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On postnatal day eight, prairie vole pups were randomly assigned a treatment of 1 mg/kg
SKF38393 (D1 agonist), quinpirole (D2 agonist), SCH23390 (D1 antagonist), eticlopride (D2
antagonist), or saline vehicle. As adults, females treated with eticlopride exhibited reduced
anxiety-like behavior in an elevated plus maze and a reduction in infanticidal behavior. These
behavioral effects were not seen in males. These data demonstrate that a single exposure to a D2
antagonist during development can have persistent, sex-specific effects on behavior into
adulthood.

Keywords
prairie vole; anxiety; alloparenting; dopamine

NIH-PA Author Manuscript

Prairie voles (Microtus ochrogaster) are microtine rodents that are characterized by
affiliative social behaviors including selective partner preferences, biparental care, and
cooperative breeding [15]. The early endocrine and neuroendocrine environments play a
critical role in the development of these species-specific behaviors. A number of hormones
that play a key role in the expression of adult prairie vole social behavior have also been
shown to play a developmental role as well (corticosterone: [30]; testosterone: [30];
oxytocin: [5–8,14,29] arginine vasopressin: [37]).
Recently dopamine has emerged as a key neurotransmitter in the regulation of prairie vole
pair-bonding [3,4,17,23,39]. Prairie voles have been shown to be developmentally sensitive
to early exposure to amphetamine, a dopamine reuptake inhibitor [28]. Daily administration
of amphetamine over PND 13–15 changed social affiliation levels in adult prairie voles.
Both male and female subjects given high doses of amphetamine spent more time alone than
saline controls. However, low dose exposed animals showed sexually dimorphic responses
to treatment when compared to controls: males spent more time alone, whereas females
spent more time affiliating with the stranger. These data indicate that the developing
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dopaminergic system of the prairie vole is sensitive to neonatal manipulation in a potentially
sexually dimorphic fashion, with persistent effects on social behavior into adulthood.
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Acute (as opposed to chronic or repeated) neonatal treatments may also cause significant
developmental changes in this species. For example, early treatments of oxytocin (OT),
arginine vasopressin (AVP), and their antagonists have significant behavioral and
physiological consequences in prairie voles. Treatment with OT at PND8 can at least
partially ameliorate the effects of an OT antagonist (OTA) administered at PND1 and other
forms of adverse early experience [9]Bales, unpublished data], suggesting that a single
pharmacological manipulation on PND8 can have long-term effects in this species. The end
of the first postnatal week is also a critical period for development of the dopamine system.
The late neonatal period (in rats, PND5 to adult) is a period of rapid increase in both D1 and
D2 receptor binding sites, in parallel with increasing dopaminergic innervation and
maturation of dopaminergic neurons [20]. There is also a peak in striatal dopaminergic
synaptic density around PND7 in rats [2].
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We therefore hypothesized that alterations in dopamine receptor activity at PND8 may have
potential long-term effects on behavior. Given that dopamine has been associated with
anxiety-related behaviors and maternal behavior in a number of other previously studied
species, we also hypothesized that behavior in an elevated plus maze and alloparental
responsiveness in prairie voles are influenced by dopaminergic activity. This study was
designed to examine the developmental consequences of a single pharmacological
intervention on the later expression of behavior in an elevated plus maze and alloparental
care test.
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Subjects were male and female prairie voles bred in our laboratory at University of
California, Davis, from an outbred stock originally captured in Illinois. Animals were
maintained until a 14:10-hr light-dark cycle and controlled temperature. Purina high-fiber
rabbit diet and water were available ad libitum. Breeding pairs were monitored daily, and
within 24h of litter birth, all pups were sexed and toe-clipped for identification. At 8 days of
age, each pup was randomly assigned one of the following treatments: saline (vehicle
control), 1 mg/kg SKF38393 (D1 agonist), quinpirole (D2 agonist), SCH23390 (D1
antagonist), and eticlopride (D2 antagonist) in 25μl volume. Quinpirole, SKF38393, and
SCH23390 have been previously used in rodent neonatal studies at this dosage (quinpirole:
[12,13,21]; SKF38393: [25]; SCH23390: [35]). As eticlopride has not been used neonatally
before in rodents, our initial dosage was chosen to match the other treatments. These
compounds all cross the blood-brain behavior and have behavioral effects on adult prairie
voles [4,39]. Treatment was administered i.p. with a gas-tight Hamilton syringe. At PND21,
subjects were weaned and housed in same sex pairs in standard mouse cages (27cm × 16cm
× 13 cm). All subjects were weaned before the birth of the next litter, and were therefore pup
naïve. Sample sizes for each behavioral test varied by sex and treatment, and are presented
in Figures 1 and 2.
At 60–75 days of age, subjects were tested on the elevated plus maze (EPM). The EPM is
elevated 18 inches off the ground and consists of two high-walled enclosed arms and two
clear, open Plexiglas arms (67cm long × 5.5 cm wide [18]). The animal was placed in the
maze for five minutes and scored continuously for location and autogrooming using
Behavior Tracker 1.5 software (http://www.behaviortracker.com). If subjects fell off the
apparatus, then recording was paused, the animal retrieved, and placed in the middle of the
maze and recording resumed. Testing was stopped if animals jumped or fell from the
apparatus three times, and these subjects were excluded from analysis. Of 114 subjects
tested, 8 were excluded for repeated jumping, which showed no differences based on
treatment (χ2=3.9250, p=0.42). All testing was performed between 900 and 1200h.
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Frequency of arm entries, duration of autogrooming, and the time spent in the open arm
proportionate to either arm [defined as (time in open arm) / (time in open arm + time in
closed arm)] were examined with mixed model ANOVA with treatment, sex, and a
sex*treatment interaction as fixed factors, and a random effect of litter, followed by
Dunnett’s post hoc tests. Residuals were checked for normality, and when necessary, data
were transformed using the square root or quad root transformation. When used,
transformations are reported with the results. When transformation was not successful, each
sex was compared separately using nonparametric tests (Kruskal-Wallis test). All tests were
two-tailed and significance was set at p<0.05. Data were analyzed in SAS 9.1 (SAS
Institute, Cary, NC).
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The day after EPM testing, all subjects were given an alloparental care test, in which they
were exposed to a novel pup [8,30]. All tests were performed between 800 and 1200h. The
test is performed in an apparatus consisting of two standard mouse cages joined by a
transparent tube (10cm in length). Subjects are placed alone in the testing apparatus for 45
minutes to habituate. At the end of the habituation period, the subject was briefly removed
from the apparatus, and unrelated vole pup of 1–4 days of age was placed in the front cage.
The subject was then returned to the connector tube, facing the pup. The test was recorded
on videotape for ten minutes and stopped immediately if aggressive behavior toward the pup
was observed. Behaviors scored using Behavior Tracker included sniffing, licking, and
huddling over the pup, as well as autogrooming and pup attacks. Latencies for behaviors not
displayed were set to 600s. Chi-square tests were run separately for males and females on
frequency of attacks per treatment group. Only non-attacking animals were included for
analyses of all other alloparental behaviors. Behaviors were examined with mixed model
ANOVA or Kruskal-Wallis tests, as described for EPMs.
We found no treatment differences in frequency of arm entries (H=4.7465, df=4, p=0.34) or
autogrooming (H=8.1319, df= 4, p=0.09) in the EPM. Mixed model ANOVA for the ratio of
time spent in the open arm over time spent in both arms revealed no main effects of
treatment (F40,65=1.89, p=0.12) or sex (F40,65=0.00, p=0.98), however there was a
significant treatment by sex interaction (F40,65=2.73, p=0.036). Post-hoc analyses indicated
that females treated with eticlopride spent significantly more time in the open arm than
saline control females (p=0.0068; Figure 1). There were no treatment differences from saline
among males in relative EPM arm time.
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For the alloparental care test, the total number of subjects and attacking subjects are
presented in Figure 1. Among non-attacking subjects, there were no significant effects of
any treatment on individual behaviors during the alloparental care test. For time spent
autogrooming (quad root transformed), mixed model ANOVA revealed no main effects of
treatment (F39.58=1.00, p=0.42) or sex (F39,58=1.31, p=0.26). While there was a significant
sex by treatment interaction on autogrooming (F=2.69, p=0.04), interpretation is difficult
due to the fact that none of the within sex comparisons to controls were significant (data
presented in Table 1). There were no differences in time spent sniffing the pup (H=5.028,
df=4, p=0.28), non-huddling contact [F(39,48)=1.48, p=0.87], or huddling (H=3.928, df=4,
p=0.42). There was a significant main effect of sex on time spent licking the pup (square
root transformed; F39,58=6.29, p=0.015), with males grooming the pups on average more
than females (228±13.71 sec compared to 185.72±18.21 sec, respectively).
Chi-square tests of the proportion of attacking individuals for each treatment group to saline
controls were non-significant for males (eticlopride: χ2=0.05, p=1.00; quinpirole: χ2=0.94,
p=0.37; SCH23390: χ2=1.62, p=0.49, χ2=1.35, p=0.51). Chi-square comparisons of
attacking females to saline controls were significant for eticlopride (χ2=5.865, p=0.037;
Figure 2), but no other treatments (quinpirole: χ2=1.49, p=0.37; SCH23390: χ2=0.53,
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p=0.67; SKF38393: χ2=1.18, p=0.38). Five out of 13 control females displayed infanticidal
behavior, whereas none of the 11 eticlopride treated animals attacked the stimulus pup.
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Taken together, these results suggest that a single manipulation of dopamine receptor
activity during the late neonatal period can have long-term effects on prairie vole behavior,
and that these effects can be sex-specific. Females treated neonatally with the D2-receptor
antagonist eticlopride exhibited reduced anxiety-like behavior as indicated by proportionally
more time spent in the open arms of an EPM (Figure 1). These same females were also less
infanticidal, as none attacked pups in an alloparental care test (Figure 2), compared to a 38%
attack rate in control females. However, these females did not differ from the non-attacking
controls on any individual alloparenting behaviors.
Our finding that eticlopride increases open arm exploration in the EPM is similar to previous
work showing that acute treatment with sulpiride, another D2 antagonist, also reduces
anxiety-like behavior in the EPM in mice [31,38]. However, these studies only tested male
subjects. Our present findings of changes in females rather than males suggest that there
may be sex-differences in dopaminergic regulation of anxiety-related behaviors, and also
suggest that these sex differences could be species-specific.
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Our data are also consistent with previous studies that have found that measures of anxiety
are negatively correlated with maternal behavior in rats. Olazabal and Young [26] found that
alloparental responsiveness in female prairie voles is negatively correlated with anxiety-like
behaviors, including performance on the elevated plus maze. Specifically, infanticidal
behavior was positively correlated with anxiety-like behavior in the elevated plus maze. One
interpretation of our findings is that neonatal eticlopride is associated with reduced anxiety
in adult females, leading to more exploration in the elevated plus maze and the elimination
of infanticidal behavior.
The effects of early dopamine manipulations have been studied in a number of animal
models, although the majority of these studies involve chronic treatments in older (i.e.
juvenile rather than infant) animals [13,16,21,41]. A prominent model explored in this
literature examines treatments of young rats with chronic neonatal quinpirole (a D2-like
receptor agonist), resulting in a supersensitization of D2-like receptors and enduring
cognitive, motor, and neurochemical abnormalities that persist through adulthood [11–13].
The critical period for these effects occurs between postnatal days (PND) 1 and 11,
suggesting that early postnatal development of dopaminergic circuits is sensitive to
pharmacological interventions.
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We hypothesize that the behavioral effects discussed may be explained by alterations in
brain DA receptors, specifically in the striatum. The nucleus accumbens has been identified
as a key region for D2 receptor regulation of social behavior in adult prairie voles [17,23].
Eticlopride primarily binds in the rat striatum [24], and the striatum undergoes a significant
amount of development during the late neonatal period including a number of alterations in
both morphology and density of dopaminergic synapses, with a peak of dopaminergic
synaptic density in the striatum at the end of the first postnatal week [2]. It is possible that
during this period of intense organization that the striatum is particularly sensitive to
pharmacological manipulations.
Chronic treatment with the D2 antagonist spiroperidol from birth to PND32 led to a decrease
in D2 receptors in rats, with only a small decrease in D1 receptors [22]. It is possible that
our single treatment with a D2 antagonist may also have led to a down regulation of D2
receptors, although it is important to consider that chronic treatments may have different and
even opposite effects compared to acute exposure. There are a number of alternative
possibilities worth considering. Developmental manipulation of a specific neurotransmitter
Behav Brain Res. Author manuscript; available in PMC 2011 August 16.
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system may instead have effects on other, related systems. For example, early exposure to
either OT or OTA on the first day of birth can cause sexually dimorphic and site-specific
changes in OT- and AVP-immunoreactivity [40] and AVP V1a (but not OT) receptor
distribution [7] that persist into adulthood. Additionally, chronic neonatal treatment with the
D2 agonist quinpirole affects nerve growth factor and baseline corticosterone levels in rats
[11].
The present study demonstrates that a single exposure to a D2 antagonist during
development can have persistent effects on social and anxiety behavior into adulthood in the
prairie vole. We hypothesize that these behavioral effects may be mediated by a decrease in
D2 receptors. However, this conflicts with data in humans showing that patients with
generalized social anxiety disorder have lower striatal D2 receptor density [33,34] (although
these results are not always replicated [32]). The present findings may be of clinical interest
as prescription use of antipsychotics (which act as D2 antagonists) in young patients is
rapidly rising [10,27,36], and there is a clinical need for studies on the developmental
consequences of these drugs [19]. Non-prescription use of anti-psychotics by children also
poses a risk, and often case studies are not followed up for long-term effects [1]. Future
research should focus on developmental consequences of these particular drugs on prairie
vole social behaviors.
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Figure 1.

Proportion of time spent in either plus maze arms, defined as [(time in open arm)/(time in
open arm + time in closed arm)], for each female (A) and male (B) subjects. Sample sizes
are presented in parentheses. * Indicates statistically significant differences compared to
saline controls.
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Figure 2.

Attacking and non-attacking female (A) and male (B) subjects in the alloparental care test.
Eticlopride treated females attack less than saline control females (χ2=5.85, *p=0.037).
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36.5 ± 14.1

11.9 ± 5.0

Males

Females

Saline

25.1 ± 5.1

15.09 ± 4.5

Eticlopride

38.4 ± 24.1

35.0 ± 11.7

Quinpirole

45.2 ± 17.2

21.7 ± 6.0

SCH23390

9.8 ± 3.0

21.5 ± 8.4

SKF38393

Seconds spent autogrooming in the alloparental care test

Time in seconds spent autogrooming in the alloparental care test by sex and treatment (Means ± standard error).
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