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Abstract

The prairie vole (Microtus ochrogaster) is a highly social, monogamous species and displays pair bonding that can be assessed by the
presence of selective affiliation with the familiar partner versus a conspecific stranger. In female prairie voles, exposure to a male or to
male sensory cues is essential for estrus induction, and the subsequent mating facilitates pair bond formation. In the present study, we
examined the role of the vomeronasal organ (VNO) in estrus induction and pair bonding in female prairie voles.VNO lesions did not alter
olfaction mediated by the main olfactory system, but did prevent male-induced estrus induction. We by-passed the necessity of the VNO
for estrus induction by estrogen priming the females. Despite the fact that all subjects displayed similar levels of mating, social contact
and locomotor activities, VNO lesioned females failed to show mating-induced pair bonding whereas intact and sham-lesioned females
displayed a robust preference for the familiar partner. Our data not only support previous findings that the VNO is important for estrus
induction but also indicate that this structure is crucial for mating-induced pair bonding, suggesting an important role for the VNO in
reproductive success in prairie voles.  2001 Elsevier Science B.V. All rights reserved.

Theme: Neural basis of behavior

Topic: Hormonal control of reproductive behavior

Keywords: Vomeronasal organ; Olfaction; Estrus induction; Monogamy; Social behavior

1. Introduction males [47]. Exposure to a male and/or male associated
stimuli for relatively short periods of time (minutes to 1 or

Prairie voles (Microtus ochrogaster) are among the few 2 days) results in reproductive activation, characterized by
mammalian species in which long-term pair bonds are increased uterine and ovarian weights [7,10,30], elevated
formed between males and females. Following mating, levels of ovarian estrogen and lutenizing hormone [9,12],
pair-bonded prairie voles display a well-characterized suite and the onset of behavioral receptivity [10,63]. It has been
of behaviors including selective affiliation with the familiar shown that the primary stimuli associated with reproduc-
partner (partner preference) and aggression toward un- tive activation in voles are olfactory /pheromonal stimuli
familiar conspecifics [5,15]. Although pair bonds can be [8].
formed after a long period of cohabitation, mating facili- In rodents, the olfactory pathway is comprised of two
tates the formation of pair bonds [19,20,58,61]. This is distinct systems that differ in anatomy, physiology and
consistent with the notion that pair bonding may enhance function [2,26,37,48]. Receptors for the main olfactory
reproductive success [40]. system are located in the nasal epithelium and project to

Unlike rats and mice, the reproductive axis in female the olfactory bulb, whereas receptors for the accessory
prairie voles remains quiescent until activated by en- olfactory system reside within the vomeronasal organ
vironmental cues, in particular those associated with adult (VNO) and project to the accessory olfactory bulb [1]. The

main olfactory system is responsible for odor discrimina-
tion, while the accessory olfactory system is primarily*Corresponding author. Tel.: 11-850-645-5615; fax: 11-850-644-
involved in pheromonal communication [52,64]. The role7739.
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endocrine and behavioral functions has been well estab- burr was then used to enlarge the incisive foramen, through
lished. The VNO is extremely sensitive to putative phero- which the entire VNO capsule was removed in most cases.

–11mones, with detection thresholds as low as 10 M [29]. In a few cases when the VNO capsule was damaged, care
Pheromones have been implicated in the onset of puberty, was taken to examine the area for removing the remaining
estrous induction /synchronization, and social behaviors in neural tissue. After VNO lesions, the soft tissue of the
a variety of species, and lesions of the VNO disrupt many palate was closed using a single absorbable suture, fol-
of these processes [21–23,32,38,43,44]. In voles, it has lowed by tissue adhesive. For 3 days after surgery, animals
been demonstrated that interruption of the olfactory system were provided with powdered rat chow with added water
disrupts reproductive activation [7,30,63]. As mating to produce a wet mash, in addition to their regular chow.
facilitates pair bond formation, olfactory disruptions, such Two weeks of post-surgical recovery were allowed prior to
as olfactory bulbectomy, also result in the absence of pair subsequent behavioral testing.
bonding between male and female prairie voles [59]. Two types of sham lesions were performed. In one

Although the study by Williams et al. [59] indicates the group, an extensive sham lesion was performed, following
importance of olfaction in pair bond formation, removal of the same procedures as outlined for the VNO lesion except
the olfactory bulbs disrupts both the main olfactory system the incisive foramen was not enlarged and the VNO
and the accessory olfactory system, making it difficult to capsule was not removed. This group controlled for
ascertain which system mediates the formation of pair unavoidable damage to the nasopalatine ducts, which are
bonds in prairie voles [59]. In the present study we patent in prairie voles [45] and may conceivably play a
selectively lesioned the VNO, leaving the main olfactory role in the vole’s reproductive biology. In a second group,
system intact, in female prairie voles and then tested them a small incision was made in the tissue overlying the hard
for the presence of mating-induced partner preferences. palate, and the incision was immediately closed using
Our data support the hypothesis that the VNO plays an tissue adhesive. This group avoided damage to the
important role in the mediation of pair bonding in female nasopalatine ducts and controlled for anesthetic and gener-
prairie voles. al surgical effects.

2.3. Behavioral tests
2. Materials and methods

2.3.1. Test of the main olfactory system2.1. Subjects
After 2 weeks of recovery, animals were tested for their

ability to find a small piece of apple hidden from view inSubjects were sexually naive female prairie voles (Mi-
the cage bedding. This test was used to measure chemosen-crotus ochrogaster) that were offspring of the F3 gene-
sory ability mediated by the main olfactory system and toration of a laboratory breeding colony originating from
determine whether the surgical procedures had interferedwild-caught animals from Illinois. Breeding pairs were
with the voles’ ability to respond behaviorally to odor cueshoused in plastic cages (47325320 cm) containing cor-
[30]. For each test, the apple was randomly placed at onencob bedding with hay as nesting material. Ad libitum
of three points along the midline (1 /3–1/2 of the lengthfood (rabbit chow supplemented with sunflower seeds) and
the cage from the perimeter) under the corncob bedding ofwater were provided. After weaning at 21 days of age,
a clean cage (47325320 cm). The animal was introducedoffspring were housed in same-sex sibling pairs in plastic
and the time it took to find the apple was recorded. Eachcages (29318313 cm). All cages were maintained under
animal was given a maximum of 5 min to find the apple.the same conditions of temperature (218C) and photoperiod
Any animal that did not find the apple on a given test day(14/10 h light:dark, lights on at 07:00 h). At 70–80 days
was scored at 300 s. Each animal was tested once on eachof age, subjects were randomly assigned to one of four
of three consecutive days and the shortest time needed totreatment groups: VNO lesioned group, two sham-lesioned
find the apple among the three tests for each animal wasgroups, and an intact control group.
used for data analysis.

2.2. Surgical procedures
2.3.2. Induction of behavioral receptivity

In general, the surgical procedures used previously in Two days after the last apple test, a sub-group of
hamsters [36] and voles [30,63] were followed. Female animals in each experimental group was tested for the
prairie voles were anesthetized using pentobarbital (1 mg/ induction of sexual receptivity after exposure to a male
10 g body weight). The VNO was approached via the roof prairie vole. Each female was exposed to a male in a cage
of the mouth after the animal was placed supine on a head (29318313 cm) that was divided by a wire mesh barrier.
holder. A midline incision through the soft tissue of the The barrier permitted limited physical contact between the
palate was made to expose the incisive bone. Blunt two voles but prevented mating. Animals were housed for
dissection was used to expose the VNO capsule. A small 48 h, a time period that typically is sufficient to induce
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behavioral receptivity in female prairie voles [10]. There- 2.5. Data analysis
after, female subjects were placed in a clean cage, and a
sexually experienced male was introduced. The female was We first did a preliminary analysis comparing two sham-
observed for lordosis behavior for up to 4 min. If the lesioned groups (n56/group). These groups did not differ
subject displayed lordosis behavior, the test was terminated in any of the measures, therefore, both groups were
to preclude mating. Animals that did not display lordosis combined into a single sham-lesioned group in subsequent
within 4 min were considered to be non-receptive. Subjects analyses. For the apple test, the shortest time among the
were given 10–12 days in their home cages prior to being three consecutive tests was used as the score for each
used in partner preference tests. animal, and group differences were examined using one-

way analysis of variance (ANOVA). For the lordosis test,
group differences in the number of animals that displayed

22.3.3. Partner preference tests the lordosis behavior were analyzed using a x test. The
Subjects were injected with estradiol benzoate (EB, 1.0 frequency of mating bouts and the number of mounts per

mg/0.1 ml sesame oil; Sigma) once daily for 3 days. This mating bout received by the female, the amount of time
treatment induced sexual receptivity in a majority of spent in direct physical contact with the male, and the
female voles in our previous study [56]. On the fourth day, number of contact bouts were scored for the first 6 h of the
each female was paired with a sexually experienced male 24-h cohabitation period using a computerized data acqui-
for 24 h and allowed to mate. The cohabitation and mating sition program. Group differences were analyzed using a
were videotaped with a Panasonic light sensitive camera, one-way ANOVA. During the partner preference test,
time-lapse VCR and red light to accommodate recording group differences in the time spent in each cage, the
during the dark cycle. As repeated mating during a 24-h frequency of cage entries and the frequency of physical
period reliably induces pair bonding in female prairie voles contact with each stimulus animal were analyzed using a
[19], only females that mated were further tested for one-way ANOVA. In addition, differences in the time
partner preferences. spent in physical contact with the partner or the stranger

The apparatus for the partner preference test consists of within each group were analyzed using a Wilcoxon signed-
a central cage (20325345 cm) joined by tubes (7.5316 rank test.
cm) to two identical parallel cages. One of these latter
cages contained the familiar male partner, the other, an
unfamiliar conspecific male. The males were tethered to 3. Results
restrict their movements to their separate cages and thus
had no direct contact with each other. All cages contained 3.1. Verification of VNO lesions
food and water. The female subject was released into the
central cage and had free access to all cages. A customized The efficacy of the VNO lesions was assessed by
computer program (R. Henderson, Florida State Universi- examining the accessory olfactory bulb for the presence of
ty) using a series of light beams across the connecting glomeruli [64]. In agreement with previous studies [30,63],
tubes was used to monitor movements of the female glomeruli were visualized in the accessory olfactory bulbs
among the cages. All animals’ interactions were also in the intact control voles. Among the eight VNO lesioned
videotaped for behavioral analysis. The partner preference voles, glomeruli were absent in six animals. In one animal,
test lasted for 3 h. a small number of glomeruli remained, and the appropriate

tissue was damaged in the final animal.

2.4. Histological verification 3.2. VNO lesions did not impair the main olfactory
system

Following the partner preference test, all VNO lesioned
and intact control animals were anesthetized with sodium The function of the main olfactory system in the female
pentobarbital and perfused through the ascending aorta prairie vole was evaluated in an apple-finding test. All
with 0.9% saline followed by 4% paraformaldehyde in 0.1 animals were able to find the apple on at least one of the
M phosphate buffer (PBS, pH 7.4). Brains were removed, three test days. For all groups, the mean time to find the
immersed in 30% sucrose in PBS, and 40-mm coronal apple was less than 1 min (Fig. 1a). The VNO lesioned
sections were cut through the olfactory bulbs on a cryostat. animals (n59) did not differ in the amount of time finding
Sections were mounted on slides and stained with 0.2% the apple when compared to sham-lesioned (n512) or
thionin. Histological assessments were conducted on coded intact (n58) animals (F 50.16, P50.85).2,26

slides so that the experimenter was not aware of the
identity of the specimen. The presence or absence of 3.3. VNO lesions disrupted lordosis behavior
glomeruli in the accessory olfactory bulbs was examined
for each animal [64]. VNO lesions significantly disrupted induction of lor-
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Fig. 1. Effects of VNO lesions on behavior of female prairie voles. Intact control, sham-lesioned, and VNO lesioned voles did not differ in the time of
finding a hidden food (A), frequency of mating bouts (C) or number of mounts per mating bout (D), the time spend in body contact with a male (E), or

2frequency of contact bouts (F). However, lordosis induction by exposure to a male was severely inhibited by VNO lesions (B; x 56.48, P,0.05). None of
VNO lesioned voles (0 /8), but 54% of intact (7 /13) and 33% of sham-lesioned (4 /12) voles, displayed lordosis behavior. Bars indicate standard errors of
the means.

2dosis behavior in female prairie voles (Fig. 1b; x 56.48, (n58) or sham-lesioned (n512) animals, and the mean
P,0.05). None of the VNO lesioned animals (0 /8) number of mounts per mating bout (Fig. 1d; F 51.03,2,18

displayed lordosis behavior following the 48-h exposure to P50.37) did not differ between groups. Furthermore, all
a male across a wire mesh barrier. In contrast, 54% of groups were equivalent in the duration (Fig. 1e; F 52,26

intact (7 /13) and 33% of sham-lesioned (4 /12) females 0.32, P50.73) and frequency (Fig. 1f; F 52.87, P52,26

displayed lordosis behavior during the 4 min of the sexual 0.07) of body contact throughout the first 6 h of mating.
receptivity test.

3.5. VNO lesions diminished mating-induced pair
3.4. VNO lesions did not alter social behavior during bonding
mating

VNO lesions diminished mating-induced partner prefer-
The effects of VNO lesions on social interactions were ences in female prairie voles (Fig. 2). Intact females spent

analyzed for the first 6 h of the 24 h of cohabitation / significantly more time in direct physical contact with the
mating with a male. Estrogen treatment induced sexual familiar partner (8 /9) than with the stranger (1 /9), (Z5

receptivity in females in all groups. During mating, VNO 2.31, P,0.05). Likewise the sham-lesioned females also
lesioned animals (n59) had the same number of mating spent more time in contact with the partner (10/12) than
bouts (Fig. 1c; F 50.73, P50.49) as did the intact with the stranger (2 /12), (Z52.04, P,0.05). In contrast,2,26
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to display a partner preference, whereas both intact and
sham-lesioned females displayed a robust preference for
the familiar partner. These data not only support the
previous finding that the VNO is important for reproduc-
tive activation in voles, but also demonstrate that lesions of
the VNO disrupt partner preferences following mating,
supporting a role for the VNO in pair bonding.

In agreement with previous findings in voles [31,63] and
in other species of rodents [23,38,46], VNO lesions dis-
rupted the male-induced lordosis behavior in female prairie
voles, suggesting a role for VNO in estrus induction.
However, it is interesting to note that if this role is
by-passed (by EB priming in the present study), VNO
lesioned voles are able to mate and their mating behavior
appears to be similar to that of the intact and sham-
lesioned voles. Therefore, it is likely that the VNO isFig. 2. Effects of VNO lesions on partner preferences of female prairie

voles. Intact control (Z52.31, P,0.05) and sham-lesioned voles (Z5 important for the initiation of mating, but is not essential
2.04, P,0.05) spent significant more time in contact with the partner than for expression of mating behavior in voles. This finding
with the stranger. However, VNO lesioned voles spent approximately

supports the notion that destruction of the VNO systemequal amounts of time with either of the stimulus animals. Bars indicate
reduces the arousal necessary for mating but does notstandard errors of the means.
impair basal reproductive physiology [57,60]. It is likely

VNO lesioned females were equally likely to spend time in that the lesion interferes with the VNO-mediated hormonal
contact with either the partner (4 /8) or the stranger (4 /8), surge induced by males and thus disrupts estrus induction
(Z50.42, P50.67). During the partner preference test, no [31,33]. Certainly, it is conceivable that VNO lesioned and
group differences were found in the number of cage entries intact voles differed in some subtle aspects of mating
(F 51.12, P50.34) or in the time that the subjects spent behavior that were not detected by the methods used in our2,26

in each cage (Table 1), nor in the frequency of body study. This possibility needs to be addressed in further
contact with either of the stimulus animals. studies.

Following 24 h of mating, female prairie voles display a
robust preference for the familiar partner versus a con-

4. Discussion specific stranger [19,56,58]. Consistent with this finding,
the intact and sham-lesioned voles in the present study

In female prairie voles, activation of the reproductive showed characteristic partner preferences following mat-
system requires exposure to a male or male-related sensory ing. VNO lesioned females, however, failed to exhibit
cues [8]. Without such activation, female voles are be- partner preferences. These data suggest that the VNO may
haviorally unreceptive and do not mate. Since mating be involved in the mediation of mating-induced pair
facilitates the formation of pair bonds [19,58,61], activa- bonding in voles. Since pair bonding is a complex social
tion of the reproductive axis may be a pre-requisite for pair behavior, there are many mechanisms by which VNO
bond formation in this species. Previous studies have lesions might disrupt pair bonding: inhibition of mating,
demonstrated that interruption of the olfactory system, impairment of behavioral interactions, interference with
especially the VNO, disrupts reproductive activation in the main olfactory system, destruction of the nasopalatine
female prairie voles [31,59,63]. In the present study, we route, or deficiency in sensory processing.
found that VNO lesions disrupt male induction of be- In the absence of VNO inputs, reproductive activation
havioral estrus in female prairie voles. In addition, after and mating are severely disrupted in prairie voles [31,63,
being artificially induced into behavioral estrus by estrogen present study]. However, the absence of pair bonding in
priming and mating for 24 h, VNO lesioned females failed our study was not due to lack of mating after VNO lesions,

Table 1
General social behavior during partner preference test

Behavior Measurement Treatment group

Intact control Sham-lesioned VNO-lesioned

In partner’s cage Duration (min) 107.2610.0 79.0612.7 81.8616.4
In stranger’s cage Duration (min) 32.1611.9 54.0613.2 62.5616.9
In neutral cage Duration (min) 29.463.3 35.463.8 22.863.6
Partner’s cage entries Frequency 39.866.0 42.666.4 31.968.2
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as we by-passed this by inducing females into behavioral system, specifically, the induction of dopamine release in
estrus with estrogen priming. We can also rule out the the nucleus accumbens in rats [39]. Released dopamine in
possibility of impaired behavioral interactions. The VNO the nucleus accumbens plays an important role in pair
lesioned voles did not differ from intact or sham-lesioned bond formation in female prairie voles [16].
voles in mating and social contact towards the male during Comparisons of results from the present study in which
the first 6 h of cohabitation, nor in locomotor activity only VNO input was removed with those from previous
(measured by cage entries) during the preference test. studies in which all olfactory input was eliminated may
These data indicate that the absence of pair bonding in reveal which behaviors are mediated by specific parts of
VNO lesioned animals was not a residual effect of altered the olfactory system. In this context, it is important to note
social behaviors during cohabitation, nor was it an artifact that in the present study, voles were treated with estrogen,
of hyper- or hypoactivity during the preference test. which could mask or enhance the similarities and/or
Olfaction plays an important role in the mediation of differences in behavior discussed below.
partner preferences in female prairie voles [59]. However, Bilaterally bulbectomized and VNO lesioned voles share
it is unlikely that VNO lesions interfered with the main some behavioral deficits. Voles typically were not induced
olfactory system, as VNO lesioned animals did not show into behavioral estrus by exposure to a male after either
any deficits in their ability to find hidden food, which is in manipulation [30,59,63, present study]. In addition, neither
agreement with the previous finding [31]. Finally, VNO lesioned nor bulbectomized voles displayed partner
nasogenital and possibly orogenital contacts are important preferences [59]. Since the accessory olfactory system was
aspects of the social interactions in prairie voles and such disrupted in both types of manipulation, these data indicate
behaviors are more likely to be initiated by females [14]. It that the VNO is likely the source for behavioral deficits in
is important to note that the nasopalatine ducts are patent estrus induction and pair bonding of prairie voles [59]. It
in voles [45]. The patency of this structure may facilitate has been suggested that even minimal afferent input
the flow of substances through the external nares [65] or remaining after VNO lesions is capable of supporting
provide a direct route by which compounds may access to chemosensory-induced activation of the female reproduc-
the VNO [34]. It is possible that VNO lesions destroyed tive system [63]. Mating occurred in a small portion of
the nasopalatine ducts and thus interfered with pair bond- VNO lesioned voles in a previous study [31] but was not
ing in female prairie voles. However, this possibility can observed in the present experiment. This discrepancy
be ruled out as the two groups of sham-lesioned voles, might be attributed to the different paradigms used for
which differed in the amount of damage to the male cohabitation. The wire mesh barrier used in our study
nasopalatine ducts, did not differ in their behavior, nor did allowed limited physical contact but prevented mating,
they differ from the intact animals. Along the same line, while no barrier was used in the earlier study [31].
damage to the VNO, but not occlusion of the nasopalatine Physical contact with males is important for reproductive
ducts, induced mating deficits in male hamsters ([36] but activation into behavioral estrus [10]. It is possible that
see Ref. [33]). non-vomeronasal sources of chemosensory information

Collectively, the most likely explanation for the lack of obtained during an extensive and prolonged period (60 h)
pair bonding is that the lesions eliminated VNO-mediated of physical contact were processed by the main olfactory
sensory processing thus preventing activation of neuronal system and were sufficient to cause reproductive activation
structures essential for pair bonding. Neural signals from in some prairie voles [30]. Indeed, if exposure to a male is
the VNO are sent to the amygdala and the bed nucleus of limited, the reproductive activation is severely disrupted by
the stria terminalis (BST), both of which have been VNO lesions [63].
implicated in the control of social behaviors Despite the similarities, bulbectomized and VNO
[4,13,25,35,50,62]. In female prairie voles, exposure to lesioned prairie voles also show important differences in
male sensory cues increased neuronal activation, as indi- some behaviors. After bilateral bulbectomy, voles spend
cated by c-fos expression, in the accessory olfactory bulbs significantly less time engaging in social contact or more
and in different aspects of the amygdala [41,53]. Further- time in isolation [28,59]. However, VNO lesioned voles
more, lesions of the amygdala impaired olfactory memory showed neither reduced social contact, nor increased time
for the mate [11]. In male prairie voles, sexual and social in isolation in our study — results consistent with a lack of
experience with a female significantly increased neuronal deficits in social interactions in a previous study [31].
activation in both the amygdala and the BST [54], while Together, these data suggest that bulbectomy may interfere
lesions of the corticomedial amygdala reduced pair bond- with prairie voles’ social behavior, making them more
ing [27]. It can be hypothesized that some of the brain non-social — an effect not seen after VNO lesions. Similar
regions along the accessory olfactory pathway are acti- results have been reported for hamsters; disruption of main
vated by male-associated cues but not by mating, and olfactory input, but not the VNO input, significantly
activation of specific neurochemical mechanisms in those reduced social behaviors such as flank marking or urogeni-
areas are necessary for pair bonding in female prairie tal licking of the conspecific female [24,42].
voles. Interestingly, stimulation of the accessory olfactory Bulbectomy also causes changes in general behavioral
system results in activation of the mesolimbic dopamine patterns that were not observed after VNO lesions. For
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example, in male prairie voles, bilateral bulbectomy caused This research was supported by NIH grant MHR29-54554
an increase in locomotor activity [28], which was not and MHR01-58616 and the FYAP Award of FSU to ZXW.
found in VNO lesioned females [30, present study].
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