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ABSTRACT

Behavioral and neural mechanisms of conditioned partner preference in the female rat

Genaro A. Coria-Avila, Ph.D.
Concordia University, 2007

‘We assessed the development of a conditioned partner preference in female rats
towards males associated with paced copulation (PC), relative to nonpaced copulation
(NPC). Chapter 1 assessed the b.ehavioral mechanisms. Ovariectomized, hormone-primed
females were conditioned to associate an odor or a strain of male with PC. A partner
preference test occurred in an open field with two tethered males in opposite corners, one
associated with PC and the other with NPC. Paired females (relative to unpaired or
random-paired groups) developed a partner preference for PC-related males. They
displayed more solicitations and hops and darts, and were more likely to choose the PC-
related male for their first ejaculation. Similarly, strain conditioning produced partner
preference towards the PC-related male, regardless of the strain; although females were
more likely to receive their first ejaculation from the PC-related male only if it was of
their own strain.

The experiments in Chapter 2 assessed neuroanatomical correlates. The brains of
females in bqth paired and unpaired conditions were processed for Fos-immunoreactivity
(Fos-IR) following exposure only to the conditioned stimulus (CS) associated either with
PC or with NPC. The CS paired with PC induced more Fos-IR in the piriform cortex, the
medial preoptic area, and the ventral tegmental area, compared to the induction by the

same CS associated with NPC.
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The experiments in Chapter 3 assessed neurochemical mechanisms. In Part 1,
females were treated with the general opioid antagonist naloxone (4 mg/kg) before every
conditioning trial, but were drug-free during the final partner preference test. Naloxone-
treated females did not develop a conditioned partner preference. In Part 2, females were
treated with the dopamine antagonist flupenthixol (.25 mg/kg) before conditioning trials.
Only Long-Evans females failed to develop an olfactory conditioned partner preference,
just like naloxone-treated females. However, flupenthixol had no effect on conditioned
preference for a strain of male in Wistar females.

The experiments in Chapter 4 depict preliminary data on the activation of
oxytocin, vasopressin and gonadotrophin-releasing hormone (GnRH) neurons following

-exposure to the CS associated with PC. These data show trends toward a significant
activation of Fos within oxytocin neurons in the paraventricular nucleus of the
hypothalamus, and GnRH neurons in the anterior hypothalamus, in paired females
exposed to the CS.

These results demonstrate that the sexual reward induced by PC can be associated
with cues on a partner to develop a conditi_oned preference. When this occurs via
olfactory conditioning of a neutral odor, the mechanisms depend on the interaction of
opioids and dopamine in mesolimbic areas. However, the conditioning process for a

strain of male appears to depend only on opioids.
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GENERAL INTRODUCTION
“That animals choose their mates, as opposed to mating indiscriminately,
is an attractive and evolutionarily important hypothesis.”
-- Halliday, (1983) pp 28

Partner preferences are displayed by many social species, including bhumans. They
are commonly observed as selective contacts with an individual, more time spent together
and directed courtship behavior that leads to selective copulation. Species with non-
exclusive preferences for a particular partner are usually referred to as polygamous. A
polygamous individual may display a preference toward multiple individuals of the same
kind (e.g., sexually active or receptive partners), but this preference usually lasts only for
pe;riods of mating. Moreover, the preference is not for particular individuals or features of
an individual, other than the overall display of sexual receptivity. On the other hand,
.species that display exclusive and long-lasting preferences towards one particular partner
are usually referred to as monogamous. A monogamous individual will dis;play a very
selective preference to court, copulate, nest-build, and raise offspring, with a particular
partner that bears specific and recognizable features.

Partner preferences are the result of a systematic interrelationship between gen'etic
mechanisms, hormonal effects and learning. For example, an individual can be born with
the genetic information that directs brain organization and the hormonal profile that
facilitates the sensitivity to respond towards a particular type of partner, which generally
occurs towards a sexually mature individual of the opposite sex. However, animals can
learn new preferences based on exposure to individuals of their own species since birth.

This early contact facilitates phenomena such as imprinting (Bateson, 1978), in which the



~ first conspecific-related stimuli sensed during critical periods of development can direct
future partner preferences. Consequently, the partner preference observed in a sexually
naive adult individual, may be the result of innate factors combined with early learning
experiences during critical periods. In addition, all individuals can develop new
preferences or aversions throughout the life span, and make new associations in order to
pursue pleasure and avoid pain. Accordingly, adult partner preferences may become
conditioned to stimuli that have become predictors of sexual reward. Thus, in the
presence of a predictor of sexual reward, partner preference may be facilitated or more
easily expressed, whereas in the presence of a negative predictor, partner preference may
be disrupted. As a consequence, “innate” partner preferences (e.g., for assortative
features) may become further narrowed or even changed by subsequent conditioning in
adulthood by features associated specifically with sexual reward.

Partner preferences can be studied from different perspectives in many species of
animal. For example, from a biological point of view it is important to study the
consequences of having a partner preference on the survival and reproductive fitness of a
species, From the psychological perspective, partner preferences are studied because they
can lead to social attachments, referred to as pair bonds in animals, and so-called
“romantic love” in humans, and disruption of established attachments can have negative
effects on mental health (Insel & Young, 2001). Thus, understanding the bases of partner
preference formation is necessary to understand an important part of social behavior in

animals and humans.



Role of learning in se;xual behavior and conditioned partner preference

Learning can affect many aspects of sexual behavior, which in turn, can affect
directly or indirectly the expres'sion of partner preferences. These aspects include the
expression of sexual excitement, the capacity to locate and recognize a mate, courtship
behavior, and copulatory parameters (Pfaus, Kippin, & Centeno, 2001). Learning can
increase of decrease an animal’s sensitivity to respond to internal and external stimuli,
which trigger their own sexual desire and indicate who is a poteﬁtial mate and what a
sexual incentive is. This occurs as a result of two learning mechanisms, Pavlovian
conditioning and instrumental (operant) conditioning.
Influence of Pavlovian conditioning on sexual behavior

Pavlovian or classical conditioning refers to an association that is formed between
two stimuli (Pavlov, 1927). For example, under normal circumstances unconditiqned
stimuli (UCS) will elicit physiological unconditioned responses (UCRs). UCRs are those
unlearned responses already present in an animal’s natural repertoire. UCSs are natural
stimuli that normally elicit UCRs in a presumably hardwired stimulus-response (S-R)
neural connection. Neutral stimuli, however, will not trigger any UCR, but if properly
paired in time with an UCS, animals can make a predictive association between the
neutral stimulus and the UCS, which then triggers the UCR. When a neutral stimulus is
capable of triggering a response that was not present before learning, it is referred to as a
conditioned stimulus (CS), and the response is referred to as a conditioned response
(CR). When this occurs it is believed that the CS elicits a representation of the UCS at a

neural level.



There are different ways in which Pavlovian conditioning can affect sexual
behavior, and ultimately the expression of partner preference. First, a mate can be seen as
a conjunction of multiple stimuli; some of them are UCS, which trigger UCRs, but many
others are not (Kippin & Pfaus, 2001a). Ineffective natural stimuli, may become
associated with UCSs through sexual experience, and in turn, may be able to elicit CRs.
Also, originally neutral or ineffective stimuli can become conditioned if are paired in
contingency with the UCS. And finally, certain patterns in an environment or context can
be conditioned to sexually relevant UCSs and in that way become able to elicit CRs.
Conditioning of sex-related stimuli appears to occur during two important critical periods
of development, oné during an early postnatal phase, and another after puberty, during an
animal’s first sexual encounters.

Early postnatal period

Certain stimuli that are sensed during early critical periods of life become
associated through Pavlovian conditioning with innate rewards (maternal care, nutrient
intake, etc.). This type of conditioning is termed “imprinting”, and can strongly affect
sexual preferences in adulthood (Bateson, 1978). This is a special form of conditioning in
that the brain is especially sensitive during the critical period to make the association.
Imprinting usually occurs to the features of parents and species, and is considered the
first step in the phenomenon of assortative mating, in which animals choose to mate
selectively with members of their own strair relative to members of a different strain or
species that are genetically less similar. Assortative mating is believed to maintain
homézygosity in a strain, and thereby keep strains from outbreeding positive

characteristics. In humans, assortative mating can be observed in partner preferences for



phenotypic (e.g., racial, facial, etc.), social (e.g., cultural/religious beliefs), and
personality characteristics (e.g., introversion/extroversion) that are somewhat similar to
one’s own (Luo & Klohnen, 2005; Malina, Selby, Buschang, Aronson, & Little, 1983;
Salces, Rebato, & Susanne, 2004).

There is evidence indicating that males of different species can develop sexual
imprinting for mates that bear cues associated with the female that nursed them or cues
associated with the nursing period per se. In one study, for example, neonatal rats were
nursed by their biological mother which had a neutral odor (lemon) applied on her
abdomen. At the appropriate time, the males were weaned and never exposed to the
essence again, until about 100 days of age, when they were paired with scented or
unscented females for copulation. The results indicated that males exposed in infancy to a
lemon essence, displayed shorter ejaculation latency with lemon-scented females, relative
to the ejaculation latency observed when they were exposed to non-scented females
(Fillion & Blass, 1986). This experiment was one of the first to demonstrate that neutral
odors that are sensed during early periods can increase sexual excitement during future
sexual encounters. In this case, a stronger sexual excitement was observed as shorter
ejaculation latency with a receptive female bearing the odor.

Other experiments with iniprinting in male rats have been more focused on
partner preference, and have demonstrated that this type of learned preference may
depend on rewarding stimuli that the mother provides to the offspring during critical
peﬁods of life. For example, the positive effects of licking during the first ten days of life
can be conditioned to olfactory stimuli as well. In one recent study, newborn male pups

were taken away from their mothers during 15 minutes every day. During this time away,



males in a Paired group were exposed to a lemon essence sprayed on the woodchip
bedding of a different cage. At the same time they received tactile reward stimulation
performed artificially with a small paintbrush on their back and head, so that the strokes
would mimic the dam’s licking at the time that they smelled the lemon essence. Males in
a control group were exposed to woodchip bedding sprayed with water alone. Both
groups were weaned at 21 days of age, and never exposed to the essence again. After two
months, males were placed in a large open field and allowed to copulate freely with two
females at the same time, one scented and one unscented. The reéults of that preference
test indicated thaf a significant proportion of the Paired males displayed a preference to
ejaculate first with the scented female, whereas the control group showed no preference
for scented females (Menard, Gelez, Coria-Avila, jacubovich, & Pfaus, 2006). That study
demonstrated that neutral odors paired with a maternal-like reward during early
development can be learned and consequently direct partner preference during future
sexual encounters. Taken together with the results of Fillion and Blass (1986), these
findings indicate that olfactory stimuli sensed during early and critical periods of life can
becorﬁe imprinted, and therefore can increase sexual excitement and motivation to direct
partner preferences in naive male rats.

Conversely, there is a study suggesting that olfactory imprinting does not impact
adult sexual behavior in male rats. Specifically, Moore, Jordan & Wong (1996), showed
that male rats reared by lemon-scented dams, approached lemon-scented females with the
same latency than normally reared males when tested in adulthood; without any
difference in copulatory behavior during successive pairings, including ejaculation

latency. In addition, in experiments with a two-female one-male situation, Moore and



colleagues demonstrated that lemon-reared males performed the first mount more rapidly
towards scented females, although the authors reported that normally-reared males also
performed the first mount towards scented females (Moore, Jordan & Wong, 1996).
There are numerous methodological differences found between these studies that may
have contributed to the disparate findings. For example, Ménard et al. (2006) assessed the
proportion of males performing preferential ejaculation as evidence for conditioned
partner preference, whereas Fillion & Blass (1986) and Moore et al., (1996) used
frequency and latency measures of copulatory behavior as the dependent variable. It is
possible that conditioned ejaculatory preferences induced by olfactory imprinting in male
rats are mainly observed as a choice in mating strategy and not as a large difference in the
frequency or latency of sexual behaviors. This may indicate that a presumably
polygamous male rat develops an ejaculatory mating preference as a result of imprinting,
although his sexual behavior overail is not directed exclusively toward the preferred
partner.

Stimuli other than odors can be imprinted and direct partner preferences. Burley
(2006) showed that birds can be imprinted by visual cues. For example, Zebra finches
reared by parents that wore white crests with a vertical black stripe, developed sexual
preference towards opposite-sexed birds wearing this type of crest, whereas birds that
were reared in another colony by parents that wore crests having a horizontal black stripe
developed a preference towards opposite-sexed partners with horizontal stripes (Burley,
2006).

Some experiments have demonstrated that the effects of imprinting are so.

powerful that it can actually induce sexual preferences towards a different species. In one



study, for example, male sheep and goats that were cross fostered developed a sexual
partner preference towards females of the species of the foster mother (Kendrick, Hinton,
Atkins, Haupt, & Skinner, 1998). Together, these studies indicate that animals can learn
to prefer stimuli that were sensed during early critical periods of life. In some cases, such
preference may be expressed as courtship behavior only. In other cases, however, the
associations affect mating behaviors (i.e. ¢jaculatory pi‘eferences in rats).

It can be argued that constant preference for familial features in a mate should not
be desirable, since it would facilitate inbreeding. Continuous inbreeding may result in the
phenotypic expression of unwanted genotypic information, which is passed on as
recessive genes from generation to generation without being expressed, until two parents |
with similar genotype reproduce. Accordingly, sexual imprinting should not be the best
strategy to reproduce and animals should look for partners genetically different in order
to avoid inbreeding.

Observations of the mating strategies in house mice indicate that they avoid
mating with individuals that héve a similar major histocompatibility complex (MHC).
The MHC genes produce molecules that help the immune system distinguish organisms
 that are different, and that could potentially cause diseases. A MHC that is more
heterogeneous will have a broader range to recognize what is familiar or different.
Consequently, the more different are the genes from the two parents, the more
heterogeneous will be the MHC of the offspring, which results in a more capable immune
system. It has been argued that animals should have systems that evolved to recognize
and prefer potential mates with different MHC. That is, partner preference should be

directed towards non-related individuals, rather than towards genetically-similar partners



that are potential carriers of unwanted genotype. There is evidence indicating that the
natural tendeiicy of mice to mate with partners ‘of a different haplotype is not innate, since
sexual preference can be reversed towards a partner of the sanie haplotype through
imprinting. In one study, for example, male mice that were reared by a foster mother of a
genetically different strain, displayed a copulatory preference towards females of their
own strain (Yamazaki et al., 1988), which may suggest that the relatives were not
recognized as familial and therefore were preferred as mates.

Learning to recognize familial odors would indicate to an animal its family
identity,iand therefore would help to avoid mating with them (potentially carrying similar
genes). Penn & Potts (1998) demonstrated that mice can recognize MHC of other
individuals through olfactory signals, and that such olfactory recognition is learned
through imprinting in early periods of life. In one study, they cross-fostered female mice
pups with mothers that had different MHC genes. When the pups became adults, partner
preference was tested toward individuals with similar MHC or with MHC genes of the
foster family. Similar to the results of Yamazaki et al., (1988), Penn & Potts showed that
females avoided mating with males carrying MHC genes similar to the foster family,
which supported the hypothesis that MHC-dependent familial imprinting provides a
mechanism for avoiding inbreeding (Penn & Potts, 1998).

Bateson (1978) claimed that sexual imprinting facilitates the best possible
Outbreeding and prevents animals from inbreeding. His statement was based on a series
of mate-choice experiments with Japanese quails. He demonstrated that males showed the
highest rates of approach and copulation with females whose coloration was slightly

different from that of the foster mother, relative to females with the exact coloration



(Batenson, 1978). This has lead to the suggestion that as result of imprinting, mate choice
is directed towards a partner that bear cues slightly unfamiliar, which is evaluated based
on familiar memories consolidated during early and critical periods of life. Accordingly,
imprinting facilitates preference towards an individual that is slightly different to
guarantee outbreeding, and at the same time it guarantees breeding with an individual that
is familiar and probably equally adapted to the environmental circumstances.

Nevertheless, the causes and consequences of sexual imprinting are not '
completely understood, and it may differ completely from one species to another. It is yet
unknown what is the neurobiology and neurochemistry of behaviors produced by
imprinting, and whether conditioned cues such as artificial odors are imprinted in the
same manner that natural odors (i.e. those that result from a specific MHC), or visual and
acoustic cues.
Postpubertal period

The postpubertal period is more flexible in time than the early postnatal period,
* and typically involves a cascade of experiehces that move the animal toward copufation
and sexual reward. Here, the hormonal activation of brain regions that underlie adult
sexual behavior is critical, as are the actual stimuli perceived by animals during their first
sexual experiences. There is evidence indicating that animals can develop preferences for
places and partners that predict sexual reward.

Conditioned Place Preference: Male rats develop a conditioned place preference
(CPP) for distinctive sides of a CPP box following ejaculation, but not intromissions
alone, indicating that ejaculation creates a state of reward that can be associated with an

environmental stimulus (Agmo & Berenfeld, 1990). Thus, a distinctive side of a CPP box

~
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(CS) earns incentive value through Pavlovian association with the reward state induced
by ejaculation (UCS). The development of ejaculation-induced CPP can be blocked by
administration of the opioid receptor antagonist naloxone, but not the dopamine receptor
antagonist pimozide (Agmo et al., 1990; Miller & Baum, 1987). This indicates that the
augmentation of endogenous opioid activity following ejaculation mediates its rewarding
aspects. Bilateral infusions of the opioid antagonist methylnaloxonium to the medial
preoptic area (mPOA) of male rats also abolished an ejaculation-induced CPP (Agmo &
Gomez, 1993), suggesting that opioid release in this region is critical. In contrast,
although extracellular dopamine concentrations in the mPQA and limbic areas such as the
nucleus accumbens (NAc) increase during mounts with intromission, they fall rapidly
after ejaculation (Blackburn, Pfaus, & Phillips, 1992). This makes it unlikely that
dopamine release contributes to the ejaculation-induced reward state.

Female rats develop a CPP following experience with the ability to control or
“pace” the initiation and rate of copulation (Paredes & Alonso, 1997). Pacing allows
females to regulate the timing of cépulatory contact with males (Erskine, 1989; Gilman &
Hitt, 1978; Pfaus, Smith, & Coopersmith, 1999) and enforces a time interval between
successive intromissions. Control over the rate of vaginocervical stimulation (VCS)
received from intromissions ‘facilitates pregnancy by activating the appropriate
neurbendocrine systems [e.g., bydaily prolactin sﬁrges in rats; (Adler, 1969; Kornberg &
Erskine, 1994; Terkel & Sawyer, 1978)]. In the natural world, pacing occurs simply by
the female soliciting the male and running away at her preferred intervals. In the
laboratory, “pacing” chambers allow females to do this by imposing a barrier that she

must cross to get to the male. This is typically done using a Plexiglas partition with small
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holes cut out of the bottom that are large enough to allow the female to pass from one
side without a male to the other side with a male, but too small'to allow the male to pass
from side to side. Thus, the female regulates her sexual contact with the male by running
back and forth to his side. Nonpaced copulatory conditions can be contrasted in the same
apparatus without the partition. Female rats find paced copulation rewarding, and will
form CPP for distinctive sides of a CPP box associated with paced copulation relative to
sides associated with nonpaced copulation (Paredes et al., 1997). Indeed, applying VCS
in a distributed pattern manually with a lubricated glass rod prior to CPP training, relative
to a single, powerful VCS of long duration, produces a CPP for the side associated with
the distributed VCS (Afonso & Pfaus, submitted). Thus the state associated with
distributed VCS is a UCS that supports the development of CPP. As with males, the
expression of a copulatory CPP is abolished by treatment with naloxone, but not the
dopamine antagonist flupenthixol, during training (Garcia Horsman & Paredes, 2004;
Paredes & Martinez, 2001).

Conditioned place preference and conditioned approach behavior are consistent
with the idea that animals will approach and prefer conditioned stimuli that have been
paired with reward (for review see Nader, Bechara, & van der, 1997; Tzschentke, 1998;
Pfaus, Kippin, & Coria-Avila, 2003). This indicates a search strategy based on past
experiences, so that animals have greater probability of coming into cdntact with stimuli
that induce a positive affect and that, if found on partners, may represent increased fitness
(Panksepp, Knutson, & Burgdorf, 2002).

Conditioned partner preference: Neutral olfactory stimuli paired with copulation

to ejaculation can become CSs and alter neuroendocrine and behavioral responses. For
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example, Graham and Desjardins (1980) showed that in male rats, the levels of
luteinizing hormone and testosterone were increased following exposure to a conditioned
odor (i.e. wintergreen) previously paired with copulation. The increases were similar to
those following exposure to estrous odors in naive males, suggesting that association with
the copulatory reward state makes a neutral odor to become a CS capable of triggering a
conditioned neuroendocrine response that prepares the animal for a sexual behavior.
Conditioned odors associated with copulation can also facilitate partner
_preference. For example, Kippin et al. (1998) trained one group of males (the Paired
group) to associate an almond or lemon odor painted on the back of a female’s neck and
anogenital region with copulation to ejaculation. Another group (the Unpaired group)
received copulatory trials with unscented females. On a final test in an open field, the
males received access to two sexually receptive females, oné scented with the odor and
the other ﬁnscented. Males in the Paired group displayed a conditioned partner
preference in which the scented females were chosen to receive the males’ first
ejaculation. Subsequent studies revealed that the learning of this conditioned ejaculatory
preference (CEP) took place during the postejaculatory refractory period (Kippin et al.,
2001a) and that the males became “choosy” the closer they were to ejaculating (Kippin &
Pfaus, 2001b). Thus, polygamous male rats could learn a rudiment of pair-bonding with a
simple Pavlovian conditioning procedure that links a neutral olfactory stimulus to sexual
reward. Such findings supported the idea that the post ejaculatory period is capable of
supporting conditioned preferences, in a similar manner to the CPP that develops

following ejaculation (Agmo et al., 1990).
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The neural areas involved in CEP have also been studied. Fos immunoreactivity
(Fos-IR) was used to assess the activation of neural areas activated by the conditioned.
odor, relative to the areas activated by estrous odors, which normally produce sexual
motivation in males (Kippin, Cain, & Pfaus, 2003). In that study, Kippin and colleagues
showed that estrous odors induced significantly more levels of Fos-IR in the nucleus
accumbens core (NAcc), medial bed nucleus of the stria terminalis (BNSTm), mPOA,
ventromedial hypothalamus (VMH) and ventral tegmental area (VTA). The conditioned
odor, however, induced more Fos-IR in the piriform cortex (Pir Ctx), anterior portion of
the lateral hypothalamus (aLH), and basolateral amygdala (BLA). Consequently, the
authors concluded that conditioned and pheromonai odors activate similar (i.e. NAcc) but
also independent pathways in the limbic system and hypothalamus.

Influence of instrumental conditioning on sexual behavior

Instrumental or operant learning describes a response-reinforcer contingency in
which an animal learns to operate on its environment (Skinner, 1953, 1966).
Instrumental learning occurs when an animal adapts its behavioral responses under
particular schedules of reinforcement (Ferster & Skinner, 1957), circumstances that have
been associated with the delivery of reward or punishment. Specifically, when an animal
shows a response that is fdllowed by a reward, the frequency of that response increases
and its latency decreases. This is referred to as positive reinforcement. Conversely, when
an animal’s response is associated with punishment, the response is likely to diminish in
frequency and increase in latency. Responses ’Fhat decrease the likelihood of punishment

are more likely to be engaged in through a process of negative reinforcement. On the
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other hand responses that eliminate the possibility of positive reinforcement (so called
“time-out” periods) are less likely to be engaged in.

Sexually experienced animals can learn to perform a variety of tasks in order to
gain access to a partner, presumably because of the association with sexual reward (Pfaus
et al., 2001). It is believed that the capacity to experience reward during sexual behavior
evolved to facilitate the likelihood of copulation. Therefore, from a psychological
perspective, sex must have rewarding properties if stimuli that predict copulation increase
the probability of appetitive instrumental responses aimed at working for or approaching
those stimuli. Observing the amount of work that an animal is willing to perform to gain
access to another individual can be used to calculate the degree of motivation that induces
a preference toward a particular conspecific. Such performance can indicate levels of
sexual motivation triggefed by the cues on the partner, or can be used to infer partner
preference if animals are allowed to choose between several potential conspecifics to
copulate with. Male rats, for example, can easily learn to bar press in order to gain access
to a receptive female (Beck, 1971; Beck & Chmielewska, 1976; Schwartz, 1956), and
females can also learn to bar press to gain access to a sexually active male (Beck, 1971; ’
Bermant & Westbrook, 1966; French, Fitzpatrick, & Law, 1972). Commohly, these
studies involve a rat learning to bar press in an operant chamber, in which after certain
number of bar presses, a mate is delivered into the box (e.g., Everitt, Cador, & Robbins,
1989). Other species also learn to work for access to a mate. These include bar pressing
in male and female rhesus monkeys (Michael & Keverne, 1968; Keverne, 1976) and key
pecking in pigeons (Gi_lbertson, 1975). In rats, operant learning also includes climbing

over a obstacle to have access to a receptive female (Sheffield, Wulff, & Bakker, 1951),
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digging through sand or crossing shock grids (Anderson, 1938), and turning a wheel
(Denniston, 1954), to gain access to sex partners.

Because gaining access to sex partners is necessary for copulation, and therefore
for the experience of sexual reward, operant tasks are also preparatory behaviors that
animals must perform to obtain those rewards (Blackburn et al., 1992; Pfaus, 1999). In
the natural world, and to some extent in the laboratory, male rats must chase females after
each solicitation in order to copulate with them, and doing so appears to enhance the
female’s incentive value and be a necessary antecedent of sexual reward. For example,
female rats treated systemically with DA antagonists such as haloperidol or flupenthixol,
display no solicitations or precopulatory (proceptive) behaviors but show increased
lordosis quotients and durations (Everitt, 1990; Kato & Sakuma, 2000). Male rats do not
display robust sexual behavior with those femalés, despite the augmentation of lordosis,
and typically have longer intromission and ejaculation latencies indicative of decreased
~ arousal. In'deed, castrated males, or miales with subthreshold mesolimbic DA depletions
(produced by infusions of 6-hydroxydopamine to the nucleus accumbens and striatum
that do not indupé motor impairment) will not even attempt copulation with those
females, ‘whereas they copulate robustly with females that display solicitations
(Madlafousek, Hlinak, & Beran, 1976, Everitt, 1990). Like chasing behavior for males,
pacing behavior is a necessary antecedent of sexual reward in females, as it provides
them with a distributed intromission pattern from the male that facilitates both
reproduction and reward. In unilevel pacing chambers bisected by a Plexiglas partition

with holes cut out of the bottom, females must cross the partition to obtain intromissions
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and ejaculations. Thus, pacing in these boxes is both an operant and a preparatory

behavior.

Role of sexual reward in learned preferences

In males, the sexual reward state induced by ejaculation is a critical UCS that
facilitates a subsequent preference for stimuli that predict it. It has been hypothesized
that CEP in rats may be a rudiment of the rﬁonogamous behavior observed in other
species of rodents (Pfaus et al., 2001). For example, mating facilitates pair-bonding in
monogamous Prairie voles (Williams, Catania, & Carter, 1992), which has lead to the
hypothesis that mating-induced pair bonds are mediated by sexual reward (Young &
Wang, 2004). Pair bonds are observed when a vole has the choice of twb partners, one
familiar, with whom copulation occurred previously, and one novel. A bonded vole
usually selects the familiar one to spend more time, copulate and reproduce with. Some
reports indicate that this behavior may last for life, since bonded individuals rarely mate
with other partners even following permanenf separation from the original partner
(Pizzuto & Getz, 1§98; Getz, McGuire, Pizzuto, Hofmann, & Frase, 1993). It is p.ossible
that a bonded vole remains monogamous because of the constant positive reinforcement
frém the partner during social contact and recurrent mating.

The study of Kippin et al. (2003) indicates that both estrous odors and conditioned'
odors associated with ejaculation in male rats increase Fos-IR in some independent and
some common mesolimbic and hypothalamic areas important for many motivated
behaviors. Accordingly, two Prairie voles may be initially attracted given the nafural

effects of estrous pheromones on motivation, but this preference will be reinforced by
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subsequent mating and sexual reward. As a result, the specific féatures of the partner (e.g.
olfactory signature) may become conditionally preferred and reinforced by social
stimulation and mating.

There are arousing stimuli other than those experienced during copulation which
can also facilitate the formation of pair bonding. For example, in male Prairie voles, long
periods of swimming are believed to be stressful. If voles are forced to swim and then
allowed to cohabit for a period of six hours (which is normally not enough time to induce
bonding), pair bonds are more likely to occur (Carter, 1998; DeVries, DeVries, Taymans,’
& Carter, 1996). This behavior is believed to be facilitated via the hormones that are
released during the stress response (i.e. corticosteroids), because inj ecﬁons of
corticosterone in males facilitate the formation of pair bonds (DeVries et al., 1996).

The previous data demonstrate that there are many natural stimuli that can
facilitate the development of partner preferences. They can develop relatively slowly as a
consequence of cohabitation, but arousing stimuli such as stress and reward readily
facilitate and speed up its formation. Social stimulation in bonded animals is believed to
be rewarding because it reduces anxiety and stress. In social species such as the
monogamous Prairie voles, stressful situations might facilitate social contact because
bonding is one way to counterbalance stress and anxiety.

It is still unknown whether partner preferences or pair bonds that develop slowly
as a consequence of cohabitation or rapidly as a consequence of stress or reward, have a
similar neural basis. It is probable that preferences that develop fast may be the result of

directed attention and learning towards stimuli that represent an advantage for
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reproduction or survival. Thus, stimuli that predict sexual reward will induce responses
that prepare the animal to obtain it.

Some species develop compulsive behaviors or ignore threats in order to get
access to a sex partner or a drug. Regardless of the fact that drug effects are more severe
and long-lasting, it has been argued that reward during sex or drug-taking may play an
important role in the process that leads to the formation of pair Bonds or becoming
addicted. In fact, Insel (2003) has argued with tongue-in-cheek that social attachment
may be an “addictive disorder” given the similarity in function and neural systems that
underlie it. |

As mentioned throughout the general introduction, sexual reward has been
reported to facilitate the formation of partner preference in various species of rodents and
potentially humans. In monogamous Prairie voles, sexual reward is required to induce
long-lasting and selective preferences for a particular mate. In polygamous male rats,
conditioned odors direct males to ejaculate preferentially with females that bear the odor,
despite the “innate” preference for different or novel females commonly assumed to
occur as a natural display of the “Coolidge effect” (Bermant, Lott, & Anderson, 1968). It
is not yet known if a similar preference can be established in female rats. Although paced
copulation can induce a state of reward that is sufficient to induce a copulatory CPP,

| whether the same reward can induce conditioned partner preference is not yet known. If
so, then evolutionary biologists and psychologists must take into consideration the idea
that an individual’s experience with sexual reward can override presumably “innate”
mate choices (e.g., assortativeness) or mate strategies (e.g., monogamy or polygamy) by

means of Pavlovian and operant contingencies. In fact, it is likely as innate to learn about
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the environment in ways that maximize reward and minimize aversive outcomes, making
so-called “proximate” causes (e.g., pleasure) ultimately more powerful predictors of
social behavior and choice than so-called “ultimate” causes (e.g., genetic or reproductive
fitness). In this respect, finding common brain regions and neuroéhemical or endocrine
systems activated in monogamous and polygamous species during their initial
experiences with sexual reward should have a profound impact on our understanding of

diversity in mate choice and mate strategies.

Outline of the experiments

The experiments in this thesis investigated how female rats develop a conditioned
partner preference for cues associated with sexual reward. To investigate this, we used
the exper,imental manipulation of paced copulation (PC), which has been shown to induce
a reward state of sufficient intensity to be conditioned to environmental stimuli and thus
form a CPP (Paredes et al., 1997; Paredes & Vazquez, 1999). Chapter 1 presents the
behavioral results of two studies showing that odor or strain cues paired with PC induced
a strong conditioned partner preference in Paired females towards males bearing the CS,
compared to females in Unpaired or Random control groups that did not display a
preference (Coria-Avila, Ouimet, Pacheco, Manzo, & Pfaus, 2005; Coria-Avila et al.,
2006). Chapter 2 comprises two experiments carried out to study the brain areas involved
in such preference. Those experiments assessed the general expression of the neuronal-
activation marker Fos, the protein product of the immediate-early gene c-fos, to map
brain regions activated folloWing exposure to CSs associated with PC. Chapter 3

examined pharmacological mechanisms. The role of two neurotransmitter systems,
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opioids and dopamine,-were assessed in the deveiopment of conditioned partner
preferences using the receptor antagonists naloxone or flupenthixol, respectively.
Chapter 4 assessed preliminary results of pilot studies that used a double-labeling
technique to examine the expression of Fos within oxytocin (OT), vasopressin (AVP),
and Gonadotrophin Releasing Hormone (GnRH) neurons following exposure to strain
cﬁes alone in péired and unpaired animals.

All of the studies in the chapters, with the exception of those in Chapter 4, are
papers that have been either published or submitted for publication to indexed, peer-
reviewed scientific journals. Although each paper has its own introduction and
discussion, a general discussion is included at the end of the thesis to consider overall

implications of the research and future directions.
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Abstract

Paced copulation induces conditioned place preference in female rats. We
examined whether associating almond-scented males with paced copulation induces
conditioned partner preference. The Paired group received 4 paced copulations with
almond-scented males, and 4 non-paced copulations with unscented males, sequentially
at 4-day intervals. The Unpaired group received the opposite order of association, |
whereas the Random-Paired group received random associations. A fourth group
received a single p;airing. On the final test, females were placed into an open field with
two males, one scented and one unscented. Females in the Paired group solicited the
scented male more frequently and most chose the scented male for their first ejaculation.
Thus, an odor paired with paced copulation elicits conditioned paﬁner preference in

female rats.
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Olfactory stimuli play an important role in the expression and modulation of
sexual behavior in the rat (Cain & Paxinos, 1974; Larsson, 1971; McClintock & Adlef,
1978; McClintock, 1978; McClintock, 1984b; Schank & McClintock, 1997). Pheromonal
and olfactory stimuli emitted naturally from seXually receptive females (i.e. estrous
odors) are attractive to males (Bressler & Baum, 1996), and produce sexual arousal
(Sachs, 1997). Estrous odors also increase serum luteinizing hormone and testosterone
levels in male rats (Graham & Desjardins, 1980) and increase Fos activation within a
common set of brain structures in several rodent species, including the accessory
olfactory bulb, nucleus accumbens core and shell, medial preoptic area, bed nucleus of
the stria terminalis, medial amygdala, and the ventral tegmental area (Bialy &
Kaczmarek, 1996; Kippin et al., 2003; Newman, Parfitt, & Kollack-Walker, 1997; Pfaus
& Heeb, 1997; Swann & Fiber, 1997; Veening & Coolen, 1998). Likewise, female rats
find the odors of male rats attractive (Bermant, 1961; Bermant et al., 1966; Eliasson &
Meyerson, 1975; Pfaus et al., 1999), and exposure to male odors increases Fos activation
in similar brain regions (Pfaus, Kleopoulos, Mobbs, Gibbs, & Pfaff, 1993; Wersinger,
Baum, & Erskine, 1993).

Neutral odors (e.g., almond, lemon, wintergreen) associated with copulation to
ejaculation in male rats elicit conditioned elevations in serum luteinizing hormone and
testosterone (Graham & Desjardins, 1980), increases in sexual arousal, and a
phenomenon referred to as “conditioned ejaculatory preference” in which males display a
partner preference for ejaculation but not cbpulation per se (Kippin, Talinakis,
Chattmann, Bartholomew, & Pfaus, 1998). In the Kippin et al. studies, males in the

paired group copulated with sexually receptive females that had the odor smeared on the
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back of their necks and anogenital regions. Several Pavlovian control groups were
utilized in which males received either no copulatory experience with the odor
(unpaired), random pairing of the odor with copulation, or the odor explicitly unpaired
(i.e., paired with exposure to non-receptive females). The final test took place in an open
field with two receptive females, one scented and the other unscented. Although all males
mounted and intromitted indiscriminately with the two females, those in the paired group
ejaculated preferentially with the scented females, and did so for at least the first two
ejaculations. Males in the unpaired group did not show a significant preference for either
female. Males in the randomly paired-group switched females for each subsequent
ejaculation, reminiscent of a “Coolidge effect” (Beach & Jordan, 1956), whereas males in
the explicitly unpaired group displayed an early avoidance of the scented female.
Conditioned ejaculatory preferences did not develop if males did not ejaculate (Kippin et
al., 2001a), and significant preferences were observed following a paired male’s first
ejaculation (Kippin, Samaha, Sotiropoﬁlos, & Pfaus, 2001c).

Currently, more is known about the role of learning in the sexual behavior of
males relative to females (reviewed in Pfaus, Kippin, & Centeno, 2001). In the case of
females, howéver, it is known that they display complex patterns of behavior that allow
them to control virtually all aspects of sexual interaction with males (Pfaus et al., 2001).
Females attract and solicit males (Béach, 1976; Erskine, 1989; McClintock, 1984a) and
control or “pace” the rate of sexual interaction (Erskine, Kornberg, & Cherry, 1989);

. (Pfaus et al., 1999). Like males, females display a variety of conditioned appetitive
behaviors, including a conditioned place preference (CPP) for distinctive environments

associated with sexual reward (Oldenburger, Everitt, & de Jonge, 1992). As with
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conditioned ejaculatory preferences, significant CPP develops in males only if they
ejaculate during the conditipning trials. What constituted the precise rewarding effect of
copulation for females remained elusive until Paredes and colleagues found that female
rats show CPP for distinctive sides associated with paced copulation, relative to non-
paced copulation (Paredes et al., 1997; Paredes et al., 1999). As with male rats, this
copulatory CPP in female rats can be disrupted by injections of the opioid receptor
antagonist naloxone (Paredes et al., 2001), suggesting that elevated levels of endogenous
opioids induced by paced copulation form an important part of the neurochemical reward
substrate, as they do in male rats following ejaculation (Miller et al., 1987; Agmo et al.,
1990). Thus, paced sexual interactions induce a positive affective state of sufficient
intensity and duration to induce CPP.

In the present study, we asked whether the association of almond odor with

‘pacing would induce a preference for almond scented males, similar to the preference

observed in males for females bearing an almond odor paired with ejaculation.

Method

Animals and Surgery

Long-Evans male (300-350 g) and female (200-250 g) rats were purchased from
Charles River Canada (St-Constant, QC). They were housed in groups of 4 in large
hanging wire mesh cageé in a colony room maintained on a reversed 12:12 h.light/dark
cycle (lights off at 08:00 h) at approximately 21°C. Food and water were continuously

available.
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The females were anesthetized with a mixture of ketamine hydrochloride (50
mg/ml) and xylazine hydrochloride (4 mg/ml), mixed at a ratio of 4:3, respectively, and
injected intraperitoneally in a volume of 1 ml/kg of body weight. Anesfhetized females
were then ovariectomized bilaterally via a lumbar incision. All females were given a
week of post-surgical recovery prior to odor conditioning trials. Intact Long-Evans male
rats that served as stimulus males had at least 10 tests of sexual behavior in bi-level
chambers prior to the start of these experiments. These males were sexually vigorous and
initiated copulatory activity with females within 15 sec of being placed into the
chambers. For all behavioral-tests, sexual receptivity was induced in all females by
subcutaneous injections of estradiol benzoate (10 pg) 48 h and progesterone (500 pg) 4 h
before each test. If scented, males received almond extract (Blue Ribbon, Etobicoke, ON)
applied to the back of their necks and anogenital regions with a cotton swab. Unscented
males received similar applications of distilled water to the same areas.

Odor Conditioning

Odor conditioning trials occurred at 4-day intervals during the middle third of the
rat’s dark circadian cycle following hormone priming. Paced copulation occurred in
semicircular chambers (38 x 60 x 38 cm) bisected by a clear Plexiglas divider with 4
holes cut into the bottom (4 x 4 cmj that rested on bedding. These holes were large
enough for the female to crawl through, but too small for the males to crawl through.
Non-paced copulation occurred in identical chambers, but with the divider removed.
Females in the Paired group copulated with almond scented males in the paced cc;ndition
and unscented males in the non-paced condition. Females in the Unpaired group

copulated with unscented males in the paced condition and scented males in the non-
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paced condition. Females in the Randomly-Paired group copulated with scented and
unscented males paired randomly with paced and non-paced copulation. Ferhales
received a total of 8 sequential conditioning trials (4 in each condition). The order of
conditioning was counterbalanced for all groups, such that half in each group had their
first sexual experience in the paced condition and the other half in the non-pacéd
condition. During each test, females were allowed to copulate for 30 min, after which
they were transferred to another testing room with CPP boxes and placed in one of the
distinctive sides for an additional 30 min before being taken back into their home cages.
All testing with scented and unscented males took place in different rooms to assure
containment of the scent.
Place Preference Conditioning

Before sex testing began, females were tested in CPP boxes to determine any
unconditioned preference (Oldenburger et al., 1992). The boxes were constructed of
wood with three compartments (Pfaus, Kippin, & Coria-Avila, 2003). The two distinctive
environments were rectangular in shape and were connected by guillotine doors to either
side of a smaller start compartment. One of the goal compartments (darker) was painted
with black and white stripes and had a grid floor. The other compartment (lighter) was
painted exclusively in white. Most of the rats showed a significant unconditioned
preference for the darker side with the stripes. For all animals, the initially non-preferred
side was then paired with the paced condition whereas the preferred side was paired with
the non-paced condition. Thus, any shift in preference toward the initially non-preferred

side was taken as evidence of reward associated with those place cues.
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The CPP test was conducted 4 days after the 8" odor-conditioning test. Females
did not copulate prior to this test, but instead were place into the start compartment for 5
min, after which the guillotine doors were opened to allow free access to both goal
compartments. The amount of tirhe rats spent in each side was recorded by computer.
Females received a 9™ odor-conditioning trial 4 days after the CPP test.
Copulatory Preference Test

Four‘days after the final odor-conditioning test, each female was placed into a
large open field (123 x 123 x 46 cm) with a thin layer of woodchip bedding. At two
diagonal corners of this open field were two sexuélly vigorous males, one scented with
almond and the other unscented. Each male wore a rodent jacket connected on the back to
a spring 30 cm in length. This allowed the males roam freely within the 45-cm radius, but
not beyond. The females were placed in the center of the open field énd allowed to
copulate ffeely with both males for a 30-min period. These tests were videotaped and
scored.
Behavioral Measures and Statistical Analyses

Place preference was determined by changes in preference ratio for the reinforced
compartment (time spent in the compartment divided by total time of test) before and
after conditioning, and by the difference between time spent in the non—reinforced and
reinforced compartments of the CPP box. Female copulatory preference was determined
by latency and frequency measures for female solicitation (defined as a head-wise
orientation to the male followed by a runaway, forcing the male to chase her), hops and
darts, pacing (defined as intermittent approaches and withdrawals from a male, as in

(Hlinak & Madlafousek, 1977; McClintock, Anisko, & Adler, 1982), lordosis magnitude
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(on a scale from 1 to 3, with 1 representing low magnitude, 2 representing moderate
magnitude, and 3 representing high magnitude, as in (Hardy & DeBold, 1972), and the
amount of time spent in quadrants of the open field that contained each of the males.
Olfactory investigation was considered as a single event from the moment a female
started sniffing the male’s body until she moved her head away. The male chosen for first
mount, first intromission, and ejaculation for each ejaculatory series was also recorded.
Chi-square analyses were used to determine differences in the proportion of fémales in
the conditioning groups that chose the scented or unscented male for copulation. One-
way Analysis of Variance (ANOVAs) were used to determine differences in the
frequencies and latencies of copulatory behaviors between the conditioning groups, and
to analyze the preference ratio and difference between the time spent in the two
distinctive sides of the CPP apparatus. For all significant main effects, Tukey posthoc
tests were conducted to assess differences between individual means. The level of

significance for all comparisons was p<.05.

Results
Place Preference Test
The CPP test confirmed that females in all groups found the pacing condition
rewarding. In the pre-conditioning test, 39 of the 60 females preferred the darker side of

the CPP apparatus, ¢ (1,57) = 5.4, p=.02.
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Figure 1: (A) Preference ratio for the reinforced compartment (time spent in the
compartment divided by the total time of test) in three groups: Paired (n= 20), Unpaired
(n=20) and randomly-paired (n= 20). There was a significant increase in preference ratio
after associating the reinforced side with paced copulation. (B) Difference between the
time spent in the non-reinforced and reinforced compartment (non-reinforced minus
reinforced). Positive before conditioning and negative after conditioning, indicating an
increase in time spent in the reinforced compartment. Data are means + SEM. * = p <0.05
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In the post-conditioning test, 38 of the 60 females spent more time in the reinforced side,
and 22 in the non-reinforced side ¥* (1,57) = 4.2, p=.03. The ANOVA detected a
significant shift in the overall preference ratio, F' (1,56)= 23.5, p<.01. Tukey posthoc tests
revealed that this shift was a signiﬁcaht increase for all groups after conditioning (Figure
1-A): Paired (Before: M=.20; After: M=.35 after); Unpaired (Before: M= .22; After: M=
.32); and Randomly-Paired (Before: M=.28; After: M=.35). The ANOVA also detected
an overall difference between the time spent in the non-reinforced and reinforced
compartments (Figure 1-B), F (1,56)= 70, p<.01. Tukey posthoc tests revealed that the
time spent in these compartments shifted significantly in all three groups. Before
conditioning there was a positive difference in all groupé: Paired (M = 213 sec), Unpaired
(M= 155 sec) and Randomly-Paired group (M= 142 sec). This difference became
negative after conditioning: Paired (M= -46 sec +/- 32), Unpaired (M= -31 sec +/- 19),
and Randomly-Paired (M = -19 sec +/- 15).
Copulatory Preference Tests

Behavioral results during the copulatory preference test are shown sequentially in
o Figures 2 - 5. Table 1 lists means and signiﬁcance levels. Figure 2 shows the latency and
frequency of solicitations, and the proportions of females that solicited the scented or
unscented males. The ANOVA detected a significant effect of conditioning on |
solicitation latency, F (2,56) = 5, p=.01. Posthoc Tukey tests revealed that females in the
Paired group‘showed a shorter first-solicitation latency for scented males than for
unscented males, whereas no differences were found in first solicitation latency betwéen
these males in the Unpaired or Randomly-Paired groups. In the Paired groﬁp, 75% of the

females directed their first solicitation toward the scented male (Figure 2-B) compared to
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Behavior Paired group Unpaired group Random group One conditioning trial

scented unscented scented unscented scented unscented scented unscented

Solicitation latency 150 £33* 495+ 98 410% 90 385+ 54 378 +£60 377+356 22.5+4.0 203£4.1
Solicitation frequency 19£3* 8+3 12£2 14£2 104 14+3 224,22 37+.35
Choice of male for .

1¥ Solicitation (n) (%) 15 (75%) * 5(25%) 9 (45 %) 11 (55 %) 11 (55 %) 9 (45 %) 10 (50 %) 10 (50 %)
Hops and darts 27+£35* 15.7+£1.18  194+33 176+£3.7 1842 1751 1243 1542
Olfactory investigation frequency 10£1.3* 7x1 6.9£.7* 5.6%.8 PESV A 6%.5 24%1 23%1
1* Olfactory investigation latency 104 £ 29 * 246 +59 140£35 * 328126 148+ 55 7030 419429 47225
Choice of male for 1" mount (n) (%) 14 (73%)* 5(27%) 11 (56 %) 8(44%) 11 (55 %) 9 (45 %) 7 (45 %) 13 (65 %)
Mount frequency * 1.9+ 2 * 03+.2 28%.2 1.5%.2 135 1.5%.5 511 56+1.8
Intromission frequency 10+.8 98+.8 92%.5 74%1 9+ .8 8+.5 62+13 65+.6
Intromission latency 75+179 174 £42 2067+ 845 183+60 48+ 8.8 92+£22 8020 67 £ 49
Mean Inter Intromission Interval 53515 77427 55+195 61+8 46+2.7 42+18 45+ 14 48+ 17
Ejaculation frequency 23+ .19 1.9£.22 1.9+ 11 1.7+.19 2124 24+£.11 1.7£.3 1.9+ .31
Hit Rate 57+.05 6522 .60 £.05 6703 63 +.03 .64+ .03 .65 +.02 .60+ .02
Choice of male for

1* Ejaculation (n) (%) 14(T3%)*  5(26%) 8 (45%) 10 (55 %) 7 (35 %) 11(55 %) 9 (45 %) 11 (55 %)

2" Ejaculation (n) (%) 9 (50 %) 9 (50 %) 10 (62 %) 6 (38 %) 8 (45 %) 10(55 %) 9 (45%) 11 (55%)

3" Ejaculation (n) (%) 9 (53 %) 8(47 %) 8(50%) 8 (50 %) 10 (55 %) 8 (45 %) 9 (50%) 9 (50%)
Lordosis magnitude 1 9.8%1.5 T+15 10.4 £ 1.4* 3.7+1.5 1014 815 85+1.1 7x1
Lordosis magnitude 2 59+1 19+15 7312 499 62+.9 93+1.6 1015 929
Lordosis magnitude 3 104+27* 4915 11.9£3 12.7+2.1 4112 6.8%1.2 459 3z1
Visits 40.1+29 38.6+3.1 372425 345+£25 27.7+4.1 284+3.4 387+3 40+3
Mean Inter Visits Interval 44.8%3 46.6+2.1 4832 52.1+4 64.9+5.1 6333 46.5+.9 45+ 1.6
Time spent with:

5 min of test 974+88 965+ 117 87.7£47 102.8£93 95«8 10011 8025 7520

10 min of test 1924109 1596+ 11 188+ 11.3 190.6 £ 15 185£11 171+20 150+ 16 140+ 18

30 min of test 5459 £ 50 4544 =30 538.5+37 511.3+44 543 £40 47035 503 £50 486 + 49

Table 1. Mean Number of Sexual Behaviors Displayed Toward Scented or Unscented
Male During the Copulatory Preference Test. Four groups are shown. In the Paired group
(n=20) a scented male was associated with paced copulation. In the Unpaired group (n=
20) a scented male was associated with non-paced copulation. In the random group (n=
20) the association of paced copulation was randomly distributed between scented and
unscented males. In the Paired-1 group (n= 20), females received only one exposure to a
scented male in the paced condition, and an unscented male in a non-paced condition,
before the partner preference test. Data are means + SEM during the 30-min test, except
where pointed out. Latencies are expressed in seconds. * = during first ejaculatory series;
* =p < 0.05 between scented and unscented males within group.
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the unscented male, XZ (1, 19)=5.0, p=. 025. No significant preferences were detected in
the Unpaired or Randomly-Paired groups for first solicitation. The analysis of
proportioné, frequencies, and latencies throughout the 30-min test revealed more
differences between groups. The ANOVA detected a significant effect of conditioning on
number of solicitations, F (2, 56) = 3.3, p<.05, and hops and darts, F (2,56) = 3.8, p< .05.
Posthoc analyses revealed that females in the Paired group performed more solicitations
(Figure 2-C) toward scented males than unscented males, and displayed more hops and
darts (Figure 3-A) toward scented males than unscented males. Females in both Unpaired

and Randomly-Paired groups did not display these preferences.
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Figure 2: (A) Latency to perform the first solicitation in three groups: Paired (n= 20,
scented male associated with paced copulation), Unpaired (n= 20, scented male
associated with non-paced copulation) and Randomly-paired (n= 20, scented males

A. First Solicitation Latency

Scented
1 Unscented

PAIRED UNPAIRED RANDOM

B. First Solicitation

100+ Scented
1 Unscented

Choice of male (%)

PAIRED = UNPAIRED RANDOM

C. Solicitation Frequency

25 Scented
I Unscented

PAIRED UNPAIRED RANDOM

associated randomly with paced and non-paced copulation); (B) Choice of male for first
solicitation; (C) Number of'solicitations during 30 min test. Frequency data are means +

SEM. * = p < 0.05.
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The analysis of olfactory investigations revealed a main effect of scented males
regardless the association with pacing or no pacing (Figure 3-B). In all groups, females
showed higher frequency of olfactory investigations toward scented than toward
unscented males F' (2, 56)= 4.6, p<.05. The latency for first olfactory investigétion in the
Paired group (Figure 3-C) was shorter toward scented males than toward unscented
males. This was also found for scented males in the Unpaired group relative to unscented
males F (2,56)= 4, p<.05. This difference, however, did not occur for the Randomly-

paired group.
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Figure 3: (A) Number of hops and darts toward scented and unscénted males. Females
showed a preference for scented males only in the Paired group. (B) Number of olfactory
investigations. (C) Latency to first olfactory investigation. Data are means + SEM * =p <
0.05.
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Differences in proportion and frequency of mounts (Figure 4) were also detected.
Significantly more females in the Paired group received their first mount from a scented
male, x2 (1, 19) = 4.2, p=.03, whereas no significant differences in proportion were
detected for either the Unpaired or Randomly-paired groups. The ANOVA detected a
significant effect of conditioning on the number of mounts received from either male
during the first ejaculatory series, F (2, 56) = 3.9 p= 0.02. Posthoc analyses revealed that
females in the Paired group received significantly more mounts from the scented males
rel'ative to the unscented males, whereas these differences were nof significant for
females in the other groups.

Figure 5 shows females’ choice of male for the first three ejaculations, and the
numbers of lordoses with low, moderate, or high magnitude toward scented or unscented
males. Of the 60 females, all but 5 copulated to ejaculation with one or both males on the
final copulatory preference test. Of the females that did not receive an ejaculation, 1 was
in the Paired group, 2 in the Unpaired group, and 2 in the Rahdomly-paired group. |
Accordingly, these females were not included in the analysis of ejaculation data. A
significant proportion of females in the Paired group (75%) received their first ejaculation

from the scented male relative to the unscented male, x* (1, 19) = 4.26, p=.03.
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Figure 4: (A) Choice of male for first mount. (B) Number of mounts with each male.

Frequency data are means + SEM. * = p < 0.05.
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Figure 5: (A, B, C): Preference of male for first, second, or third ejaculation, respectively.
(D) Number of low-magnitude lordoses (magnitude 1, flat back). (E) Number of medium-
magnitude lordoses (magnitude 2, either head or tail pointing upward). (F) Number of
high-magnitude lordoses (magnitude 3, head and tail pointing upward). Frequency data
are means + SEM. * =p < 0.05.
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No significant differences in the choice of male for ejaculation were found in the
Unpaired, y* (1, 17) = .22, p=.63, or Randomly-Paired, 3 (1, 17) = .88, p= 30, groups
(Figure 5-A). ‘During the second ejaculatory series, six females did not receive a second
ejaculation (2 in the Paired group; 4 in the Unpaired group, and 2 in the Randomly-Paired
group). No preferences were detected for either male for second ejaculation in any group.
Likewise, during the third ejaculatory series, nine females did nbt receive a third
ejaculation (3 in the Paired group, 4 in the Unpaired group, and 2 in the\}\I\{andomly-Paired
group (Figure 5-C). The analysis of proportions of females that switched partner for
consecutive ejaculations revealed no differences. Ten of the females (55%) in the Paired
group switched partner for the second ejaculation, ¢ (1, 17) = .22, p= 0.63; 7 females
(44%) in the Unpaired group switched partner, xz (1,15)= .25, p=0.61, and 9 females in
the Randomly-paired.group switched partner y* (1,17) = .2, p= 0.65. For the third
ejaculation, 11 females (68%) in the paired group switched partner x*(1, 16) = 2.2, p=
0.13; 8 females (50%) in the unpaired group switched partner, and 10 females (55%) in
the Randomly-paired group switched partner’.

The ANOVA detected a significant effect of conditioning on the number of high-
magnitude lordoses, F' (2, 56)= 3.59, p< 0.05. Posthoc analyses revealed that only
females in the Paired group displayed a higher number of high-magnitude lordoses with
scented males than with unscented males. The ANOVA also detected a significant effect
of conditioning on the number of low-magnitude lordoses, F (2, 56) = 6.93, p<0.01.
Posthoc analyses detected that females in the Unpaired group showed a higher number of
low-magnitude lordoses with the scented male than with the unscented male. No

differences in the number of low-magnitude lordoses were found in the Paired or
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Randomly-paired groups between the scented and unscented males, and no group showed
differences in frequency of moderate lordosis (Figure 5-D, E, F).
Effect of Single Paired Conditioning Trials

An additional group, Paired-1, was added to the experiment and analyzed
independently to examine Whether a single pairing of odor and paced copulation was
sufficient to induce a conditioned partner preference. Females copulated in the same
conditions of the Paired group, but with only one exposure to a scented male in the paced
condition, and an unscented male in a non-paced condition, before the final copulatory
preference test. The analysis of frequencics, latencies and proportions overall did not
reveal any significant difference in the choice between scented and unscented males (see

Table 1).

Discussion

As with male rats, female rats develop olfactory conditioned partner preference
for cues associated with sexual reward. Relative to non-paced copulation, paced
copulation induced a place preference in the Péired, Unpaired and Random-Paired
groups, replicating previous findings by Paredes and colleagues (Martinez & Paredes, -
2001; Paredes et al., 1997; Paredes et al., 1999), anci confirming that the three groups
were capable of discriminating these conditions. However, subsequent partner
preferences were displayed by females in the Paired, but not Unpaired or Random-Paired
groups. Paired females chose the scented male for their first solicitation, first mount, and
first ejaculation, and displayed more solicitations with the scented male, shorter

solicitation latencies, and more hops and darts, relative to the unscented male. In
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contrast, females in the Unpaired and Random-paired groups did not display a significant
preference for either male, indicatiﬁg that the almond scent alone does not carry
unconditional appetitive value.

Kippin et al., (1998) demonstrated that repeated pairing of a neutral almond odor
with copulation to ejaculation in male rats produces a subsequent conditioned ejaculatory
preference for females bearing that odor. However, in that study, males in the Paired
group did not display a copulatory prefcrence for any female with regard to mounts and
intromissions prior to ejaculation. Subseqﬁent experiments determined that males in the
Paired group became “choosy” only duﬁng the mounts immediately preceding
ejaculation (Kippin et al., 2001a), suggesting that they were choosing the female
specifically to receive their ejaculation and that they differentiate copulation from mating.
Moreover, the necessary UCS for this conditioning was exposure to the scented female
during the post-ejaculatory refractory périod during each conditioning trial (Kippin et al.,
2001a), indicating that a post ejaculatory reward state is critical for the induction of
partner preference in the male rat, as it is for the induction of CPP (Agmo et al., 1990). In
contrast, Paired females in the present study displayed both copulatory (regarded as those
behaviors that are needed but not sufficient to induce pregnancy) and mate (i.e.,
ejaculatory) preferences, suggesting that the reward state induced by paced copulation
occurs throughout the conditioning trial. Another important difference concerns the
magnitude of the reward state. A single pairing of the odor and the post ejaculatory
reward state was sufficient to induce significant partner preferences in male rats (Kippin
et al., 2001c), although multiple trials was more effective. We and others have argued

previously that early experience with sexual reward may form a flexible “critical period”
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in which salient features of the first partner come to be preferred in subsequent partners
(e.g., Pfaus et al., 2001; Storms, 1981). In contrast, a single set of exposﬁres of odor with
pacing, and no odor with no pacing, was not sufficient in the present study to induce any
conditional preference in females. It may be that the reward state induced by pacing in
females is of a smaller magnitude to that induced by ejaculation in males, such that
multiple conditioning tri-als are necessary to induce the conditioned preference in females.
‘Although the activation of endogenous opioid systems in both male and female rats is
necessary for the induction of CPP (Miller et al., 1987; Paredes et al., 2001; Agmo et al.,
1990), it is not yet known whether similar mechanisms control partner or mate
preferences in male and female rats.

Partner preferences can be viewed as a rudiment of pair bonding, in which
familiar cues are preferred or chosen relative to novel cues (Wickler & Seibt, 1983;
Young et al., 2004). Pair bonding occurs in putatively monogamous species, such as
cichlid fish (Taylor, Morley, Rico, & Balshine, 2003), certain birds such as budgerigars
(Hile, Plummer, & Striedter, 2000), and mammals such as prairie voles (Carter & Getz,
1993). In contrast, the general mating strategy of rats has been described as polygamous
and opportunistic (McClintock et al., 1982). Indeed, male and female rats both display a
“Coolidge effect”, in which a novel partner produces more sexual arousal and copulatory
behavior relative to a familiar one (Bermant et al., 1968). However, McClintock, (1984a)
and Tiefer, (1969) have shown that during group mating, female rats compete actively

- while copulating with a male, and that such competition is greatest when the male is
about to ejaculate. McClintock (1984b) has also observed sexual choice strategies

between dominant and subordinate female rats in group-mating conditions in which the
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dominant females are more likely than the subordinates to intercept males and take their
early ejaculations. Although rats are not observed to form pair bonds in such group
mating conditions, our data suggest that they are capable of doing so if the conditions are
different. This suggests a degree of experience-dependent plasticity in the brains of both
male and female rats regarding mate strategies. It may be the case that similar neural
mechanisms that underlie the formation of partner preferences in other species, for
example, oxytocin or vasopressin release (Bales, Kim, Lewis-Reese, & Sue, 2004; Insel,
Winslow, Wang, & Young, 1998; Insel, Winslow, Wang, Young, & Hulihan, 1995;
Carter, DeVries, & Getz, 1995; Winslow, Hastings, Carter, Harbaugh, & Insel, 1993),
may also be necessary for the formation of conditioned partner preference in rats.

Iﬁ addition to facilitative effects on sexual arousal and partner preference, an odor
paired with sexual reward can also enhance reproductive function in male rats. Graham
and Desjardins (1980) reﬁorted a conditioned increase in serum testosterone anci
luteinizing hormone in male rats following access to a wintergreen odor previously paired
with copulation to ejaculation. Males in an unpaired control group did not show any
increase in hormone levels following exposure to the odor. However, males in both
groups exposed to estrous vaginal secretions showed identical increases in these

| hormones, suggesting that unconditioned hormone release is mimicked reliably followihg
pairing of odor with sexual reward. In female rats, pacing serves an important
reproductive function, allowing females to control the rate of vaginocervical stimulation
(VCS). Such control serves to distribute VCSs in time, which in turn enhances both
sperm transport and the induction of nightly prolnactin surges that support the maintenance

of progesterone release by the corpora lutea (Erskine, 1989; Matthews, Jr. & Adler,

45



1978). Accordingly, paced copulation is more effective than non-paced copulation in
inducing luteal function, a faster termination of estrus, and pregnancy (Bermant et al.,
1966; Erskine, 1989; Lodder & Zeilmaker, 1976). Moreover, paced copulation increases
litter size compared to non-paced copulation (Coopersmith & Erskine, 1994), and
females are more likely to become pseudopregnant following exposure to non-paced
relative to paced copulation (Frye & Erskine, 1990). Thus, copulating with a male in a
paced situation is more rewarding and has positive effects on reproduction. It 1s not yet
known whether odors paired with paced copulation could induce luteal function, a faster
termination of estfus, or enhance pregnancy.

In summary, female rats can learn to associate a neutral odor with sexual reward.
An odor paired with the ability of females to pace copulation becomes a sexual incentive,
such that males bearing the odor will be preferred when females are given a choice
between scented and unscented males. Thus, just like male rats, female rats can learn to
modify their sexual behavior and partner preferences based on experienée with sexual
reward. This confirms that early sexual experiences have particularly powerful influences
on subsequent sexual preferences, and that the development of sexual preferences is

influenced by interactions between CS-UCS pairings and motivational variables.
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Abstract

CORIA-AVILA, G.A., S.L. JONES, CE SOLOMON, A.M. GAVRILA, G.J. JORDAN
AND J.G. PFAUS Conditioned partner preference in female rats for strain of male.
PHYSIOL BEHAV. Female rats show conditioned place preference following paced
copulation, and we have recently demonstrated that pairing almond odor with paced
copulation induces a conditioned partner preference for almond-scented males. The
present study examined whether cues of two different strains of male (albino and
pigmented) induce a conditioned partner preference for the strain of male associated with
paced copulation. Ovariectomized, hormone-primed Wistar (W) or Long-Evans (LE)
female rats received 10 conditioning trials at 4-day intervals. In the Wistar-Pacing group
females copulated with W males in a chamber bisected by a 4-ho‘le partition that only the
female could pass through. Four days later, they copulated with LE males without the
partition. The Long-Evans-Pacing group received the opposite association. In the final
preference test all females chose freely between two males tethered in opposite corners of
an open field, one W and one LE. Regardless the strain of male, females displayed more
solicitations toward the pacing-related male, and most of the females received their first
ejaculation from that male. The preference was facilitated if the pacing-related male was
of the same strain as the female. These results suggest that female rats have an
unconditioned preference for males of the same strain, but this preference can be
switched towards males of a different strain if that malé is associated with the sexual
reward induced by paced copulation.

Keywords: Pacing, Appetitive, Sexual reward, Conditioning, Sexual behavior, Wistar,

Long-Evans.
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1. Introduction

Conditioned stimuli (CSs) can activate appetitive sexual behaviors and
neuroendocrine functions (Graham et al., 1980; Kippin et al., 1998; Kippin et al., 2001b;
Pfaus et al., 2001; Pfaus et al., 2003; Zamble, Hadad, Mitchell, & Cutmore, 1985), or
suppress them (Agmo, 2002), depending on their association with rewarding or aversive
experiences, respectively. For example, male rats perform anticipatory behaviors in the
presence of stimuli that predict copulation (Pfaus, 1996; Pfaus et al., 1999), but will
display avoidance responses toward sex-related stimuli such as estrous odors associated
with malaise (e.g. paired with the gastrointestinal distress induced by injections of LiCl)
(Agmo, 2002). In male rats, ejaculation induces a state of reward sufficient to induce a
conditioned place preference (CPP) (Agmo et al., 1990). Males spend more time in sides
of a CPP chamber associated with the ejaculation induced reward state. This can occur
even if males are placed into the CPP box after they have ejaculated in another chamber.
Systemic administration of the opioid receptor antagonist naloxone during conditioning
blocks ejaculation-induced CPP (Agmo et al., 1990), indicating that activation of
endogenous opioids is an important component of the reward state, and of the
conditioning mechanism that links the contextual CS to the reward. The post-ejaculatory
reward state is also critical for conditioned partner preference. For example, Kippin et al.
(2001a) found that male rats develop a preference to ejaculate with females béaring and
odor (almond), but only if they had experienced the odor during the postejaculatory
refractory period.

Females display complex sexual behaviors that allow them to control or “pace”

" their sexual interaction with males (Pfaus et al., 2001). They solicit males Beach, 1976;
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Erskine, 1989; McClintock, 1984a), and also pace the rate of sexual interaction with
approaches or withdrawals if they are given the opportunity (Erskine et al., 1989; Pfaus et
al., 1999). Female rats develop CPP for distinctive sides of a chamber associated with
paced copulation, relative to non-paced copulation (Paredes et al., 1997; Paredes et al.,
1999). This copulatory CPP in female rats is blocked by injections of naloxone (Paredes
et al., 2001), suggesting that increased levels of endogenous opioids induced by paced
copulation form an significant part of the neurochemical reward substrate, as they do in
male rats following ejaculation. Accordingly, paced sexual interactions induce a positive
affective state of sufficient intensity and duration to induce conditioning.

We have recently reported that females givén the ability to pace copulations with
almond-scented rﬁales develop a conditioned partner preference for almond-scented
males (Coria-Avila et al., 2005). In our Paired group, female rats copulated with almond-
scented males in chambers bisected by a Plexiglas divider with four small holes that
allowed the female to run back and forth from the side with the male, but that were too
small for the male to pass through. In the unpaced condition, females copulatéd in the
same chamber with unscented males, but without the divider. After 5 sequential pairings
of paced and unpaced copulation (with and without the odor, respectively), females were
tested in a large open field with fwo sexually vigorous copulatiﬁg males, one scented and
the other unscented. Paired females showed a significant preference for the almond-
scented male for their first solicitation, first mount, and first ejaculation, and displayed
shorter first solicitation latencies and a higher frequency of solicitations and hops and
darts throughout the test with those males compared to females in an Unpaired group

(that had the odor on males presented in the unpaced condition, and no odor on males
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presented in the paced condition) or in a Random-Paired group (that had the odor
presented equally in paced and unpaced conditions). This study demonstrated that neutral
odors can acquire sexual incentive value and modulate partner preference when paired
with the rewarding effects of paced copulation.

Erskine (2005) has argued that conditioned place and partner preference
paradigms offer important glimpses into female sexual motivation and mate choice, but
raised the question of how such preferences are exhibited in natural conditions (i.e.,
without the addition of almond or other foreign odors) (Erskine, 2005). Female rats are
polyandrous, and descriptions of group mating in the wild (Calhoun, 1962) suggest that
females copulate indiscriminately with many males. However, laboratory modeling of
group mating in large open fields has revealed that females show serial preferences
throughout the mating sequence (McClintock et al., 1982). It is not clear what mate
strategies or choices may underlie these shifts in preference, and individual differences in
mate strategies exist, especially between dominant and subordinate females.

Albino and pigmented strains of rats have been used in ¢xperiments of sexual
competition, and females in particular appear to react differently toward males of their
same or other strain (Austin & Dewsbury, 1986; Coria-Avila, Pfaus, Hernandez, Manzo,
& Pacheco, 2004; Moore & Wong, 1992). This suggests that female rats can differentiate
different strains of male rat, although the exact cues the females attend to have not been
determined (e.g., olfactory, visual, and/or auditory). The present study examined whether
pairing a particular strain of male (albino or pigmented) with paced copulation would
condition subsequent appetitive sexual behaviors and partner preferences in female rats.

Based on our previous findings (Corié—Avila et al., 2005) we hypothesized that regardless
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of the strain of male, female rats would show a partner preference for those males paired

with paced copulation.

2. Materials and Methods
2.1. Animals and surgery

Wistar (W) and Long-Evans (LE) female rats (200-250 g) and W and LE male
rats (350-400 g) were purchased from Charles River Canada (St-Constant, QC). Males
were housed in groups of four in Plexiglas cages and females were housed in groups of 4
in large wire mesh cages in a colony room maintained on a reversed 12:12 h light/dark
cycle (lights off at 08:00 h) at approximately 21°C. Commercial food and water were
continuously available.

The females were anesthetized with a mixture; of ketamine hydrochloride (50
mg/ml) and xylazine hydrochloride (4 mg/ml), mixed at a ratio of 4:3, respectively, and
injected intraperitonealiy in a volume of 1 ml/kg of body weight. Anesthetized females
were then ovariectomized bilaterally via a lumbar incision. Post-surgical treatment
included single subcutaneous injections of Flunixin meglumine 2.5 mg/kg (Banamine®)
for anaigesia, and Enrofloxacin 5 mg/kg (Baytril®) to prevent post surgical bacterial
infections. All females were given a week of post-surgical recovery ‘prior to conditioning
trials. Gonadally intact W and LE male rats that served as stimuli had at least 4 tests of
sexual behaviog in the same conditioning chambers prior to the start of these experiments.
These males initiated copulatory activity with females within 15 sec of being placed into

the chambers. For all behavioral tests, sexual receptivity was induced in all
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ovariectomized females by subcutaneous injections of estradiol benzoate (10 pg) 48 h
and progesterone (5 00 ug) 4 h before each test.
2.2. Conditioning

The experiment included two counterbalanced groups. Females in the Wistar-
pacing (W-P) group copulated with Wistar males in the paced condition and Long-Evans
males in the non-paced condition. Females in the Long-Evans-pacing (LE-P) group
copulated with Long-Evans males in the paced condition and Wistar males in the non-
paced condition. Conditioning trials occurred at 4-day intervals duriﬁg the middle third of
the rat’s dark circadian cycle following honnone priming. Paced copulation occurred in
semicircular chambers (382 x 60 x 38 cm) bisected by a clear Plexiglas divider with 4
holes cut into the bottom (4 x 4 cm) that rested on bedding (Pfaus et al., 2003). These
holes were large enough for the female to crawl through, but too small for the males to
pass through. Non-paced copulation occurred in the same chambers, but with the divider
removed. Females received a total of 10 sequential experiences of 30-min each in paced
and non-paced conditions at 4-day intervals (5 each). The order of condition for the first
conditioning trial was counterbalanced so that half of each group started with paced
condition and the other half with non-paced copulation. Animal were allowed to copulate
for 30 min before being taken back into their home cages.
- 2.3. Copulatory preference test

Four days after the 10™ conditioning trial, each female was placed into a large
open field (123 x 123 x 46 cm) with a thin layer of woodchip bedding. At two diagonal
corners of this open field were two males, one W and the other LE. Both males had

received their last copulatory test 4 days before the open field test. Each male wore a
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rodent jacket connected on the back to a spring wire 30 cm in length. This allowed the
males roam freely within a 45 cm radius. The females were placed in one neutral corner
of the open field and allowed to copulate freely with both males for a 30-min period.
These tests were videotaped and scored.
2.4. Behavioral measures and statistical analyses

Female copulatory preferenée was assessed as in previous olfactory conditioned
experiments (Coria-Avila et al., 2005) and determined by latency and frequency
measures for female solicitations, hops and darts (H&D), visits to the males, lordosié
magnitude (on a scale of 1 to 3, with 1 representing low magnitude, 2 representing
moderate magnitude, and 3 representing high magnitude, as in Hardy et al., (1972), and
the amount of time spent in quadrants that contained either male. A 2 X 2 (group X
strain) mixed design ANOVA was used tb determine differences in the frequencies and
latencies of copulatory behaviors towards the two males. All significant main effects and
interactions were followed by a Tukey Least Significant Difference (LSD) post hoc test
to detect specific differences between individual means. The level of significance for all
comparisons was p<.05. The proportion of ejaculations received from either male was

assessed with a Chi-square test. The level of significance for all comparisons was p<.05.

3. Results

Some females were eliminated from statistical analysis because one or both of the
males became free from their tethered jackets during the final pre_ferénce test. Of a total
of 60 W females this left 57 (n1=30 in the W-P group; n=27 in the LE-P group), and of a

total of 24 LE females this left 22 (n=10 in the W-P group; 12 in the LE-P group). Table
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2 shows the means + standard errors for all the behaviors assessed during the first
ejaculatory series and throughout the 30-min test.
3.1. Wistar females
3.1.1. Olfactory investigations and visits

The analysis of olfactory investigations during the first ejaculatory series showed .
a main effect of strain of male (F (1, 55) = 6.06, p = 0.01), and an interaction between
group and strain of male (¥ (1, 55) = 7.1, p = 0.009). Posthoc analyses indicated
signiﬁéant differences between W (M = 8.6) and LE males (M = 12.8) in the LE-P group,
but not in the W-P group. Throughout the 30-min test there was also a main effect of
strain of male (F (1, 55) = 8.09, p = 0.006). Posthoc analyses indicated significant
differences between W (M = 21.1) and LE males (M = 27.1) in the LE-P group, but not in
the W-P group, indicating that overall females displayed more olfactory investigations
- towards LE méles from the begihﬁing of the final preference test, and this effect was
facilitated when LE males were associated with paced copulation. The ANOVA did not
detect any main effects or interactions for olfactory investigation latency, indicating thaf
females performed their first olfactory investigation towards W and LE males with the
same latency. Likewise, the ANOVA did not detect any significant effects regarding the
number of visits during the first ejaculatory series, or during tﬁc 30-min test; as similar
lack of effect was found for the first visit latency. This indicates that the females in both
conditioning groups visited the W and LE males equally throughout the 30-min test.
3.1.2. Appetitive sexual behaviors

The analysis of appetitive behaviors revealed significant differences between the

conditioning groups (Fig. 6). With regard to solicitations during the first ejaculétory
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series, the ANOVA detected an interaction between group and strain of male (F (1, 55) =
6.07, p = 0.01). However, regardless of this significance, the LSD post hoc test failed to
reveal significant differences between W and LE males in the W-P (p = 0.10) or LE-P
groups (p = 0.07). The analysis of solicitations during the 30-min test revealed a
significant interaction between group and strain of male (F (1, 55) = 13.7, p = 0.0004),
and the post hoc test indicated a signiﬁcant difference between W (M = 13.6) and LE
males (M = 9.3) in the W-P group, and Between W (M = 10.4) and LE males (M = 17.5)
in the LE-P group, indicating that, overall, females displayed more solicitations towards
the pacing-related male. With regard to the first solicitation latency there was a
significant interaction between group and strain of male (¥ (1, 47) = 5.5, p =0.02).

| However, the post hoc test did not reveal significant differences between W (M = 162
sec) and LE males (M = 223 sec) in the W-P group (p = 0.15) or between W (M =271
sec) and LE males (M = 121 sec) in the LE-P group (p = 0.06). This suggests that there
was a trend for females to perform their first solicitation with a shorter latency towards
the pacing-related male.

With regard to H&D, although no signiﬁcant main effects or interaction were
detected during the first ejaculatory series, the analysis during the 30-min test indicated a
main effect of strain of male (¥ (1, 55) = 6.2, p = 0.01). Posthoc analyses revealed a
significant difference between W (M = 28.4) and LE males (M = 43.1) in the LE-P group
(p =0.007), but not between W (M = 35) and LE males (M = 38.4) in the W-P group (p =
0.49), indicating that females displayed more H&D towards LE exclusively in the LE-P
group. No significant main effects or interaction were found for first H&D latency.

Together, these results indicate that, regardless of the strain of male, females displayed
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more appetitive behaviors towards the pacing-related males, relative to non-pacing-
related males.
3.1.3. Lordosis

With regard to the different magnitudes of lordosis during the first ejaculatory
series, the ANOVA found a significant interaction of betWeen group and strain of male
for lordosis magnitude 3 (F (1, 55) = 4.3, p = 0.04). The post hoc test showed that
females in the W-P group displayed higher number of lordosis magnitude 3 towards W
males (M = 4.1) than towards LE males (M = 1.8). In the LE-P group however, no
significant differences were detected between W (M = 3) and LE (M = 3.7) males. No
significant main effects or interaction were found for the other lordosis magnitudes, nor
did the analysis of lordosis magnitude 1, 2 and 3 during the 30-min test reveal any main

effects or interactions.
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3.1.4. Choice of male for ejaculation and male responses

Chi-square analyses for proportions of ejaculations indicated significant
differences between males (Fig. 7). With regard to the choice of male to receive the first
ejaculation, 20 (83%) of the 24 females in the W-P group that received an ejaculation
received their first from the W male and 4 (16%) from the LE male (> (1, N=24) = 10.6,
p =0.001). However, in the LE-P group 12 (50%) of 24 females that received an
ejaculation received their first from the W male and 12 (50%) from the LE male (% (1,
N=24) = 0.0001, p = 1.0). For the choice of male to receive the second ejaculation, in the
W-P group, 14 (60.8%) of 23 females received the second ejaculation from the W male
and only 9 (39.2%) from the LE male (3> (1, N=23) = 1.08, p = 0.29). In the LE-P group
13 (56.5%) of 23 females received the second ejaculation from the W male and 10
(43.5%) from the LE male (x” (1, N=23)-= 0.39, p = 0.53). For the choice of male to
receive a third ejaculation, in the W-P group, 4 (25%) of 16 females, received a third
ejaculation from the W male and 12 (75%) from the LE male (x> (1, N=16) =4, p =
0.04). In the LE-P group, 12 (63%) of 19 females, received their ejaculation from the W
male and 7 (37%) from the LE male (x> (1, N=19) = 1.3, p = 0.25).

No significant main effects or interactions were found for the number of mounts,
intromissions, or ejaculations, received by the females from the W or LE males, nor any
main effects or interactions for the moun’g, intromission, or ejaculation latencies during
the first ejaculatory series. These results indicate that females allowed both strains of
male to initiate copulation at comparable times, and that they received a comparable

number of ejaculations from each male.
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Figure 6: Solicitation frequencies of Wistar females during first ejaculatory series (top)
and during the 30-min partner-preference test (bottom). In the Wistar-pacing group
females were conditioned to associate Wistar males with paced copulation, and Long-
Evans males with nonpaced copulation. In the Long-Evans-pacing group, females
received the opposite associations. Data are means + SEM. * = p <0.05 for differences
within group for Wistar and Long-Evans males.
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Figure 7: Wistar females’ choice of male to receive their first (top), second (middle), and

third (bottom) ejaculation during the 30-min partner preference test. * =p < 0.05 for
differences within groups for Wistar and Long-Evans males.
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3.2. Long-Evans females
3.2.1. Visits and olfactory investigations

The analysis of visit frequencies during the 30-min test revealed a significant
main effect of group (F (1, 20) = 8.05, p = 0.01). The post hoc test indicated that females
in the LE-P group visited both males with a higher frequency overall than did females in
the W-P group. With regard to the first visit latency, there was a trend for a main effect of
group (F (1,20)=3.9, p = 0.059), but no trends were detected for strain of male or the
interaction of group and strain of male. With regard to number of visits during the first
ejaculatory series, the ANOVA failed to detect any main effect or interaction. No
significant main effects or interactions were found for the analysis of olfactory
investigations. This suggests that females investigated both strains of male equally.
3.2.2. Appetitive sexual behaviors

With regard to the number of solicitations during the first ejaculatory series (Fig.
8), the ANOVA detected an interacﬁon Between group and strain of male (¥ (1, 20) = 5.9,
p = 0.02). Posthoc analyses indicated that in the LE-P group, females displayed a higher
number of solicitations towards LE males (M = 5) than towards W males (M = 2.08), but
no differences between W and LE males were detected in the W-P group. The analysis of
‘ solicitations frequency during the 30-min test detected a main effect of group (F (1, 20) =
4.4, p = 0.04) and an interaction between group and strain of male (F (1,20)=7.7,p=
0.01). Posthoc analyses indicated that females displayed more solicitations towards LE
males in the LE-P group (M = 21) than towards W males (M = 13.7) of the same group,
and also more than W (M = 3.4) and LE (M = 3.2) males in the{W—P group. This

indicates that, overall, females displayed more solicitations towards the pacing-related

62



males, but this effect was facilitated significantly if the pacing males was LE. No main
effects or interaction were found for first solicitation latency, nor were significant effects
found for H&D frequencies or latencies.
3.2.3. Lordosis

The ANOVA deteéted a main effect of strain of male (F (1, 20) = 5.3, p = 0.03),
and an interaction between group aﬁd strain of male (¥ (1, 20) = 10.3, p = 0.004) for the
frequency of lordosis magnitude 3 for the entire 30-min test. Posthoc analyses indicateci
that in the W-P grouf), females displayed higher numbers towards W males (M = 14.3)
than towards LE males (M = 7.6). In the LE-P group no differences were detgcted in the
frequency of lordosis magnitudes 1, 2, or 3. No differences were detected for the

frequency of lordosis magnitudes during the first ejaculatory series.
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Figure 8: Solicitation frequencies of Long-Evans females during first ejaculatory series
(top) and during the 30-min partner preference test (bottom). Data are means & SEM.
* = p <0.05 for differences within group for Wistar and Long-Evans males.
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3.2.4. Choice of male for ejaculation and male responses

Chi-square analyses for proportions of ejaculations indicated significant
differences between males (Fig. 9). Regarding the choice of male to receive the first
ejaculation, 11 (91 ;6%) of the 12 females in the LE-P group that received an ejaculation
received their first from the LE male and 1 (8.3%) from the W male (x> (1, N=12) = 8.3,
p = 0.04). In the W-P group, the choice of male was not significantly different from
chance (x* (1, N=10) = 1.6, p = 0.20). With regard to the choice of male to receive the
second ejaculation, 10 (83.3%) of 12 females in the LE-P group received their second
ejaculation from the LE male, and 2 (16.6%) from the W male (x* (1, N=12)=5.3,p=
0.02). In the W-P group the proportion was not different from chance (x* (1, N=10) = 4,
p = 0.52). For the choice of male to receive the third ejaculation, 8 (80%) of 10 females
in the LE-P group receive their third ejaculation from th¢ LE male, and 2 (20%) from thé
W male (3 (1, N=10) = 5.3, p = 0.02). In the W-P group the proportion of ejaculations
from either male was not different from chance (x* (1, N=10) = 1, p = 0.3). Overall, the
analysis of ejaculations indicated that in the LE-P group, most of the females chose LE
males to receive the first three ejaculations. In the W-P group however, there was no
preference for either male.

No significant main effects or interactions were found for the numbér of mounts,
intromissions, or ejaculations, received by the females from the W or LE males, nor any
main effects or interactions for the mount, intromission, or ejaculation latencies during
the first ejaculatory series. These results indicate that, like the W females, the LE |
females allowed both strains of male to initiate copulation at comparable times, and that

they received a comparable number of ejaculations from each male.
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Figure 9: Long-Evans females’ choice of male to receive their first (top), s_econd

(middle), and third (bottom) ejaculation during the 30-min partner preference test. * =p

< 0.05 for differences within groups for Wistar and Long-Evans males.
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4. Discussion

The present study demonstrates that W and LE female rats can develop a
conditioned partner preference for a strain of male previously associated with paced
copulation. This preference was expressed most strongly and consistently by an increase
in solicitations toward the pacing-related male, regardless of strain. W, but not LE,
females also displayed a higher frequency of lordosis magnitude 3 toward the pacing-
related male. Thus, natural cues of different strains of male can acquire learned
significance as predictors of sexuai reward for female rats. However, this study also
showed that the conditioned partner preference was more robust when the pacing-related
male was of the same strain as the female. This facilitation of the partner preference was
evident in both appetitive and consummatory behaviors, and in particular with the choice
of male for first ejaculation. This suggests that both W and LE females have an
unconditioned preference for males of the same strain that can be enhanced by an
association with paced copulation. However, when the cues of the dissimilar male were
paired with pacing, both W and LE females altered their preference with regard to
solicitation. These results suggest that solicitations (and possibly also hops and darts) are
the most sensitive appetitive measures of female sexual motivation and choice, and
reflect the reward characteristics of paced copulation.

The choice of male: for the second and third ejaculation indicated a difference in
copulatory strategies between W and LE females. Although W females displayed a

- significant preference for the pacing-related male of the same strain for their first

ejaculation, this preference was not displayed for second ejaculation, and for the third

ejaculation, the preference was switched for the originally-nonpreferred male. This
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phenomenon resembles a Coolidge effect, in which animals switch their 'preference from
. a familiar partner to a novel one. In this case, the preferred male was chqsen for the first
ejaculation and the non-preferred male for the third ejaculation. However, a Coolidge
effect implies increased sexual desire for a novel partner relative to a familiar one, and
females continued to solicit the pacing-related male more throughout the 30-min test,
indicating a willingness to copulate more with that male. In contrast, LE females did not
show any shift in preference of male for the second or third ejaculation. This preference
however, was not evident when LE males were associated with nonpaced copulation,
indicating further that innate preferences can be devaluated or bypassed by the
development of a conditioned preference.

In oﬁr previous study using an almond odor paired with paced copulation (Coria-
Avila et al., 2005), LE femﬁles in the Pair@d group displayed significant preferences for
scented LE males over unscented LE males in the same open field test, including
increased solicitations, hops and darts, higher magnitude lordoses, and also a clear mate
préf_erence in obtaining their first ejaculation from the scented male. Taken together with
the present study, these results suggest that neutral cues such as almond odor paired with |
sexual reward, in the presence of naturally-preferred cues from a male of the female’s
own strain, induce a robust conditioning that is re‘ﬂected in appetitive behaviors such as
solicitations and hops and darts, consummatory behaviors such as high magnitude
lordoses, and .in the choice to receive that male’s ejaculations. Interestingly, although the
" LE females in that study chose the scented male for their first ejaculation, they switched
males for their second and third ejaculations, similar to the W females in the present

study. It may be that when strain cues of the males are held constant for LE females, the
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odor has a greater conditioned effect on solicitations relative to the choice of male for
ejaculations.

This study also shows that the relationship and expression of innate and
conditioned partner preferenées are of different magnitude in W and LE females.
Regarding the distribution of ejaculations during the 30-min test, W females expressed a
choice for tﬁe same strain of male only for the first ejaculation, whereas LE females
expressed it for three ejaculations. In the case of solicitations, W females clearly
displayed a higher frequency of solicitations for the pacing-related males, regardless of
the strain of male. However, in the case of LE females, the significance was reached
exclusively when the pacing-related male was LE. Interestingly, the mean number of
solicitations made toward W males during the 30-min test was nearly identical for W and
LE females in the W-P condition, anci the lower mean number of solicitations made
toward the LE males was also nearly identical in this conditioning group (Figs. 6 and 8).
It is likely that the lower number of LE relative to W females contributed to the lack of
significance on this measure. Therefore, we suggest that this difference may be more
apparent than real. However, taken together, those data suggest that the synergy between
innate and conditioned preferences was stronger in LE females than in W females.

One possible explanation for the magnitude differences in conditioning between
W and LE females concerns the inherent differences between the two strains with regard
to their sensory abilities. Females might have distinguished the males Visﬁally, although
differences in natural odors or inherent vocalizations by each strain of male cannot be
ruled out. Albino rats have diminished visual acuity (Prusky, Harker, Douglas, &

Whishaw, 2002), but no auditory disadvantage (Syka, Rybalko, Brozek, & Jilek, 1996)
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relative to pigmented rats. If visual differences between W and LE males were the most
salient cues, conditioning may have been weaker in W females relative to LE females.
Other physiological differences between albino and pigmented rats could account for
differences in sensitivity to the partner cues. For example, it has been shown that
pigmented male rats exhibit noncontact erections in response to remote odor cues from
sexually reqeptive females (Sachs, Akasofu, Citron, Daniels, & Natoli, 1994; Sachs,

| 1997), whereas albino males do not (Sachs, 1996)‘unless treated with the serotonin
synthesis inhibitor p-chlorophenylalanine (Matsumoto, Kondo, Sachs, & Yamanouchi,
1997). Those data indicate that albino rats have higher circulating serotonin levels
compared to pigménted rats, and it is conceivable that high serotonin transmission in the
hypothalamus or limbic system may lead to greater sexual inhibition (Pfaus et al., 2003).
Albino and pigmented females may also be differentially affected by the environmental
circumstances that allow them to pace copulatory contact. In a previous pilot study
(Coria-Avila, Jones, & Pfaus, 2003) we reported that Wistar females under the same
conditioning protocol, but tested in a smaller, three-compartmented chamber (rather than
a large open field), received more mounts, intromissions, and ejaculations from the
pacing-related males, regardless of strain. The ability to express these additional
copulatory choices may depend on certain features of the testing chamber that allow
females greater control over the copulatory responses of the males, in addition to the
strength of the conditioned cue (e.g. olfactory vs. visual).

The present results add to a growing body of evidence that paced copulation

induces both conditioned place and partner preferences in female rats (Martinez et al.,

2001; Paredes et al., 1997; Paredes et al., 1999; Coria-Avila et al., 2005). At present, it is
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not clear what component of paced copulation produces the reward necessary to support
these conditioned associations. The positive effect of paced copulation may depend on a
cascade of events that start with the ability of the female to control the rate of
vaginocervical stimulation (VCS) she receives from male intromissions. In female rats,

‘pacing serves a significant reproductive purpose, éllowing females to control VCS at
théir preferred intervals. Such preferred intervals may not only be species—speciﬁc, but
individual-specific, and serve to distribute VCSs in time, which in sequence enhances
both sperm transport and the induction of prolactin surges that support the maintenance
of progesterone release by the corpora lutea (Erskine et al., 1989; Matthews, Jr. et al.,
1978; McClintock et al., 1978). Accordingly, paced copulation is more efficient than
nonpaced copulation for inducing Iuteal function, a faster termination of estrus, and
pregnancy or pseudopregnancy (Bermant et al., 196‘6; Erskine et al., 1989; Lodder et al., |
1976), and increases litter size compared to nonpaced copulation (Coopersmith et al.,
1994).

Finally, the present study confirms previous findings that early experiences, and
in particular early sexual experiences, have powerful influences on subsequent sexual
prefgrences (Kippin et al., 1998; Kippin et al., 2001a; Kippin et al., 2001b; Pfaus et al,,
2001; Coria-Avila et al., 2005). Such influences may begin when animals are young and
learn to identify their own strain; For example, early postnatal experiences induce social
preferencés for an animal’s own strain, and lead to assortative mating (D'Udine & Alleva,
1983), in which animals choose to mate selectively with members of their own strain
relative to members of a different stra{n of a species that are genetically less similar.

Assortative mating is believed to maintain homozygosity in a strain, and thereby keep
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strains from outbreeding positive characteristics. However, cross-fostering studies have
revealed a degree of plasticity in this phenomenon. For example, mice raised by rat
mothers engage in more sexual contact with small rats and less with mice, relative to
mice raised by mouse mothers (Lagerspetz & Heino, 1970). Early postnatal experience
of male rats with a neutral odor (citral) smeared on the teats and anogenital area of female
rat mothers increased sexual arousal in those males as adults: more Paired malés
ejaculated with citral-scented estrous females compared to Paired males thaf copulated
with unscented females (Fillion et al., 1986). Taken together with our previous studies,
the current results suggest that an animal’s iniﬁal sexual experiences represent a second
“critical period” in which place and strain characteristics become preferred, and in which
the effects of early postnatal experience can be modified. These sexual preferences
dépend strongly on the contingency between rewarding or aversive unconditioned stimuli
and the cues available during those initial sexual experiences. In the case of females, it is
not yet known how the spinal cord and brain integrate the VCS during paced copulation
and the available sensory cues to induce place or partner preferences. However, both are
disrupted by the administration of the opioid antagonist naloxone during conditioning
(Coria-Avila, Solomon, & Pfaus, 2005; Paredes et al., 2001), suggesting the involvement

of endogenous opioids as a primary substrate of sexual reward in both males and females.
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Summary of Chapter 1

Chapter 1 presented the behavioral data of conditioned partner preference in
female rats induced by sexual reward. The first paper demonstrated that an originally-
neutral almond odor paired with PC induced a conditioned partner preference towards
almond-scented males. Such partner preference was inferred from shorter first solicitation
latencies, Higher frequency of solicitations, more hops & darts, higher frequency of
lordosis magnitude 3, receiving the first mount, and the first ejaculation from the
preferred male. In contrast, when the odor was paired with nonpaced copulation, pértner
preference did not develop, nor did it develop when the contingency between paced and
nonpaced copulation was random. This indicates that only the association with paced
copulation was sufficient to induce a conditioned partner preference. The second paper
demonstrated that female Long-Evans énd Wistar rats also develop a conditioned partner
preference toward a particular strain of male (Long-E\}ans or Wistar) paired with PC,
indicating that the natural strain cues can become preferred. However, the effect was not
as robust as observed in the odor-conditioning study: Females displayed more
solicitations toward, and receiving the first ejaculation from, thé preferred male.
Although the frequency of solicitations was always greater toward the reward-related
male, the ejaculatory preference for this male was always greater if‘ the reward-related
male was of the same strain as the female. This suggests the presence of assortative
mating preferences that can be augmented or counterbalanced by an animal’s first sexual

experiences.
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Abstract

Conditioned stimuli (CSs) associated with paced copulation (PC) induce a
conditioned partner preference for males bearing the CS. Here we examined the
activation of Fos immunoreactivity (Fos-IR) following exposure to a CS previously
paired with either PC or nonpaced copulation (NPC). Ovariectomized, hormone—pﬁmed
rats received 10 sequential conditioning trials at 4-day intervals. In Experiment 1, females
in the Paired group learned to associate an almond odor on a male with PC and an
unscented male with NPC. In the Unpaired group, females received the opposite
association. In Experiment 2, females associated two different strains of male, Long-
Evans or Wistar, with PC or NPC respectively. A preference test indicated that females in -
both experiments developed a conditioned preference fbf the pacing-related males, as
indicated by significantly more solicitations toward the male and a preference to copulate
with the pacing-related male. Subsequently, females were expos_éd to the CS (odor or
strain) alone for 1 hr prior toi sacrifice and preparation of their brains for Fos
immunocytochemistry. In both experiments, the éS associated with PC induced
significantly more Fos-IR in the Piriform cortex, medial preoptic area, and ventral
tegmental area, relative to the same odor or strain cues associated with NPC. These
findings provide evidence that PC can be conditioned to environmental stimuli such as
neutral odors or strain cues, which earn an incentive value via classical conditioning. The
significance of the brain areas activated is discussed with regard to their role in sexual

and other motivated behaviors.

Keywords: Fos, partner preference, Pavlovian éonditioning, estradiol, progesterone, odor,

strain, hypothalamic, limbic, priming stimuli
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Learning can affect many aspects of sexual behavior in animals (For review see
Pfaus et al., 2001). In rodents, for example, these include changes in the expression of
sexual excitement (Pfaus, 1996; Pfaus, 1999; Mendelson & Pfaus, 1989), in the capacity
to locate and recognize a place associated with mating (Everitt, 1990), in courtship
behaviors and mate-directed vocalizations (Nyby, Bigelow, Kerchner, & Barbehenn,
1983), in copulatory parameters (Larsson, 1956; Dewsbury, 1969), and in partner
pref_erence (Kippin etl al., 2001a; Coria-Avila et al., 2005; Coria-Avila et al., 2006).

The effects of learning on conditioned partner preference can be observed when
an individual has the opportunity to choose between two or more potential partners.
Typically, the conditioned preference is displayed as more time spent with, or more
sexual behavior directed toWards, an individual that bears recognizable features that have
been associated with sexual reward. For instance, olfactory cues (e.g., almond odor)
paired with the reward state induced by ejaculation in males can induce males to ejaculate
preferentially with almond-scented females when males are given a choice to copulate
freely with scented and unscented, sexually receptive females in an open field (Kippin et
al., 2001c; Kippin et al., 2001a; Kippin et al., 2001b). In the case of females, almond odor
paired with their ability to “pace” or control the rate of copulation induces females to
solicit and receive ejaculations preferentially frofn an almond-scented male when they are
given a choice to copulate freely with scented and unscented, sexually vigorous males in
an open field. This preference is not displayed if the odor is paired with nonpaced
copulation (Coria-Avila et al., 2005). Similarly, female rats can learn to associate a strain

of male (pigmented Long-Evans (LE) versus albino Wistar (W) rats) with pacing, and
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display a conditioned preference to solicit males of the pacing-related strain when given a
free choice between the two different strains in an open field (Coria-Avila et al., 2006).

Like ejaculation in males, paced copulation induces a reward state of sufficient
intensity to induce conditioning in females (Paredes et al., 1997; Paredes et al., 1999).
The rewarding effects of paced copulation are believed to be the result of the appropriate
vaginocervical stimulation (VCS) distributed over time at the female’s preferred interval.
This is supported by the fact that female rats will develop CPP when they are actively
pacing, but also when the males are removed by the .researcher from the copulatory arena
at the female’s preferred interval (Jenkins & Becker, 2003) or when females are given
manual VCS with a lubricated glass rod distributed in clusters at preferred intervals
(Afonso & Pfaus, submitted).

Brain regions sensitive to sexual stimulation have been identified using Fos
immunoreactivity (IR) as a marker of neuronal activation in females (Pfaus et al., 1997).
A number of hypothalamic and limbic structures are seﬁsitive to VCS, either from
multiple intromissions by the male or following manual application with a lubricated
glass rod (Pfaus et al., 1993; Pfaus, Marcangione, Smith, Manitt, & Abillamaa, 1996).
These regions include the piriform cortex (PirCtx), anterior cingulate cortex (ACC),
nucleus accumbens (NAc), lateral septum (LS), medial nucleus of the preoptic area
(mPOA), posteriomedial region of the bed nucleus of the stria terminalis (BNSTpm), the
paraventricular nucleus of the hypothalamus (PVN), ventrolateral portion of the
ventromedial hypothalamus (VMHvl), the arcuate nucleus (ArcN), posteriordorsal region
of the medial amygdala (MeApd), and the ventral tegmental area (VTA). Females that

receive intromissions express a higher number of Fos-labelled cells in these regions
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compared to females that receive mounts only,v indicating that the expression of Fos in
these areas during copulation is not due to olfactory input from the male or cutaneous
somatosensory input received from flank stimulation during mounts only (Erskine, 1993).
However, Erskine & Hanrahan, (1997) found that when females were allowed to pace
either 5 or 15 intromissions, there was more Fos-IR in the MeApd relative to females that
received 5 or 15 nonpaced intfomissions. In addition, females that received 5 paced
intromissions had as much Fos-IR as those that receive 15 nonpaced intromissions,
indicating that the MeApd is particularly sensitive to the typé and frequency of VCS.
These differences were not detected in the mPOA. Furthermore, they reported that the
BNSTpm and the VMHvl expressed more Fos-positive neurons following péced
copulation relative to females that received mounts alone, or to those that remained in
their home cages. Such differences were not observed following nonpaced copulation.
Kippin et al., (2003) trained males to associate an almond odor on females with
the i)ostejaculatory reward state, or to have the almond odor unpaired with that state.
Subsequently, males in the paired and unpaired groups were presented with the almond
odor alone in bedding. The odor activated Fos selectively in the PirCtx, NAcc core,
basolateral amygdala (BLA), and the anterior region of the lateral hypothalamic area, in
paired relative to unpaired males. Conversely, estrous odors alone in bedding activated
Fos within the accessory olfactory bulb, NAcc core and shell, mPOA, VMH, MeApd, and
VTA of malesv in eithér the paired or unpaired groups, indicating that the conditioned
odor activated main olfactory terminals whereas unconditionally appetitive estrous odors
activated accessory olfactory terminals. Given that a neutral odor such as almoﬁd, or the

particular strain of a male, can gain conditioned incentive value by being associated with
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paced copulation, and thus direct the copulatory preferences of female rats, this study
examined the pattern of Fos induction following exposure to a conditioned odor alone, or

a pacing-related male behind a wire-mesh screen, who had previously been associated

with the ability to pace copulation.

EXPERIMENTAL PROCEDURES

Experiment 1: brain activation by an odor paired with sexual reward

Animals and surgery: Long-Evans male (300-350 g) and female (200-250 g) rats
were purchased from Charles River Canéda (Sf-Constant, QC). They were housed in
groups of 4 in large hanging wire mesh cages in a colony room maintained on a reversed
12:12 h lighf/dark cycle (lights off at 08:00 h) at approximately 21°C. Food and water
were continuously available. |

Females were anesthetized with a mixture of ketamine hydrochloride (50 mg/ml)
and xylazine hydrochloride (4 mg/ml), mixed at a ratio of 4.3, respectively, and injected
intraperitoneally in a volume of 1 mlkg of body weight. Females were then
ovariectomized (OVX) bilaterally via a lumbar incision. All females were given a week
of post-surgical recovery prior to odor conditioning trials. Intact Long-Evans male rats
that served as stimulus males had at least 10 tests of sexual behavior in bi-level chambers
prior to the start of these experiments. These males were sexually vigorous and initiated
copulatory activity with females within 15 sec of being placed into the chambers. For all
behavioral tests, sexual receptivity was induced in a/111 females by subcutaneous injections
of estradiol benzoate (10 pg) 48 h and progesterone (500 pg) 4 h before each test. If

scented, males received almond extract (Blue Ribbon, Etobicoke, ON) applied to the
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back of their necks and ano.genital regions with a cotton swab. If unscented, males
feceived distilled water to the same areas.

Odor conditioning. The training procedures used in each experiment were similar
fo those in (Coria-Avila et al., 2005). Odor conditioning trials occurred at 4-day intervals
during the middle third of the dark phase of the circadian cycle following hormone
priming. Paced copulation occurred in semicircular chambers (3 82x 60 x 38 cm) bisected
by a clear Plexiglas divider with 4 holes cut into the bottom (4 x 4 cm) that rested on
bedding. These holes were large enough for the female to crawl through, but too small for
the males to crawl through. Nonpaced copulation occurred in identical chambers, but
with the divider removed. Females in the Paired group copulated with almond scented
mﬁles in the paced condition and unscented males in the nonpaced condition. Females in
the Unpaired group copulated with unscented males in the paced condition and scented
males in the nonpaced condition. Females received 9 sequential experiences in paced and
non;paced' conditions at 4-day intervals. The order of presentation of paced and non-
paced condition-s was counterbalanced for the Paired and Unpaired groups. During each
test, females were allowed to copulate freely for 30 min with the male, after which they
were transferred to their home céges. All testing with scented and unscented males took
place in different rooms to assure containment of the scent.

Activation of Fos-IR by the odor. Four days after the final training session, each
female was placed in a Plexiglas chamber containing wood shavings as bedding and a
cotton gauze pad saturated with almond odor for 60 min. Females were then injected with
an overdose of sodium pentobarbital (120 mg/kg, i.p.) and perfused intracardially with

350 ml of phosphate-buffered saline followed by 350 ml of 4% paraformaldehyde. The
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brains were removed and post fixed in 4% paraformaldehyde for 4 h and stored overnight
in 30% sucrose solution. The brains were then covered in aluminum foil and stored at -80
°C.

Coronal brain sections of 30 pm, were incubated sequentially with 30% hydrogen
peroxide (H,0,) in Tris-buffered saline (TBS) for 30 min at room temperature, with 3%

normal goat serum (NGS) in 0.05% Triton TBS for 90 min at 4 °C, with rabbit polyclonal
anti-Fos (Oncogene Science, Boston, MA, USA; diluted 1:40,000) in 0.05% Triton TBS |
with' 3% NGS for 72 h at 4 °C, with biotinylated goat anti-rabbit IgG (Vector
Laboratories, Burlingame, CA, USA; 1:200) in 0.05% Triton TBS with 3% NGS for 1 h
at 4 °C, and avidin-biotinylate—peroxidase complex (Vectastain Elite ABC Kit, Vector
Laborétories; diluted 1:55) for 2 h at 4 °C. Sections were washed in TBS (3X5 min)
between each incubation. Immunoreactions were stained by sequential treatments at room
temperature with 50-mM Tris for 10 min, 3,3’-diaminobenzidine (DAB) in 50-mM Tris
(0.1 ml of DAB/Tris buffer, pH 7.8) for 10 min, DAB/3% H,0; in 50-mM Tris for 10
min, and 8% nickel chloride (400 pl per 100 ml of DAB/Tris buffer+H,0,). Sections
were mounted on gel-coated slides and allowed to dry, then dehydrated in alcohol 70%,
90% and 100% 10 min each respectively, cleared in Xilene (2 hrs), coverslipped, and
examined under a light microscope.

Histolqgical and statistical analysis. Tissue sections §vere examined at 40x and
the number of Fos-positive cells was counted bilaterally for each region from six sections
per rat using NIH Image connected to a Leitz Laborlux microscope. The regions were
defined by using the atlas of Paxinos & Watson, (1998): NAc Core (NAcc, plates 13 and

14), NAc Shell (NAcSh, plates 13 and 14), olfactory tubercle (Tu, plates 13 and 14), Pir
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Ctx (plates 13 and 14), ACC (plates 13 and 14), caudate-putamen (CPu; plates 13 and
14), mPOA (plates 20 and 21), Lateral septum (LS, plateé 13 and 14), BNSTpm (plates
21 and 22), PVN (plates 22-25), aLHA (plates 23 and 24), VMHvl (plates 27 and 28),
ArcN (plates 27-30), MePD (plates 28 an;1 29), basolateral amygdala (BLA; plates 28 and
29), cortical amygdala (CoA; plates 28 and 29), and VTA (plates 40 and 41). A mean was
calculated for each area for each rat and statistical analyses were conducted fof rats in
each group (N=6/condition) using Students t-tests for independent samples with a
Bonferroni correction to compare the mean number of Fos-positive neurons in the Paired

vs. Unpaired conditions. The level of significance for all comparisons was p<0.05.

Experiment 2: brain activation by strain cues associated with sexual reward

Animals and surgery. Stimulus males were of the Long-Evans and Wistar strains
(300-350 g) and the females were Wistars (200-250 g) purchased from Charles River
Canada. Females were OVX, and sexual receptivity was induced by EB and P priming, as
in Experiment 1. Long-Evans and Wistar males were sexually vigorous and had at least 4
sexual experiences before the start of the conditioning trials.

Strain conditioning. The training procedures used in each experiment were similar
to those in Coria-Avila et al. (2006) and in Experimént 1. Conditioning trials occurred at
4;day intervals during the middle third of the rat’s dark circadian cycle following
hormone priming. Paced copulation occurred in the same semicircular chambers as in
Experiment 1. There were two counterbalanced groups. In the Wistar-Pacing (W-P)
group females copulated with Wistar males in the paced condition and with Long-EVans

males in the nonpaced condition. In the Long-Evahs—Pacing (LE-P) group females
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copulated in pacing chambers with LE males and in non-pacing chambers with W males.
Females received 10 sequential experiences in paced and non-paced conditions at 4-day
intervals. The order of presentation of paced and non-paced conditions was
counterbalanced for the both groups, so that half of thé group had the first sexual
experience in a pacing condition and the other half in non-pacing condition. During each
test, females were allowed to copulate for 30 min, after which they were transferred back
to their home cages.

Activation of Fos-IR by strain cues. Four days after the final training session, each
receptive female was paired with a male of the strain associated with either paced or
nonpaced copulation. The pairing occurred in a chamber divided by a wire mesh screen
that allowed olfactory, visual, and auditory cues to be detected, but not physical contact,
between the male and the female (e.g., Pfaus et al., 1990). In all conditions, females were
allowed to remain undisturbed in the chamber for 60 min. Females were then sacrificed
as in Experiment 1, and their brains removed and processed for Fos-IR using the same
antibody and immunocytochemical technique as in Experiment 1.

Histological and statistical analysis. Tissue sections were examined exactly as in
Experiment 1. For the statistical analysis, a two-way (pacing X strain of male) between
subjects Analysis of Variance (ANOVA) was performed to assessb differences in Fos
induction between females exposed randomly to 4 conditions: Fos-IR following eprsure
to 1) Wistar male associated with paced copulation, 2) Long-Evans male associated with
nonpaced copulation, 3) Wistar male associated with nonpaced copulation, and 4) Long-

Evans male associated with paced copulation (N=5 females/condition). For each
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significant ANOVA, posthoc analysis of mean differences were made using the Least

Significant Difference (LSD) method, P<0.05.

RESULTS

Experiment 1: brain activation by an odor paired with sexual reward .

More Fos-positive neurons were found in the Tu, PirCtx, ACC, NAcc, mPOA,
LS, PVN, VTA, CPu and ArcN of Paired relative to Unpaired females (Figures 10, 14,
and Table 3). For the mPOA, the statistical analysis revealed that females in the Paired
group there was more Fos-IR cells relative to the Unpaired groﬁp, #(10)=2.22, P<0.05.
For the NAcc, more Fos-IR cells were found in the Paired relative to the Unpaired group,
1(10)=2.5, P<0.02. For the Pir Ctx, more Fos-IR cells were found in the Paired relative to
the Unpaired group, #(10)=2.7, P<0.02. For the ACC more Fos cells were observed in the
Paired relative to the Unpaired group, #10)=2.7, P<0.02. For the PVN more Fos cells
were observed in the Paired relative to the Unpaired group, #9)=2.68, P<0.02. For the
VTA more Fos cells were found in the Paired relative to the Unpaired group, #(10)=2.2,
P=0.049. The statistical analysis detected a trend for significance in the analysis of the
CPu, with more Fos-IR cells in the Paired relative to the Unpaired group, #(10)=2.04,
IP=O.06. A trend toward significance was also detected for the ArcN, with more Fos-IR
cells in the Paired relative to the Unpaired group, #(10)=1.9, P=0.08. There were no
significant differences in the' NAcSh, MePD, CoA, BLA, Lateral Hypothalamus, BNST,

and VMH (Figure 11, and Table 3).
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Neural Activation by Conditioned Odors
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Figure 10. Brain areas of female rats that expressed significant differences in Fos-IR
following exposure to a conditioned odor alone. For females in the Paired group, the odor
(almond extract) was associated with paced copulation during previous conditioning
trials. In the Unpaired group, the odor was associated with nonpaced copulation. mPOA,
medial preoptic area; NAcc, nucleus accumbens core; PirCtx, piriform cortex; ACC,
anterior cingulate cortex; PVN, pareventricular nucleus of the hypothalamus; VTA,
ventral tegmental area; CPu, caudate putamen. The bars represent the mean number +
SEM of Fos-IR cells within a sample area of the same dimensions for all the regions.
*P<0.05; ~P<0.06, #P<0.08, between Paired and Unpaired groups.
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Figure 11. Brain areas of female rats that did not express significant differences
in Fos-IR following exposure to a conditioned odor alone. In the Paired group,
the odor (almond extract) was associated with paced copulation during previous
conditioning trials. In the Unpaired group, the odor was associated with
nonpaced copulation. NAcSh, nucleus accumbens shell; ArcN, arcuate nucleus;
MeA, medial amygdala; CoA, cortical amygdala; BLA, basolateral amygdala;
aLHA, lateral hypothalamus; BNST, bed nucleus of the stria terminalis; VMH,
mentromedial hypothalamus. The bars represent the mean number + SEM of
Fos-IR cells within a sample area of the same dimensions for all the regions.
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Table 3. Brain areas of female rats that expressed Fos-IR following exposure to a
conditioned odor alone. In the Paired group, the odor (almond extract) was associated
with paced copulation during previous conditioning trials. In the Unpaired group, the
odor was associated with nonpaced copulation. The data are expressed in mean + SEM.

Area Paired Unpaired
Amygdala (Basolateral) 6.10 £.60 490+ 1.35
Amygdala (Cortical) 26.8 +£3.70 21.0+£6.79
Amygdala (Medial) 17.6 +3.54 20.5+4.07
Arcuate Nucleus 205x£2.15# 13.4 £2.90
Bed Nucleus of the Stria Terminalis 7.09 + .85 7.81+391
Caudate Putamen 146+ 171 ~ 7.92+278
Cingulate Cortex (anterior) 264 +£4.75%%  9.60+2.99
Lateral Hypothalamus (anterior portion) 9.23 +2.33 6.25+1.88
Lateral septum 8.14 £ .55 ** 5.35%.67
Medial Preoptic Area 240+£272 % 13.6 £3.78
Nucleus Accumbens Core 11.6 £2.00 **  545+1.26
Nucleus Accumbens Shell 10.2 £ 1.63 7.60+1.87
Olfactory tubercle 21.8+£235*% 12.8+2.04
Paraventricular Nucleus 155+2.66** 73+15
Piriform Cortex 394+4.60% 2371327
Ventral Tegmental Area 15.6 £ 2.80 * 8.70+1.1

15.2 +£3.51 9.92+3.44

Ventromedial Hypothalamus

The mean number of Fos-IR cells were taken from a sample area of the same dimensions

for all the regions * P<(.05, ** P<0.02, ~P=0.06, #P<0.08, between Paired and

Unpaired.
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Experiment 2: brain activation by strain cues associated with sexual reward
Regardless of strain, males associated with paced copulation induced greater Fos-
IR in PirCtx, mPOA, VMH, and VTA (Figures 12, 14, and , Table 4). For the PirCtx, the
statistical analysis revealed a main effect of pacing F(1, 16)=4.57, P=0.04, but no main
effect of strain of male or interaction. For the mPOA, the ANOVA revealed a fnain effect
of pacing F(1, 16)=4.1, P=0.05, but no main effect of strain or interaction. For the VMH
there was a main effect of pacing F(1, 16)=4.1, P=0.05, but no main effect of strain or
| interaction. Finally, for the VTA there was a main effect of pacing F(1, 16)= 6.2,
P=0.02, but no main effect of strain or interaction. |
In the PVM, MeApd, CoA, aLHA, and BNST, exposure to LE maies induced
more Fos compared to exposure to W males (Figure 13 and Table 4). For the PVN the
ANOVA confirmed a main effect of strain of male, F(1, 16)=.4.9, P=0.04, but no main -
effect of pacing or interaction. For the MeApd there was a main effect of strain of male,
F(1,16)=6.25, P=0.02, and a trend for significant main effect of pacing F(1, 16)=3.99,
P=0.06, but no interaction. For the CoA there was a main effect of strain of male F(1,
16)= 4.6, P=0.04, but no effect of pacing or interaction. For the al.LHA there was a main
effect of strain of male F(1, 16)= 6.33, P=0.02, but no effect of paéing or interaction. For
the BNST there was a main effect of strain of male F(1, 16)= 6.51, p=0.02, but no main
effect of pacing or interaction.
Finally, no differences were detected between the groups in Fos induction in the

ACC, NAcc, NAcSh, CPu, ArcN, and BLA.
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Figure 12. Brain areas of Wistar female rats that expressed significant differences
in Fos-IR following exposure to a strain of male associated with paced- or
nonpaced-copulation respectively. Regardless of the strain, males associated with
paced copulation induced more Fos-IR than males associated with nonpaced
copulation. PirCtx, Piriform cortex; mPOA, medial preoptic area; VTA, ventral
tegmental area; VMH, ventromedial hypothalamus. The bars represent the mean
number + SEM of Fos-IR cells within a sample area of the same dimensions for
all the regions. *P<0.05.
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Figure 13. Brain areas of Wistar female rats that expressed significant
differences in Fos-IR following exposure to a Wistar or Long-Evans male
associated with paced- or nonpaced copulation. Overall, exposure to Long-
Evans males induced more Fos-IR than exposure to Wistar males. PVN,
paraventricular nucleus; MeA, medial amygdala; CoA, cortical amygdala;
aLHA, anterior lateral hypothalamus; BNST, bed nucleus of the stria terminalis.
The bars represent the mean number + SEM of Fos-IR cells within a sample
area of the same dimensions for all the regions. *P<0.05.
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Area

Amygdala (Basolateral)

Amygdala (Cortical)

Amygdala (Medial)

Arcuate Nucleus

Bed Nucleus of the Stria Terminalis
Caudate Putamen

Cingulate Cortex (anterior)

Lateral Hypothalamus (anterior portion)
Lateral septum

Medial Preoptic area

Nucleus Accumbens Core

Nucleus Accumbens Shell
Olfactory tubercle

Paraventricular Nucleus

Piriform Cortex

Ventral Tegmental Area
Ventromedial Hypothalamus

Hogx Hox

Wistar-Pacing

Wistar

5.8x.1
19.8+3.4
158+1.5
28.6 8
58+.82
10.1£3
15+£2.9
92+1.38
8.09x1
18.7+£3.9
13.7+£3.9
89+27
263133
99+19
40.6 £5.7
21.7+4.1
17.8+4.15

Long-Evans

62413

22624
16.9+£2.22
18.8+3.5
8.9+ .84
8.01+1.2
10.17+2.22
14.7+£22
9.6+2.08
153£1.2
7.77 £ .87
7.67+14
26.0+3.06
12.8 £1.84
348+5.3
142+ 43
11.68+1.92

Long-Evans-Pacing

Wistar

4.8+1.7
12235
93+14
18.6+5.8
6.7+1.6
57£.95
8.5+ 137
7.4 % .96
6.81 £ .51
142+1.4
49+ .65
4.6+ .64
242+2.7
82+1.9
20+4.8
13.2+.57
7.6 .99

Long-Evans

64+2
23.7+1.8
19.1 £3.79
31£.31
11.2+3.2
6.4+1.5
10.92+3.5
122 +2.1
6.45 £ 47
245%6.8
747
57+1.03
21.613.5
159147
35.1+4.3
19.2£1.19
13.9£2.9

Table 4. Brain areas of female rats that expressed Fos-IR following exposure to a Wistar
or Long-Evans male, associated with paced- or nonpaced copulation. In the Wistar-
Pacing group, females were trained to associate a Wistar male with paced copulation and
a Long’Evans male with nonpaced copulation. In the Long’Evans’Pacing group, females
received the opposite training. Table shows mean number + SEM. The mean number of
Fos-IR cells were taken from a sample area of the same dimensions for all the regions * =
main effect of strain of male. # = main effect of pacing. P<0.05
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Pir Ctx mPOA VTA

Odor-Paired

Odor-Unpaired

Strain-Paired

Strain-Unpaired

Figure14. Common brain areas that express significantly more Fos-IR in female
rats exposed to conditioned odors or strains of male associated with paced
(Paired) or nonpaced (Unpaired) copulation. Pir Ctx, piriform cortex; mPOA,
medial preoptic area; VTA, ventral tegmental area.
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DISCUSSION

We have reported previously that neutral odors or strain cues paired with paced
copulation can become conditioned stimuli (CSs) that predict sexual reward in female
rats, and that lead to the development of a conditioned partner preference for males
possessing those characteristics (Coria-Avila et al., 2005; Coria-Avila et al., 2006). The
present study shows that exposure to the CS generates greater Fos-IR in brain areas
associated with olfactory processing, appetitive motivation, and reward-related learning,
in Paireci versus Unpaired females. In Experiment 1, an almond odor associated with
pacing induced more Fos-IR in the 'I;u, Pir Ctx, ACC, NAc core, mPOA, LS, PVN, and
VTA, and there was a trend for significance in the CPu and ArcN. These data sﬁggest fhat
those areas are involvedn in the development and/or expression of olfactory conditioned
partner preference. In Experimenf 2, the strain of male associated with paced copulation
induced more Fos-IR in the Pir Ctx, the mPOA, the VTA and the VMH. The results of
Experiment 1 and 2 indicate that there at 1eﬁst three common neural areas that express
Fos-IR as a main effect of exposure to stimuli associated with pacing: Pir Ctx, mPOA,
and the VTA. In addition to these regions, the activatioﬁ of the VMH, and lack of
activation in the NAc and LS, by strain cues associated with pacing is consistent with the
Fos activation patterns in monogamous Prairie vole females during their first copulatory
cbntact with a male (Curtis & Wang, 2003; Cushing, Yamamoto, Hoffman, & Carter,
2003). Thus the differential effects of olfactory and strain conditioning noted above may
result from a different pattern of activation in main and accessory olfactory pathways.

In Experiment 2, Fos was induced in the BNST, PVN, MePD, CoA, and aLHA of

W females as a function of exposure to LE males relative to W males. We have shown
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previously that if the strain of male associated with sexual reward is the same as the
female subject, stronger conditioning emerges (Coria-Avila et al., 2006). For example,
W females that associate W males with paced copulation not only solicit the W male
more than the LE male, but also are more likely to choose the W male to receive their
first ejaculation. Although W females solicit the LE male significantly more than the Wl
male if LE is paired with paced copulation, they do not display a.signiﬁcant ejaculatory
preference toward the LE male. However, W females display significantly more
anogenital investigation of LE males in general, suggesting’that elements of the
accessory, rather than main, olfactory pathway are being activated. This is consistent with
the activation of Fos in secondary and tertiary terminals of the accessory olfactory
pathway, including the BNST and MePD, by exposure to LE males regardless of
conditioning history in the present study.

Both olfactory and strain cues associated with paced copulation induced similar
activation of the PirCtx, mPOA, and VTA. These three regions form an interconnected
circuit that is well-suited to translate olfactory and genitoseﬂsor‘y information into
motivated behavioral responses by way of outputs through the VTA and ventral pallidum.
All three regions are activated by VCS (Pfaus ét al., 1993; Pfaus et al., 1996), and receive
inputs from both fnain and accessory olfactory bulbs (Coolen & Wood, 1998; Rosin,
Datiche, & Cattarelli, 1999; Swanson, 1976; Wilson, 2001). The differential effect of
olfactory versus strain conditioning may be determined in part by multiple outputs to the
VTA, especially from the mPOA in the case of olfactory conditioning (Brackett &
Edwards, 1984; Swanson, 1976), and additional outputs from the BNST that may

modulate those of the mPOA in the case of strain conditioning (Holstege, Meiners, &
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Taﬁ, 1985). Given the relatively equivalent activation of the PirCtx, mPOA, and VTA in
the two experiments, it is unlikely that the differences observed in some brain regions
between the two conditions, such as ACC, NAc core, VMH, PVN, and ArcN, were due to
the use of different strains of female in Experiment 1 (LE), and Experiment 2 (W). In our
previous studies, no differences were observed between LE and W females in the number
of solicitations or time spent with the pacing-related male as a function of olfactory or
strain conditioning (Coria-Avila et al., 2005; Coria-Avila et al., 2006), suggesting that
females of both strains process CSs that predict sexual reward in a similar manner.
Systemic administration of the dopamine antagonist flupenthixol during training
blocked olfactory conditioning but not conditioning by strain (Coria-Avila et al., in
preparation, Chapter 3, Part 2). Similarly, in the present study the odor induced
significantly more Fos in the NAc core of Paired versus Unpaired rats, but no differences
were detected in Fos induction in this region following exposure to strain cues. This
suggests that mesolimbic dopamine transmission may be critical for olfactory
conditioning, which involves a truly Pavlovian contingency between a neutral stimulus
and a rewarding UCS, relative to an already biased CS (strain cues that naturally activate
the accessory olfactory pathway) and the rewarding UCS. Previous studies have shown a
modest increase in extracellular concentrations of NAc dopamine when female rats are
presented with a sexually Vigoréus male behind a screen (Pfaus, Damsma, Wenkstern, &
Fibiger, 1995) whereas much higher concentrations are reported during copulation in
those studies, and especially in situations where females are allowed to pace their
copulatory interactions (Mermelstein & Becker, 1995). In the latter study, significant

extracellular dopamine concentrations were also reported in the CPu, and we note
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significant effects of the conditioned odor on Fos induction in the CPu in the present
study. In contrast, systemic administration of the opioid antagonist naloxone to female
rats during training blocks the development a conditioned partner preference for both
odor or strain (Coria-Avila et al., submitted, Chapter 3, part 1). Although it is not known
where the inhibition of opioid receptors may inhibit the development of conditioned
partner preference, there is evidence to suggest it may occur in the mPOA.
Role of the PirCtx

The PirCtx constitutes primary olfactory cortex, and its activation may be critical
for learning the odor- and strain-conditioned partner preference. In addition to receiving
direct inputs from the main olfactory bulb, the PirCtx is reciprocally connected to other
brain regions, including the entorhinal cortex, amygdala, thalamus, and NAc (Kowianski,
Lipowska, & Morys, 1999), and thus can be activated indirectly by the accessory
olfactory system. Accordingly, the information that represents the incentive value of a
conditioned odor or strain cue may be transmitted to limbic areas that will mediate sexual
motivation. The PirCtx has been heavily investigated for its role in olfactory
discrimination, and several studies have observed synaptic and neuronal alterations in
PirCtx associated with learning olfactory discrimination tasks, or tasks in which electrical
stimulation of the olfactory inputs is used as a discriminative stimulus for positive reward
(Datiche, Roullet, & Cattarelli, 2001; Roman, Staubli, & Lynch, 1987; Roman, Chaillan,
& Soumireu-Mourat, 1993; Saar, Grossman, & Barkai, 1999). Piriform cell firing in an 8-
odor discrimination task is also influenced by whether odors were associated with reward
(Schoenbaum & Eichenbaum, 1995). Fos is elevated in the PirCtx of male rats exposed to

almond-scented bedding previously paired with copulation to ejaculation, but not by
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unconditionally rewarding estrus odors (Kippin et al., 2003) or in response to the almond -
odor unpaired with copulation. The PirCtx may therefore be part of a distinct neural
pathway for the learning of contingencies between neutral odors and sexual reward, and
sends that information to the rest of the limbic system. Although it is unclear what
olfactory or other stimuli the females were responding to during strain conditiorﬁng, itis
clear that they can easily distinguish pigmented LE males from albino W males at a
distance (Coria-Avila et al., 2006), suggesting that olfactory and/or phermonoal
differences between the strains of male were salient.
Role of the mPOA

The mPOA receives inputs from both the primary and accessofy olfactory
systems (Shipley & Ennis, 1996). The number of neurons expressing Fos, along with'
extracellular dopamine concentrations, are increased in the mPOA of male or female rats
by sex-related olfactory stimuli, along with genitosensory stimuli that may travél along
the spinohypothalamic pathway in females via the pelvic and hypogastric nerves (Baum
& Everitt, 1992; Blackburn et al., 1992; Cliffer, Burstein, & Giesler, Jr., 1991; Hull &
Dominguez, 2006; Paredes, Lopez, & Baum, 1998; Pfaus, Manitt, & Coopersmith, 2006;
Wersinger et al., 1993; Xiao, Kondo, & Sakurﬁa, 2005). Lesions of the mPOA abolish -
appetitive solicitations and hops and darts (Hoshina, Takeo, Nakano, Sato, & Sakuma,
1994; Whitney, 1986), but can increase lordosis in OVX, steroid-primed rats during
paced or nonpaced copulation (Whitney, 1986; Xiao et al., 2005). The mPOA also
receives inputs from the ArcN (Zaborszky & Makara, 1979), a significant proportion of
which contain opioids or melanocortins (Chronwall, 1985; Eskay, Giraud, Oliver, &

Brown-Stein, 1979; Mills, Sohn, & Micevych, 2004; Piekut & Knigge, 1984; Roselli-
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Rehfuss et al., 1993). Dopamine release in the mPOA increases during copulation
(Matuszewich, Lorrain, & Hull, 2000), and the mPOA contains populétions of neurons
that increase their firing rate when female rats solicit sex; these neurons are inhibited by
dopamine-antagonists such as pimozide, which also inhibit solicitations (Kato et al.,
2000). Indeed, the mPOA is an iﬁpoﬁant site of action for melanocortin and dopamine
stimulation of solicitation (Gelez, et al., submitted). Given that treatment with the opioid
antagonist naloxone during training also reduces solicitations and hops and darts
significantly (Coria-Avila et al., submitted; Chapter 3 Part 1), and that melanocortin
actions stimulate solicitations, the mPOA could be a critical site that integrates the
vaginocervical and olfactory stimulation received during paced copulation with opioid
reward and melanocortin actions that trigger solicitations toward the preferred male on
subsequent trials. In the present study, the conditioned odor and the strain cues activated
a cluster of Fos in and around the median nucleus of the mPOA. A nearly identical
distribution of Fos-positive neurons was activated by systemic administration of the
melanocortin agonist bremelanotide (Gelez, et al. submitted), suggesting that a common
population of melanocortin-sensitivé neurons in the mPOA may be critical for
solicitation. Efferent projections of the mPOA to the cingulate and PirCtx (Gaykéma,
Luiten, Nyakas, & Traber, 1990), and to the VTA (Brackett et al., 1984), may be critical
for the expression of conditiéned solicitation.
Role of the VTA

The medial VTA is the site of dopamine cell bodies that project throughout the
limbic system (Fallon & Moore, 1978; Phillipson, 1979), including regions of the NAC,

Tu, and ACC. The mesolimbic dopamine system is thought to mediate attention toward
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reward-related stimuli, and in particular thé incentive salience of stimuli (Berridge, 2006;
Robinson et al., 1993), whether they relate to reward, punishment, or general arousal
(Horvitz, 2000; Insel, 2003). Although the dopamine system that projects to the mPOA
arises from a different population of cell bodies in the zona incerta (Bjorklund, Lindvall,
& Nobin, 1975), nearly identical patterns of dopamine release during copulation have
been found in the mPOA and NAc of male rats (Blackburn et al., 1992) and female rats
(Matuszewich et al., 2000; Mermelstein et al., 1995; Pfaus et al., 1995). Outputs from the
mPOA to the VTA may link incertohypothalamic and mesolimbic dopamine turnover to
cobrdinate goal-directed behaviors witﬁ the hypothalamic control of sympathetic and
parasympathetic activation during sexual behavior (Dominguez & Hull, 2005). In Prairie
voles, blockade of oxytocin or dopamine D2 receptors in the NAc blocks copulation-
induced paftner preference (Liu & Wang, 2003; Young, Lim, Gingrich, & Insel, 2001).
However, activation of D1 dopaming receptors in the NAc blocks partner preferences,
and these receptors are upregulated in male Prairie voles that bond after their initial
copulatory experiences (Aragona et al., 2006), suggesting a mechanism for turning off
plasticity once the bond has been established.
Other regions

Odor conditioning in Experimentl induced Fos in several cortical, limbic, motor,
and hypothalamic regions. Some of those regions, such as the NAc, PVN and LS, have
also been implicated in pair bonding in monogamous voles (Young et al., 2004; Young,
Murphy Young, & Hammock, 2005), whereas others, such as the ACC, are involved in
discrimination of conditioned stimuli and tagging their emotional meaning (Bussey,

Everitt, & Robbins, 1997; Cardinal, Parkinson, Hall, & Everitt, 2002). Interestingly, these
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regions did not display significant Fos induction in Experiment 2 following exposure to
strain cues associated with paced copulation. It is possible that activation of accessory
olfactory inputs from the strain cues alone are sufficient to stimulate motor and
autonomic outputs without significant processing, and that their association with sexual
reward in regions such as the mPOA is prepotent. It may well be that a truly neutral
stimulus requires more activation of attentional mechapisms, such as mesolimbic
dopamine release, to solidify the CS-UCS relationship between stimulation and reward.
Indeed, Hernandez et al., (2006) have shown that low trains of electrical stimulation of
the medial forebrain bundle in rats result in sustained dopamine release in the NAc,
whereas dopamine release is transient during higher trains of stimulation. The rewarding
impact of the stimulation was reduced if high trains were administered prior to testing,
relative to low trains, suggesting that stimuli of high unconditional incentive value
diminish the need for sustained dopamine release. Thus, in Experiment 2 strain cues may
have been of sufficient intensity to bypass the activation of associative mechanisms
required to link neutral olfactory stimulation to sexual reward. Such a “dual system” has
been found préviously in male rats exposed to estrous vaginal secretions relative to the
same almond odor associated with copulation to ejaculation (Kippin et al., 2003).
Alfhough the pattern of Fos activation throughout the forebrain and midbrain was
different following exposure to vaginal secretions or the conditioned odor, comparable
Fos activation was found in the NAc regardless of the stimuli. However, in that study,
odors and vaginal secretions weré presented in bedding rather than on gauze as in the
present study. It is not clear whether the odor or pheromonal intenéity was similar

between the two presentation methods, or whether the different activation patterns
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between our former and present studies reflect sex differences in sexual reward intensity

or the way odor or strain cues are linked to sexual reward.
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Summary of Chapter 2

Chapter 2 examined the neuroanatomy of conditioned partner preference in
female rats induced by‘odor or strain cues associated with paced copulation. Fos was
activated in cortical, limbic, motor, and hypothalamic regions by the conditioned odor,
whereas it was activated largely in terminal fields of the accessory olfactory pathway
following exposure to strain cues. However, three regions, the PirCtx, mPOA, and VTA,
were activated commonly by odor or strain cues, suggesting a preferential involvement in
associating salient external cues with sexual reward. Given the nature of these areas, it
was suggested that part of the neurochemical mechanisms responsible for sexual reward
and conditioned partner preference may depend on its neurotransmitters. The -
involvement of two important neurotransmitter systems, opioid and dopamine, in the
establishment of conditioned partner preference by odor or strain cues were examined in

Chapter 3.
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Abstract

The effects of the opioid antagonist naloxone were examined on the development
of conditioned partner preference induced by paced copulation in female rats. In
Experiment 1, ovariectomized, hormone-primed rats were conditioned to associate
scented and unscented males with paced and nonpaced copulation respectively. Females
in Experiment 2 associated albino or pigmented males with paced or nonpaced
copﬁlation. Naloxone or saline was administered prior to each conditioning trial. ﬁuring a
final drug-free preference test, females could choose to copulate with either a pacing
related or unrelated male. Saline-trained females in the paired group copulated
preferentially with the pacing-related male whereas naloxone-trained females did not
show a preference. We conclude that opioids mediate the conditioned partner preference

induced by paced copulation.

Keywords: Paced copulation, Odors, Sexual reward, Conditioning, Sexual behavior,

Wistar, Long-Evans, Opioids
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Introduction
Different types of environmental stimuli can become sexually conditioned stimuli (CSs)
if they are associated in contingency with rewarding sexual experiences. Accordingly,
CSs can become predictors of reward during sexual encounters and increase appetitive
sexual behaviors, indicative of sexual desire (Pfaus et al., 2001; Pfaus et al., 2003). In
male rats for example, it has been shown that the state of reward that follows ejaculation,
is of sufficient intensity to induce conditioned place preference (CPP) (Agmo et al.,
1990). Specifically, males learn to prefer one distinctive side of a CPP box if it was
previously associated with the post-ejaculatory reward state. The underlying process of
this conditioning is poorly understood, but pharmacological studies have shed light on the
role of different substances involved. For example, systemic injections of the opioids
antagonist naloxone effectively block such CPP (Agmo et al., 1990), demonstrating that
opioids form part of the neurochemical substrate that mediates the conditioning process
that occurs following éexual reward induced by ejaculation.

In female rats, a similar conditioning pfocess occurs following paced copulation.
Specifically, when females control or “pace” the rate of sexual interaction with
approaches or withdrawals from the males (Erskine et al., 1989; Pfaus et al., 1999)
females develop CPP for distinctive sides associated with paced copulation (Paredes et
al., 1997; Paredes et al., 1999).' This copulatory CPP in females is also disrupted by
administration of naloxone (Paredes et al., 2001), indicating that the rewarding properties
induced by paced copulation depend on endogenous opioid turnover, similar to the

rewarding effects of ejaculation in males.
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The rewarding effects of copulation can also induce conditioned partner
preferences towards individuals that bear CSs predictive of sexual reward. For example,
male rats can display a conditioned ejaculatory preference (CEP) towards almond-scented
females when the almond odor predicts sexual receptivity; but it does not occur when the
odor predicts no receptivity (Kippin et al., 2001c; Kippin et al., 2001a; Kippin et al.,
2001b). In the case of females, we have demonstrated that they can display a conditioned
partner preference towards males that bear and odor associated with paced copulation
relative to males associated with nonpaced copulation (Coria-AVila et al., 2005).
Females in the paired group copulated ;?Vith an almond-scented male in a pacing chamber,
which was divided by a Plexiglas partition that had 4 small holes in the bottom to allow
the females exclusively to pass freeiy from one side to the other. Fourk days later, the
females copulated with an unscented male in the same chambers but with the partitions
removed (nonpaced). These two conditions were alternated for a total of 8 conditioning
trials (4 in each condition). Four days after the final conditioning trial, females were
tested for a conditioned partner preference in an open field with two te’;hered males, one
scented and the other unscented. This procedure allowed the females to choose freely
between the two males. Females in the paired group displayed significantly more
solicitations, hops and darts, and high magnitude lordosis with the scented male, from
whom they also chose to receive more mounts and their first ejaculation. In contrast, the
preference toward scented males was not observed in the unpaired group, in which the
scented males were associated with nonpaced copulation, or in a randomly paired group,

in which scented and unscented males were randomly paired with paced copulation.
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Female rats can also develop a conditioned partner prgference for strain cues that
differentiate an albino male from a pigmented male (Coria-Avila et al., 2006). In that
study, Wistar (W) and Long-Evans (LE) females were conditioned to associate one of
these two strains of males with paced copulation and the other with nonpaced copulation.
Folléwing 10 conditioning trials (5 in each conditibn), females were tested for
conditioned partner preference with one W and one LE male tethered in opposite corners
of an open field. Regardless of the strain, females displayed more solicitations towards
the pacing-related male and chose him to receive the first ejaculation. Thus, despite the
fact that the mating strategy of rats has been described as polygamous, (McClintock et
al., 1982; McClintock, 1984a), both male and female rats show conditioned partner
preferences based on CSs associated with sexual reward. This conditioned partner
preference may be considered a rudiment of the pair bonding behavior observed in other
species of rodents and in humans.

Given evidence that opioids are part of the underlying reward mechanism that
facilitates CPP in female rats following paced copulation; the present study attempted to
clarify the role of opioids in the development of conditiohed partner preference. We
hypothesized that Blockade of opioid receptors with the antagonist naloxone during the
conditioning process would disrupt the rewarding properties of paced copulation. Thus,
in the absence of sexual reward, the development of conditioned partner preference

would not occur.

108



General Methods

Subjects and Surgery

Long-Evans male (300-350 g) and female (200-250 g) rats were purchased from
Charles River Canada (St-Constant, QC). They were housed in groups of 4 in large
hanging wire mesh cages in a colony room maintained on a reversed 12:12 h light/dark -
cycle (lights off at 08:00 h) at approximately 21°C. Food and water were continuously
available. The females were anesthetized with a mixture of ketamine Hydrochloride (50
mg/ml) and xylazine hydrochloride (4 mg/ml), mixed at a ratio of 4:3, respectively, and
injected intraperitoneally in a volume of 1 ml/kg of body weight. Anesthetized females
were then ovariectomized bilaterally via a lumbar incision. Following ovariectomy
females were given daily subcutaneous injections of Flunixin meglumine 2.5 mg/kg
(Banamine ®) for analgesia, and Enrofloxacin 5 mg/kg (Baytril ®) during three days to
prevent post surgical bacterial infections. All females were given a v\}eek of post-surgical
recovery prior to conditioning trials.

Gonadally intact Long-Evans male rats that served as stimulus males had at least
10 tests of sexual behavior in bi-level chambers prior to the start of these experiments.

| These males were sexually vigorous and initiated copulatory activity with females within

15 sec of being placed into the chambers. For all behavioral tests, séxual receptivity was
induced in all females by subcutaneous injections of estradiol benzoate (10 pg) 48 h and
progesterone (500 nug) 4 h before each test. If scented, malevs received almond extract
(Blue Ribbon, Etobicoke, ON) applied to the back of their necks and anogenital regions
with a cotton swab. Unscented males received similar applications of distilled water to

the same areas.
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Drugs

Naloxone hydrochloride (Sigma, St. Louis, MO, USA), a general opioid receptor
antagonist, was dissolved in 0.9 % physiological saline and injected intraperitoneally in a
dose of 4 mg/kg in a volume of 1 ml/kg, 1 min before every conditioning trial (as in
(Paredes et al., 2001). Control animals were injected with physiological saline 1 min

before testing.

Experiment 1
The first experiment tested the effect of injections of naloxone vs. saline on the
development of olfactory conditioned partner preference induced by paced copulation
with scented males, as in the pair_ed group reported by Coria-Avila et al. (2005). In this

experiment only Long-Evans females and males were used.

Method

Odor conditioning

Conditioning trials occurred every 4 days in semicircular chambers (38% cm X 60
cm X 38 cm). For paced copulation, the chambers were dividéd by a middle Plexiglas
partition with four equidistant holes cut into the bottom (4 cm X 4 cfn) resting on
bedding. The holes were large enough for the female to pass through, but too small for
the males. Nonpaced copulation occurred in the same cambers but without the partition.
Females copulated with scented males in the pacing condition, and four days later with
unscented males in the nonpacing condition. If scented, almond extract (Blue Ribbon,

Etobicoke, Ontario, Canada) was applied on the back of the neck and anogenital area of
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the males with a cotton swab. Females received a total of 10 conditioning trials (5 paced
and 5 nonpaced). The order of conditioning was counterbalanced, such that half of the
rats in every condition had their first sexual experience in a paced situation and the other
half nonpaced. During each conditioning trial, experimental females were injected with
naloxone 1 min before the start of the session, and females in the control group were
it}j ected with saline. They were allowed to copulate for 30 min before being returned to
their home cages. All tests with scented and unscented males took place in different
rooms to prevent noncontingent odor associations.
Copulatory preference test

Four days after the final conditioning trial, females were placed into a large open
field (123 cm X 123 cm X 46 cm) with a thin layer of wood-chip bedding. At two
diagonal corners there were two males unfamiliar to the female, one scented and one
unscented. Each male wore a rodent jacket connected on the back to a spring wire 30 cm
in length, which allowed the males to rdam freely in a radius of approximately 45 cm. For
this final partner preference test females in the experimental and control group were
injected exclusively with saline, so that all behavioral differences between naloxone- and
saline-trained rats were the result of the conditioning process and not because of any drug
effect during the final test. Females were allowed to copulate freely with both males
during the 30-min test.

Conditioned partner preference was determined as in Coria-Avila et al. (2005,
20006) by latency and frequency measures of female visits, olfactory investigations,
solicitations (described as a headwise orientation of the female to the male, folloWed bya

runaway), hops and darts (H&D), and lordosis magnitudes (on a scale of 1 to 3, with 1
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representing low magnitude and 3 high magnitude) during interactions with each male. In
addition we assessed the male chosen for the first ejaculation, as well as the frequency of
mounts, intromissions, and ejaculations during the final preference test.
Statistical analysis

A 2 X 2 (odor X drug) mixed design ANOVA was used to determine differences
in frequencies and latencies. Chi-square analyses were used to determine the differences
in proportion of males chosen for first mount, intromission, and ejaculation. All
significant main effects in the ANOVAs were followed by a Tukey Least Significant
Difference (LSD) post hoc test to assess differences between individual means. The level

of significance for all tests was p < 0.05.

Results

Of the total of 39 females originally conditioned, 8 were eliminated from the
statistical analysis because one or both males became free from their tethered jackets
during the final preference test. This left 31 females (n=17 in the control group; n=14 in
the naloxone-treated group). Table 1 shows means -+ standard errors for all the behaviors
assessed during the 30-min tesf for saline- vs. naloxone-treated females.

Visits and olfactory investigations. With regard to the first visit iatency, the
ANOVA detected no main effects of drug F (1, 29) = .69, p = 0.41, odor F (1, 29) = .65,
p = 0.42, or interaction of drug and odor F (1, 29) = .28, p = 0.59, indicating that females
in both groups performed their first visit with approximately the same létency towards
scented dr unscented males. The anélysis of visit frequencies did not reveal any main

effect of odor F (1, 29) = 0.0002, p = 0.98, or drug F (1, 29) = .43, p = 0.49, indicating
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than the odor or the naloxone alone did not affect the number of visits towards both
males. However, an interaction of odor and drug was found, F (1, 29)=6.90, p = 0.01.
The post hoc analysis revealed diffelfences only within the naloxone-treated females,
indicating that females in this group visited the scented males fewer times than the
unscented males. With regard to the number of olfactory investigations, the ANOVA
failed to detect a main effect of odor F (1, 29)=.04,p=0.83,or drug 7 (1,29)=12,p =
0.26, but detected an interaction between the two F (1, 29) = 5.05, p = 0.03. The post hoc
analysis revealed that saline-treated females displayed more olfactory investigation
towards scented males than towards unscented males. There were no main effects of drug
or odor on ﬁ?st olfactory investigation latency. Together, these results indicate that
naloxone-treated females visited fewer times the pacing-related male, and that saline-
treated females performed more olfactory investigations of pacing-related males.
Solicitations and hops & darts. With regard to solicitation frequencies there was a
main effect of drug F' (1, 29) = 5.8, p = 0.02, and an interaction .between drug and odor
(1,29)=4.7, p = 0.03, but there were no effects of odor alone F (1, 29) =.000, p = 0.99.
The post hoc.analysis revealed a significant difference in the number of solicitations
between scented males ih the saline and naloxone group, but failed to detect differences
within groupé. With regard to the latency for the first solicitation, the ANOVA detected a
- main effect of drug F (1, 29) = 9.4, p = 0.004. The post hoc analysis revealed that saline-
treated females performed their first solicitation significantly faster than naloxone-treated
females. There was no main effect of odor or iﬁteraction between odor and drug with

regard to first solicitation latency.
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With regafd to frequencies of H&D, the ANOVA detected a main effect of drug F
(1, 29) = 4.6, p = 0.03, and an interaction between drug and odor F (1, 29) = 7.9,' P=
0.008, but no main effect of odor alone F (1, 29) = 3.5, p = 0.07. The post hoc analysis
revealed that saline-treated females performed more H&D towards scented males than
towards unscented males. This difference was nof detected in the naloxone-treated
females. The analysis of the first H&D latency did not show main effects of drug F (1,
29)=.57, p=0.45, odor F (1, 29) = .31, p = 0.58, or interaction between the two F (1,
29) = 1.07, p = 0.30, indicating that the first H&D occurred at approximately the same
time for all females, regardless of the group or the status of the male. Overall, the
analysis of solicitations and H&D indicated that the saline-trained females performed
more of these proceptive behaviors towards pacing-related males, whereas naloxone-

trained females did not.
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Figure 15 A: Number of solicitations during 30-min test in two groups: saline (n=17)
and naloxone (n= 14). Scented males associated with paced copulation, and unscented
males associated with nonpaced copulation. B: Lordosis magnitude of saline- and
naloxone-treated females. C: Total number of solicitations of saline- and naloxone-

treated females and the number of intromissions and ejaculations received. See table 1 for -
details of behavior. * p < .05
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Lordosis. The analysis of frequencies for lordosis magnitude 1 indicated a main
effect of odor F (1, 29) = 5.9, p = 0.02, but there were no main effects of drug F' (1, 29) =
.18, p = 0.67 or interaction between drug and odor F (1,29)=.01,p= 0.90. The post hoc
analysis failed to shqw significant differences within or between groups. The analysis of
lordosis magnitude 2 showed a significant interaction between drug and odor F (1, 29) =
7.6, p = 0.009, but there were no main effects of drug or odor alone. The post hoc
analysis indicated that saline-treated females displayed more lordosis magnitude 2
towards scented males relative to unscented males within group, and relative to scented in
the naloxone group. The analysis of lordosis magnitude 3 indicated a main effect of odor
F(1,29)=5.4, p=0.02, and a trend for an interaction between drug and odor F (1, 29) =
3.13, p =0.08. The post hoc analyéis revealed that naloxone-treated females displayed
significantly fewer lordosis magnitude 3 towards scented males than towards unscented
males, and élso relative to scented and unscented males in the saline-trained group.

Choice of male for ejaculation and male responses. Of the 17 females in the
saline group, 5 (30 %) received the first ejaculation from the scented male, and 12
females (70 %) from the unscented male. Chi-square analyses detected a trend toward
significance in these proportions xé (1, N=17) = 2.8, p = 0.09. Of the total of 14 females
in the naloxone-treated groﬁp, 6 (43 %) received their first ejaculation from sceﬁted
males, and 8 (57 %) from unscented males. Chi square analysis failed to detect any
significant difference in these proportions v* (1, N=14) = 28, p = 0.59. There were
significant differences in frequencies and latencies of male sexual behavior. With regard
to mount frequencies, the ANOVA detected an interaction between drug and odor F (1,

29) =5.2, p = 0.02. The post hoc analysis indicated that naloxone-treated females
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received fewer mounts from scented males than from unscented males, and fewer
compared to scented males in the saline group. The analysis of the latency to the first
mount showed a main effect of drug F (1,23)=6.1,p = 0.02, odor F(1,23)=9.7,p=
0.004, and an interaction of drug and odor F (1, 23) = 6.7, p = 0.01. The post hoc test
indicated scented males in the naloxone treated group had a higher latency relative to
unscented males in the same gfoup, and toward scented and unscented males in the saline
group. There were no significant differences in the latency or frequency for intromissions

and ejaculations.
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" Odor-Pacing group Odor-Pacing group
Conditioned Partner Preference by SALINE NALOXONE
Olfactory Cues
. Scented * Unscented Scented Unscented
1¥ visit latency (sec) 11.8+2.7 16.7+3.0 189+5.7 19.9+82
Visits frequency 46 +£2.7 41.5+£23 40£2.5%* 47+3.8
(1:;0)0 Ifactory investigation latency | 55, g 5 35464 - | 236465 30949
Olfactory investigation frequency - 328+26% 2514 282124 30.814.2
1* hop and dart latency (sec) : 34+6.3 74 £35 85+34 73 £31
Hops and darts 429 +53% 245+25 243+19# 28+34
1% solicitation latency (sec) 88.4 +21 122£27 369 £ 76 # 301 £ 115#
Solicitation frequency 19.4+25 14.1£2 92+ 14# 145+£2.6
1¥ Mount latency (sec) 68 £22 475114 239+72*#  63.9+£26
Mount frequency 13.1+£2 ‘10.6i 1.9 5+1.2 *# 12+25
1* Intromission latency (sec) 333 +149 82+20 95+30 191 £ 97
Intromission frequency 85+12 9.5+ .81 6.1+14 10.7£1.2
1% Ejaculation latency (sec) 528 £ 110 406 £ 64 422115 519+95
Ejaculdtion frequency 13£.3 2.05+£.23 1.2+.33 1.7+ .24
Ch°i°;§£f§;2§f;ion 5(30 %) 270% | 6@3%) 8 (57 %)
Lordosis magnitude 1 ] 38+.63 63+14 32+.83 6+13
Lordosis magnitude 2 102+1.6% 64+9 4+1.1# 79+1.8
Lordosis magnitude 3 86+12 93+1.1 S5+14 *# 10.1+£1.2

Table 5. Female sexual behavior during an olfactory conditioned partner preference test
with two males, one scented and one unscented. Scented males were associated with
paced copulation and unscented with nonpaced copulation. Two groups are shown,
saline-treated (n= 17) and naloxone-treated (n= 14). Data are means (z SEM) during the
30-min preference test. Latencies are expressed in seconds. * p < .05 between scented
and unscented males within groups. # p <.05 compared to control.
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Experiment 2
This experiment examined the effects of naloxone on the development of
conditioned partner preference for strain of male associated with paced copulation, as in

Coria-Avila et al. (2006).

Method

Strain Conditioning

There were two counterbalanced conditioning groups. Females in the Wistar-
pacing (W-P) group (n= 30) copulated with Wistar males in the same paced condition as
in Experiment 1 and with Long-Evans males in the same nonpaced condition as in
Experiment 1. Females in the Long-Evans-pacing (LE-P) group (n= 30) copulated with
Long-Evans males in the paced condition and Wistar males in the nonpaced condition.
Half of each group received saline as control and the other half received naloxone 1 min
before every conditioning trial. This procedure led to 4 subgroups W-P + saline (n= 16),
‘LE-P + saline (n= 14), W-P + naloxone (n= 16) and LE-P + n‘aloxone (n= 14). Females
received a total of 10 conditioning trials (5 paced and 5 noﬁpaced) of 30 min each before .
being taken back into their home cages.
Copulatory Preference Test

As in Experiment 1, four days after the 10™ conditioning trial, a final test was
carried out for each female into a large open field. At twb opposite corners of this open
field were two males, one Wistar and the other Long-Evans. All the females were

injected exclusively with saline intraperitoneally one minute before being placed in one
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neutral corner of the open field and were allowed to copulate freely with both males for a
30-min period. The same behavioral measures were assessed as in Experiment 1.
Statistical Analyses. A 2 X 2 X 2 (group X drug X strain of male) mixed design
ANOVA was used to analyze differences in the frequencies and latencies of copulatory
behéviors toward the two males. All significant main effects and interactions were
followed by a Tukey Least Significant Difference (LSD) post hoc test to detect specific |

differences between group means.

Results

Visits and olfactory investigations. With regard to the first visit latency, the
ANOVA detected an interaction between group, drug, and strain of male F' (3, 56) = 7.45,
p =0.008. Posthoc analyses revealed tha}t in the W-P + saline group, W males received
their first visit with a longer latency than LE males within group, but no other group
showed differences within group. The analysis of visits frequency detected a main effect
of strain of male F (3, 56) = 24.9, p = 0.000006, and an interaction between strain of male
| and group F (3, 56) = 12.47, p = 0.0008. Posthoc analyses indicated that in the W-P +
saline and W-P + naloxone groups, females visited both males with thé same frequency.
In the LE-P + saline and LE-P + naloxone females visited more the LE males, indicating
that overall, females preferred to visit LE males exclusively when they were associated
with paced copulation, but this preference in visits did not occur when W males were
associated with pacing. With regard to the first olfactory iﬁvestigation latency, the
~ ANOVA showed no effects of drug, strain of male or interactions. The analysis of

olfactory investigation frequencies detected a main effect of drug F (3, 56) =8.22,p =
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0.005, a main effeqt of strain of male F (3, 56) = 6.3, p = 0.01, and an interaction between
group and strain of male F (3, 56) = 4.3, p = 0.04. Posthoc analyses indicated that
naloxone-treated females displayed more olfactory investigations than saline-treated
females, and that this effect was more robust towards LE males.

Solicitations and hops & darts. The ANOVA detected significant differences
between the saline- and naloxone-treated females. With regard to solicitation frequencies
there was a main effect of drug ' (3, 56) =103, p = 0.002, an interaction between group
and strain of male F' (3, 56) = 15.7, p = 0.0002, and an interaction between group, strain
of male and drug F (3, 56) = 5.6, p = 0.02. Post hoc analyses revealed that in the W-P +
saline group, females displayed more solicitations toward W males than LE males. In the
LE-P + saline group, females displayed more solicitations toward LE than W males,
indicating that overall females solicited more the pacing-related males. In the naloxone-
treated females there were no differences in the amount of solic_itations towards either
strain of male. In addition, the amount of splicitations in all naloxone-treated females was
not different from the amount of solicitations displayed towards no pacing males. With
regard to the latency for the first solicitation, the ANOVA detected a main effect of drug
F (3,56)=4.3, p=0.04. The post hoc analysis indicated that females from the W-P +
saline group displayed their first solicitation towards W males with a shorter latency than
towards W males in the W-P + naloxone and than towards W males in the LE-P +
naloxone group. This difference was not significant in the between LE males between
groups.

The frequency of H&Ds differed among the groups. The ANOVA detected a

main effect of strain of male F (3, 56) = 10.3, p = 0.002, and an interaction between drug
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and strain of male F (3, 56) = 4.3, p = 0.04. The direction of the data indicated that
overall, naloxone-treated females display more H&D relative to saline-treated females,
but this effect was particularly more robust towards the LE males. The post hoc analysis
however, only showed differences within groups in the LE-P + naloxone but did not in
any other group. For the first H&D latency the ANOVA detected a main effect of strain
of male F (3, 56) = 7.03, p = 0.01. The post hoc test however, only detected that the
latency towards W males in the LE-P + naloxone group was significantly longer
compared to the LE males. These results indicate that females preferred the pacing-
related males and that this effect was disrupted by naloxone treatment. Together, the
results of solicitations and H&D also showed dissociation between these two proceptive

. behaviors and the effects of the drug treatment on them.
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Figure 16. A: Number of solicitations during 30-min test in two groups: saline and
naloxone. Pacing-related were of a strain associated with paced copulation, and no
pacing-related males were of a different strain associated with nonpaced copulation. B:
Lordosis magnitude of saline- and naloxone-treated females. C: Total number of
solicitations of saline- and naloxone-treated females and the number of intromissions and
ejaculations received. See table 2 for details of behaviors. * p <.05
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Lordosis. The analysis of frequencies for lordosis magnitude 1 and 2 failed to
detect any significant effect of drug, strain of male or interaction. However, the ANOVA
indicated a main effect of drug for lordosis magnitude 3, F (3, 56) = 6.27, p = 0.01,
indicating that overall, saline-treated females performed more lordosis of high magnitude
than naloxone-treated females.

Choice of male for ejaculation and male responses. From a total of 60 females
conditioned, 25 did not receive an ejaculation from either male during the final partner
preference test. Most of these females (n=17) belonged to the naloxone group. Of a total
of 12 females in the W-P + saline group that rece_ived'an ejaculation, 5 (42 %) received
" the first ejaculation from the W male, and 7 females (58 %) from the LE male. Chi-
square analyses failed to detect any significant difference in these proportions x> (1,
N=12) = .33, p = 0.56. Of the total of 10 females in the LE-P saline group that received
an ejaculation, 4 (40 %) received their first ejaculation from the W male and 6 (60 %)
from the LE male %* (1, N=10) = .40, p = 0.52. Of the total of 7 females in the W-P +
naloxone group that received an ejaculation, 5 (71 %) received their first ejaculation from
W male, and 2 (29 %) fl;om LE males x> (1, N=7) = 1.2, p = 0.25. Of the total of 6
females in the LE-P + nalox0n¢ group that received an ejaculation, 3 (50 %) received
their first ejaculation from the W male and 3 from the LE male. There were no significant
differences for the proportion of males chosen for the second and third ejaculation.

There were no significant differences in the frequency or latency for mounts, but
the analysis of intromission frequencies detected a main effect of drug F (3, 56) =5.54, p
= (.02, indicating that overall, saline-treated females received more intromissions than

naloxone-treated females. The post hoc analysis showed significant mean differences
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between W males in the W-P + saline group compafed to LE males in the W-P + saline,
and to W and LE males in the LE-P + naloxone group.

With regard to ejaculation frequency, the ANOVA detected a main effect of drug
F (3,56)=6.42, p = 0.01, indicating that overall, naloxone-treated females received
fewer ejaculations than saline-treated females. The post hoc testr only demonstrated
significant differences between LE males in the W-P + saline group and LE males
copulating with naloxone-treated females. There were no significant differences for first

intromission or first ejaculation latencies.

General Discussion

The present study shows that the development of a conditioned partner preference
is disrupted by treatment with the opioid receptor antagonist naloxone (4 mg/kg) injected
before conditioning trials. In agreement with our previous findings (Cor-ia—Avilé et al.,
2005, 2006), saline-treated females displayed more solicitations towards the pacing-
related males, indicating that CSs (odors, strain cues) associated with paced copulation
become predictors of sexual reward. Naloxone-treated females did not show a similar
increase in solicitations, and in fact showed decreases in solicitations overall on the final
partner preference test. This suggests strongly that opioids are a necessary substrate of
reward in the formation of conditioned partner preference induced by paced copulation,
similar to the findings of Paredes and Martinez (2001), in which naloxone blocked the

formation of pacing-induced CPP.
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In our experimental péradigrn, solicitations were the most reliable measure of
partner preference, and the measure most sensitive to the effects of naloxone.
Solicitations represent the female’s desire for sexual interaction (Pfaus et al., 2003). In
Experiments 1 and 2, females trained with naloxone performed fewer solicitations on the
final test, comparable to the number of solicitations that saline-treated females performed
toward the nonpacing males in the saline groups. Fewer solicitations represent a decrease
in the motivation to copulate. In addition to soliciting less, naloxone-treated females in
Experiment 2 received fewer intromissions and ejaculations, and displayed lordoses of
lower magnitude compared to saline-treated females. Thus, females appeared less
motivated to copulate overall, despite the fact that they were primed fully with estradiol
benzoate and progesterone. This suggests that the absence of opioid transmission during
a female’s early sexual experiences induces an expectation of nonreward that decreases
sexual motivation.

Expectation can be inferred from responses made in anticipation of reinforcement
or punishmeﬂt (Toates, 1986), thus anticipatory or appetitive sexual responses, including
conditioned excitation and preference behaviors that depend on sexual reward, can Be
taken as measures of an animal’s expectancy of sexual reward (Pfaus et al., 2003). For
example, male rats display anticipatory locomotion in bilevel chambers during a 5-min
period prior to the introduction of a sexually receptive female rat and copulation to
ejaculation (Mendelson et al., 1989; Pfaus, Mendelson, & Phillips, 1990). This behavior
is dependent on the presence of olfactory cues in the chamber (van Furth & Van Ree,
1996a), does not develop if male rats are given access to sexually nonreceptive females

or other males (Mendelson et al., 1989), it is inhibited if males are given systemic
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_injections of naloxone, or infusions of naloxone directly to the ventral tegmental area
(VTA), prior to copulatory trials (van Furth & Van Ree, 1996b; van Furth et al., 1996a).
This suggests that exposure to nonreceptive partners, or antagonism of opioid receptors in
the VTA, lead to an expectation of sexual nonreward as inferred from the lack of
anticipatory locomotion.

Endogenous opioid actions at p opioid receptors in the VTA appear to disinhibit
dopamine (DA) neurons by hyperpolarizing inhibitory GABA interneurons (Ford, Mark,
& Williams, 2006; Gysling & Wang, 1983; Kalivas, Duffy, & Eberhardt, 1990;
Sotomayor, Forray, & Gysling, 2005). Indeed, infusions of morphine to the VTA induce
CPP (Olmstead & Franklin, 1997), and stimulate sexually sluggish male rats to .mount
receptive females (Mitchell & Stewart, 1990). Repeated intermittent exposure of sexually
naive males to estrous vaginal secretions sensitizes DA release in the nucleus accumbens
(Mitchell & Gratton, 1992), and this effect is abolished by naloxone treatment prior to
exposure. Release of DA in mesolimbic terminals drives goal-directed locomotion in
response to incentive cues (Berridge & Robinson, 1998), although antagonism of DA
receptors in either the nucleus accumbens or medial preoptic area (which receives DA
inputs from the incertohypothalamic DA system) abolish conditioned level changing in
anticipation of sexual reward (Pfaus & Phillips, 1991).

In female rats, expectation of sexual reward appears to be important when they
desire sex, but not when they are not in heat. Pfaus, Barbosa, and d’Ostie-Racine
(submitted) trained OVX female rats primed with EB and P to associate one side of a
CPP box with paced copulation in a racetrack chamber, and the other side with nonpaced

copulation (with the racetrack insert removed). Females were then primed with EB +P,
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EB alone, or no steroids, and testea for CPP. Females in all three hormone-priming
groups displayed significant CPP, as has been observed by previously Paredes and
colleagues who test for CPP a day after hormone priming (Paredes et al., 1997; Paredes et
al., 1999; Paredes et al., 2001). The authors then put the females on a partial extinction
schedule, in which they were placed in the side of the CPP box associated previously
with paced copulation but without antecedent copulatory contact. Females also remained
in the hormone priming condiﬁon that CPP was originally tesfed in: EB+P, EB alone, or
no steroids. After 5 extinction trials, only the females primed with EB+P showed
significant extinction of CPP. Females in the EB-alone, and no-steroid conditions
maintained their preference for the side previously associated with paced copulation.
Because females primed with EB+P display high rates of solicitations and lordosis, and
low rates of pacing, whereas females primed with EB alone or no steroids display low
numbers of solicitations, low lordosis, and high rates of pacing (Pfaus et al., 1999), the
authors concluded that the lack of sexual reward produced partial extinction in only the
fully-primed females who anticipated sexual reward based on their previous experience.
Although paced copulation reliably induces CPP in female rats when contrasted
with nonpaced copulation, it can be induced under certain circumstances by nonpaced
copulation when contrasted with no copulation (Meerts, Christensen, & Clark, 2005;
Meerts & Clark, 2006; Yamada, Horibe, & Kondo, 2006), or by manual Vaginocervicai
stimulation with a lubricated glass rod that is distributed in time when cohtrasted with no
stimulation (Afonso & Pfaus, submitted). Interestingly, systemic naloxone treatment
does not alter the CPP induced by nonpaced copulation (Yamada et al., 2006). This

suggests that the rewarding effects of paced copulation are opioid-dependant, whereas the
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rewarding effects of nonpaced copulation may involve the action of other
neurotransmitter systems. Sexual reward may well be a continuum, in which
chemosensory signals from a potential mate induce small increments of arousal and
reward sufficient to trigger motivation whereas paced copulation (or ejaculation in male
rats) induces a maximal level of reward. However, the rewarding properties of nonpaced
copulation are not sufﬁcienf to induce conditioned partner preference. Thus,_leaming to
prefer a place seems to be neurochemically distinct from learning to prefer a partner.
When augmentation of endogenous opioids is achieved via paced copulation, it may
produce a stronger state of reward that can be conditioned to both environmental (i.e.
place) and partner cues (i.e. odors, strains), but when augmentation of opioids does not
occur, sexual reward appears to be sufficient for conditioning of place cues.

Paced copulation does not induce conditioning in every female.‘Using. CPP as an
example, we have reported previously fhat approximately 60% of females develop CPP
for an originally-non preferred place if associated with paced copulation relative to
nonpacéd copulation (Coria—A{Iila et al., 2005). This is also noticeable with regard to
conditioned partner preference, because among all the females that undergo 9
conditioning trials pairing odor or strain with paced copulatibn, not all develop a
preference for the pacing-related male. There are at least three reasons why this may be
SO. :

First, paced coi)ulation may simply increase the probability of experiencing
sexual reward relative to nonpaced copulation given that females can control the
initiation and rate of copulatory contact. In a previous factor analysis of sexual behaviors

displayed by female rats in bilevel chambers, three pacing-related factors were detected
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that determined 1) the chasing behavior of the male, 2) control of the number of mounts
and intromissions, and 3) control over the number of ejaculations (Pfaus et al., 1999).
Clearly, females adjust their behavioral responses depending on the stimulation they
receive from males. Females that are given access to sexually ng‘ive or sluggish males
typically mount those males as a supersolicitational behavior (Afonso & Pfaus, 2006;
Beach, 1968), which in many cases prompts males to mount the females in return.
Likewise, females that copulate in small chambers that do not allow them to escape the
male, or with males that do not chase them, are typically observed to solicit copulation
using hops and darts in the immediate vicinity of the male rather than soliciting as they
would in a bilevel chamber or open field, with a headwise orientation to the male
followed by a runaway (McClintock, 1984a; Pfaus et al., 2003). .Thus, control over the
copulatory contact may be a cognitive and emotional mechanism that activates
endogenous opioids fully witﬁin reward pathways. Females given tile opportunity to pace
copulation efficiently at their preferred rate may therefore be more likely to experience
sexual reward. Indeed, male rats that do not have control over their copulatory
interagtions do not form a sexual CPP, despite ejaculating on each conditioning trial
(Camacho, Sandoval, & Paredes, 2004). ) |

.Second, paced copulation facilitates reproductive outcome. For example, females
that pace a moderate number of intromissions (e.g., 10-15) before ejaculation are
significantly more likely to get pregnant than females that are not allowed to pace the
intromissions (e.g., Coopersmith et al., 1994; Erskine et al., 1989). Indeed, to the extent
that sexual reward and satiety result in sexual inhibition, it is noteworthy that paced

copulation (Erskine et al., 1989) or distributed vaginocervical stimulation (Pfaus, Smith,
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Byrne, & Stephens, 2000) also result in a faster termination of estrus. Intromissions
spaced in time facilitate reproductive events such as sperm transport and prolactin surges
that éupport the maintenance of progesterone release by the corpora lutea (Erskine et al.,
1989; Matthews, Jr.-et al., 1978; McClintock et al., 1978). However, it is not known to
what extent mechanisms of sexual reward are related to mechanisms of reproduction,
although it is likely that the sequential actions of estrogen and progesterone set both into
motion at a genomic and functional level (Pfaff, 1999).

Third, individual differences may exist in the propensity of paced copulation to
activate reward or bonding mechanisms, such as oxytocin or vasopressin release or
binding in the hypothalamus, septum, or ventral forebrain (Carter, Witt, Thompson, &
Carlstead, 1988; Insel, Preston, & Winslow, 1995; Young et al., 2005). For example,
monogamous Prairie vole males have greater vasopressin 1a (V1a) receptor density in the
ventral pallidum compared to polygamous Meadow voles (Young et al., 2004).
Increasing the number of V1a recepfors in this region of Meadow voles following viral
transfection renders them far more likely to bond after their first copulatory experience
(Lim et al., 2004). It is therefore possible that individual differences in this or other
mechanisms of bonding may result in differences in propensity to form place or partner
preferences.

Some studies indicate that naloxone administration can produce aversive effects.
This is supported by the fact that naloxone induces conditioned place aversion (CPA) in
mice (Skoubis, Matthes, Walwyn, Kieffer, & Maidment, 2001) and in rats (Azar, Jones,
& Schulteis, 2003). The aversive effects are believed to occur due to a disruption in the

tonic effect on hedonic homeostasis exerted by opioids (Bals-Kubik, Herz, &
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Shippenberg, 1989). It is unlikely that the behaviors observed in the naloxone-treated
females in the present study were the consequence of a CPA because the final test did not
occur under the influence of naloxone, nor did it occur in the same chambers as
conditioning occurred (e.g., semicircular pacing chambers versus the open ﬁeld).‘ It is
also unlikely that females developed an aversion tqwards the males, since the amount of
visits and olfactory investigations Were not affected by the drug, but only sexual
behaviors. In fact, females did not stop displaying solicitations altogether, which would
be more suggestive of an aversion. Instead, they showed a reduction in frequency similar
to the number of solicitations displayed by saline-trained females toward nonpacing-
related males. This suggests a selective disruption of conditioned preference, and in
context with the decréase in high-level lordosis, a diminished sexual desire.

In summary, the present study confirms that opioids are an important
neurochemical substrate for the development of pacing-induced conditioned partner
preference in female rats. This type of preference depends on the contingency between
rewarding stimuli (UCSs) and the availai)le cues (CSs). The nature of these cues can be
olfactory alone (Coria-Avila et al., 2005) or a mixture of olfactory, auditory, and visual,
as might differentiate two strains of males (Coria-Avila et al., 2006). In the monogamous
female Prairie vole, the develc).pment of pair bonding depénds on DA and oxytocin. It is
unknown what the effects of DA and oxytocin are on the conditioned partner preference
observed in female rats. It is possible that sexual reward induced by paced copulation (the
UCS) may be accompanied by an augmentation of endegenous opioid activity that leads
in sequence to increased DA and oxytocin activity. It may be that opioid activation

underlies both pacing-related CPP and conditioned partner preference, but that DA and
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oxytocin are necessary for the development of conditioned partner preference, but not for
CPP (given that administration of the DA receptor antagonist flupenthixol does not
disrupt CPP; Garcia Horsman et al., 2004). The latter systems may be required to

- facilitate the contingency of reward and social recognition during exposure to male cues.
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Abstract

The effects of the dopamine receptor antagonist flupenthixol were examined on
the development of conditioned partner preference induced by paced copulation in female
rats. In Experiment 1, ovariectomized, hormone-primed rats were conditioned to
associate scented and unscented males with paced and nonpaced copulation respectively.
Females in Experiment 2 associated albino or pigmented males with paced or nonpaced
copulation.v; Flupenthixol or saline was administered prior to each conditioning trial.
During a final drug-free preference test, females could choose to copulate with either a
pacing related or unrelated male. Saline-trained females copulated preferentially with the
pacing-related male whereas flupenthixol disrupted odor, but not strain conditioping. The
role of dopamine in conditioned partner preference depends on the type of stimuli to be

learned.

Keywords: Paced copulation, Odors, Sexual reward, Conditioning, Sexual behavior,

Wistar, Long-Evans, Dopamine
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Introduction

For successful sexual interactions to occur, animals must be able to respond to
internal stimuli that signal their own sexual desire and to external stimuli that indicate
where to find a mate. Once potential mates are found, animals must be able to distinguish
those that are receptive and fecund from those that are not; and when more than one
potential mate is found, animals may display partner preferences based on the incentive
value that each partner represents (Pfaus et al., 2001). The perception of sexual incentive
value depends on an interaction between the animal’s own internal state (e.g., hormonal
priming and level of arousal) and the accurate prediction of successful sexual outcomes
with a particular partner (Whalen, 1966).

There is evidence indicating that rats can develop conditioned partner preferences
based on the association that is formed between a conditioned stimulus (CS) and a
sexually rewarding unconditioned stimulus (UCS). For example, male rats develop a
conditioned ejaculatory preference for females bearing an odor, such as almond or lemon,
that was previously associated with the sexual reward state induced by ejaculation
(Kfppin et al., 1998; Kippin et al., 2001a). Female rats also develop conditioned partner
preference for males bearing cues associated with sexual reward (Coria-Avila et al.,
2005; Coria-Avila et al., 2006). In this case, sexﬁal reward is iﬁduced by the ability of
females to control the initiation-and rate of copulation (called “pacing”), and is paired
with either almond odor or a particular strain of male (albino versus pigmented).
Preferences are tested in a large open field with two vigorous copulating males tethered
in two opposite corners, one scented with the odor and the other unscented, or one albino

and the other pigmented. Females in which the paced copulation was paired with a
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particular cue show increased solicitations toward the males bearing the cué, higher
magnitude lordosis, and in certain circumstances, also receive more ejaculations from
pacing-related males. As with males, females} for whom the cue is not paired with sexual
reward do not show any preference for a male bearing the cue.

In the laboratory settings, paced copulation commonly occurs in a chamber
divided by a wall with few holes cut into the bottom, which allow exclusively the female
to crawl through and get away from the male. This allows her to control the amount of
vagino-cervical stimulation (VCS) received from the male, which is believed to induce
sufficient reward to facilitate conditioning. The neurochemical substrate of such reward
seems to depend on an augmentation of endogenous opioids during pacing, which is
based on evidence that the conditioned place preference (CPP) (Paredes et al., 2001) and

_the conditioned partner preferénce (Coria-Avila et al., 2007b) induced by paced
copulation can be readily disrupted by injections of the opioid antagonist naloxone given
before each conditioning trial.

During copulation in females, levels of dopamine (DA) increase in brain areas
such as the nucleus accumbens (NAc) and striatum (Pfaus et al., 1995). Interestingly,
females that pace copﬁlation show greater DA release in NAc and striatum relative to
females that cannot pace copullation (Mermelstein et al., 1995). Such differences are
observed even when females in both conditions (i.e. paced and nonpaced) receive the
same number of intromissions and ejaculations during an hour of testing (Becker, Rudick,
& Jenkins, 2001), indicating that the increase of DA does not depend on the amount of
VCS received from the male per se, but on the amount of paced VCS that is suitable for

every female.
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There is a close relationship between opioid and DA activation during paced
copulation. The rewarding effects of drugs that activate p or  opioid receptors appear to
depend on the activity of the ventral tegmental area (VTA) of the midbrain through its
mesolimbic dopaminergic (DA) projections to the NAc (Wise & Bozarth, 1982; Balfour,
Yu, & Coolen, 2004). For example, destruction of VTA DA neurons by infusions of the
DA neurotoxin 6-hydroxidopamine (6-OHDA) to the NAc, or infusions of the DA D1
receptor antagonist SCH 23390 to the NAc, disrupt the CPP associated with the
rewarding effects of systemic opioids (Shippenberg, Bals-Kubik, & Herz, 1993).
Furthermore, DA D2 knockout mice fail to display opioid-induced CPP (Maldonado et
al., 1997). Injections of the p opioid agonists morphine or DAMGO to the lateral
ventricles induce CPP and increase DA release within the NAc (DiChiara & Imperato,
1988). Conversely, injections of « opioid agonists, such as U 50466 produce aversive
_ effects (Mucha & Herz, 1985) and i.c.v. injections of U 50466 decreases extracellular
concentrations of DA within the NAc (DiChiara et al., 1988). Accordingly, it has been
hypothesized that the rewarding or aversive effects of opioids depend on increases or
decreases of NAc DA, respectively (Herz, 1998; Balfour et al., 2004).

Conditioned responses made toward cues that predict reward may be mediated by
mesolimbic DA release (Robinson et al., 1993). Indéed, our previous reports of
conditioned partner preference, taken together with the microdialysis findings of Becker
et al. (2001) and Mermelstein and Becker (1995), suggest that increased DA release in
NAc and/or striatum during paced copulation are mechanisms that link sexual reward to
conditioned motof responses made preferentially toward a male beéring a cue associated

with paced copulation. HoWever, systemic administration of the DA receptor antagonist
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flupenthixol or raclopride do not block the CPP induced by paced copulation, despite the
fact that the same doses of those drugs successfully blocked the CPP induced by
amphetamine (Garcia Horsman et al., 2004). This has been taken as evidence to suggest
that the rewarding properties of sex require opioids but not DA (Paredes & Agmo, 2004).
However, it is not yet known whether the place cues are too diffuse and distributed to
induce DA release, or whether they produce a large-enough release of DA that C(;mpetes
successfully with an antagonist for occupancy of DA receptors. Given a role of
mesolimbic DA in attention to conditioned stimuli (CSs) (Young, Moran, & Joseph,
2005), it may be the case that DA release occurs most strongly toward cues that are
specific and discrete. In our previous conditioned partner preference studies, either a
discrete odor or an obvious difference in the strain of the partner was used as the CS.
Stimuli on a potential partner may be more likely to induce DA rélease than more diffuse
place cues. Therefore, in the present study we examined the effect of the DA receptor
antagonist flupenthixol on the conditioned preference for olfactory or strain-of-male cues

paired with paced copulation.

General Method
Subjects and Surgery
Long-Evans male (300-350 g) and female (200-250 g) rats were purchased from
Charles River Canadé (St-Constant, QC). They were housed in groups of 4 in large
hanging wire mesh cages in a colony room maintained on a reversed 12:12 h light/dafk
cycle (lights off at 08:00 h) at approximately 21°C. Food and water were continuously

available. The females were anesthetized with a mixture of ketamine hydrochloride (50
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mg/ml) and xylazine hydrochloride (4 mg/ml), mixed at a ratio of 4:3, respectively, and
injected intraperitoneally in a volume of 1 ml/kg of body weight. Anesthetized females
were then ovariectomized bilaterally via a lumbar incision. Following ovariectomy
females were given daily subcutaneous injections of Flunixin meglumine 2.5 mg/kg
(Banamine®) for analgesia, and Enrofloxacin 5 mg/kg (Baytril®) during three days to
prevent post surgical bacterial infections. All females were given a week of post-surgical
recovery prior to conditioning trials.

Gonadally intact Long-Evans male rats that served as stimulus males had at least
10 tests of sexual behavior in bi-level chambers prior to the start of these experiments.
These males were sexually vigorous and initiated copulatory activity with females within
15 sec of being placed into the chambers. For all behavioral tests, sexual receptivity was
induced in all females ny subcutaneous injections of estradiol benzoate (10 pg) 48 h and
progesterone (500 pg) 4 h before each test. If scented, males received almond extract
(Blue Ribbon, Etobicoke, ON) applied to the back of their necks and aﬁogenital regions
with a cotton swab. Unscented males received similar applications of distilled water to
the same areas.
Drugs

Cis (Z) flupenthixol (Sigma, St. Louis, MO, USA), a D1/D2 DA receptor
antagonist, was dissolved in 0.9 % physiological saline and injected intraperitoneally in a
dose of 0.25 mg/kg in a volume of 1 ml/kg, 30 min before every conditioning trial (as in
Garcia Horsmann & Paredes, 2004). Animals that served as the control group were

injected with physiological saline 30 min before testing.
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Experiment 1
The first experiment tested the effect of injections of flupenthixol vs. saline on the
development of olfactory conditioned partner preference induced by paced copulation
with scented males, as in the paired group reported by Coria-Avila et al. (2005). In this

experiment only Long-Evans females and males were used.

Method

Odor conditioning

Conditioning trials occurred every 4 days in semicircular chambers (38% cm X 60
cm X 38 cm). For paced copulation, the chambers were divided by a middle Plexiglas
partition with four equidistant holes cut into the bottom (4 cm X 4 cm) resting on
bedding. The holes were large enough for the female to pass through, but too small for
the males. Nonpaced copulation occurred in the same cambers but without the partition.
Females copulated with scented males in the pacing condition, and four days later with
unscented males in the nonpacing condition. If scented, almond extract (Blue Ribbon,
Etobicoke, Ontario, Canada) was applied on the back of the neck and anogenital area of
the males with a cotton swab. Females received a fotal of 10 conditioning trials (5 paced
and 5 nonpaced). The order of conditioniﬂg was counterbalanced, such that half of the
rats in every condition had their first sexual experience in a paced situation and the other
ﬁalf nonpaced. During each conditioning trial, experimental females were inj ectéd with
naloxone 1 min before the start of the session, and females in the control group were

inj e_cted with saline. They were allowed to copulate for 30 min before being returned to
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their home cages. All tests with scented and unscented males took place in different
rooms to prevent noncontingent odor associations.
Copulatory preferenbe test

Four days after the final conditioning trial, females were placed into a large open
field (123 cm X 123 cm X 46 cm) with a thin layer of wood-chip bedding. At two
diagonal corners there were two males unfamiliar fo the female, one scented and one
unscented. Each male wore a rodent jacket connected on the back to a spring wire 30 cm
in length, which allowed the males to roam freely in a radius of approximately 45 cm. For
this final partner preference test females in the experimental and éontrol groﬁp were
injected exclusively with saliné, so that all behavioral differences between naloxone- and
saline-trained rats were the result of the conditioning process and not because of any drug
effect during the final test. Females were allowed to copulate freely with both males
during the 30-min test.

Conditioned partner preference was determined as in Coria-Avila et al. (2005,
2006) by latency and frequency measures of female visits, olfactory investigations,
solicitations (described as a headwise orientation of the female to the male, followed by a
runaway), hops and darts (H&D), and lordosis magnitudes (on a scale of 1 to 3, with 1
representing low magnitude and 3 high magnitude) during interactions with each male. In
- addition we assessed the male chosen for the first ejaculation, as well as the frequency of
mounts, intromissions, and ejaculations during the final preference test.

Statistical analysis

A 2 X 2 (odor X drug) mixed design ANOVA was used to determine differences

in frequencies and latencies. Chi-square analyses were used to determine the differences
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in proportion of males chosen for first mount, intromission, and ejaculation. All
significant main effects in the ANOV As were followed by a Tukey Least Significant
Difference (LSD) post hoc test to assess differences between individual means. The level

of significance for all tests was p < 0.05.

Results
Of the total of 40 females originally conditioned, 6 were eliminated from the

statistical analysis either because of sickness or because one or both males became free
from their tethered jackets during the final preference test. This left 34 females (=18 in
the control group; n=16 in the flupenthixol-treated group). Table 1 shows the means +
standard errors for all the behaviors assessed during the 30-min test for saline- vs.
flupenthixol-treated females.

| Visits and dlfactory investigations. With regard to the first visit latency, the
ANOVA did not detect a main effect of drug (1,‘32) =.96, p = 0.33, odor F (1, 32) =
1.07, p = 0.30, or interaction between drug and bodor F(1,32)=2.2, p=0.14, indicating
that females in both groups performed their first visit with approximately the same
latency towards scented or unscented males. The analysis of visits frequency showed a
main effect of odor F (1, 32) = 9.84, p = 0.003. The post hoc analysis revealed that
saline-treated females visited the scented male more times than the unscented male. In
the flupenthixol-treated females however, there were no differences in visit frequencies
between scented and unscented males. With regard to the number of olfactory
investigations, the ANOVA did not detect a main effect of odor F (1, 32)=1.2, p = 0.26,

drug F (1, 32) = .30, p = 0.58, or interactions between odor and drug F (1, 32) = 0.26, p =
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.58. There were no main effects of drug F (1, 32) =.006, p = 0.93 odor F' (1, 32) = .04, p
= (.82 or interactions between odor and drug F (1, 32) =.53, p = .47 on first olfactory
investigation latency.

Solicitations and hops & darts. The ANOVA detected significant differences
between the saline- and flupenthixol-trained females. With regard to solicitation
frequencies there was main effect of drug F (1, 32) = 4.3, p = 0.045, a main effect of odor
F(1,32)="17.8, p=0.009, and an interaction between drug and odor F (1, 32) =5.46,p =
0.02. The post hoc analysis revealed that saline-trained females displayed significantly
more solicitations toward the scented versus unscented males (p<0.05). In contrast,
flupenthixol-trained females made significantly fewer solicitations overall, and did not
distinguish between the scented and unscented males. With regard to the latency for the
first solicitation, the ANOVA did not detect any main effect of drug F (1, 27) =.10,p =
0.75, odor F (1, 27) = 1.23, p = 0.27 or interactions. The analysis of frequencies for H&D
did not show any main effect of drug F (1,32)=14,p=0.23,odor F (1,32)=1.8,p=
0.18, but a trend toward a significant interaction of drug and odor F (1, 32) =3.15,p =
0.08. The analysis of the first H&D latency showed a trend toward a significant effect of
odor, F (1, 29) = 3.4, p = 0.07, but no main effect of drug F (1, 29) = .22, p = 0.63, or
interaqtion between drug and odor F (1, 29) = 1.7, p = 0.19, indicating that the ﬁrstv H&D

occurred at approximately the same time in all groups.
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Figure 17. A: Number of solicitations during 30-min test in two groups: saline (n= 18)
and Flupenthixol (n= 16). Scented males were associated with paced copulation, and
unscented males associated with nonpaced copulation. B: Lordosis magnitude of saline-
and flupenthixol-treated females. C: Total number of solicitations of saline- and
flupenthixol-treated females and the number of intromissions and ejaculations received.
See table 7 for details of behavior. * p < .05, * p=0.09, ® p=0.06.
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Lordosis. The analysis of lordosis magnitude 3 indicated a main effect of drug F'
(1, 32) =5.01, p = 0.03. The post hoc analysis revealed that overall, flupenthixol-trained
females displayed fewer lordosis magnitude 3 relative to saline-trained females. The
analysis of lordosis magnitude 2 showed no main effects of drug F (1, 32) = .80, p = 0.37,
odor F (1, 32) = 1.23, p = 0.27, or interaction between drug and odor F'(1,32) = 44,p =
0.50. Likewise, the analysis of frequency for lordosis magnitude 1 showed no main
effects of drug F (1, 32) = .30, p =0.58, odor F (1, 32) = .84, p = 0.36, or interaction
between drug and odor F (1, 32)=.99, p=0.32.

Choice of male for ejaculation and male responses. Of a total of 18 females in the
saline group, 17 received ejaculations. Of those 17 females 9 (52%) received the first
ej aculation from the scented male, and 8 females (47%) from the unscented male. Chi-
square analyses failed to detect any signiﬁcant. difference in these proportions x> (1,
N=17) = .059, p = 0.80. Of the total of 16 females in the flupenthixol-treated group, 10
received ejaculations during the final test. Of those females 3 (30%) received their first
ejaculation from scented males, and 7 (70%) from unscented males. Chi square analysis
failed to detect any significant difference in these proportions ¥*(1,N=10)=1.6,p =
0.20. Only 15 females in the saline-treated group received a second ejaculation, 11 (73%)
from the scented male, and 4 (26%) ﬁom the unscented male. Chi square analysis
revealed a trend toward significance in these proportions x2 (1, N=10) = 3.2, p = 0.07. In
the flupenthixol group, 10 females received a second ejaculétion, 6 (60%) from the
scented male and 4 (40%) from the unscented male * (1, N=10) = .40, p = 0.52. Only 11
females in the saline-treated group received a third ejaculation, 4 (36%) from the scenied ’

male, and 7 (63%) from the unscented male. Chi square analysis failed to detect any
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significant difference in these proportions x> (1, N=10) = .81, p = 0.36. In the
ﬂupeﬁthixol group, 7 females received a third ejaculation, 5 (71%) from the scented male
and 2 (29%) from the unscented male %> (1, N=10) = 1.2, p = 0.25.

" With regard to ejaculation frequencies, the ANOVA detected a trend for effect of
drug F (1, 32) = 3.7‘,p = (.06, but no main effect of odor F (1, 32) = .48, p=0.48, or
interaction between drug and odor F (1, 32) = .03, p = 0.8. With regard to mount
frequencies, the ANOVA failed to detect any main effect of drug F (1,32) = .27, p=
10.60, odor F (1,32)=.61, p=0.43 or interaction F (1, 32) = .27,pv= 0.60. The analysis
of the first mount latency showed no main effects or interactions. With regard to |
intromission freque_ncies, the ANOVA did not detect any effect of drug F' (1, 32) =2.88,
p=0.09, odor F (1, 32) =.025, p = 0.87, or interaction between drug and odor F (1, 32) =

15,p=0.69. 4.
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Odor-Pacing group Odor-Pacing group

Conditioned Partner Preference by SALINE FLUPENTHIXOL
Oflfactory Cues

Scented Unscented Scented Unscented
1* visit latency (sec) 202+3.1 283 +8.2 64 +36 19+28
Visits frequency 42+£3 % 37+27 38%3.5 355+3.5
(1;0)0 Ifactory investigation latency | ;4 50+ 18 46+11 397499
Olfactory investigation frequency 284+1.9 255+19 294x1.8 284+t19
1* hop and dart latency (sec) 175+ 51 150 £52 283 £ 127 245+92
Hops and darts 31£58 21+3.16 18.8£3.8 20.1£4.2
1* solicitation latency (sec) 300+ 110 318+ 112 555+ 162 258 £ 66
Solicitation frequency 198 +3.1*# 122+1.6 9.8+21 9.1%1.6
1* Mount latency (sec) 284 4122 215+ 84 414 £212 375+ 147
Mount frequency 6.6+2.1 6.5+1.29 45+1.09 6.18 +1.58
1* Intromission latency (sec) 242+73 217 + 109 286 + 87 211+63
Intromission frequency 7.1+1.07 76+12 49+13 47+1.1
1** Ejaculation latency (sec) 655+ 95 423 £ 85 729+ 153 443 £53
Ejaculation frequency 1.6 £.24 1.4+ .31 1.06 £ .26 93+ .23
'Ch°i°;;‘r£t“;‘;zlfgﬁon , 9 (52 %) 8 (47 %) 3(30 %) 7010 %)
Lordosis magnitude 1 3913 54+1.07 3.9+ .97 3.8+ 1.1
Lordosis magnitude 2 511+1.4 3.6+.65 3.5+.86 3.1+£.93
Lordosis magnitude 3 58+98 # 62+1.1 2.9+ 91 3.7+£.95

Table 7. Female sexual behavior during an olfactory conditioned partner preference test
with two males, one scented and one unscented. Scented males were associated with
paced copulation and unscented with nonpaced copulation. Two groups are shown,
saline-treated (n= 18) and flupenthixol-treated (n= 16). Data are means (+x SEM) during
the 30-min preference test. Latencies are expressed in seconds. * p < .05 within groups. #
p < .05 between groups.
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Experiment 2
This experiment examined the effects of flupenthixol on the development of
conditioned partner preference for strain of male associated with paced copulation, as in

Coria-Avila et al. (2006).

Method
Strain Conditioning
Female rats were randomly assigned into two counterbalanced groups. Females in

- the Wistar-pacing (W-P) group (= 30) copulated with Wistar males in the paced
condition and Long-Evans males in the nonpaced condition. Females in the Long-Evans-
pacing (LE-P) group (n= 30) copulated with Long-Evans males in the paced coﬁdition
and Wistar males in the nonpaced condition. Half of each group was used as control and
received exclusively I.P. saline and the other half received I.P. flupenthixol 30 min before
every conditioning trial as in Experiment 1. This procedure led to 4 subgroups meant to
have 15 females each. However, three females died due to reasons other than the
experimental procedure, and the data of 10 more females were lost due to technical
problems. This lead to a reduced number of animals in each group: W-P + saline (n= 13),
LE-P + saline (n= 12), W-P + flupenthixol (n= 10) and LE-P + flupenthixol (n=12).
Females received a total of 10 conditioning trials (5 paced and 5 nonpaced) of 30 min
each before being taken back into their home cages.

Copulatory Preference Test

As in Experiment 1, four days after the 10™ conditioning trial, a final test was

carried out for each female into a large open field. At two opposite corners of this open
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field were two males, one Wistar and the other Long-Evans. All the females were
injected exclusively with saline intraperitoneally 30 min before being placed in one
neutral corner of the open field and vs‘/ere allowed to copulate freely with both males for a
30-min period. The same behavioral measures were assessed as in Experiment 1.
Statistical Analyses. A 2 X 2 X 2 (group X drug X strain of male) mixed design
ANOVA was used to analyze differences in the frequencies and latencies of copulatory
behaviors toward the two males. In some cases were significant results were expected we
used a 2 X 2 (pacing condition X drug). All significant main effects and interactions were
followed by a Tukey Least Significant Difference (LSD) post hoc test to detect specific

differences between group means.

Results

Visits and olfactory investigations. With regard to the first visit latency, the
ANOVA failed to indicate any main effect of drug F (3, 43) = 2.01, p = 0.16, group F (3,
43) = .18, p = 0.89 or strain of male F (3, 43) = .28, p = 0.59. The analysis of visit
frequencies showed a trend toward a main effect of drug F (3, 43) = 3.7, p = 0.06, but no
main effect of group F (3, 43) =.02, p = 0.87 or strain of male F (3, 43) = .37, p=0.54.
With regard to the first olfactory investigation latency, the ANOVA showed no effects of
drug F (3,43)=2.6, p =0.11, group F (3, 43) = .60, p = 0.44, or strain of male F (3, 43)
=.02, p = 0.88. The analysis of olfactory investigation frequencies showed a trend toward
ia main effect of drug, F' (3, 43) =2.9, p = 0.09, but no main effect of group F (3, 43) =

.004, p = 0.94 or strain of male F (3, 43) = .84, p = 0.36. These results indicate that
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females in all groups visited both types of male with the same latency and frequency.
They also performed the same number of olfactory investigations.

Solicitations and hops & darts. With regard to solicitation frequencies the
ANOVA detected a significant interaction between group and strain of male F (3,43)=
4.9, p = 0.03. The posthoc analyses, however, failed to reveal any significant difference
between W and LE males in any group. Accordingly, a second 2 X 2 (pacing-condition X
drug) ANOVA was carried out. This second analysis allowed us to compare the effects of
pacing-related males vs. nonpacing-related males and the interaction with saline and
flupenthixol treatments. The results indicated that regardless of the strain of male,
females displayed more solicitations towards pacing-related males (M= 15.7) than
towards nonpacing-related males (M= 11.5) F (1, 45)=5.1, p=0.02 (Figure 18-A). The
results also indicated that there was no effect of drug treatment 7 (1, 45) =.008, p = 0.93,
nor an interaction between pacing condition and drug treatment F (1, 45) = .000, p =
0.98. With regard to the latency for the first solicitation, the ANOVA detected only a
trend to significance in main effect of drug F (3, 38)=3.17, p=0.06, and a trend for
interaction between group and drug F (3, 38) = 3.7, p = 0.058 but no main effect of group
F (3,38)=0.01, p=0.89 or strain of male ¥ (3, 38) =.84,p=0.36. A second analysis
using pacing-related vs nonpacing-related males failed to demonstrate any significant
effect of pacing F (1, 45) = .57,p =0.45 or drug F (1, 45)=2.6,p=0.11.

The analysis of frequencies for H&D showed no significant differences. There
was no main effect of drug F (3, 43) =.007, p=0.93, group F (3, 43) =.01, p =0.90 or
strain of male F' (3, 43) = .96, p = 0.33. For the first H&D latency the ANOVA detected a

trend for main effect of group F (3, 43) = 3.04, p = 0.08, drug F(3,43)=3.46,p=0.06
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and strain of male F' (3, 43) = 3.77, p = 0.059, and an interaction group and drug
treatment F' (3, 43) = 9.44, p = 0.003, and an interaction between group, drug treatment
and strain of male F' (3, 43) = 5.2, p = 0.02. Posthoc analyses revealed that in the W-P
flupenthixol-treated groups, females displayed a longer latency for the first H&D towards

LE relative to any other group @<0.0001).
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Figure 18. A: Number of solicitations during 30-min test in two groups: saline and
flupenthixol. Pacing-related were of a strain associated with paced copulation, and no
pacing-related males were of a different strain associated with nonpaced copulation. B:
Lordosis magnitude of saline- and flupenthixol-treated females. C: Total number of
solicitations of saline- and flupenthixol-treated females and the number of intromissions
and ejaculations received. See table 8 for details of behaviors. * p<0.05.
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Lordosi;. For lordosis magnitude 3 there was no main effect of drug F (3, 43) =
1.6,p=10.21, group F (3, 43) = .82, p = 0.36 or strain of male F' (3,43) =14, p=0.24.
For lordosis magnitude 2 there was no main effect of drug F (3, 43) = 1.6, p = 0.20,
group F'(3,43)=.13,p=0.71 or strain of male F (3, 43) = .01, p = 0.89. Likewise, for
lordosis magnitude 1 there was no main effect of drug F (3, 43) = 1.6, p = 0.20, group F'
(3,43)=.11, p=0.72 or strain of male F (3, 43) = .35, p = 0.55. This indicates that
saline- and flupenthixol-trained females displayed similar frequencies of lordosis
magnitudes 1, 2, and 3. |

Choice of male for ejaculation and male responses. From a total of 47 females
conditioned, 5 did not receive an ejaculation from eithef male during the final partner
preference test. Of the total of 12 females in the W-P + saline group that received an
ejaculation, 8 (66%) received the first ejaculation from the W male and 4 females (33%)
from the LE male. Chi-square analyses failed to detect any significant difference in these
proportions x> (1, N=12) = 1.3, p = 0.24. Of the total of 11 females in the LE-P saline
group that received an ejaculation, 3 (27.2%) received their first ejaculation from the W
male and 8 (72.7%) from the LE male x* (1, N=11) = 2.2, p = 0.13. Of the total of 9
females in the W-P + flupenthixol group that received an ejaculation, 2 (23%) received
their first ejaculation from W male, and 7 (77%) from LE males x2 (I,N=9)=2.7,p=
0.09. Of the total of 10 females in the LE-P + flupenthixol group that received an
ejaculation, 4 (40 %) received their first ejaculation from the W male and 6 (60%) from
the LE male %> (1, N=10) = .4, p = 0.52. There were no significant differences for the

proportion of males chosen for the second and third ejaculation.
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With regard to first ejaculation latency there was a main effect of drug F' (3, 43) =
5.3, p = 0.03, and a trend for main effect of strain of male F' (3, 43) = 4.4, p = 0.053.
However, with regard to ejaculation frequency there was no main effect of drug F' (3, 43)
=1.6, p = 0.20, group F (3, 43) = .37, p = 0.54 or strain of male F (3, 43) = .24, p = 0.62.
With regard to mount freduency there was no main effect of drug  (3,43)=13,p=
0.24, group F' (3, 43) = .86, p = 0.35 or strain of male F (3, 43) = .08, p = 0.77. For first
mount latency there was no main effect of drug F (3, 43) = .91, p = 0.76, group F (3, 43)
=91, p =0.34 or strain of male F' (3, 43) = .21, p = 0.64. For intromission frequencies
there waé no main effect of drug F' (3, 43) = 2.3, p = 0.13, group F (3, 43) = .32, p=0.57
or strain of male F (3, 43) = 1.3, p = 0.24. For first intromission latency there was no
main effect of drug F (3, 43) = .78, p = 0.38, group F (3, 43) = .09, p = 0.75 or strain of

male F' (3, 43) =.003, p = 0.95.

156



"so[ew pajeai-Surorduou sa sotew pajerai-Sumoed ueamiaq g0 0>d § *dnoid jonuoo

$)1 01 2ATR[31 GO (0>d # “sdno1d urgIM safewr SuBAZ-SUOT pue ILISIM UsamIaq SO > d

+ "SPUODIS UI PIssardxo a1e sorousle] '1s9] 9ouaIeferd umu-gg¢ ot Sutnp (WHS F) suesw
SIe BiR(] "S[EWSY pojean-[oxXriuadnyy pue -oures ‘umoys ore sdnoidqns oM “UOIBIOOSSE
ansoddo oty paateoar sefeutsy sdnoid Suroed-sueag-Suo uy ‘uonemndos peoed
UM SOJRU JRISIAA 91BIO0SSE 0] pauren) a1om sofets,] 'sdnoid Sutoed-1eisip up ‘sueag
-8U07] SUO PUE IBISTM SUO ‘SO[BUI OM) T3IM 159} 0ouatejaid Jemted pauonpuo) °g 9[qe],

91F89 €0TF9 LITF 89 €TFYS SIFSL SIFLS ITFEL yTF611 € opryruSew sisop1o]
YiFoY 68 F8T CIFIY 10TF9¢€ 6I1F8E IE1F6S TIF9Y SIFSS T dpmjugew sisopio]
L1F9Y ST FET EREI N4 68 FT€ IFY 6TIFIS YIFES LTFLOS 1 9prypudeut sjsopio]
%099 %oy |  GLoL DT | @Lws  @Tide %Dy %998 Eﬂﬁm&%ﬂaﬁ
0¢ F5T1 0g F1 EFET 6T ¥ 08 SEFST STFIFL 0€ FL0°1 Ty AKousnbay uonenoefy
SLIFBLY # SLITFO066 6E1FETS  #E81F €601 ¥SF €9€ 911 F 169 9Z1 ¥ 9€§ LYLF OVL (00s) Kouane| uonenoefy 1
SOTF18 TTFLY 61769 YIFLL STFSL S1F96 ETTFYL $TFSEL Aousnbayy uoissuonuy
691 F §5¢€ 8L1 ¥ 8bP 671 F €€T STIF 1€ 67 F 07T LEF sp1 LSTF8LE 8LF 061 (095) Aouaey uorssuonu| g
YTFTL TIF9E TTFOL 861789 L1¥809 €0TF6 LOTFSS STFI'S Kouanbaiy Junopy
8 F6IE Y01  69€ 9LFS61 LELF v6¥ 8L F 8¢ LLFILT 651 F 0TY SPLF LOV (035) Kouaye| Junop .|
EYF6SI PTEFIL YIFCIL 9TFISI £EFSII TEFT STFILL §TFIVL | (B Kouanbaiy uonexoIog
011 ¥$82 621 F29€ S91 F 96V 18T F LIS 601 F 6£T 86 F £€¥ €7 F L91 TEFI91 (03s) Lousye] uonedYOs |
LFS8E gSFI9E VSEYYC 98F9LE TSF60E YSFYIE STFSSE 9SFILE spep pue sdop
ITF¥OL 6LFLS S6F L6T SEF8HI 8S FO€1 LIFLL TIFSY & VIFVL (03s) Aouaye| uep pue doy |
9TFS0E VEFVIE | LOEF6LT TTFYST TEFOVT YTF6ET 9TFIET ITF10¢ AKousnbayy woneSussaur £10308J10
TRFLST 8'6FS'SE gTIFEE TLFI'OT SEFSLI TEFUEL | TUTFTET Y8FSLT | fouore; uoneSnsonm bsoé%ww
LYFES 6EFIIS 6STI8Y WIFTS SYFOIY TSFST YFTH SEFIEY fouonbaxy sysip
6y FEOT 8SFTII STFPL SEF99I TEFEL LTFYIL 9TFY8 89T L6l (035) Aouaye] 11sta 1
sueaqg-3uo 1B)SIM sueag-3uo] 1eIStM sueag-Suo] IeISIA sueag-Suo JeISEM
o[BI JO ureng
TOXTHINAdNTH TOXTHINGA TS ANITYS ANFIVS 4q vounopalg 1auLIEg PAUOHIPUO))

dneis Suiorg-sueag-Suo]

dnoid Surovg-1e1sip

dno1d Juroeg-sueag-guo

dnoid Suweg-reisipm

157




General Discussion

The results of Experiment 1 demonstrated that flupenthixol (0.25 mg/kg) disrupts
olfactory conditioned partner preference towards a scented male that results from
association of the odor with paced copulation. Saline-trained females displayed more
solicitations towards the scented male, indicating an increase of sexual desire 4t0wa:rds the
male paired with paced copulation, as we have observed previously (Coria-Avila et al.,
2007b). In contrast, flupenthixol-trained females failed to develop a preference,
suggesting that the odor paired with paced copulation did not become an incentive that
increased sexual desire. In fact, the number of solicitations and hops & darts toward
scented males was reduced in frequency overall to a level comparable to those displayed
by saline-trained females toward unscented males that had been paired with nonpaced
copulation..This observation indicates that the blockade of DA transmission with
flupenthixol during a female’s initial experiences with paced copulation blocks either
reward or incentive learning about reward-related cues, in this case, neutral odors.
However, in Experiment 2, the same dose and route of -administration of flupenthixol
failed to disrupt the development of ba conditioned partner preference for a strain of male
associated with paced copulation in Wistar females. Both saline- and flupenthixol-trained
females expressed more solicitations towards the strain of male paired with paced
copulation, indicating that both groups formed a partner preference. This suggests either
- that DA transmission is not necessary for the conditioning of strain cues to sexual reward,
or that extracellular concentrations of DA are so high during strain conditioning that they
compete favorably against the dose of flupenthixol used in this study for occupancy at

DA receptors.
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Female rats show a different pattern of neural activation between odors and strain
cues paired with paced copulation (Coria-Avila & Pfaus, 2007a) submitted; Chapter 2).
In that study, exposing olfactory-conditioned females to the conditioned odor alone on
cotton gauze for 1 hr induced significantly more Fos immunoreactivity (Fos-IR) in a
variety of hyp‘othalamic and limbic regions, including the olfactory tubercle, piriform
cortex, anterior cingulate cortex, NAc core, medial preoptic area (mPOA), lateral septum,
paraventricular nucleus, and VTA, with trends toward significance in the striatum and
arcuate nucleus, relative to females in an unpaired group. In contrast, exposing strain-
conditioned females to the strain of male associated with paced copulation behind a wire-
mesh screen induced significantly more Fos-IR in the piriform cortex, mPOA,
ventromedial hypothalamus, and VTA compared to the male associated with nonpaced
- copulation. Interestingly, no differences in Fos-IR were observed in mesolimbic DA
terminal regions of the olfactory tubercle, lateral septum, anterior cingulate, or NAc, nor
in the striatum, between females exposed to the strain of male associated with paced
versus nonpaced copulation. Because Fos activation in the NAc can be induced by DA
release, for example, following a behavioral sensitizing regimen of amphetamine
infusions to the VTA (Hu et al., 2002), it seems reasonable to argue that strain cues may
possess biased, or ﬁnconditionally arousing, properties (e.g., male pheromones, odors,
auditory cues, visual cues, etc.) that do not require mesolimbic or striatal DA turnover for
conditioning.

Those results are not easy to reconcile with the fact that a male behind a screen
associated with paced or nonpaced copulation induces significant DA release in the NAc

(Mermelsteih et al., 1995; Pfaus et al., 1995). Moreover, it is difficult to hypothesize what
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the role of the VTA might be, given that it was activated similarly in both odor and strain
conditioning (Coria-Avila et al., 2007a, Chapter 2). However, there are at least two
differences in procedure that could account for this discrepancy. First, the females used in
studies of DA release were of the pigmented Long-Evans strain, whereas albino Wistar
females were used in the present strain-conditioning experiment. It is not known whether
differences in strain could account for potential DA-dependent versus independent
processes, although differences in sexual arousability between pigmented and albino
strains have been noted previously in the ability of Long-Evans male rats to show
noncontact erections in response to odor cues from females, relative to the inability of
Wistar males to show this response unless treated with a serotonin synthesis inhibitor
(Matsumoto et al., 1997; Sachs et al., 1994). However, we note that differences were not
observed in the number of solicitations and other appetitive sexual behaviors displayed
by Long-Evans and Wistar females toward paéing-related males in the present and
previous studies, especially in terms of strain conditioning (Coria-Avila et al., 2006).
Indeed, treatment with the opioid anfagonist naloxone disrupted both odor and strain -
conditioning in our previous study in Long-Evans and Wistar rats, respectively (Coria-
Avila et al., 2007b, Chapter 3, Part 1). This suggests that opioid activation serves as a
necessary neurochemical substrate of sexual reward in both strains, further arguing
against strain differences in neurochemical activation as a cause of the discrepancy.
Second, the females used in the studies of DA release during paced and nonpaced
copulation did not have a sexual history in which the two types of copulation had been
differentiated and confounded intentionally with a different strain of male. It may be

easier to condition strain cues to sexual reward because some of the cues may be
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“prepotent” in terms of activating mesolimbic DA unconditionally (e.g., pheromonal
cues). In males, for example, estrous vaginal secretions activate mesolimbic DA release
immediately upon their presentation in bedding or on glass slides, even in sexually naive
males (Mitchell et al., 1992; Phillips, Pfaus, & Blaha, 1991; Wenkstern, Pfaus, & Fibiger,
1993). It is possible, therefore, that the DA release necessary fo induce a significant
increase in Fos in the NAc is simply not activated once strain cues have been
conditiongd. But if strain cues are not differentiated, their prepotency in terms of
activating DA release remains, making the discrepancy an interaction between reward
predictébility and innate DA activation by accessory olfactory cues. Indeed, Hernandez et
al., (2006) demonstrated that NAc dopamine levels affect the threshold of electrical
stimulation that induces brain stimulation reward. If NAc DA levels were low, then
animals required a higher stimulation frequency to support instrumental lever-pressing.
However, when NAc DA levels were high, lower stimulation frequencies were sufficient
to induce iﬁstrumental lever pressing. To the extent that this kind of phenomenon plays a
role in the generation of conditioned responses to preferred sex partners, it could be that
strain cues alone induce more DA release fhan neutral olfactory cues prior to their
association with sexual reward. This should make the association easier to learn, and
perhaps less susceptible to disruption by DA antagonists.

Dopamine release in the NAc is critical for pair bonding in monogamous prairie
voles. Systemic injections of the DA antagonist haloperidol, or infusions directly into the
NAc, disrupt the formation of pair bonds during copulation, whereas low doses of DA
agonists (i.e. apomorphine) facilitate pair bonding in the absence of copulation (Aragona,

Liu, Curtis, Stephan, & Wang, 2003; Gingrich, Liu, Cascio, Wang, & Insel, 2000). DA
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D2 receptors appear to be critical for pair bonding. In one study, the blockade of NAc DA
with the D2 receptor antagonist eticlopride prevented the formation of pair bonding after
mating, or after 24 hrs of cohabitation (Gingrich et al., 2000). In the same study, females
infused with the D2 receptor agonist quinpirone, developed a pair bond towards a
familiar male even during short periods of cohabitation, or without mating.

Recently, it has been shown that, D1 and D2 receptors have opposite roles in the
formation of pair bonds (Aragona et al., 2006). Activation of D1 receptors within the
rostral shell of the NAc of male voles prevents the formation of pair bonds with a familiar
partner, whereas activation of D2 receptors facilitates it. In fact, pair-bonded males show
significant upregulation of D1 receptors within the rostral shell. Aragona et al. (2006)
suggest that D1 receptors may function to prevent the formation of more than one pair
bond in monogamous species. Indeed, that study showed that polygamous meadow voles
(which do not pair bond) express more D1 receptors in the NAc relative to monogamous
voles.

Rats are traditionally regarded as polygamous (McClintock et al., 1982;
McClintock, 1984a). Their relative inability to display long-lasting and selective pair
bonds may depend on the same D1-D2 interactions as in polygamous meadow voles,
although conditioning as we have examined it here may alter this interaction. It is
possible that the increase of DA during paced copulation in a naive female activates both
- D1 and D2 receptors, which could decrease the likelihood of female rats acquiring an
immediate conditioned partner preference. Indeed, a single conditioning trial is not
sufficient to induce olfactory conditioned partner preference in female rats (Coria-Avila

et al., 2005). However, the stimulation of D2 receptors during repeated trials may well
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- result in an increased likelihood of partner preference. In a polygamous species like rats,
the development of immediate partner preference or pair bonds in one individual may
represent a disadvantage to its reproductive fitness, relative to the other members of the
species who will mate with multiple partners. Consequently, in putative polygamous
species, the formation of partner preferences may take longer to develop (i.e., more than
one conditioning trial). This hypothesis could be tested by examining whether infusions
of a D2 agonist facilitate the development of conditioned partner preference in rats.
Finally, as in our previous studies, solicitations were the most reliable measure of
partner preference (Coria-Avila et al., 2005, 2006), and the measure most sensitive to the
disruptive effects of flupenthixol in Experiment 1. Solicitations represent the female’s
desire for sexual interaction (Pfaus et al., 2003). Solicitations and other measures of
appetitive sexual behavior (e.g., hops and darts) are inhibited by lesions to the mPOA
(Hoshina et al., 1994). Indeed, nose-poking thfough a wire-mesh in response to stud male
odors is also inhibited following lesions to the mPOA (Xiao et al., 2005). The mPOA is
also the terminal region of the incertohypothalamic DA system (Bjorklund et al., 1975).
DA release patterns in the mPOA of males during appetitive and consummatofy phases
of copulation are nearly ideﬁtical to those of the NAc (Blackburn et al., 1992), and the
two may be linked by lateralized outputs from the mi)OA to the VTA (Brackett et al.,
1984). We have found recently that infusions of flupenthixol to the mPOA block the
facilitation of solicitations induced by systemic administration of the melanocortin
agonist bremelanotide (Gelez, Jacubovich, & Pfaus, submitted), indicating that DA
transmission in the mPOA may play a much larger role in the control of appétitive female

sexual behaviors than previously considered. Opioids regulate the sexual behavior of
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male rats in the mPOA (Band & Hull, 1990; van Furth, van Emst, & Van Ree, 1995), and
infusions of the opioid antagonist naloxone to the mPOA blocks the induction of
ejaculation-induced conditioned place preference (Agmo et -al., 1993). If the same
neurochemical systems exist in the female, the mPOA may well serve as a site in which
appetitive sexual responses are linked to opioid-induced sexual reward, ultimately

activating DA release to initiate sexual responses toward sexual incentives.
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Summary of Chapter 3

Chapter 3 examined the effects of opioids and dopamine blockade on the
development of conditioned partner preference. Both, olfactory conditioned and strain
conditioned females treated with the opioid antagonist naloxone before every
conditioning trial failed to develop a conditioned partner preference, indicating that
opioids are required for this conditioning. The dopamine antagonist flupenthixol given

before every conditioning trial blocked the olfactory but not the strain conditioning,

suggesting that dopamine is required only when the conditioned cue is originally neutral

(i.e. almond odor), relative to strain cues that may be naturally more attractive to females.
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CHAPTER 4

Activation of Oxytocin, Vasopressin or Gonadotrophin-Releasing Hormone (GnRH)
Neurons by Strain Cues Associated with Conditioned Partner Preference in Female

Rats

"Genaro A. Coria-Avila and James G. Pfaus

Preliminary data

166



Abstract
The present study examined whether strain cues associated with paced copulation
activate oxytocin (OT), arginine vasopressin (AVP), or gonadotrophin-releasing hormone
(GnRH) neurons. Two groups of ovariectomized, hormone-primed Wistar (W) rats were
trained to associate W or Long-Evans (LE) males with paced or nonpaced copulation in a
counterbalanced fashion. A final preference test indicated that females developed a
preference for pacing-related males. Females were then exposed for 1 hr to either pacing-
related or non pacing-related males behind a screen that allowed visual, acouétic, and
olfactory stimulation, but prevented tactile stimulation, after which their brains were
processed for double immunocytochemical labeling of Fos within OT, AVP, or GnRH
neurons. Results indicated trends for greater Fos-IR within OT in the PVN and greater
| Fos-IR in GnRH neurons in the anterior POA of females exposed to strain cues
associated with paced relative to nonpaced copulation. Activation of OT neurons may be
a mechanism by which cues associated with paced copulation come to direct partner
preferences,‘whereas activation of GnRH neurons could be an additional mechanism by
which sexual behavior is facilitated, one that may also indicate a greater potential for

reproductive success with preferred males.

Keywords: Pavlovian conditioning, Sexual behavior, Pacing, Hormones, Reproduction
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Introduction

There is evidence indicating that conditioned stimuli (CSs) associated with sexual reward
can affect many aspects of sexual behavior by inducing neural activity and endocrine
responses similar to those that would occur during exposure to unconditioned stimuli
(UCS:s) such as odors or pheromonés from potential mates (e.g., Graham & Desjardins,
1980; Kippin, Cain, & Pfaus, 2003). The ability of a neutral stimulus, like an odor, to
activate a neural representation of sexual reward invoh}es mechanisms of Pavlovian
conditioning, in which the neutral CS is paired in time and in neural activation with the
rewarding UCS (Pavlov, 1927). Conditioned responses that occur to the CS are typically
in the same direction as those induced by the UCS. Thus the CS acts as a “priming”
stimulus fhat predicts the onset of the UCS, and accordingly, activates an identical
behavioral outflow, or behaviors that are engaged in anticipation of the reward.

Conditioned partner preference is a type of conditioned response, in which
animals choose a mate depending on CSs that help them to predict a potential sexual
outcome based on previous sexual encounters. For example, male rats that are trained to
associate a neutral odor (i.e. almond) on a female during copulation can develop a
conditioned ejaculatory preference (CEP) for scented females during subsequent partner
preference tests, but this does not occur if the odor was‘paired with unreceptive females
during training (Kippin et al., 1998; Kippin et al., 2001a; Kippin et al., 2001b).
Furthermore, exposure to sexually-conditioned cues can induce neural activation that did
not occur before learning as revealed by the expression of the immediate early-gene c-
Fos. Specifically, Kippin, Cain, & Pfaus, (2003) demonstrated that the same olfactory CS

that facilitated CEP in males of a Paired group, induced more neural activation as
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assessed by Fos immunoreactivity (IR) in the piriform cortex (PirCtx), basolateral
amygdala, anterior lateral hypothalamus, and nucleus accumbens (NAc) core, compared
to males in the Unpaired group.
In females, similar mechanisms of Pavlovian conditioning have been reported.
For example, CSs such as almond odor (Coria-Avila et al., 2005) or the features of a
strain of male (Coria-Avila et al., 2006) paired with paced copulation can induce
conditioned partner preference for males that bear the CS, similar to the CEP that occurs
in males towards scented females. Furthermore, females exposed to CSs (odor or strain
cues) alone express greater Fos-IR in three common areas that are the ventral tegmental
area (VTA), the PirCtx and the medial preoptic area (mPOA) compared to expression of
Fos-IR in the same areas following exposure to CSs paired with nonpaced copulation
(Coria-Avila & Pfaus, submitted; Chapter 2). Despite these similarities, different patterns
of Fos induction occur following eprsure to conditioned olfactory versus strain cues.
Although initiaﬂy, neutral odors have less incentive value compared to strain cues of a
“male, once conditioned they induce Fos throughout the hypothalamus and limbic system,
including the olfactory tubercle, NAc core, anterior cingulate cortex, paraventricular
nucleus (PVN), and lateral septum, compared to the Fos-IR induced by the same odors
associated with nonpaced copulation or by strain cues. In contrast, conditioned strain cues
activate the ventromedial hypothalamus (VMH) compared to strain cues associated with
nonpaced copulation or with conditioned olfactory cues.
Putative monogamous rodents, such as the prairie vole, develop pair bonds
following mating (Williéms et al., 1992). Such pair bonds can be considered a form of |

conditioned partner preference because its formation depends on associating cues of the
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partner with the reward induced by the first copulation. The neurochemical substrate c,)f
pair bonding depends on a neurochemical cascade that includes the activation of opioids,
dopamine, oxytocin (OT), and arginine vasopressin (AVP) (Young et al., 2001; Young et
al., 2004). Thé latter two appear to be critical in the formation of partner preferences in
female and male prairie voles, respectively, and are produced mainly in neurons in the
PVN and supraoptic nucleus (SON) (Swaab, Pool, & Nijveldt, 1975). OT mediates pair
bonding behavior via its receptors in the nucleus accumbens and prefrontal cortex,
whereas AVP appears to activate receptors in the ventral pallidum and LS (Young et al.,
2004). OT in particular has been extensively reported as critical for social recognition of
mate and of the offspring (for review see Bielsky & Young, 2004).

Olfactory conditioned partner preference in female rats involves an increase in
solicitations, hops and darts, and lordosis with the preferred male, when females are
given a choice between two sexually vigorous males, one scented and one unscented
(Coria-Avila, et al., 2005; Chapter 1, Part 1). Conditioned partner preference by strain
also involves an increase in solicitations and lordosis made toward the strain of male
associated with paced copulation (Coria-Avila et al., 2006; Chapter 2, Part 2). Among
the neurochemical systems involved in an increase in sexually proceptive and receptive
behavior, gonadotrophin releasing hormone‘ (GnRH) is known to increase sexual
receptivity by central actions (Moss & McCann, 1975; Sakuma & Pfaff, 1983), 1983)
while inducing ovulation by its signaling of Iuteinizing hormone release from the
pituitary (Greep, 1973; McCann et al., 1973). However, GnRH administration in
estrogen-primed females does not facilitate their preference for a sexually active male

over a castrated male (Dudley & Moss, 1985), suggesting that sexual preference and
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solicitation behaviors, sexually receptive behaviors such as lordosis, and ovulation, are
separate processes that require at least the coordinated activation of OT, AVP, and
GnRH.

Given the role of OT and AVP in mating-induced partner preference and mate
recognition in prairie voles, and the increase in sexual behavior of 2 variety of species by
GnRH, two experiments were conducted to examine whether strain cues paired with
paced copulation would conditionally activate OT, AVP, and/or GnRH neurons.
Experiment 1 examined whether strain cues paired with paced copulation could activate
more Fos-IR within OT or AVP neurons of the PVN and SON. Experiment 2 examined

the same phenomenon in GnRH neurons.

General Methods

Subjects and surgery

Wistar (W) and Long-Evans (LE) males (300-350 g) and W female rats (200-250
g) were purchased from Charles River Canada (St-Constant, QC). Males were housed in
groups of four in Plexiglas cages and females were housed in groups of 4 in large wire
mesh cages in a colony room maintained on a reversed 12:12 h light/dark cycle (lights off
at 08:00 h) at approximately 21°C. Commercial food and watér were continuously
available.

Females were anesthetized with a mixture of ketamine hydrochloride (50 mg/ml)
- and xylazine hydrochldride (4 mg/ml), mixed at a ratio of 4.3, respectively, and injected
intraperitoneally in a volume of 1 ml/kg of body weight. Anesthetized females were then

ovariectomized (OVX) bilaterally via a lumbar incision. Post-surgical treatment included
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single subcutaneous injections of Flunixin meglumine 2.5 mg/kg (Banamine®) for
analgesia, and Enrofloxacin 5 mg/kg (Baytril®) to prevent post surgical bacterial
infections. All females were given a week of post-surgical recovery prior to conditioning
trials. Male rats were sexually eXpen'enced. They initiated copulatory activity with
females within 15 sec of being placed into the chambers. For all behavioral tests, sexual
receptivity was induced in all ovariectomized females by subcutaneous injections of
estradiol benzoate (10 ug) 48 h and progesterone (500 ug) 4 h before each test.
Conditioning

The experiment required females to associate one strain of male with paced
copulation and the other with nonpaced copulation. Two groups were formed, in the
Wistar-pacing (W-P) group females copulated with W males in the paced condition and
LE males in the nonpaced condition. Femalgs in the LE-pacing (LE-P) group ‘c()pulated
- with LE males in the paced condition and W males in the non-paced condition.
Conditioning trials occurred at 4-day intervals during the middle third of the rat’s dark
circadian cycle following hormone priming. Paced copulation occurred in semicircular
chambers (3 82? x 60 x 38 cm) bisected by a clear Plexiglas dividgr with 4 holes cut into
the bottom (4 x 4 cm) that rested on bedding (Pfaus, Kippin, & Coria-Avila, 2003). These
holes were large enough for the female to crawl through, but too small for the males to
pass through. 'Nonpaced copulation occurred in the same chambers, but without the
divider. Females received a total of 10 sequential experiences of 30-min each in paced
and nonpaced conditions at 4-day intervals (5 each). The order of condition for the first

conditioning trial was counterbalanced so that half of each group started with paced
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condition and the other half with nonpaced copulation. Animal were allowed to copulate
for 30 min before being taken back into their home cages.
Copulatory preference test

Four days after the 10™ conditioning trial, each female was placed into a large
open field (123 x 123 x 46 cm) with a thin layer of woodchip bedding. At two diagonal
corners of this open field were two males, one W and the othe£ LE. Each male wore a
rodenf jacket connected on the back to a spring wire 30 cm in length. This allowed the
males roam freely within a 45 cm radius. The females were placed in one neutral corner
of the open field and allowed to copulate freely with both males for a 30-min period.
These tests were videotaped and scored. The results of the behavioral test were reported
_ in Chapter 1, Part 2 (Coria-Avila et al., 2006), and confirmed that regardless of the strain,

females developed a conditioned partner preference for pacing-related males.

Experiment 1: Exposure to strain cues on Fos activation in OT and AVP neurons

Procedure
Four days after the behavioural test, 20 W females were hormone-primed with

estradiol benzoate (10 pg) and progesterone (500 pg) S.C. 48 and 4 hrs, respectively,
before the copulatory session. According to conditioning schedule, females were placed
in one side of a two-compartment chz}mber, divided by a wire mesh that allowed visual,
olfactory and acoustic stimulation from a male placed in the other side, but not tactile
stimulation nor copulation. Some females were exposed to the strain of male aséociated
with paced copulation and other females were exposed to the male associated with

nonpaced copulation. This left four groups, the W-P (1=6) in which females were trained
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to associated a W male with paced copulation; the LE-Ni) (n=6) in which LE males were
associated with nonpaced copulation; the W-NP (n=5) in which females were trained to
associate a W male with nonpaced copulation; and LE-P (n=3) in which LE males were
associated with paced copulation. After 1 hr females were overdosed with sodium
pentobarbital (120 mg/kg 1.P.) and perfused intracardially with 350 ml of phosphate-
buffered saline followed by 350 ml of 4% paraformaldehyde. The brains were removed
and post fixed in 4% paraformaldehyde for 4 h and stored overnight in 30% sucrose
solution. The brains were then covered in aluminum foil and stored at -80 °C.

Serial frozén coronal brain sections (30pm) that correspond to plateé 22to 25 of
Paxinos & Watson, (1998) were cut from each brain on a sliding microtome. They were
incubated sequentially with 30% w/w hydrogen peroxide (H,O,) in Tris-buffered saline
(TBS) for 30 min at room temperature, then in 3% normal goat serum (NGS) in 0.05%
Triton TBS for 90 min at 4 °C, then in rabbit polyclonal anti-Fos Ab5 (Oncogene
Science, Boston, MA, USA,; diluted 1:75,000) in 0.05% Triton TBS with 3% NGS for 72
h at 4 °C, then in biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA,
USA,; diluted 1:200) in 0.05% Triton TBS with 3% NGS for 1 h at 4°C, and then in
avidin-biotinylate—peroxidase complex (Vectastain Elite ABC Kit, Vector Laboratories;
diluted 1:55) for 2 h at 4 °C. Sections were washed in TBS (3x5 min) between
incubations.. The immunoreactions were stained by sequéntial treatments at room
temperature with 50-mM Tris for 10 min, 3,3’-diaminobenzidine (DAB) in 50-mM Tris
(0:1 ml of DAB/Tris buffer, pH 7.8) for 10 min, DAB/3% H,0; in 50-mM Tris for 10
min, and 8% NiCl, (400 pl per 100 ml of DAB/Tris buffer+ H,O,). The sections were,

then, rinsed (3x10 min in TBS) and transferred again to 3% normal goat serum (NGS) in
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0.05% Triton TBS for 90 min at 4 °C. Half of the sections were incubated with rabbit
polyclonal anti-body raised against OT (Chemicon International, Temecula, CA, USA,;
diluted 1:10,000) and half — with rabbit polyclonal anti-body raised against AVP
(Chemicon International, Temecula, CA, USA; diluted 1:10,000) in 0.05% Triton TBS
with 3% NGS for 18 h at 4 °C. Secondary and tertiary phases, as well as the
immunoreactions were equivalent to the ones described above; however, no NiCl, was
added in the last phase of the immunoreactions in order to generate a reddish-brown
cytoplasmic reaction product (Figure 18). Sections were mounted onto gelatin-coated’
slides, dehydrated with ethanols and cleared in xylenes, and coverslipped. The sections
were analyzed under a light microscope at 10 X magnification and counted as OT
neurons‘ with Fos and AVP neurons with Fos. OT and AVP neurons were identified in the
entire area of the PVN and SON by their reddish-brown cytoplasmatic color and Fos was
identified as a black nucleus. The counting was blind since the observer did not know the
classification of each female.
Statistical analysis

There were 20 females in total: W-P (n=6), LE-NP (n=6), W-NP (n=5), LE-P
(n=3). A one-way analysis of variance (ANOVA) was used to assess the differences in
Fos-IR within OT and AVP neurons between the four groups. The level of significance
was set at p<0.05. All significant results were followed by a Least Significant Difference
(LSD) post hoc test. In addition, a partial correlation was performed between the
soiicitations, and double-labeled cell.s, controlling for group. The level of significance

was p<0.05.
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Experiment 2: Exposure to strain cues on Fos activation in GnRH neurons
Procedure

The brains of some females of Chapter 1 Part 2 of this thesis (Coria-Avila et al.,
2006), and some females of Chapter 2 (Coria-Avila & Pfaus, submitted), were used. All
the females were handled, OVX, trained, sacrificed and perfused as females in
Experiment 1 of this paper. Approximately 40 serial frozen sections (30 ;;Lm) from the
anterior septum, to the POA, corresponding to plates 14-19 of Paxinos & Watson (1998)
were cut from each brain on a sliding microtome.

Sections were washed in Tris-buffered saline (TBS) and incubated with an
affinity-purified monoclonal antibody raised against Fos protein (diluted 1:40,000) at 4°
C for 48 h in 0.05% triton X-100 with 1% normal goat serum (NGS). The sections were
rinsed in TBS and incubated at 4° C for 1 h with a biotinylated antirabbit IgG made in
goat in 0.05% Triton X-100 with 1% NGS. The sections were rinsed and incubated at 4°
C for 2 h in an avidin-horseradish peroxidase complex (vectastain Elite ABC Kit, Vector
Laboratories). The sections were rinsed in 50 mM Tris buffer (pH 7.6), and rinsed for 10
min in 0.05% 3,3’-diaminobenzidine (DAB) in 50mM Tris. The sections were then
incubated on an orbit shaker for 10 min in DAB/Tris buffer with 0.01% H202 added to
catalyzed the DAB and 8% NiCI2 to color the DAB chromagen product blue-black. The
sections were rinsed in TBS to stop the reaction, then rinsed in TBS 0.03% H2(52 to react
any unreacted peroxidase. The sections were then rinsed again in TBS and incubated and
incubated with an affinity-purified rabbit polyclonal antibody raised against GnRH (LR 1-
I, diluted 1:10,000; a generous gift from Dr. R. Benoit of the Montreal General

Hospital), at 4° C for 48 h in 0.05% Triton X-100 with 1% NGS. The sections were
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rinsed in TBS and incubated at 4° C for 1 h with a biotinylated antirabbit IgG made in
goat (diluted 1:200) in 0.05% Triton‘ with 1% NGS. The section were rinsed in TBS,
incubated as above in the vectastain Elite avidin-horseradish complex, rinsed in TBS,
rinsed in 50mM tris buffer (pH 7.6) and rinsed as above in DAB. NiCl, was not added in
order to generate a reddish-brown cytoplasmic reaction product (Figure 20). Sections
were rinsed in TBS, mounted on gelatin-coated slides, dihydrated with ethanols, cleared
in xylene, coverslipped, and examined under 2 microscope (Figure 20). In every slice all
the GnRH alone and GnRH with Fos found were counted. The analysis was blind since
the observer did not know the classification of each female.
Statistical analysis

There were 15 females in total. W-P (n=4), LE-NP (n=4), W-NP (n=4), LE-P
(n=3). A mixed design (4 groups X 2 anterior/posterior) analysis of variance (ANOVA)
was performed to assess the differences in the number of GnRH neurons, Fos alone, and
GnRH neurons with Fos. The level of significance was set at p<0.05. All significant
results were followed by a Least Significant Difference (L.SD) post hoc test. In addition,
partial correlations controlling for group and bivariate correlations were carried out
between solicitation frequency and GnRH cells, GnRH with Fos, and ratio. The level of

significance was p<0.05.

Results
- Experiment 1: Fos induction in OT and AVP neurons
There was no distinction made between parvocellular and magnocellular neurons

within the PVN, neither anterior nor postérior. Within this nucleus, hoWever, most of the
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double labeled cells were found in the lateral parts. Figure 20 shows the mean number +
SEM of double labeled neurons for Fos within OT or Fos within AVP neurons of the
PVN and SON. For the number of double-labeled Fos/OT neurons in the PVN, the
ANOVA failed to detect significant differences between the groups F(3,16)= 1.38, p=.28.
For the amount of Fos-IR cells within AVP neurons within the PVN, the ANOVA failed
to detect significant differences between the gréups F(3,16)= .45, p=.71. For the amount
of Fos-IR cells within OT neurons within the SON, the ANOVA failed to detect
significant differences between the groups F(3,16)= .97, p=.42. For the amount of Fos-IR
cells within AVP neurons within the SON, the ANOVA failed to detect significant
differences between the groups F(3,16)= .79, p=.51.

The results of partial cqrrelations revealed significant differences in the amount of
solicitation and double-labeled cells by area (OT-PVN, OT-SON, AVP-PVN, AVP-
SON), controlling for group (W-P, LE-NP, W-NP, LE-P). There was a positive
correlation between solicitations and OT in the PVN controlling for group, r (17)= .46,
p=0.044. There was a positive correlation between solicitations and OT in the SON
controlling for group, r (17)= .68, p=0.001. There was no correlation between
solicitations and AVP in the PVN controlling for group, r (17)= .26, p=0.27. There was a

positive correlation between solicitations and AVP in the SON controlling for group,
(17)= .66, p=0.002. The analysis did not reveal significant differences between olfactory
investigations and OT in the PVN, r (N=20)= .10, p=0.67; OT in the SON, r (N=20)= .12,
p=0.60; AVP in fhe PVN, r (N=20)=.02, p=0.92; and AVP in the SON, r (N=20)=.15,

p=0.51.
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Figure 19. Upper panel: Distribution of Fos-IR and OT neurons within the PVN. Lower:
Identification of neurons as (A) Fos alone; (B) OT alone, or (C) double-labeled Fos
within OT neurons. OT neurons are observed with a reddish-brown cytoplasm, whereas

the Fos labeling is a darker stain in the nucleus.
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Figure 20. Mean number + SEM of Fos-IR cells within oxytocin (OT) and

vasopressin (AVP) neurons of the paraventricular nucleus of the hypothalamus

(PVN) or supraoptic nucleus (SON). Females in the Wistar-Pacing group were

trained to associate a Wistar male with paced copulation and a Long-Evans with

nonpaced copulation. In the Long-Evans-Pacing group females received the
opposite association.
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Experiment 2: Fos induction in GnRH neurons

A distinction was made between anterior and posterior GnRH neurons. Those
found between plates 14 and 17 were classified as anterior; whereas those found between
plate 18 and 19 were classified as posterior. Accordingly, the number GnRH neurons, Fos
alone and GnRH neurons with Fos within anterior and posterior areas were counted
(Table 10), as well as the total count of GnRH, Fos alone aﬂd GnRH with Fos, regardless
of the anterior or posterior location (Figure 21).

The analysis of labeled GnRH neurons failed to demonstrate any significant
difference between the groups F(3,11)= .43, p=.73, but indicated a main effect of area
F(1,11)=13.3, p=.003, indicating that overall there were more GnRH labeled neurons in
the anterior area relative to the posterior. The post hoc analysis revealed that these
differences were significant only within the LE-NP and within the LE-P groups. There
were no interactions between group and area F(3,11)= 1.4, p=.27. The analysis of Fos
alone failed to demonstrate any main effect of group F(3,11)= 1.5, p=.25, area F(1,11)=
.03, p=.84 or interaction between group and area F (3,11)= .12, p=.94. The analysis of
GnRH neurons with Fos indicated a trend for a main effect of group F(3,11)= 2.9, p=.07,
and a main effect of area F(1,11)= 13.7, p=.003. The direction of the data indicated that
there were more GnRH neurons with Fos in the posterior area than in the anterior. The
post hoc analysis indicated that these differences were significant only in the LE-NP and
LE-P groups.

A second analysis was made without distinction between anterior and posterior
neurons. The statistical analysis failed to demonstrate significant differences in any

variable, but showed interesting trends for significance (Figure 22). With regard to the
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total number of GnRH neurons labeled, the ANOVA did not detect significant
differences between the groups F(3,11)= .73, p=:55. With regard to the total number of
GnRH cells that expressed Fos the ANOVA did not detect differences between groups
F(3,11)=2.47, p=.11. However, the ANOVA detected a trend for significance in the
proportion of GnRH neurons that expfessed Fos-IR between the groups F(3,11)=3.5,
p=.053, which suggested that GnRH neurons in Wistar females are more likely to be
activated by the presence of a Long-Evans male associated with paced copulation.

There was a significant correlation between'solicifations frequency directed
towards the pacing male and the number of GnRH-Fos neurons in the anterior
hypothalamus, r (15)= .54, p=0.03. There were no significant correlations between the
total solicitations frequency and total number GnRH-labeled cells controlling for group, r
(12)=-.32, p=0.25; for total solicitations and total number of GnRH cells with Fos, r
(12)=-.02, p=0.93 and for total solicitations and total ratio of GnRH cells with Fos, r
(12)= .17, p=0.55. In addition, the analysis did not reveal significant correlations between
solicitations and ratio GnRH-Fos in the posterior hypothalamus, r (n=15)= -.40, p=0.61;
between solicitations and. total GnRH cells with Fos in the anterior r (n=15)= .22, p=0.41
or posterior hypothalamus, r (n=15)= .04, p=0.88; between solicitations and total GnRH
cells in the anterior r (n=15)= -.40, p=0.13 or posterior hypothalamus, r (n=15)= .05,

p=0.84.
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Figure 21. Fos-IR within GnRH neurons of the organum vasculosum of the
lamina terminalis (OVLT) in the anterior preoptic area. Upper panel: Distribution
of Fos-IR and GnRH neurons within the OVLT. Lower: Identification of
neurons as (A) Fos alone; (B) GnRH alone, or (C) double-labeled Fos within
GnRH. GnRH neurons are observed with a reddish-brown cytoplasm, whereas
the Fos labeling is a darker stain in the nucleus.
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Ratio Ratio
Group GnRH GnRH | Fosalone | Fosalone | pppos | GnRH/Fos
anterior posterior anterior posterior - . .
anterior posterior

W-P 1642+ 1.6 12.76 £2.7 4.19£1.1 3.94 + .37 26 +.06 33+.07
LE-NP 17.93 +4.1* 828+ 1.1 3.06+ .94 341+ .47 .19 £ .04* 43 +£.06
W-NP 11.76 £3.1 10.15+£2.0 246 +.67 236 +.52 17 £.04 24+ .01
LE-P 15.80 = 4.4* 840+1.9 3.76 £ .61 4.12 + 98 .24 + .03* 45+.02

Table 9. Mean number + SEM of GnRH neurons, Fos alone and GnRH neurons with Fos
from the anterior septum to the preoptic area. Anterior refers to those neurons counted
between plates 14 and 17, and posterior refers to neurons counted between plates 18 and
19 of the Rat Brain Atlas (Paxinos et al., 1998). W-P, females exposed to a Wistar male
associated with paced copulation; LE-NP, females exposed to a Long-Evans male
associated with nonpaced copulation; W-NP, females exposed to Wistar male associated
with nonpaced copulation; LE-P, females exposed to Long-Evans male associated with

paced copulation. * p<0.05 anterior vs posterior within groups.
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Figure 22. Mean number + SEM of Fos-IR cells within Gonadotrophin-Releasing
Hormone neurons of the organum vasculosum of the lamina terminalis, through
the anterior septum, to the mPOA. Females in the Wistar-Pacing group were
trained to associate a Wistar male with paced copulation and a Long-Evans with
nonpaced copulation. In the Long-Evans-Pacing group females received the
opposite association.
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Discussion

Exposure of female rats to strain cues associated with paced copulation produced
significant correlations between Fos induction in OT neurons in the PVN and SON with
prior numbers of solicitations made toward the pacing-related male. A similar correlation

~was found between Fos induction in GnRH neurons in the anterior preoptic area with
prior solicitations. No correlations were found with Fos induction in AVP neurons and
prior solicitations. Although differences in the actual number of double labeled Fos-OT
neurons between groups in the PVN and SON did not reach statistical significance,
according to the direction of the data, it is possible that a larger group size might have
revealed significant differences in Fos/OT neurons between groups in the PVN. A trend
toward significance was observed in total numbers of double-labeled Fos-GnRH neurons,
suggesﬁing a more pronounced effect of conditioned activation of these neurons by strain
cues associated with paced copulation.

Females from the Wistar-pacing group exposed during 1 hr to Wistar males
appeared to express more Fos-IR in OT neurons than females of the same group exposed
to a Long-Evans male associated with nonpaced copulation (Fig. 20). In contrast, females
from the Long-Evans-pacing group exposed to a Wistar male appeared to express less
Fos-IR than females of the same group exposed to a Long-Evans male paired with paced
copulation. The direction of the bars also resembles the amount of solicitations that
conditioned females commonly perform towards preferred males associated with paced
copulation. This was confirmed by a positivo correlation between the solicitations
frequency and the amount of OT+Fos cells in the PVN, OT-+Fos cells in the SON and

AVP+Fos cells in the SON, but not between solicitations and AVP+Fos cells in the PVN.

186



A large body of research shows that OT facilitates the formation of pair bonds
following mating in monogamous female prairie voles (Carter, Williams, Witt, & Insel,
1992; Insel, Winslow, Wang, Young, & Hulihan, 1995; Williams, Insel, Harbaugh, &
Carter, 1994). Females given an OT antagonist fail to develop mating-induced pair
bonding, whereas OT agonists induce pair boriding even in the absence of mating (Insel
& Hulihan, 1995).

In female rats copulation activates Fos within OT neurons in the PVN (Flanagan,
Pfaus, Pfaff, & McEwen, 1993), suggesting that OT levels are elevated during
copulation. In fact, there is evidence indicating that in humans the levels of plasma OT
increase during sexual stimulation (Carmichael et al., 1987). It is possible that such
increase is part of the neurochemical substrate of sexual reward, since administration of
OT in rats appears to induce sufficient reward to induce CPP (Liberzon, Trujillo, Akil, &
Young, 1997). Accordingly, it is possible that OT within the PVN mediates the formation
of conditioned partner preference in female rats towards a pacing-related male following
sexual reward.

Another possibility is that OT mediates social recognition. For example, both OT
(Ferguson et al., 2000) and AVP knockout mice (Bielsky, Hu, Szegda, Westphal, &
Young, 2004) fail to develop social memory compared to wild type mice, although they |
have no impairment in normal olfaction. OT treatment fully restores social recognition in
the OT knockout mice, and when they are exposed to a conspecific they express much
less Fos-IR in the medial amygdala, and its proj ections; compared to wild type mice
(Ferguson, Aldag, Insel, & Young, 2001). Accordingly, we had the alternate hypothesis

that Fos-IR within OT neurons of the PVN reflected a neuroendocrine response during
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social recognition. However, not significant correlations were detected between the
frequency of olfactory investigations and OT and AVP in neither the PVN nor in the
SON. Therefore, it is possible that the observed trends revealed sexual motivation and not
olfactory recognition.

In our data, the low numbér of animals in the LE-P group (n=3) may have
qontributed to the large differences observed between individuals. Thus, it is possible that
an increase in the number of animals in that group may clarify whether or not OT neurons
of the PVN are differentiaﬂy activated by cues associated with paced vs nonpaced
copulation. Nevertheless, given the general role of OT' and the direction of our data, we
are cautiously optimisﬁc that OT in the PVN might play a role in the conditioned partner
preference of female rats. Specifically, paced copulation may induce the activation of OT
neurons in the PVN, which in turn, may be needed for both experiencing sexual reward
and for the formation of social memory during future encouﬁters. Subsequently, CSs
~ associated with paced copulation may facilitate social recognition and sexual behavior
through the activation of OT ﬁeurons and OT release in the PVN, mPOA, and VMH
(Arletti & Bertolini, 1985; Schulze & Gorzalka, 1991).

We have previously reported that exposure to a neutral almond odor paired with
the postejaculatory reward state in male rats induces Fos within parvocellular OT neuroné
in the PVN (Ménard et al., 2005). OT neurons in the PVN of male rats are activated by
dopamine (Argiolas & Melis, 2004), and the activation of dopamine by neutral stimuli
paired with reward may drive OT release in turn. It will be important to examine whether

OT neurons in the PVN are activated similarly by conditioned olfactory cues in female
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rats, and in both genders whether such activation is driven by a dopaminergic
mechanism.

In Experiment 2, exposure to strain cues associated with paced copulation
produced a trend towafd more Fos induction in GnRH neurons across the four groups
(p=0.053), with more double-labeling defected in the posterior preoptic area relative to
the anterior regions. However, there was a positive> correlation between the solicitations
frequency towards the pacing-relafed male and the proportion of GnRH+Fos neurons in
the anterior hypothalamus. The activation of GnRH neurons by strain cues may reflect a
conditioned neuroendocrine response that could facilitate reproduction with a preferred
male, similar to the results of Graham & Desjardins (1980), in which exposure to a
conditioned odor paired with copulation to ejaculation was sufficient to increase the
levels of LH and T in male rats, but not if the odor was unpaired. Paced copulation in
bilevel chambers, and manual distributed VCS both activate Fos in GnRH neurons of
female rats (Pfaus, Jakob, Kleopoulos, Gibbs, & Pfaff, 1994; Schulze et al., 1991). Future
experiments should assess the effect of conditioned odors that predict paced copulation
on the expression of Fds-IR within GnRH neurons, as well as plasma levels of LH and P,
or even pregnancy rates following exposure to the CS. Such comparison will shed light
on the effect of CSs associated with sexual reward on reproductive events.

Taken together, the preliminary data of Chai)ter 4 contributes to the idea that CSs
associated with paced copulation induce conditioned neuroendocrine responses that can
increase the sexual motivation towards males tﬁat bear the CSs, and at the same time may
facilitate neuroendocrine responses that to aid reproduction with the preferred male. It is

clear that behavioral mechanisms such as pair bonding or mate guarding facilitate sexual
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exclusivity between partners. However, it is also possible that CSs that predict a positive
sexual experience may facilitate reproduction. There is already evidence indicating that
female rats experience paced copulation as more rewarding (Paredes & Alonso, 1997;
Paredes & Vazquez, 1999), and that paced copulation produces bigger litter sizes
compared to those of females that did not have the opportunity to pace their copulatory
contact (Coopersmith & Erskine, 1994). These findings suggest that the neural
mechanisms that mediate sexual reward during paced copulation may also enhance

reproductive success.
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GENERAL DISCUSSION

The research reported in this thesis was undertaken to examine whether female
rats develop a conditioned partner preference for males bearing cues associated with
sexual reward. Because rat mating strategies are generally described as polygamous, the

- display of rudiments of pair bonding, such as partner preference, indicates that mating |
strategies are not fixed but rather are flexible depending on what rats learn in their early
sexual experience. Indeed, male rats learn to associate neutral olfactory stimuli, such aé
almond or lemon odor, with the postejaculatory reward state, and when given a choice
between two receptive females, one scented with the conditioned odor and one unscented,
conditioned males choose to ejaculate preferentially with the scented female, whereas
males in unpaired or random paired groups do not (Kippin et al., 1998). Knowing that
female rats find paced copulation rewarding (Paredes et al., 1997; Paredes et al., 1999), it
was straightforward to ask whether olfactory or strain cues associated with paced
copulation would alter appetitive and consummatory sexual behavior and partner
preference in the female.
Chapter 1 demonstrated that the association of a neutral olfactory stimulus ‘

(almond odor) on a male, or strain cues (pigmented versus albino) of a male, with the
sexual reward induced by paced copulation induces the development of conditioned
partnér preference in female rats for that male. Such partner preference was commonly
expressed with a higher frequency of solicitations toward the preferred male, relative to
females in unpaired or random paired groups that did not develop a preference. However,
in some studies, the conditioned preference was also expressed with shorter latency

during first solicitation, more hops & darts, lordosis of higher magnitude towards the
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preferred male, as well as the female choosing to receive her first ejaculation from the
preferred male.

Chapter 2 revealed that exposure to the conditioned odor alone activated Fos in
hypothalamic, limbic, and cortical brain regions, whereas exposure to the strain cues
alone activated Fos in a subset of these regions. This suggests that, once conditioned, the
cues act as “priming stimuli” to activate regions of the brain that are activated by
olfactory and tactile stimuli (e.g., VCS) during paced copulation. Of these regions, the
PirCtx, mPOA, and VTA were common to both odor and strain conditioning. PirCtx
receives mesocortical DA inputs from the VTA, along with main olfactory and
genitosensory stimuli. The mPOA receives DA inputs from the zona incerta, and in turn
projects to the VTA. All three regions are innervated by opioid neurons or interneurons,
suggesting the involvement of both opioids and dopamine in conditioned partner
preference.

Chapter 3 examined the role of opioid and dopamine transmission in the
development of conditioned odor and strain preferences. Blockade of opioid receptors by
naloxone during training abolished both types of conditioned partner preference, and
resulted in female rats that displayed fewer solicitations and lower lordosis magnitudes
overall on the final choice test (without naloxone), suggesting that sexual activity without
concomitant opioid reward results in a lack of desire for sexual interaction despite being
primed fully with EB and P. In contrast, blockade of DA receptors with flupenthixol
during training abolished odor conditioned partner preference, but not strain conditioned
partner preference. Taken together with the results of Chapter 2, these data suggest that

mesolimbic DA turnover is important for associating a truly neutral stimulus like almond
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odor with sexual reward, but that strain cues which possess potentially more innately
arousing propertles do not require DA turnover for conditioning.

Finally, Chapter 4 described prehmlnary results of a double-labeling study that
found a trend toward significance in the number of Fos-labeled OT neurons in the PVN,
and GnRH neurons in the caudal POA, in females exposed to strain cues associated with
paced copulation relative to the same cues associated with nonpaced copulation. This
suggests that the activation of OT neurons may be a mechanism by which cueé associated
with paced copulation come to direct partner preferences, whereas activation of GnRH
neurons could be an additional mechanism by which sexual behavior is facilitated, one
that may also indicate a greater potential for reproductive success with preferred males.
Solicitqtions as an index of sexual desire

In general, solicitation behaviors have been considered as those “species-typical
behaviors displayed by the estrous female which encourage the male to mate and which
regulate the pattern of copulation” (Erskine, 1989). In female rats, however, solicitations
have a very specific behavioral pattern, not to be confused with other proceptive
behaviors such as hops & darts (H&D), or ear wiggling (McClintock, 1984a). Thus, in
spite of the fact that all of these behaviors can be referred to as “proceptive” (Beach,
1976), only solicitations were cénsistently increased toward males with cues associated
with sexual reward in the present experiments. Solicitations are an important means by
which female rats express their sexual desire andv preference for a male (Pfaus et al.,
2003). This inay be supported by the fact that in sexually-receptive females manual flank
stimulation will induce the display of lordosis, and even other proceptive behaviors such

as H&Ds, ear wiggling towards the researcher’s hand. Such responses may indicate

~
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sexual arousal and motivation, but not partner preference. Solicitations, however, are
displayed exclusively within the coﬁtext of éopulation with a male rat. The finding that
female rats that learn to associate a CS with paced copulation display higher frequencies
of solicitations toward a male bearing the CS, indicates that partner preferences are based
on the level of sexual desire that a male triggers in a female. In turn, levels of sexual
desire reflect an expectation of sexual reward. Although female rats do not display
solicitations or any other sexual behavior unless in the proper hormonal state (following
the sequential actions of estrogen and progesterone), the direction of their behavior when
they are in the proper hormonal state reflects their desire.
Pacing, sexual reward, conditioned desire, and reproductive success

Learning to prefer a partner based on CSs that have been paired with paced
copulation may have reproductive advantages. For example, it is believed that the
capacity to pace VCS facilitates sexual reward and triggers a cascade of neuroendocrine
changes. In a series of studies it was demonstrated that the induction of pregnancy or
pseudopregnanc;y in the golden hamster was related to the number and rate of
intromissions that the females received (Diamond & Yanagimachi, 1968). The authors
hypothesized that a proper combination of the number and rate of sexual stimulation
would be crucial for successful reproduction in other species. Diamond (1970) also found
that different combinations of intromission frequency, duration of each insertion, and the
interval between insertions, lead to different percentages of success to induce
pseudopregnancy in mice. He hypothesized that this so-called “vaginal code” revealed
the reproductive needs of the female that would lead to adaptive advantages on the part of

males that stimulated the females correctly. The notion of a vaginal code is important
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because it suggests that female reproductive needs play themselves out in the female’s
behavior with individual males (as individual pacing rates or displays), behavior that is
largely under the female’s control. If females are allowed to initiate and control the rate
of copulation, then the reproductive needs are satisfied. If not, then it is far more difficult
for the females to get pregnant.

As with other rodents, pacing in rats serves a significant reproductive purpose,
allowing females to control VCS at their preferred intervals. Such preferred intervals may
not be only species-specific, but individual-specific, and almost always serve to distribute
VCS in time. Doing so facilitates the induction of nightly prolactin surges in rats, which
support the maintenance of progesterone reléase by the corpus luteum (Erskine et al.,
1989; Matthews, Jr. et al., 1978; McClintock et al., 1978). Consequently, paced
copulation is believed to be more efficient than nonpaced copulation for inducing luteal
function and pregnancy (Bermant et al., 1966; Erskine et al., 1989; Lodder et al., 1976).
Indeed, gonadally intact females that are allowed to pace have larger litters compared to
females that do not pace (Coopersmith et al., 1994).

It is possible that the positive effects of paced copulétion have an analogy in
species other than rodents. For example, in a preliminary study, Paredes and Vazquez
(1999) argued that women’s sexual satisfaction was negatively correlated with the male’s
sexual control (in addition to other factors, such as economic and psychological control).
This suggests that sexual gratification in women depends on the perception of being free
to choose the type and amount of stimulation, contrary to the more traditional notion of
“being controlled”. This statement, however, applies to many species and maﬁy

circumstances, since overstimulation or lack of control may induce aversion. There is no
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evidence of any positive or negative neuroendocrine effect of female-controlled (paced)
vs. uncontrolled (nonpaced) intercourse in humans. However, “pacing” is difficult to
define in humans, and anecdotal information suggest that a vaginal code may exist in
women as well, since the same type or amount of sexual stimulation will not culminate in
orgasm in all women. Indeed, a woman that receives preferred sexual stimulation may be
more likely to experience orgasm(s), and there is evidence that experiencing orgasm and
sexual pleasure with a male partner increases the desire for pregnancy with that partner,
especially if her orgasms are experienced both before and after the male’s ejaculation
(Baker & Bellis, 1995; Singh, Meyer, Zambarano, & Hurlbert, 1998). Thus, the positive
effects of paced copulation in female rats may be due to the combination of perceived
freedom to choose, the actual fype and distribution of VCSs received from the male
partner, and the degreé of reward experienced.

The data in rats suggest that stimuli that induce sexual reward also have positive
effects on reproduction. Although there is no evidence at present that female rats
experience anything similar to orgasm as it is known in humans, there are clear
‘reproductive advantages to paced intromissions, including the induction of nightly
prolactin surges (Terkel et al., 1978) that maintain progesterone secretion from the corpus
luteum, which in turn facilitate the support of pregnancy until the placenta is fully formed
(Freeman, 1994). However, women do not depend on sexual stimulation to dvulate and
have a functional corpus luteum. In addition, the observation of bigger litter size in rats
following paced copulation indicates more eggs that were released or less uterine

reabsorption of blastocytes post-implantation. Orgasm in women has not been directly
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* correlated with the number of eggs that are ovulated, or with the likelihood of becoming

pregnant, despite increases in the desire to becqme pregnant with a preferred partner.

It has been suggested that sexual arousal and orgasm in women accelerates
sperm transport (Matteo & Rissman, 1984). This statement has been supported by studies
showing the rapid presence of spermatozoids in the uterus following coitus in humans
(Settlage, Motoshima, & Tredway, 1973). However, in a critical review of the evidence,
Levin (2002) argued that these studies had errors in interpretation due to the methodology
that was used. For example, the volunteers in the Settlage et al., study were anaesthetized,
therefore could not be aroused or experience orgasm. Furthermore, the intrauterine
spermatozoids were only stained, which does not indicate whether they were actually
fertile. Nevertheless, Levin suggested that some of the physiological responses during
arousal in women (and perhaps during orgasm as well) could aid repfoduction. In
particular, he has suggested an effect of vaginal “tenting”, which is observed when the
inner third of the anterior wall becomes elevated, away from the posterior wall together
with the uterus and cervix. According to Levin, vaginal tenting may facilitate the delay of
spermatozoids transport rather than facilitate intrauterine transport. Accordingly, the
delay probably occurs so that the spermatozoa have time to decoagulate from the seminal
fluids, freeing large numbers at the same time. Levin also suggests that vaginal tenting
keeps the cervix away from the semen péol during orgasmic contractions of the uterus,
which would reduce the rapid uptake of the spermatozoids by the contentious “uterine
insuck” mechanism (Levin, 2002).

Regardless of whether orgasm or other sexual rewards facilitate reproduction,

they likely increase the chances that copulation will occur again. This indicates that some
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aspects of sexuality including orgasms, may not be necessary for reproduction, and in
fact may exist exclusively for pleasure and the consequences on learning. Levin (2002)
has argued that:

“To arbitrarily refuse to recognize the duarchy of sexual arousal, and that some genital
mechanisms can be more rationally explained in terms of reproduction rather than sexual
Pleasure, restricts rather than enhances our knowledge about female genital physiology,
suggests a doctrine of censorship of thought that has no place in academic study, and
implies that reproductive mechanisms (and their Sﬁtdy) are somehow inferior to those
generating sexual pleasure” (pp. 405).

It is probable that sexual reward plays a more important role in the development of
preferences and social attachments, rather than a direct role in reproduction, which can
occur without reward. However, conditioning can clearly affect neuroendocrine
mechanisms that control both sexual behavior and reproduction. In one study, for
example, Graham & Desj ardins (1980) demonstrated that in male rats, an olfactory CS
paired with copulation to ejaculation with a receptive female for 14 trials, elicited the
same augmentation of luteinizing hormone (LH) and testosterone (T) as did exposure to a -
receptive female alone. LH and T are necessary for spermatogenesis and both appetitive
and consummatory sexual motivation and behavior. The preliminary results in Chapter 4
of this thesis also suggest that CSs pair with sexual reward can increase the aétivation of
GnRH neurons, and in a way that is linearly related to the number of solicitations the
females display with their partners (in particular males of the strain associated With baced
copulation). Rats are capable of secreting more than one egg during ovulation (Freeman,

1994), and the data of Chapter 4 suggest that they could be more likely to do this in the
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presence of a preferred male. Whether the increased Fos in GnRH neurons results in
increased blood titers of LH remains to be determined.
Neuroanatomical mechanisms

As mentioned above, Diamond (1970) proposed that during copulation a
“comparator” or “integrator” is involved in the integration of strength, frequency, and
length of intromissions, along with the interval between them. This potential integrator
determines the vaginal code, and thus sets the “correct” number and intervals of VCS that
result in enhanced reward and reproduction. This integrator may be formed by one or
several neural structures in the spinal cord and/or brain.

Sexual stimulation before and during copulation activates at least four afferent
genitosensory pathways in the female rat. Anogenital investigation and mounting by the
male produces tactile stimulation of the flanks, posterior rump, perineum, and tail base,
which in turn activate the pudendal nerve (Kow & Pfaff, 1973; Pfaff, 1980). As the male
intromits, pressure receptors in the vagina, cervix, and uterus are stimulated, which in
turn activate the hypogastric, pelvic, and vagus nerves, along with lower lumbar and
sacral] regions of the spinal cord (Berkley, Robbins, & Sato, 1993; Carlson & De, V,
1965; Chinapen, Swann, Steinman, & Komisaruk, 1992; Komisaruk et al., 1996). Flank
and perineal stimulation trigger the lordosis reflex, a dorsiflexion of the back which raises
the rump and exposes the vagina, allowing the male to gain intromission. However, VCS
during inffomission or ejaculation produces an immediate inhibition of lordosis and
stimulation of pacing behavior, in which the female leaves the vicinity of the male,

forcing him to chase her.
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Neurons of segment L6 in the spinal cord of female rats show a decrease in Foé—IR
following 5 paced intromissions, relative to 5 nonpaced intromissions, but this decrease is
lost if females receive more intromissions, regardless of being paced or nonpaced (Lee &
Erskine, 2000). This pattern of data suggests that VCS activates an inhibitory system in the
lower lumbar region of the spinal cord that is itself inhibited with low amounts of paced
relative to nonpaced VCS. It is not known whether this decrease allows other information to
pass into the spinal cord and alter the perception of VCS. It also has not yet been
demonstrated how spinal cord and brain integrate VCS following paced copulation. For

»conditioned partner preference to develop, paced stimulation has to be sensed as more
rewarding relative to nonpaced. The sexual reward has to occur in contingency with the
awareness of stimuli that are predictors of it. For example, spinal cord and brain have to
integrate the copulatory stimulation and social information (e.g., chemosensory, auditory,
visual, tactile) from the partner to connect the UCS with the CS, so that the CS becomes
capable of triggering a conditioned partner preference.

Activation of Fos.in the LS, BNST, mPOA, VMH, and MeApd, by VCS is
blocked by transections of the pelvic, but not hypogastric or pudendal nerves (Pfaus,
Mannit & Coopersmith, 2006). The information from VCS in rats can be sent almost
directly to these brain regions via the spiﬁohypothalamic pathway (Cliffer et al., 1991)
and alter ongoing sexual behavior and neuroendocrine processes. For example,
transection of both pelvic and hypogastric nerves abolishes the facilitation of lordosis that
occurs with small amounts of VCS (Gomora, Beyer, Gonzalez-Mariscal, & Komisaruk,
1994). Transection of the pelvic nerve alone abolishes the induction of pseudopregnancy

that occurs after moderate levels of VCS (Carlson et al., 1965), alongrwith the

200



abbreviation of behavioral estrus that occurs after higher levels of VCS (Lodder et al,,
1976). Bilateral infusions of lidocaine in or around the MeApd, but not the mPOA,
during copulation significantly reduces the proportion of rats that become
pseudopregnant (Coopersmith, Gans, Rowe, & Erskine, 1996). Bilateral infusions of the
sodium channel blocker tetrodotoxin to the VMH of female rats iﬁlmediately before a
large number of distributed manual VCSs lengthens the time that females display lordosis
and allow males to gain vaginal intromission during late phases of estrus termination, but
does not affect other measures of sexual or aggressive behavior during estrus termination
(Pfaus, Dobbek, & Lavoie, in preparation). A similar effect was reported following
transection of the pelvic nerve alone (Emery & Whitney, 1985). Bilateral infusions of the
protein synthesis inhibitor anisomycin to the mPOA of female hamsters prior to

. copulation with a male lengthens the lordosis durations during estrus termination relative
to females that receive a éontrol infusion of cholesterol (Ramos & DeBold, 1999). Taken
together, these data indicate that stimulation of the pelvic nerve by VCS results in the
activation of different hypothalamic and limbic sites that mediate different sexual and
neuroendocrine responses to VCS. Although manual distributed VCS also activates the
PirCtx and VTA (Pfaus et al., 1993), the pathways by which VCS activates these regions
have not yet been deterrﬁined.

The e){periments of Chapter 2 revealed three main areas that responded
significantly to odor and strain CSs paired with paced copulation. These areas are the Pir
Ctx, the mPOA, and the VTA, which expressed more Fos-IR following exposure to odor
or strain CSs that were paired with paced copulation, but not following exposure to the

CS that was paired with nonpaced copulation. In a conditioned female the Pir Ctx may
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supply information about the incentive value of odors to the mPOA, which may play a
role in linking solicitations to opioid activation during sexual reward. The VTA may be
activated to provide DA to areas important for motivation and decision making (e.g.
NAcc, prefrontal cortex, ACC), especially when the stimulus is truly rieutral (e.g., odor)
compared to composite strain cues that may be prepotent. These three areas may act as a
“common core” to link sexual reward to stimuli, that subsequently serve as CSs or primes
that activate forward-directed, and sex-related, locomotion, although clearly other regions
may participate depending on the nature of the CS.

Although the MeA ovefall did not express differgnces in Fos-IR following
exposure to CSs associated with paced copulation, Erskine et al., (1997) showed that in
female rats the MeApd expressed higher levels of Fos-IR during 5 or 15 paced
intromissions relative to the same number of nonpaced intromissions. In addition,
artificial control of the int‘erintro'mission intervals (III) resulted in more expression of
Fos-IR within the MeApd. The MeA may be important for detecting the differences in
VCS during paced or nonpaced copulation, and perhaps plays a role in sexual reward.

‘The MeA fnay interact with the mPOA to integrate the input from olfactory and sensory
cortices during copulation, which results in a conditioned preference. To clarify this,
future experiments will have to examine the effect of lesions in the MeA and the
consequences on CPP or conditioned partner preference.

The previous findings contribute to the idea that the expression of Fos-IR
following exposure to a CS is not necessarily the same expression observed following |
exposure to the UCS. There is more evidence of this in the research of drugs of abuse.

For example, following systemic administration of drugs such as heroin (Pontieri, Calo,
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Di, Orzi, & Passarelli, 1997), and cocaine or amphetamines (Graybiel, Moratalla, &
Robertson, 1990), rats express more Fos-IR in areas such as the CPu, NAc, ACC, Pir Ctx,
PVN, and amygdala émong others. Such Fos-IR may be regarded as the effect of the
UCS (drug) on those brain areas. Interestingly, exposure to a CS that has been paired
- with the administration of cocaine, increases expression of Fos-IR within the ACC,
claustrum, LS, PVN, lateral habenula, and the amygdala, but no conditional activation is
observed within the Pir Ctx, NAc, or CPu (Brown, Robertson, & Fibiger, 1992). In a
different study, rats exposed to an auditory CS paired with the administration of cocaine,
expressed Fos-IR in the BLA and in the mPFC, but no activation was found either in the
dorsal or ventral striatum (Ciccocioppo, Sanna, & Weiss, 2001) as it was with the
consumption of the drug. Thus, in spite of the fact that UCS and CS not always activate
similar brain areas, there are common behavioral responses that occur during exposure to
both. For example, a CS paired with cocaine can induce conditioned locomotor activity,
craving and relapse. Similarly, a CS associated with paced copulation will induce
sensitized behavioral responses towards a male, such as solicitations, and partner
preference.
Neurochemical Mechanisms

Chapter 3 demonstrated a role of opioids and DA in the development of a
conditioned partner preference. Blockade of opioid receptors readily disrupted the
development of both olfactory and strain conditioned preferences, indicating that opioids
are part of the reward system activated during paced copulation. In the case of DA
receptor blockade, only the olfactory conditioned preference was disrupted. Those results

were in agreement with the results of Chapter 2, in which exposure to the olfactory CS
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increased the expression of Fos-IR cells in the VTA but also in the NAcc, which is one of
several important mesolimbic DA terminal regions. However, blockade of DA receptors
did not have an effect on conditioned partner preference for strain. This finding is also in
agreement with the lack of significant differences in Fos-IR in the NAcc between females
exposed to strain cues associated with paced versus nonpaced copulation. A further
neurochemical assessment was undertaken in Chapter 4 to examine whether strain cues
could activate Fos in OT, AVP, GnRH neurons. Although preliminary, the results
suggested that the number of solicitations expressed toward the pacing-related male was
associated with a significant induction of Fos in OT neurons of the PVN and SON, and
GnRH neurons in the anterior preoptic area. No significant correlation was found for
solicitations and the activation of Fos in AVP neurons.

Dopamine. Studies using rﬁicrodialysis and voltametry have demonstrated that
sexual behavior enhances DA release in the NAc of male (Mas, Gonzalez-Mora, Louilot,
Sole, & Guadalupe, 1990; Pfaus et al., 1990) and female rats (Mermelstein et al., 1995;
Pfaus et al., 1995). Becker et al. (2001) demonstrated that levels DA in the NAc of
females were higher if they were allowed to pace the copulatory contact, or if the males
were withdrawn from the copulatory arena by the researcher at the females’ preferred
intervals, compared to nonpaced copulation. During thé paced copulation or prefe,rred'
interval situation, the levels of NAc DA increased about 50% above the baseline 15 min
after the male was introduced, and continued to increase until the end of the test, reaching
approximately 250% above baseline. In the case of females that were not allowed to pace
copulation, or females that paced but had a Vaginél mask that prevented intromission, the

~levels of NAc DA never increased signiﬁcantly above baseline, indicating that paced
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copulatory intervals are more efficient in increasing NAc DA only when they are
associated with intromissive stimulation.

In males, the NAc expresses Fos-IR following exposure to estrous odors, and both
males (Kippin et al., 2003) and females (Coria-Avila & Pfaus, Chapter 2, Part 1) express
Fos-IR following exposure to sexually-conditioned odors. When the NAc is
pharmacologically lesioned, male rats fail to display non-contact erections and
ejaculation (Kippin, Sotiropoulos, Badih, & Pfaus, 2004) and female rats are more likely
to avoid any kind of sexual interaction (Jenkins & Becker, 2001). Thus, NAc activity
responds to both copulatory stimulation in male and female rats, and to stimuli associated
with ejaculation or paced copulation.

With the évidence of enhanced mesolimbic DA activity during copulation in rats,
it was hypothesized that DA mediates the formation of mating-induced pair bonds in
voles (Wang et al., 1999). Wang and colleagues demonstrated that systemic
administration of a DA agonist (i.e. apomorphine) facilitated pair bond formation in
female voles in the absence of mating, whereas a DA antagonist (i.e. haloperidol)
disrupted the formation of pair bonds even following mating. In addition, they
demonstrated that systemic injections of a D2- but not D1-receptor antagonist disrupted
pair bond formation following mating, whereas a D2- but not a Dl—;receptor agonist
facilitated pair bond formation without mating. Similar to what occurs in females, the
general DA agonist apomorphine facilitates pair-bonding in male prairie voles, whereas
the general antagonist haloperidol disrupts pair-bonding (Aragona et al., 2003). In
addition, Aragona and colleagues (2003) demonstrated that injections of haloperidol in

the NAc disrupted the facilitation of pair-bonding induced by mating or apomorphine,
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whereas intra-NAc apomorphine facilitated pair-bonding in the absence of mating.
Taken together, the data on olfactory conditioned partner preferences in rats and pair
bonds in prairie voles suggest that NAc DA plays a critical role in the motivational
process that leads to this type of affiliative behavior. Ejaculation alone does not activate
the NAc in rats, and in fact decreases extracellular concentrations of DA (Blackburn et
al., 1992) by a serotonin-driven mechanism in the lateral hypothalamus (Lorrain, Riolo,
Matuszewich, & Hull, 1999). Therefore, the rewarding properties of ejaculation and
paced copulation are not exclusively associated with NAc DA activity.

The research on the neurochemical actions of drugs of abuse sﬁggests some
intriguing similarities between pair-bonding and drug-taking. For example, studies with
voltammetry (Ng, Hubert, & Justice, Jr., 1991) and microdyalisis (Hernandez & Hoebel,

: 1958) indicate that systemic administration of psychomotor stimulant drugs such as
cocaine enhance DA activity within the NAc of rats. However, intra-NAc cocaine does
not induce CPP (Hemby, Jones, Justice, Jr., & Neill, 1992), although it induces
conditioned locomotor activity. Other drugs of abuse such as amphetamines also enhance
DA activity in the NAc (Hernandez, Lee, & Hoebel, 1987), and unlike intra-NAc

_ cocaine, injections of amphetamines directly into the NAc induce CPP (Hemby et al.,
1992). Furthemore, the amphetamine-induced DA increases in the NAc have been

correlated with reports of euphoria in humans (Drevets et al;, 2001), indicating that DA
release within this area is correlated with a state of reward that can be conditioned to
environmental stimuli. Furthermore, studies on conditioned reinforcement have
demonstrated that intra-NAc injections of D1- and D2-receptor antagonists completely

block the reinforcing effects of amphetamine (Wolterink et al., 1993) and systemic
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injections of D2 agonists induce CPP, whereas D1 agonists induce place aversion -
(Hoffman & Beninger, 1988). Thus, if intra-NAc injections of amphetamine can induce
CPP, indicative of reward, it is also possible that the intra-NAc injections with
apomorphine or D2-like agonists also induce a state of reward of sufficient intensity for
male and female prairie voles to display a conditioned pair-bonding in the absence of*
mating (Liu et al., 2003; Wang et al., 1999; Aragona et al., 2003). It is not yet known
whether administration of DA agonists, systemically or to the NAc, facilitate the
development of conditioned partner preference in female rats in the absence of paced
copulation. Although DA release patterns in the stria;cum of female rats are greater during
paced compared to nonpaced copulation (Mermelstein et al., 1995), virtually nothing is
known about DA receptor activation in the striatum and the sexual behavior of female
rats.

The direct association of DA and reward is still a debated question. Some
researchers have suggest;ad that DA mediates craving during addiction by enhancing how
much an individual “wants” the drug, without affecting the hedonic properties of drugs,
or how much an individual “likes” the drug effect (Berridge et al., 1998). Accordingly,
drugs of abuse will render an individual addicted by sensitizing mesolimbic DA release,
and thus induce abnormal levels of “wanting” the drug (cra\}ing) without increasing the
actual drug reward or “liking”. In fact, there is evidence in humans indicating that drugs
of abuse such as morphine will increz;xse craving and drug-seeking without a noticeable
hedonic effect of the drﬁg (Lamb et al., 1991). Given this evidence, it is also possible that
the formation of pair bonds that follow apomorphine or D2 agonists in the absence of

mating occur without a noticeable effect on reward in prairie voles.
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Another brain area in which DA may be important for sexual behavior is the
mPOA. The mPOA is a terminal region of the incertohypothalamic DA system
(Bjorklund et al., 1975). The pattern of DA release in the mPOA of male rats during
appetitive and consummatory phases of copulation are nearly identical to those of thé
NAc (Blackburn et al., 1992), and the two may be linked by lateralized outputs from the
mPOA to the VTA (Brackett et al., 1984). D1 and D2 receptors in the mPOA pléy
opposing roles in males, with D2 receptor activation facilitating erections, and D1
activation facilitating ejaculation (Hull et al., 1992). Copulation in female rats also
increases DA release in the mPOA (Matuszewich et al., 2000), and infusions of the DA
receptor antagonist flupenthixol to the mPOA abolishes the facilitation of solicitations by
the melanocortin agonist bremelanotide (Gelez, Jacubowitz, & Pfaus, 2006; in
preparation). Lesions of the mPOA abolish solicitations and other measures of appetitive
sexual behavior such as hops and darts, along with attention to stud male odors (Hoshina
et al., 1994; Xiao et al., 2005). Although the role of DA in the mPOA of females has not
| been examined in detail, it is poésible that it mediates appetitive sexual behaviors linked
to sexual reward.

O@tocin and vasopressin. There is abundant evidence in pfairie voles that OT
and AVP facilitate the formation of pair bonds in females and males, respectively.
Comparison of the distribution of OT receptors in the brain of monogamous vs.
plolygamous voles has revealed important differences in receptor populations for these
neuropeptides (Insel & Shapiro, 1992). For example, the monogamous prairie voles
express more OT receptors within the NAc. When female prairie voles are given intra-

NAc injections of OT they develop pair bonds even in the absence of mating (Young et
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al., 2001), and an OT receptor antagonist injected directly in the NAc disrupt the
formation of pair bonds induced by mating. In the case of AVP, it has been demonstrated
that monogamous and polygamous voles also differ in the distribution of AVP receptors
in the brain (Wang & Young, 1997), and systemic injections of AVP facilitate pair bond
formation in males voles (Cushing, Martin, Young, & Carter, 2001). Indeed, viral
transfection of the V1a receptor into the ventral pallidum of polygamous meadow vole
males results in the development of pair bonding during their first copulation identical to
that observed in prairie vole males (Lim et al., 2004).

In rats, copulation increases Fos-IR within OT neurons in the PVN (Flanagan et
al., 1993; Pfaus et al., 1997; Witt & Insel, 1994), and Chapter 4 of this thesis showed a
significant correlation between the number of solicitations made toward the pacing .
related male and the amount of Fos-positive OT neurons in the PVN of females exposed
to the CS alone. Interestingly, an almond odor paired with copulation to ejaculation in
males increases the number of Fos-positive OT neurons in the PVN, compared to males
in an unpaired group (Ménard et al., 2005). It has been reported that following
ejaculation, the number of magnocellular cells in the PVN that express Fos increase about
50%, whereas Fos in parvocellular cellé increases more than 120% (Witt et al., 1994). In
male rats, injection of OT prior to their first sexual experience with almond-scented
females increases the number of males that display a conditioned partner preference
\(Gelez et al., unpublished obs.ervations). Thus the increases in OT neuron activation in
the brain may reflect a general mechanism by which conditioned cues on a partner éome

to elicit rudiments of pair bonding. Increases in magnocellular OT release in males may
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also link peripheral actions of OT, such as facilitation of erection and ejaculation, with
conditioned cues.

Oxytocin has been also associated with drug addiction. For example, in a review
by Kovacs, Sarnyai, & Szabo, (1998) the effects of OT on different types of drugs of
abuse were reported. Among the findings they indicated that OT blocks various
symptoms of morphine withdrawal in mice. Fﬁrthermore, OT in rats decreases
intravenous self-administration of heroin, and the cocaine-induced hyperlocomotion and
stereotyped grooming behavior (Kovacs et al., 1998). In addition, subcutaneous injections
of OT induce CPP (Liberzon et al., 1997), which indicates that can induce a state of
reward to be conditioned with environmental stimuli. Again, this evidence may indicate
that the conditioned ejaculatory preference in rats, and conditioned partner preference in
female rats and the formation of pair bonds in female prairie voles may be the result of
the rewarding properties of OT during copulation. This may help to explain how intra-
NAc injections of OT facilitate pair-bonding in voles.

Systemic administration of AVP facilitates pair—bonding in male (Insel et al.,
1995) but not female prairie voles. This is in agreement with our findings in Chapter 4, in
which no evidence was found linking Fos induction in AVP neurons in either the PVN or
SON to solicitation or any other response to the pacing-related male. Accordingly, we
suggest that in the case of female rats (but perhaps true in females of other species) OT
pfoduced by parvocellular neurons of the PVN mediates conditioned partner preference
induced by sexual reward.

Opioids. Opioid systems play a critical role in reward (Wise & Bozarth, 1981)

and sexual function (Pfaus & Gorzalka, 1987). They can cause euphoria in humans and
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‘are self-administered in virtually all animals. Systemic or intracerebroventricular
injections of p and 8 opioid receptor agonists induce CPP, whereas « receptor agonists
induce conditioned place avefsion (Mucha & Herz, 1985). Injections of morphine dose-
dependently inhibit the sexual behavior of both male and female rats (Pfaus et al., 1987).
Infusions of the u agonist morphine to the mPOA reduce ejaculation latencies (Bénd et
al., 1990), whereas infusions of the endogenous /8 agonist f-endorphin to the mPOA
inhibits mounts, intromissions, and ‘¢jaculations in male rats (Hughes, Everitt,.& Herbert,
1987, Hughes, Everitt, & Herbert, 1990). Intracerebroventricular infusions of 6 opioid
agonists to feméle rats facilitates lordosis and proceptive hops and dﬁs (Pfaus & Pfaff,
1992), whereas infusion of u agonists inhibits these behaviors. The effect of the 6 agonist
appears to occur by diffusiqn to the VMH (Acosta-Martinez & Etgen, 2002). in males,
infusion of morphine or the k agonist dynorphin 1-13 to the VTA facilitates mounting
behavior in a dose-dependent manner (Mitchell et al.; 1990), although subsequent work
showed a facilitation of male sexual behavior following infusions of the « antagonist nor-
binaltorphamine to the VTA (Leyton & Stewart, 1992). As mentioned in Chapter 3, Part
1, endogenous opioid actions at . receptors in the VTA appear to disinhibit DA neurons
by hyperpolarizing inhibitory GABA interneurons (Ford et al., 2006; Gysling et al., 1983;
Kalivas et al., 1990; Sotomayor et al., 2005). Indeed, infusions of morpine to the VTA
in(iuce CPP (Olmstead et al., 1997), and repeated intermittent exposure of sexually naive
males to estrous vaginal secretions sensitizes DA releése in the nucleus accumbens
(Mitchell & Gratton, 1991), an effect that is abolished by naloxone treatment prior to

exposure.
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It has been demonstrated that the rewarding or aversive effects of opioids (as
observed with CPP) are mediated in the VT A by facilitating or inhibiting DA release in
the NAc. This is believed because the inj ections of the neurotoxin 6-OHDA in the NAc
abolishes both, the rewarding and the aversive properties of opioids. In addition,
injections of p or 8 agonist within the VTA enhance DA activity within the NAc, whereas
injections of a k agonist decrease NAc DA (DiChiara et al., 1988). Conversely, injections
of p antagonist decrease DA activity within the NAc, whereas injections of a k antagonist
increase NAc DA. The disinhibition of DA neurons by p or 8 opioids arriving from the
arcuate nucleus to the VTA inhibit GABA neurons (Mucha et al., 1985a) which results in
activation of VTA DA neurons which project and release DA in the NAc (Herz, 1998).
Furthermore, DA neurons from the VTA to the NAc have been demonstrated to contain
receptors in the NAc terminals, which inhibit DA release (Heijna et al., 1990).

It has been shown that the rewarding properties of ejaculation in rats is disrupted
by systemic injections of the general opioid antagonist naloxone (Miller et al., 1987;
Agmo et al., 1990). Furthermore, the rewarding properties of paced copulation that
induce CPP in female rats are also disrupted by naloxone (Paredes et al., 2001), as well as
the conditioned partner preference that follows paced copulation in females (Chapter 3,
Part 1). Intefestingly, the DA antagonist flupenthixol does not disrupt the pacing-induced
CPP (Garcia Horsman et al., 2004), or the pacing-induced conditioned partner preference
in Wistar females (Coria-Avila et al., Chapter 3, Part 2) although it disrupts the pacing-
induced partner preference in Long-Evans females (Chapter 3, Part 2). It appears that
both the mPOA and VTA are regions in which endogenous opioids can modulate sexual

reward, and especially drive appetitive systems related to cues associated with sexual
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reward. It is noteworthy that these two regions are interconnected and were two of three
~ that showed significant Fos activation in response to both odor and strain cues associated
with paced copulation. It is possible that the increases in Fos reflect a conditioned
activation of opioid release in these regions that may drive DA or other neurochemical
systems downstream to initiate conditioned appetitive responses that form the basis of
partner preference.

A model of conditioned partner preference

Taken as a whole, the data from the present thesis suggests a preliminary model of
conditioned partner preference in the female rat (Figure 23). During the process of
olfactory conditioning receptive female rats display solicitations, which indicate their
desire to copulate. If they receive the appropriate stimulation (i.e. sexual reward during
paced copulation) UCS-detector centers become activated [green circle]. The MeApd is
sensitive to paced copulation and projects information about it to the mPOA which serves
as a main integrator area. The VTA is activated to provide DA to areas important for
motivation and decision making (e.g. NAcc, ACC) and motor activity (CPu, VP). ArcN
release opioids to hyperpolarize inhibitory GABAergic neurons (not shown), and
therefore increase DA release by the VTA. ArcN also projects a-MSH and opioids to the
mPOA to facilitate_'solicitations and reward, respectively, and perhaps concurrently. The
PVN may release OT into the mPOA to facilitate reward and bonding. Concurrently the
Tu [blue éircle] and PirCtx sense the CS. PirCtx projects olfactory information to the
mPOA and to the NAcc to strengthen the incentive value of the CS. Exposure to the
conditioned odor alone Will activate the common core areas (gray boxes) which trigger

motivation and integrate information [yellow circle] about males that bear the CS.

213



In contrast, although exposure to strain cues activates a similar set of core areas as
conditioned odors (PirCtx, mPOA, VTA), but neither the NAcc nor the other mesolimbic,
hypothalamic, or cortical regions are activated significantly. The DA antagonist
flupenthixol does not disrupt conditioned partner preference, indicating that long-term or
sustained DA release is not neclessary for strain conditioning.

Taken together with other data in the literature cited in this thesis, it becomes
apparent that opioids set the basic neurochemistry for sexual reward; DA and other
monoamines set arousal, attention, and appetitive/consummatory behaviors;
melanocortins aﬁd oT sef contact, consummatory behaviors, and bonding. Paced
copulation can induce a state of reward of sufficient intensity to be conditioned to cues
that become predictors of sexual reward, and in turn facilitate partner preference towards
males. Sexual reward during paced copulation dep.ends on an augmentation of
endogenous opioids which are required for both olfactory and strain conditioning. DA
activity appear to be more required for olfactory, than for strain conditioning.
Accordingly, neutral stimuli with no incentive value require DA to become predictors
and modify behaviors. Strain cues may be prepotent stimuli that are naturally more

relevant to females, and therefore may need less DA to become predictors.
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A CS-UCS Integrator

SOLICITATIONS

SOLICITATIONS

Figure 23. A model for conditioned partner preference. A. Process of olfactory
conditioning. UCS sexual reward detection centers are found in the green circle.
CS detection centers are found in the blue circle. Their integration comprises the
yellow circle. Heavy lines represent important connections. Dotted lines
represent inferred projections. B. Process of strain conditioning.
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~ The development of partner preferences may involve the activation of
mechanisms of bonding along a continuum, such that s;)me species like rats form short-
lasting preferences, whereas other species like prairie voles form long-lasting
preferences. Interestingly, during orgasm in men and women, concentrations of arousing
neﬁrotransmitters, like noradrenaline, and potential bonding neurétransmitters, like OT
and prolactin, increase in the cerebrosbinal fluid and bloodstream (Carmichael et al.,
1987; Exton et al., 1999; Kruger et al., 1998). This suggests a link between the
experience of orgasm, sexual reward, and the neurochemical mechanisms of pair
bonding, something alluded to in Stendhal’s Principle concerning how love develops in
couples that experience physical closeness after orgasm Stendahl (1821/ 1959), and later
in John Money’s concept of how “love maps™ develop (Money, 1997). Partner-related
cues experienced in thé presence of sexual reward come to elicit a representation of that
reward, and thereby become desired features that idéntify the partner as the beloved, or
that are chosen to the exclusion of other featurés in subsequent partners. This process is
especially potent during an animal’s first sexual experiences, but may be additive
throughout the lifespan, such that several love maps develop, all of which are attractive
and preferred (Money, 1997). That such a phenomenon occurs in the putatively
polygamous rat suggests that mating strategies are fluid and opportunistic, highly
sensitive to the situations in Which they are first experienced, and perhaps experienced
~ differently by individuals that vary according to the degree of reward, attention, and

bonding capacity they are born with.
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