986a; 37:345–351. [PubMed: 2942955]

Mendelson SD, Gorzalka BB. A facilitatory role for serotonin in the sexual behavior of the female rat.
Pharmacol Biochem Behav. 1985; 22:1025–1033. [PubMed: 3161094]

Mendelson SD, Gorzalka BB. Effects of 5-HT1A selective anxiolytics on lordosis behavior:
interactions with progesterone. Eur J Pharmacol. 1986b; 132:323–326. [PubMed: 2880737]

Mendelson SD, Gorzalka BB. Serotonin type 2 antagonists inhibit lordosis behavior in the female rat:
reversal with quipazine. Life Sci. 1986c; 38:33–39. [PubMed: 2934598]

Mendelson SD, Gorzalka BB. Sex differences in the effects of 1-(m-trifluoromethylphenyl) piperazine
and 1-(m-chlorophenyl) piperazine on copulatory behavior in the rat. Neuropharmacology. 1990;
29:783–786. [PubMed: 2274113]

Meston CM, Frohlich PF. Update on female sexual function. Curr Opin Urol. 2001; 11:603–609.
[PubMed: 11734697]

Meyerson BJ. Central Nervous Monoamines and Hormone Induced Estrus Behaviour in the Spayed
Rat. Acta Physiol Scand Suppl. 1964; 220(SUPPL 241):241–232.

Meyerson BJ. The effect of imipramine and related antidepressive drugs on estrus behaviour in
ovariectomised rats activated by progesterone, reserpine or tetrabenazine in combination with
estrogen. Acta Physiol Scand. 1966; 67:411–422. [PubMed: 6007785]

Meyerson BJ, Lewander T. Serotonin synthesis inhibition and estrous behavior in female rats. Life Sci
I. 1970; 9:661–671. [PubMed: 5528815]

Michanek A, Meyerson BJ. The effects of different amphetamines on copulatory behaviour and
stereotype activity in the female rat, after treatment with monoamine depletors and synthesis
inhibitors. Arch Int Pharmacodyn Ther. 1977; 229:301–312. [PubMed: 145834]

Miryala CS, Hiegel C, Uphouse L. Sprague-Dawley and Fischer females differ in acute effects of
fluoxetine on sexual behavior. Journal of Sexual Medicine. 2013; 10:350–361. [PubMed:
23110651]

Mize AL, Alper RH. Acute and long-term effects of 17beta-estradiol on G(i/o) coupled
neurotransmitter receptor function in the female rat brain as assessed by agonist-stimulated
[35S]GTPgammaS binding. Brain Res. 2000; 859:326–333. [PubMed: 10719081]

Mize AL, Alper RH. Rapid uncoupling of serotonin-1A receptors in rat hippocampus by 17beta-
estradiol in vitro requires protein kinases A and C. Neuroendocrinology. 2002; 76:339–347.
[PubMed: 12566941]

Mize AL, Poisner AM, Alper RH. Estrogens act in rat hippocampus and frontal cortex to produce
rapid, receptor-mediated decreases in serotonin 5-HT(1A) receptor function.
Neuroendocrinology. 2001; 73:166–174. [PubMed: 11307035]

Mize AL, Young LJ, Alper RH. Uncoupling of 5-HT1A receptors in the brain by estrogens: regional
variations in antagonism by ICI 182,780. Neuropharmacology. 2003; 44:584–591. [PubMed:
12668044]

Moll JL, Brown CS. The use of monoamine pharmacological agents in the treatment of sexual
dysfunction: evidence in the literature. J Sex Med. 2011; 8:956–970. [PubMed: 21272265]

Montgomery SA, Baldwin DS, Riley A. Antidepressant medications: a review of the evidence for
drug-induced sexual dysfunction. J Affect Disord. 2002; 69:119–140. [PubMed: 12103459]

Uphouse Page 23

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Moreines J, Kelton M, Luine VN, Pfaff DW, McEwen BS. Hypothalamic serotonin lesions unmask
hormone responsiveness of lordosis behavior in adult male rats. Neuroendocrinology. 1988;
47:453–458. [PubMed: 3399032]

Nedergaard P, Sanchez C, Mellerup E. Different roles of 5-HT2A and 5-HT2C receptors in regulation
of female rat paced mating behaviour. Behav Brain Res. 2004; 149:151–157. [PubMed:
15129779]

Olivier B, Chan JS, Snoeren EM, Olivier JD, Veening JG, Vinkers CH, Waldinger MD, Oosting RS.
Differences in sexual behaviour in male and female rodents: role of serotonin. Curr Top Behav
Neurosci. 2011; 8:15–36. [PubMed: 21374021]

Outhoff K. Antidepressant-induced sexual dysfunction. SA Pharmaceutical Journal. 2010; 78:17–21.

Owens MJ, Morgan WN, Plott SJ, Nemeroff CB. Neurotransmitter receptor and transporter binding
profile of antidepressants and their metabolites. J Pharmacol Exp Ther. 1997; 283:1305–1322.
[PubMed: 9400006]

Palvimaki EP, Roth BL, Majasuo H, Laakso A, Kuoppamaki M, Syvalahti E, Hietala J. Interactions of
selective serotonin reuptake inhibitors with the serotonin 5-HT2c receptor. Psychopharmacology
(Berl). 1996; 126:234–240. [PubMed: 8876023]

Parada M, Vargas EB, Kyres M, Burnside K, Pfaus JG. The role of ovarian hormones in sexual reward
states of the female rat. Horm Behav. 2012; 62:442–447. [PubMed: 22902894]

Paredes RG, Kica E, Baum MJ. Differential effects of the serotonin1A agonist, 8-OH-DPAT, on
masculine and feminine sexual behavior of the ferret. Psychopharmacology (Berl). 1994;
114:591–596. [PubMed: 7855220]

Paredes RG, Vazquez B. What do female rats like about sex? Paced mating Behav Brain Res. 1999;
105:117–127.

Peroutka SJ, Snyder SH. Multiple serotonin receptors: differential binding of [3H]5-
hydroxytryptamine, [3H]lysergic acid diethylamide and [3H]spiroperidol. Mol Pharmacol. 1979;
16:687–699. [PubMed: 530254]

Pettibone DJ, Williams M. Serotonin-releasing effects of substituted piperazines in vitro. Biochem
Pharmacol. 1984; 33:1531–1535. [PubMed: 6610423]

Pfaff DW, Kow LM, Loose MD, Flanagan-Cato LM. Reverse engineering the lordosis behavior
circuit. Horm Behav. 2008; 54:347–354. [PubMed: 18539279]

Pfaus JG, Kippin TE, Centeno S. Conditioning and sexual behavior: a review. Horm Behav. 2001;
40:291–321. [PubMed: 11534994]

Pfaus JG, Smith WJ, Coopersmith CB. Appetitive and consummatory sexual behaviors of female rats
in bilevel chambers. I. A correlational and factor analysis and the effects of ovarian hormones.
Horm Behav. 1999; 35:224–240. [PubMed: 10373335]

Picazo O, Fernandez-Guasti A. Anti-anxiety effects of progesterone and some of its reduced
metabolites: an evaluation using the burying behavior test. Brain Res. 1995; 680:135–141.
[PubMed: 7663969]

Ravinder S, Pillai AG, Chattarji S. Cellular correlates of enhanced anxiety caused by acute treatment
with the selective serotonin reuptake inhibitor fluoxetine in rats. Front Behav Neurosci. 2012;
5:88. [PubMed: 22232580]

Raymond JR, Mukhin YV, Gelasco A, Turner J, Collinsworth G, Gettys TW, Grewal JS, Garnovskaya
MN. Multiplicity of mechanisms of serotonin receptor signal transduction. Pharmacol Ther.
2001; 92:179–212. [PubMed: 11916537]

Renner KJ, Krey LC, Luine VN. Effect of progesterone on monoamine turnover in the brain of the
estrogen-primed rat. Brain Res Bull. 1987; 19:195–202. [PubMed: 3664280]

Riad M, Garcia S, Watkins KC, Jodoin N, Doucet E, Langlois X, el Mestikawy S, Hamon M,
Descarries L. Somatodendritic localization of 5-HT1A and preterminal axonal localization of 5-
HT1B serotonin receptors in adult rat brain. J Comp Neurol. 2000; 417:181–194. [PubMed:
10660896]

Robert G, Drapier D, Bentue-Ferrer D, Renault A, Reymann JM. Acute and chronic anxiogenic-like
response to fluoxetine in rats in the elevated plus-maze: modulation by stressful handling. Behav
Brain Res. 2011; 220:344–348. [PubMed: 21315769]

Uphouse Page 24

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Romero L, Artigas F. Preferential potentiation of the effects of serotonin uptake inhibitors by 5-HT1A
receptor antagonists in the dorsal raphe pathway: role of somatodendritic autoreceptors. J
Neurochem. 1997; 68:2593–2603. [PubMed: 9166757]

Rossler AS, Bernabe J, Denys P, Alexandre L, Giuliano F. Effect of the 5-HT receptor agonist DOI on
female rat sexual behavior. J Sex Med. 2006; 3:432–441. [PubMed: 16681468]

Rupprecht R. Neuroactive steroids: mechanisms of action and neuropsychopharmacological properties.
Psychoneuroendocrinology. 2003; 28:139–168. [PubMed: 12510009]

Sarkar J, Hiegel C, Ginis GE, Hilbun E, Uphouse L. Subchronic treatment with fluoxetine attenuates
effects of acute fluoxetine on female rat sexual behavior. Brain Res. 2008a; 1190:56–64.
[PubMed: 18089287]

Sarkar J, Hiegel C, Maswood N, Uphouse L. Daily male exposure attenuates estrous cycle disruption
by fluoxetine. Behav Brain Res. 2008b; 189:83–91. [PubMed: 18243351]

Schweitzer I, Maguire K, Ng C. Sexual side-effects of contemporary antidepressants: review. Aust N Z
J Psychiatry. 2009; 43:795–808. [PubMed: 19670052]

Segraves RT. Sexual dysfunction associated with antidepressant therapy. Urol Clin North Am. 2007;
34:575–579. vii. [PubMed: 17983897]

Serretti A, Chiesa A. Treatment-emergent sexual dysfunction related to antidepressants: a meta-
analysis. J Clin Psychopharmacol. 2009; 29:259–266. [PubMed: 19440080]

Serretti A, Kato M, De Ronchi D, Kinoshita T. Meta-analysis of serotonin transporter gene promoter
polymorphism (5-HTTLPR) association with selective serotonin reuptake inhibitor efficacy in
depressed patients. Mol Psychiatry. 2007; 12:247–257. [PubMed: 17146470]

Sghendo L, Mifsud J. Understanding the molecular pharmacology of the serotonergic system: using
fluoxetine as a model. J Pharm Pharmacol. 2011; 64:317–325. [PubMed: 22309263]

Shifren JL, Monz BU, Russo PA, Segreti A, Johannes CB. Sexual problems and distress in United
States women: prevalence and correlates. Obstet Gynecol. 2008; 112:970–978. [PubMed:
18978095]

Siddiqui A, Niazi A, Shaharyar S, Wilson CA. The 5HT(7) receptor subtype is involved in the
regulation of female sexual behaviour in the rat. Pharmacol Biochem Behav. 2007; 87:386–392.
[PubMed: 17561239]

Siddiqui A, Shaharyar S. Attenuating effects of prior oestradiol benzoate priming on 5-HT-mediated
lordosis behavior in rats are dose-dependent. Acta Physiol Hung. 2007; 94:209–221. [PubMed:
17853773]

Sietnieks A. Involvement of 5-HT2 receptors in the LSD- and L-5-HTP-induced suppression of
lordotic behavior in the female rat. J Neural Transm. 1985; 61:65–80. [PubMed: 3872342]

Sietnieks A, Meyerson BJ. Enhancement by progesterone of 5-hydroxytryptophan inhibition of the
copulatory response in the female rat. Neuroendocrinology. 1982; 35:321–326. [PubMed:
6983043]

Smith LJ, Henderson JA, Abell CW, Bethea CL. Effects of ovarian steroids and raloxifene on proteins
that synthesize, transport, and degrade serotonin in the raphe region of macaques.
Neuropsychopharmacology. 2004; 29:2035–2045. [PubMed: 15199371]

Snoeren E, Chan J, Bovens A, Cuppen E, Waldinger M, Olivier B, Oosting R. Serotonin transporter
null mutation and sexual behavior in female rats: 5-HT1A receptor desensitization. J Sex Med.
2010; 7:2424–2434. [PubMed: 20456632]

Snoeren EM, Chan JS, de Jong TR, Waldinger MD, Olivier B, Oosting RS. A new female rat animal
model for hypoactive sexual desire disorder; behavioral and pharmacological evidence. J Sex
Med. 2011a; 8:44–56. [PubMed: 20807327]

Snoeren EM, Refsgaard LK, Waldinger MD, Olivier B, Oosting RS. Chronic paroxetine treatment
does not affect sexual behavior in hormonally sub-primed female rats despite 5-HT(A) receptor
desensitization. J Sex Med. 2011b; 8:976–988. [PubMed: 21269398]

Sprouse JS, Aghajanian GK. Electrophysiological responses of serotoninergic dorsal raphe neurons to
5-HT1A and 5-HT1B agonists. Synapse. 1987; 1:3–9. [PubMed: 3505364]

Sprouse JS, Aghajanian GK. (−)-Propranolol blocks the inhibition of serotonergic dorsal raphe cell
firing by 5-HT1A selective agonists. Eur J Pharmacol. 1986; 128:295–298. [PubMed: 2878817]

Uphouse Page 25

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Stahl SM, Sommer B, Allers KA. Multifunctional pharmacology of flibanserin: possible mechanism of
therapeutic action in hypoactive sexual desire disorder. J Sex Med. 2011; 8:15–27. [PubMed:
20840530]

Steinbusch HW. Distribution of serotonin-immunoreactivity in the central nervous system of the rat-
cell bodies and terminals. Neuroscience. 1981; 6:557–618. [PubMed: 7017455]

Strohmaier J, Wust S, Uher R, Henigsberg N, Mors O, Hauser J, Souery D, Zobel A, Dernovsek MZ,
Streit F, Schmal C, Kozel D, Placentino A, Farmer A, McGuffin P, Aitchison KJ, Rietschel M.
Sexual dysfunction during treatment with serotonergic and noradrenergic antidepressants:
clinical description and the role of the 5-HTTLPR. World J Biol Psychiatry. 2011; 12:528–538.
[PubMed: 21388237]

Sumner BE, Fink G. The density of 5-hydoxytryptamine2A receptors in forebrain is increased at pro-
oestrus in intact female rats. Neurosci Lett. 1997; 234:7–10. [PubMed: 9347933]

Tanco SA, Watson NV, Gorzalka BB. Effects of 5-HT3 agonists on reproductive behaviors in rats.
Psychopharmacology (Berl). 1994; 115:245–248. [PubMed: 7862902]

Tanco SA, Watson NV, Gorzalka BB. Lack of effects of 5-HT3 antagonists on normal and morphine-
attenuated sexual behaviours in female and male rats. Experientia. 1993; 49:238–241. [PubMed:
8458409]

Thomas DR, Hagan JJ. 5-HT7 receptors. Curr Drug Targets CNS Neurol Disord. 2004; 3:81–90.
[PubMed: 14965246]

Thorp J, Simon J, Dattani D, Taylor L, Kimura T, Garcia M Jr, Lesko L, Pyke R. Treatment of
hypoactive sexual desire disorder in premenopausal women: efficacy of flibanserin in the DAISY
study. J Sex Med. 2012; 9:793–804. [PubMed: 22239862]

Trevino A, Wolf A, Jackson A, Price T, Uphouse L. Reduced efficacy of 8-OH-DPAT’s inhibition of
lordosis behavior by prior estrogen treatment. Horm Behav. 1999; 35:215–223. [PubMed:
10373334]

Truitt W, Harrison L, Guptarak J, White S, Hiegel C, Uphouse L. Progesterone attenuates the effect of
the 5-HT1A receptor agonist, 8-OH-DPAT, and of mild restraint on lordosis behavior. Brain Res.
2003; 974:202–211. [PubMed: 12742638]

Uphouse L. Female gonadal hormones, serotonin, and sexual receptivity. Brain Res Brain Res Rev.
2000; 33:242–257. [PubMed: 11011068]

Uphouse L, Andrade M, Caldarola-Pastuszka M, Jackson A. 5-HT1A receptor antagonists and lordosis
behavior. Neuropharmacology. 1996a; 35:489–495. [PubMed: 8793912]

Uphouse L, Caldarola-Pastuszka M. Female sexual behavior following intracerebral infusion of the 5-
HT1A agonist, 8-OH-DPAT, into the medial preoptic area. Brain Res. 1993; 601:203–208.
[PubMed: 8431766]

Uphouse L, Caldarola-Pastuszka M, Droge M. 8-OH-DPAT in the midbrain central gray inhibits
lordosis behavior. Pharmacol Biochem Behav. 1992a; 43:833–838. [PubMed: 1448478]

Uphouse L, Caldarola-Pastuszka M, Montanez S. Intracerebral actions of the 5-HT1A agonists, 8-OH-
DPAT and buspirone and of the 5-HT1A partial agonist/antagonist, NAN-190, on female sexual
behavior. Neuropharmacology. 1992b; 31:969–981. [PubMed: 1436391]

Uphouse L, Caldarola-Pastuszka M, Moore N. Inhibitory effects of the 5-HT1A agonists, 5-hydroxy-
and 5-methoxy-(3-di-n-propylamino)chroman, on female lordosis behavior. Neuropharmacology.
1993; 32:641–651. [PubMed: 8361579]

Uphouse L, Colon L, Cox A, Caldarola-Pastuszka M, Wolf A. Effects of mianserin and ketanserin on
lordosis behavior after systemic treatment or infusion into the ventromedial nucleus of the
hypothalamus. Brain Res. 1996b; 718:46–52. [PubMed: 8773765]

Uphouse, L.; Guptarak, J. Serotonin and Sexual Behavior. In: Müller, C.; Jacobs, B., editors.
Handbook of the Neurobiology of Serotonin. New York: Academic Press; 2010. p. 346-366.

Uphouse L, Guptarak J, Hiegel C. Progesterone reduces the inhibitory effect of a serotonin 1B receptor
agonist on lordosis behavior. Pharmacol Biochem Behav. 2010; 97:317–324. [PubMed:
20816890]

Uphouse L, Heckard D, Hiegel C, Guptarak J, Maswood S. Tropisetron increases the inhibitory effect
of mild restraint on lordosis behavior of hormonally primed, ovariectomized rats. Behav Brain
Res. 2011; 219:221–226. [PubMed: 21238491]

Uphouse Page 26

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Uphouse L, Hensler JG, Sarkar J, Grossie B. Fluoxetine disrupts food intake and estrous cyclicity in
Fischer female rats. Brain Res. 2006; 1072:79–90. [PubMed: 16423328]

Uphouse L, Hiegel C, Guptarak J, Maswood N. Progesterone reduces the effect of the serotonin 1B/1D
receptor antagonist, GR 127935, on lordosis behavior. Horm Behav. 2009; 55:169–174.
[PubMed: 18952090]

Uphouse L, Maswood S, Caldarola-Pastuszka M. Agonist activation of 5-HT1A receptors in the
median raphe nucleus and female rat lordosis behavior. Brain Res. 1994; 668:271–275.
[PubMed: 7704614]

Uphouse L, Maswood S, Jackson A, Brown K, Prullage J, Myers T, Shaheen F. Strain differences in
the response to the 5-HT1A receptor agonist, 8-OH-DPAT. Pharmacol Biochem Behav. 2002;
72:533–542. [PubMed: 12175449]

Uphouse L, Selvamani A, Lincoln C, Morales L, Comeaux D. Mild restraint reduces the time
hormonally primed rats spend with sexually active males. Behav Brain Res. 2005; 157:343–350.
[PubMed: 15639185]

Uphouse L, Wolf A. WAY100635 and female rat lordosis behavior. Brain Res. 2004; 1013:260–263.
[PubMed: 15193537]

Van de Kar LD, Urban JH, Richardson KD, Bethea CL. Pharmacological studies on the serotoninergic
and nonserotonin-mediated stimulation of prolactin and corticosterone secretion by fenfluramine.
Effects of pretreatment with fluoxetine, indalpine, PCPA, and L-tryptophan.
Neuroendocrinology. 1985; 41:283–288. [PubMed: 2931613]

Wilson CA, Hunter AJ. Progesterone stimulates sexual behaviour in female rats by increasing 5-HT
activity on 5-HT2 receptors. Brain Res. 1985; 333:223–229. [PubMed: 2581660]

Wolf A, Caldarola-Pastuszka M, DeLashaw M, Uphouse L. 5-HT2C receptor involvement in female
rat lordosis behavior. Brain Res. 1999; 825:146–151. [PubMed: 10216181]

Wolf A, Caldarola-Pastuszka M, Uphouse L. Facilitation of female rat lordosis behavior by
hypothalamic infusion of 5-HT(2A/2C) receptor agonists. Brain Res. 1998a; 779:84–95.
[PubMed: 9473601]

Wolf A, Jackson A, Price T, Trevino A, Caldarola-Pastuszka M, Uphouse L. Attenuation of the
lordosis-inhibiting effects of 8-OH-DPAT by TFMPP and quipazine. Brain Res. 1998b;
804:206–211. [PubMed: 9757039]

Zifa E, Fillion G. 5-Hydroxytryptamine receptors. Pharmacol Rev. 1992; 44:401–458. [PubMed:
1359584]

Uphouse Page 27

Pharmacol Biochem Behav. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Highlights

1. A historical view of serotonin’s (5-HT) involvement in female sexual behavior

is presented.

2. The effect of drugs that increase or decrease CNS levels of 5-HT is reviewed.

3. Studies with compounds that act on 5-HT1, 5-HT2 or 5-HT3 receptors are

overviewed.

4. Limitations of current understanding about 5-HT’s role in female sexual

behavior is discussed.
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TABLE 4

OVERALL SUMMARY OF 5-HT AND LORDOSIS BEHAVIOR

COMPONENT OF 5-HT SYSTEM EFFECT ON LORDOSIS

HIGH 5-HT DISRUPTIVE

LOW 5-HT FACILITATIVE

5-HT1A RECEPTORS DISRUPTIVE

5-HT2 RECEPTORS FACILITATIVE

5-HT1B/1D RECEPTORS FACILITATIVE??

5-HT3 RECEPTORS FACILITATIVE??

5-HT7 RECEPTORS DISRUPTIVE??

?? data are not yet clear and/or insufficient for conclusions
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