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Abstract

Prairie voles (Microtus ochrogaster) are a socially monogamous species and both sexes are parental after the birth of pups. In
contrast, sexually inexperienced adult prairie voles differ in their behavior towards pups such that virgin males are paternal
whereas virgin females are often infanticidal. To test whether there exists a discrete perinatal ‘sensitive period’ during which
gonadal hormones influence this behavior, and to distinguish between the relative contributions of estrogenic and androgenic
mechanisms to this influence, prairie voles were exposed to testosterone propionate (TP), the anti-androgen flutamide, or the
aromatase inhibitor 1,4,6-androstatriene-3,17-doine (ATD) either prenatally via their pregnant dam for the last 15-19 days of the
22-day gestational period or postnatally on days 1-7. None of the treatments altered the high paternal responsiveness of males
or the high infanticide rate in females when compared with controls. Females exposed prenatally to ATD, however, had levels of
parental behavior that were significantly higher than the lowest levels observed in prenatally TP-treated females. These results
suggest that sex differences in the parental behavior of adult virgin prairie voles are not generated exclusively by androgenic or
estrogenic mechanisms during a restricted prenatal or early postnatal ‘sensitive period’ and that the parental behavior of virgin
females may be more susceptible to any influence of gonadal hormones during development than males. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction them in distinctive ‘nursing’ postures, despite the fact
that male prairie voles do not have developed nipples
onto which pups can suckle and, therefore, receive

different sensory inputs from the pups than do their

Prairie voles (Microtus ochrogaster) are a gregarious,
cooperatively-breeding species that in natural environ-

ments often live in communal groups typically consist-
ing of a pairbonded male and female and numerous
offspring of varying ages from their successive series of
litters [18,45]. Within both natural and laboratory set-
tings, pairbonded males and females share in the rear-
ing of their young [18,27,33,35,44,45]. When the details
of their behavior towards pups are examined within the
laboratory, the repertoire of nurturant behaviors dis-
played by males and females are strikingly similar.
Indeed, both parents lick the pups and huddle with
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mates [27,44]. In contrast, there is a large sex difference
in the behavioral responses of sexually and parentally
inexperienced adult prairie voles towards pups.
Whereas adult virgin males that are reared after wean-
ing with same-sex littermates are highly parental
[2,3,28,54], their adult virgin female counterparts are
often infanticidal [28,29]. These behavioral differences
between virgin males and females do not depend on sex
differences in adult levels of circulating gonadal hor-
mones because neither gonadectomy during adulthood
nor gonadectomy followed by identical estrogen treat-
ments eliminate sex differences in their parental behav-
ior [28].
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Numerous sex differences in the brains and behavior
of adult rodents can be influenced by differential expo-
sure of males and females to testosterone during the
perinatal period [17,59]. For example, testosterone
which is normally secreted by fetal and neonatal rat
testes can act upon neural androgen receptors, and
upon estrogen receptors after aromatization to estra-
diol, to masculinize the behavior of the offspring. Fe-
male rat fetuses are protected from masculinization in
part because their ovaries are relatively non-
steroidogenic and maternal estrogen may be inactivated
in the fetal bloodstream by being sequestered to o-feto-
protein [17,59].

Similar to prairie voles, parental responsiveness in
adult virgin rats is also sexually dimorphic, although
female rats are more responsive towards pups than
males. This sex difference in rat behavior is influenced
by perinatal exposure to gonadal hormones (for review
see Ref. [30]). To test whether perinatal exposure to
gonadal hormones also influences the development of
parental behavior in adult virgin prairie voles, we ex-
posed voles to testosterone propionate (TP), the anti-
androgen flutamide, or the aromatase inhibitor
1,4,6-androstatriene-3,17-doine (ATD) either prenatally
or postnatally. We hypothesized that either prenatal or
postnatal testicular hormones acting through either an
androgenic or estrogenic mechanism masculinize the
parental behavior of male prairie voles, which in this
species promotes responsiveness to pups. If these mech-
anisms are inhibited, males should display reduced
responsiveness. Conversely, prenatal or postnatal treat-
ment of females with TP may make their adult behavior
more like males and promote maternal responses.

2. Materials and methods
2.1. Subjects

Subjects were male and female F2 and F3 generation
prairie voles (M. ochrogaster) that were born and raised
in our colony, which was established in 1996 at the
University of Massachusetts, Amherst, from breeding
stock originating from offspring of voles captured in
1994 from Urbana, IL, provided by Dr Betty McGuire
(Smith College, Northampton, MA) and Dr Zuoxin
Wang (Emory University, Atlanta, GA). Adult virgin
female and male prairie voles were socially isolated for
3 days, after which the females were placed in the cage
of an unfamiliar male. The animals were maintained on
a 14:10 h light:dark cycle with an ambient temperature
of 21°C. At all ages, the animals were housed in plastic
cages (48 x 28 x 16 cm) containing wood chips, wood
shavings, and substantial hay covering. Water and a
food mixture containing cracked corn, whole oats,
sunflower seeds, and Purina rabbit chow (ratio of

1:1:2:2) were available ad libitum. The subjects were
weaned at 20 days of age and housed with their litter-
mates in mixed-sex groups. At 30 days old the animals
were rehoused in single-sex groups of 2—4 animals per
cage. The subjects remained housed with their same-sex
littermates until behavioral testing.

2.2. Procedure

To generate subjects that were treated prenatally,
pregnant females received one of the following daily
treatments beginning 1 week after pairing with a male
prairie vole and continuing until the birth of the pups:
(1) subcutaneous (SC) injection of 5 mg of the andro-
gen receptor blocker flutamide (a,o,a-trifluro-2-methyl-
4-nitro-m-propoinotoluidide; Sigma, USA) dissolved in
200 pl propylene glycol (n =8 dams), (2) SC injection
of 100 pg testosterone propionate (TP) in 100 pl sesame
oil (n=18 dams), or (3) SC injection of 1 mg of the
aromatase inhibitor ATD (1,4,6-androstatriene-3,17-
dione; Steraloids, Wilton, NH) dissolved in 50 pul
sesame oil (n =8 dams). We used flutamide to inhibit
androgen receptor activity and ATD to reduce estro-
genic activity because they have been demonstrated in
similar or even smaller doses to prevent normal sexual
differentiation of the central nervous system (e.g. Refs.
[20,23,47,50,55]), external somatic morphology (e.g.
Refs. [25,48]), and behavior (e.g. Refs. [12,42,49]) in
other mammals. Due primarily to the incidence of
abortion and stillbirth in many pregnant females
treated daily with 100 ug TP, as reported previously in
this species [39], we were only able to produce and raise
eight TP-treated litters. Two of these contained exclu-
sively male pups which resulted in a final n» =6 in this
group. Because preliminary data suggested that reduc-
tion of this dose to 70 pg TP per day still did not
produce a high percentage of live births, we continued
to use 100 pg/day to maintain consistency between our
own and previously published reports [39]. Sesame oil
was used as vehicle for the TP and ATD experiments
because propylene glycol in the flutamide experiment
appeared aversive to the pregnant dams after injection
and was fatal to some pups when administered postna-
tally. Sesame oil never produced noticeable sickness in
dams or pup fatality. Pregnant females that generated
control subjects (n =20 dams) received daily SC injec-
tion of propylene glycol or sesame oil vehicle. Within
24 h after birth, the pups from all groups were fostered
to newly-parturient unmanipulated surrogate lactating
prairie vole dams from our colony until weaning. To
verify that the prenatal hormonal treatments were phys-
iologically effective, anogenital distance was measured
to the nearest mm for subjects from the prenatal studies
when they were 30 days old.

Subjects that were treated postnatally received one of
the following treatments beginning on the day of birth
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and continuing for 7 days: (1) SC injection of 0.5 mg
flutamide dissolved in 50 pl propylene glycol (n=38
litters), (2) SC injection of 1 mg TP in 50 pl sesame
oil (n =8 litters), or (3) SC injection of 0.5 mg ATD
in 50 pl sesame oil (z =28 litters). Control litters re-
ceived daily SC injection of the appropriate volume of
vehicle (n =24 litters). All pups within a particular
litter received the same treatment. All prenatal and all
postnatal studies were performed concurrently over a
period of 9 months.

2.3. Behavioral testing

One, and in a few cases two, animals of each sex
per litter were used as subjects. At 90—95-days-old the
subjects were removed from their home cage and
placed in a clear Plexiglas cage of similar dimensions
as their home cage that contained wood shavings,
food and water, and a small amount of hay. After a
15-min habituation period, two 1-4 day-old prairie
vole pups obtained from lactating prairie voles from
our colony were scattered in the cage diagonally from
where the subject was sitting. Although prairie vole
dams typically give birth to three to five pups per
litter, only two pups were presented during behavioral
testing to keep the number of pups killed by infantici-
dal subjects at a minimum. Behavior of the subject
was continuously recorded for 15 min with the aid of
a custom-made data acquisition system designed to
provide data on latency, frequency, and duration of
numerous behaviors. Active behaviors directed toward
pups included sniffing, licking, and carrying them
from one place to another. Non-pup oriented activi-
ties recorded included self-grooming, exploration away
from the pups, digging or nest construction, and eat-
ing or drinking. Measures of huddling behavior in-
cluded actively hovering over the pups while
performing other activities, and being quiescently po-
sitioned over the litter in one of three mutually-exclu-
sive postures previously described in lactating rats: (1)
kyphosis (upright crouch) characterized by all limbs
placed on the ground in a splayed and rigid manner,
depression of the head, and pronounced arching of
the back that was strikingly similar to that seen in
lactating rats [46]; both low and high-arched postures
were included in this category; (2) hunched over the
litter with body weight resting only on the hindlimbs
and hindflanks, forelimbs elevated and drawn toward
the body, and head passively resting on top of the
litter [27]; and (3) laying prone on the litter mass with
little or no limb support [31]. If a subject did not
make contact with a pup within 3 min after the be-
ginning of the test, the test was briefly paused while
the pups were placed approximately 1 inch in front of
the subject. In our experience, many virgin prairie
voles do not quickly find and initiate contact with

pups in a relatively large testing arena, even though
they are highly parental when the pups are offered
directly to them. Total activity was the sum of the
durations of all active behaviors recorded and the to-
tal time with the pups was calculated by the summed
duration of actively hovering over the litter and quies-
cent nursing/huddling. Total quiescence was the sum
of the duration of the time the subjects spent in all
three quiescent postures. In cases where the subjects
attacked a pup, the test was immediately terminated
and the pup euthanized. In other cases, the pups were
removed and returned to their parents after behav-
ioral testing. A subject was considered parental if it
spent > 100 s in physical contact with the pups and
was observed to lick them for >S5 s. Retrieval of the
pups was not included with these criteria because nei-
ther virgin nor postpartum prairie voles of either sex
readily retrieve pups and often attend to them individ-
ually unless the scattered pups crawl to the parent
[27,28].

2.4. Statistical analyses

Since no significant differences existed across the
prenatal studies or across the postnatal studies in the
percentage of control subjects of either sex displaying
parental behavior, or in the details of the parental
behavior of control males, the control groups were
combined for comparison with experimental groups.
The percentages of subjects in each group acting
parentally were compared with the G-test of indepen-
dence. This test often provides similar results as either
the y? or Fisher’s exact probability tests but was bet-
ter suited for our data because although the number
of subjects in each comparison was fixed, the number
that could potentially be parental was not [43]. It was
not possible to compare females treated prenatally
with TP with other groups using the G-test because
none (0) of them acted parentally; Fisher’s exact
probability test which allows for comparisons with a
group of zero responders was used in these two cases.
Details of male subjects’ parental behavior were ana-
lyzed with a one-way analysis of variance (ANOVA)
that takes into account unequal sample sizes; the low
percentage of parentally-responsive females precluded
analysis of the details of their behavior. To reduce the
influence of litter effects, anogenital distance was ana-
lyzed using the mean distance for males and females
within each litter. A varying duration of time (12-72
h) after pairing is necessary before male-induced in-
duction of estrus in female prairie voles and copula-
tion takes place; the duration of prenatal treatments
was, therefore, calculated retrospectively from the day
of parturition. Differences were considered statistically
significant if P <0.05.
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Fig. 1. Relative percentage of adult virgin male prairie voles acting parentally toward conspecific pups during 10 min tests after (A) prenatal
exposure to vehicle (n = 16), ATD (n = 8), flutamide (n = 8), or (B) postnatal exposure to vehicle (n =24), ATD (n = 8), flutamide (n = 8), or TP
(n=8). Controls from each study = 1.0. Numbers in parentheses are the number of parental subjects/total subjects in that group.

3. Results
3.1. Sex differences in parental behavior

The percentage of virgin adult subjects that sponta-
neously initiated contact with pups within 3 min after
the beginning of testing, regardless of their subsequent
behavior towards them, was similar for males (46%)
and females (61%) (G =3.37, d.f. =1, P>0.05). There
were no significant differences within each sex accord-
ing to treatment or the time of treatment in this per-
centage (Ps > 0.1). The behavior of control virgin males
and females after contacting pups was strikingly differ-
ent, however, such that 94% of prenatally-treated con-
trol males but only 24% of females were parental
towards pups (G=18.96, d.f.=1, P<0.0001). Simi-
larly, in the postnatally treated subjects, 79% of control
males were paternal, whereas only 42% of females acted
maternally (G=7.28, d.f. =1, P<0.01). The percent-
age of control males (G=1.77, df.=1, P>0.1) or
control females (G=1.49, d.f. =1, P>0.1) that acted
parentally did not significantly differ between the pre-
natal and postnatal experiments.

3.2. Effects of prenatal hormones on parental behavior
of males

The number of days that fetuses were exposed to
hormonal manipulations was 16.3 +0.6 (control),
18.5 + 0.3 (flutamide), and 14.9 + 0.2 (ATD) days. Al-
though all pregnant females received their first injection
beginning on the same day after pairing with a male,
flutamide-exposed fetuses ended up being treated longer
than other groups (F(2,24) =7.84, P <0.003).

Prenatal exposure to either the anti-androgen
flutamide or to the aromatization inhibitor ATD had
no significant effect on paternal behavior of adult males
and all or most subjects from each group were highly
parental during exposure to pups (Gs < 0.3, Ps>0.5;
Fig. 1A). Furthermore, no significant differences existed
between groups in the details of their paternal behavior
(Table 1).

Prenatal flutamide shortened (7.3 4+0.3 mm), and
prenatal ATD lengthened (11.3 + 0.5 mm), anogenital
distance in males when measured at 30 days old com-
pared with controls (9.7 +0.2 mm) (F(2,24) = 30.9,
P <0.0001).

3.3. Effects of postnatal hormones on parental behavior
of males

Similar to the prenatal studies, daily administration
of TP, flutamide, or ATD for the first week after birth
had no significant effects on responses towards pups
with 75-88% of males in each group acting paternally
(Gs<0.3, Ps>0.5; Fig. 1B). The details of their
parental behaviors were quite similar, with the excep-

Table 1

Behavior (mean + S.E.M.) of parentally-responsive adult virgin male
prairie voles during a 10-min test with pups after prenatal exposure to
vehicle (control; n = 16), flutamide (n =8), or ATD (n=06)

Measure Control Flutamide ATD F(2,27)

Latency (s)

Contact pups 153+ 29 131 + 38 157+ 32 0.13

Hover over pups

From reunion 160 + 29 199 + 62 166 + 32 0.25

From first 8§+1 943 1443 3.33*
contact

Duration (s)

Hover over 3274+ 35 288 + 63 320+ 34 0.20

Quiescence® 64 + 28 80 + 30 38 +23 0.32

Carry pups 0.44+0.2 1.5+1.2 0.3+0.1 1.02

Lick pups 181423 192 4+ 38 188 +25 0.05

Nest/burrow 342 543 949 0.49

Explore 48 +19 25+7 67+14  0.89

Self-groom 39+ 12 50 +21 60 + 12 0.47

Total activity® 307 + 36 294 +29 360 + 28 0.60

TTWP* 390 + 33 368 + 80 358 +33 0.11

# Includes kyphosis, hunched, and prone postures.

®Includes eating and drinking which were of short duration and
not displayed by all subjects.

¢ TTWP, total time with pups (hovering over + quiescence).

* P<0.06.
The generally low levels of responding in females precluded statistical
analyses.
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Behavior (mean + S.E.M.) of parentally-responsive virgin adult male prairie voles during a 10-min test with pups after postnatal administration

of either vehicle (control; n=19), the anti-androgen flutamide (n =6), ATD (n=38), or TP (n=7)

Measure Control Flutamide ATD TP F(3,36)
Latency (s)

Contact pups 143 + 32 183 + 50 106 + 32 180 + 41 0.62
Hover over pups

From reunion 148 + 32 187 + 51 116 + 31 194 + 44 0.64
From first contact 541 443 10+1 14 +8 1.99
Duration (s)

Hover over 326 + 34 367 + 39 296 + 17 272 + 55 0.70
Quiescence® 49 + 11a 31+ 14a 104 + 42b 34+ 3a 3.32%
Carry pups 1.8+1.2 0.8+0.7 44425 0.3+0.1 1.12
Lick pups 184 +22 181 +23 179 +20 132 +20 0.79
Nest/Burrow 743 8+5 0+0 19+10 1.86
Explore 75+ 18 41 4+ 11 82 +28 130 + 28 1.69
Self-groom 34+ 10a 73 +22ab 35+11a 89 4+ 24b 3.03*
Total activity® 334 4+ 30 329 +28 343 + 40 416 + 19 1.07
TTWP* 376 + 34 399 +47 400 + 29 276 + 54 1.39

 Includes kyphosis, hunched, and prone postures.
® Includes eating and drinking which were of short duration and not displayed by all subjects.

¢ TTWP, total time with pups (hovering over + quiescence).
* ANOVA P<0.05. Significant post-hoc differences between groups indicated by different letters, P <0.05.
The generally low levels of responding in females precluded statistical analyses.
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Fig. 2. Relative percentage of adult virgin female prairie voles acting parentally toward conspecific pups during 10 min tests after (A) prenatal
exposure to vehicle (n=17), TP (n = 6), ATD (n = 8) or (B) postnatal exposure to vehicle (n = 24), TP (n=8), ATD (n = 8), or flutamide (n = 8).
Controls from each study = 1.0. Numbers in parentheses are the number of parental subjects/total subjects in that group. *Fisher’s exact

probability test, P <0.05 compared with TP-treated females.

tion of ATD-treated males spending more time quies-
cently postured over pups than the other groups and
TP-treated males self-grooming more than control or
flutamide-treated males (Table 2).

3.4. Effects of prenatal hormones on parental behavior
of females

The number of days that females were prenatally
exposed to hormonal manipulations did not differ be-
tween groups: 14.9 + 0.2 days (control), 15.0 + 0.4 days
(TP), 14.8 + 0.5 days (ATD) (F (2,23) =0.02, P >0.9).

Most control females (77%) attacked pups, as did all
females exposed prenatally to TP (Fisher’s exact proba-

bility test, P >0.5). In contrast, many females (63%)
exposed prenatally to ATD were parental, though differ-
ences in this percentage compared with controls only
approached statistical significance (G=3.5, d.f.=1,
P <0.065). The difference between females exposed
prenatally to TP and ATD in the percentage acting
parentally, however, was significant (Fisher’s exact prob-
ability test, P <0.04; Fig. 2A). The small percentage of
maternally-acting females sniffed, licked, and huddled
over the pups in a manner similar to that of males.
Prenatal exposure to TP significantly lengthened
anogenital distance in female prairie voles compared
with controls: 4.5+ 0.2 mm (control), 5.7 +0.3 mm
(TP), 5.1 £0.4 mm (ATD) (F(2,23) =4.73, P <0.02).
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3.5. Effects of postnatal hormones on parental behavior
of females

Postnatal administration of TP, ATD, or flutamide
had no effect on the percentage of females acting
parentally during exposure to pups, with relatively few
females in each group acting maternally (Gs < 0.74, all
Ps >0.3; Fig. 2B). There were no obvious differences
between the parental behavior displayed by the small
percentage of maternally-acting females within each
group and that displayed by males.

4. Discussion

The results of the present studies suggest that inhibi-
tion of either androgenic or estrogenic activity during a
discrete period before or after birth does not signifi-
cantly influence the development of a sex difference in
the parental behavior of adult virgin prairie voles.
Males under all circumstances were highly parental,
whereas a large percentage of females in all groups
attacked the pups. The small percentage of females that
did not kill the pups acted parentally in a manner quite
similar to males, as demonstrated previously [28]. There
is apparently no distinct prenatal or postnatal sensitive
period during which estrogens or androgens alone can
generate this sex difference in adult behavior. This
suggests that gonadal hormones contribute to the devel-
opment of parental behavior in virgin prairie voles
differently than in other rodents, including laboratory
rats.

4.1. Perinatal hormones and parental behavior

It appears that prenatal exposure to gonadal hor-
mones is not necessary for later paternal behavior in
male prairie voles since inhibition of gonadal hormone
activity had no effect on their adult interactions with
pups. Furthermore, the normal parental behavior in a
small number of males that were prenatally exposed to
TP indicates that prenatal androgen also does not
influence their later parenting (Lonstein and De Vries,
unpublished observations). The effects of inhibiting pre-
natal gonadal hormone activity on the parental respon-
siveness of adult male rats have not been examined, so
it is unknown whether these hormones influence
parental responding in this species.

Postnatal gonadal hormones influence the develop-
ment of sex differences in parental behavior differently
in voles than they do in rats. Castration of male rats
prior to puberty feminizes parental behavior by de-
creasing infanticide and increasing parental responsive-
ness, with removal of the testes soon after birth being
most effective in feminizing their responses towards
pups [32,37,40,41]. This does not appear to be the case

in male prairie voles because the inhibition of andro-
genic or estrogenic activity during the first week of life
had little effect on their responses towards pups during
adulthood. Furthermore, neonatal castration only re-
duces, but does not completely feminize, later parental
responding in male prairie voles (Lonstein, Rood, and
De Vries, unpublished data). Our finding that postnatal
TP had only minor effects on the behavior of males is
inconsistent with a previous report [39] showing that
similar treatment significantly decreased the amount of
time that they spent with pups. This difference may be
explained by the fact that, whereas we investigated the
behavior of adult males, Roberts et al. [39] examined
juvenile and pubertal males. We have no explanation
for the increases in quiescence over pups displayed by
males treated postnatally with ATD or in self-grooming
by TP-treated males, but these increases may be related
to organizational effects of androgens or estrogens on
patterns of locomotor activity [58].

The present results do not necessarily exclude a role
for gonadal hormones in the development of parental
behavior in virgin prairie voles. Gonadal hormones
may influence the development of parental behavior via
androgenic and estrogenic mechanisms simultaneously,
prenatally as well as neonatally. Additionally, ‘critical
periods’ for sexual differentiation may extend well be-
yond the perinatal period [9,13]. In other mammals,
however, manipulation of gonadal hormones either pre-
natally or postnatally is sufficient to change the devel-
opment of some sexually dimorphic behaviors (e.g.
Refs. [5,7,14,42,49,56]), including parental behavior in
virgin rats (see Ref. [30]). Manipulations of hormone
activity during both the prenatal and postnatal periods
can be more effective in some cases (e.g. Refs.
[6,23,47,56]). This does not appear to be the case in
prairic voles because many males that are sheltered
from the actions of gonadal hormone throughout most
of their life after prenatal administration of both
flutamide and ATD followed by neonatal castration are
still paternal during adulthood (Lonstein, Rood, and
De Vries, unpublished data).

It is also interesting to consider that the hormonal
dependency of parental behavior in male prairie voles
was altered by the pre- or postnatal manipulations in a
manner that could not be detected in the present exper-
iments. We previously demonstrated that in addition to
the large sex difference in responsiveness toward pups,
the hormonal dependence of this behavior differs be-
tween the sexes because castration at weaning or during
adulthood does not affect the behavior of either sex
toward pups ([28,29], Lonstein, unpublished observa-
tions), but chronic estradiol treatment tends to promote
maternal behavior in females [28]. Therefore, gonadal
hormones under certain conditions can stimulate
parental behavior in females. If prenatal or postnatal
blockade of androgenic or estrogenic activity feminized
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the parental responsiveness of males in terms of making
it more dependent on hormonal stimulation, the pres-
ence of endogenous testosterone may have stimulated
their parental behavior, masking the effects of the
perinatal treatment. In such a case, castration during
adulthood may have reduced parental behavior in these
animals.

In contrast to males, the present results indicate that
prenatal gonadal hormones can influence the develop-
ment of parental behavior in female prairie voles. Fe-
male prairie voles resemble female rats in this respect
because prenatal testosterone masculinizes parental re-
sponsiveness in female rats, whereas neonatal testos-
terone treatment has little or no effect [11,24,30].
However, we expected prenatal TP treatment to mas-
culinize females’ parental behavior, but if anything it
seemed to promote infanticide. The apparently opposite
effects of prenatal TP and ATD on their behavior
towards pups suggests that any effects of TP on
parental responsiveness depend on the aromatization of
testosterone to estradiol. This does not necessarily
mean that inhibiting aromatization of fetal testosterone
produced these effects since maternal production of
estrogens was also inhibited. Endogenous hormones
from adjacent male littermates [53], steroidogenic activ-
ity of the female fetus’ own ovaries or adrenal glands,
or even ovarian secretions from their mother [57] may
also normally influence the development of parental
behavior in females. If this is the case it is unclear why
these hormones would not also inhibit parental behav-
ior in males. Since neither TP or ATD produced a
significant change in the percentage of females acting
parentally when compared to controls, but only when
compared to each other, these mechanisms may have
only relatively small influences on the development of
parental responsiveness in females. Perhaps more pro-
nounced behavioral effects could have been obtained
with larger sample sizes or by increasing the already
high doses of the agents used to alter gonadal hormone
activity. Furthermore, although the effects of perinatal
hormones on parental responding in rats can be af-
fected by the novelty of the testing condition [11], most
unmanipulated non-lactating female prairie voles are
infanticidal whether they are tested in their home cage
[52] or in a novel cage ([28,29], present report).

Although not statistically significant, there was a
noticeable reduction between the prenatal and postna-
tal studies in the magnitude of the sex difference in
parental behavior. Pregnant rats exposed to stress pro-
duce offspring with reduced sex differences in parental
responsiveness [26], possibly resulting from increased
maternal or fetal adrenal androgen or glucocorticoid
secretion. Postnatal handling and injection for the first
week after life may produce similar effects in prairie
voles. The explanation for this behavioral shift in the
control groups of voles may not be that simple, though,

because direct administration of corticosterone to
neonatal female prairie voles reduces later parental
behavior, not increases it [39].

The function, if any, of the sex differences in parental
behavior of virgin prairie voles is unknown because it
may not be particularly common in natural environ-
ments. Female prairie voles in our and numerous other
laboratories are removed from the natal nest at wean-
ing and housed with female littermates. This social
environment may promote infanticide not because of
the absence of male littermates [29], especially consider-
ing that even complete social isolation after weaning
has no effect on their aggressive behavior [21,29], but
because of the absence of their sire and dam. We have
recently demonstrated that female prairie voles that
remain in the presence of their parents after weaning
are highly parental, even if the dam does not give birth
to subsequent litters of pups [29]. In contrast to some
laboratory-reared females, many females in natural en-
vironments do not disperse from the natal nest but
rather continue to live with their parents and younger
siblings. Furthermore, juvenile virgin females may gain
parental experience by interacting with younger siblings
if their dams are impregnated during a postpartum
estrus and give birth to another litter. This early experi-
ence with younger pups permanently renders virgin
females more parental [29]. Only in cases where females
disperse from the natal nest without prior early experi-
ence with pups would they behave differently from
males and have a propensity for infanticide.

4.2. Prairie voles: a unique model for sexual
differentiation

Our present experiments add to a growing list of
studies suggesting that gonadal hormones do not play a
traditional role in the development of sexually dimor-
phic behavior in voles. Unlike neonatal castration of
rats, which demasculinizes sexual [34] and aggressive [§]
behaviors, castration has little or no effect on these
behaviors in gray-tailed (M. canicaudus) or prairie voles
[15,36,38]. Also dissimilar to rats [10,16,19,22,51], pre-
natal inhibition of androgenic or estrogenic activity in
male voles and TP treatment of female voles have little
or no effects on their sexual behavior [36,38]. The
effects of postnatal TP treatment on sexual behavior in
prairie voles are even more unusual because not only
does it defeminize sexual behavior in females, it also
demasculinizes it in males [38]. Our results indicate that
the unusual effects of gonadal hormones on the devel-
opment of sexually dimorphic behaviors in prairie voles
also extend to their parental behavior.

Whereas the actions of perinatal gonadal hormones
on sexual differentiation in prairie voles differs from
those actions in rats, they are reminiscent of the actions
of these hormones in birds. For example, the song
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system in zebra finches is sexually dimorphic, but while
females are susceptible to the masculinizing effects of
perinatal estrogens, hormonal manipulations have no
apparent effect on developing males [1]. The effects of
perinatal gonadal hormones on the adult behavior of
other mammals including ferrets, guinea pigs, and pri-
mates [4] offer additional examples of species in which
hormones regulate the development of sexually dimor-
phic behaviors in ways that are unlike that in labora-
tory rats. These findings underscore the importance of
considering that different mechanisms may be responsi-
ble for sexual differentiation in different animal species.
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