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INTRODUCTION
Social bonds are made up of numerous subsystems mediating the overall social relationships
that develop between infants and caretakers. The effects of an infant’s formation of early life
relationships and its social interactions with caretakers are known to last well in to adulthood
with both beneficial and harmful effects [28,35,70]. In our laboratory, we study the
development of social relationships between infant rats and their dams, sires, and littermates
using an isolation, reunion, and re-isolation test paradigm.

Infant rats emit ultrasonic vocalizations (USV) in a variety of situations, including as a response
to isolation, physical manipulation, and thermal and olfactory challenge [1–3,6,19,25,46,79,
80,82,97]. Many researchers have used the presence and absence of these sounds to make
inferences about the internal state of the rodents, e.g., isolation-induced USV’s have often been
called “distress vocalizations” [29,76,78].

The isolation-induced vocalization of a rat pup is modulated both by current social interactions
and by the pup’s rearing experience. This modulation of USV by social interactions provides
a paradigm for investigating the neurobehavioral mechanisms underlying acquisition and
expression of infant attachment.

What is maternal potentiation of isolation-induced vocalizations of infant rats?
Maternal potentiation of ultrasonic vocalization occurs when, after a brief contact with the
dam, isolated infant rats produce USV at a rate significantly higher than they would during an
isolation not preceded by dam contact. Although the definition may seem of narrow interest,
there is a growing belief that the potentiation phenomenon has broad applicability for the study
of early life social relationships in many species. But before going further, the reader needs to
understand the usual test paradigm in our laboratory.
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Test procedure—On the day of testing, the dam is removed from the home cage and
anesthetized. The litter is allowed to adapt to her removal for ~15–20min in the home cage on
a thermoregulated heating pad. Then, each pup is tested in turn. The pup is picked up and placed
alone in a clean polycarbonate rectangular box (18 × 21 × 20 cm) at room temperature. The
test consists of three periods, which can range from 1–5min in length (3min each in Figure 1).
The pup is isolated during the first and final period. During the middle epoch, the anesthetized
dam is placed into the novel cage with the experimental pup. The test procedure is illustrated
by the cartoon at the top of Figure 1.

Throughout the test, the behavior of the pup is observed. The time in contact with the dam is
recorded. Whether the pup is active or immobile is noted. USVs are counted using a bat detector
(Pettersson Elektronik or Ultrasound Advice) with its microphone suspended approximately
10 cm above the test container floor. A variety of other behaviors in the novel cage, body and
ambient temperature, weight, and more are also measured [41,42].

Initial isolation period—Isolation-induced USV has been extensively used as a marker for
distress in infant rodents [31,68,75,78,116]. The actions of anxiolytic and anxiogenic
compounds on USV are generally compatible with this explanation [56,68,83,116,119]. Other
behaviors that have been considered indicators of distress accompany USV, e.g., increases in
locomotor activity, self grooming, and micturation [68]. The first period in Figure 1 (minutes
0–3) illustrates this response. It is known that isolation-induced USV has communicatory value
for an isolated pup, both hastening and directing maternal retrieving behavior [18,98].

Reunion period—In the presence of the dam in the second period, the rate of USV is
significantly reduced from the calling rate in the initial isolation (minutes 3–6 in Figure 1).
This decrease in vocalizations has been called ‘companion comfort’ or, more neutrally, ‘contact
quieting’. The isolated pups also nose the fur of, burrow under, and maintain proximity with
their dam. The dam is not the only companion that can induce quieting. Factors with a prima
facie appearance of supplying comfort tend to reduce the USV of the isolated animal, e.g.,
warmth, furry texture of the substrate, home cage shavings, an anesthetized littermate [1,7,
17,46].

Re-isolation—Maternal potentiation of USV is exhibited in the third period of Figure 1.
Upon re-isolation, pups call at a higher rate than in the first period. The reunion with the dam
does not increase all aspects of the isolation response, only the vocal behavior. Thus, it is not
part of a generalized increase in arousal [40,42,44,91,95,96]. But more vocal parameters than
rate are affected, at least at postnatal day 12 (PND12, the only age at which other parameters
have been tested). On average, each potentiated vocalization is louder; tends to be longer; and
is emitted in an altered bout structure [74], all of which fits with its hypothesized function as
a call to elicit maternal retrieval [40].

There are two forms of potentiation, active and passive, which will be discussed in the
Acquisition and Expression sections, below. Active potentiation occurs after a brief interaction
with an awake, unanesthetized dam; passive potentiation after a brief reunion with an
anesthetized dam. Unless specifically mentioned, the following discussions will relate to the
passive potentiation paradigm.

Why study potentiation of isolation-induced vocalizations of infant rats?
The potentiation of vocalization by a pup after contact with its dam reflects, we believe, a filial
bond that has been formed by the pup during the first weeks of life. Filial bonds, a subclass of
affiliative bonds, are those shown by infants towards parents (or other primary caretakers) but
not to siblings, friends, etc. Bowlby’s concept of ‘attachment’ describes one class of filial bonds

Shair Page 2

Behav Brain Res. Author manuscript; available in PMC 2008 September 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[11]. Is our hypothesis about USV potentiation true? Although there is no definitive proof,
there is a convergence of data that is difficult to explain in any other way (listed in order of
importance to the hypothesis):

1. The intensity of the USV response upon re-isolation depends on the identity of the
social companion during reunion.

2. The valence of the USV response to an adult male is altered by early experience
(described in the section on Acquisition, below).

3. The expression of USV potentiation is regulated by dopamine activity in the nucleus
accumbens, a system associated with attention and reward (described in the section
on Expression, below).

4. The development emergence of USV potentiation provides ample time for learning
to play a role (described in the section on Acquisition, below).

5. Vocal potentiation occurs in other species.

6. Isolation-induced USV is not a by-product of thermal or cardiac mechanisms.

The intensity of the USV response depends on the identity of the social companion during
reunion

Figure 2 illustrates the critical impact of the identity of the social companion on the USV
response of isolated rat pups. In each of the 4 illustrations, pups are treated exactly the same,
except for the type of companion (which do not differ in their behavior due to anesthesia).

The control condition is illustrated in the ‘Pick up’ graph. These pups are handled in between
test phases to control for the handling necessary for adding and removing the companions. The
rate of vocalization does not change significantly in response to handling.

All of the social companions have a similar effect on USV rate in their presence (Figure 2 Dam,
Littermate, & Adult Male). However, it would be wrong to label them all ‘companion comfort’
and confusing to call them ‘contact quieting’. Although exposure to an anesthetized adult male
reduces a dam-reared pup’s rate of USV emission dramatically (Figure 2 Adult Male), the adult
male also elicits fear-like behaviors, e.g., immobility, micturation, corticosterone and ACTH
release, increased analgesia [95,106,110]. This phenomenon is labeled ‘behavioral inhibition’
and is thought to have evolved because adult males are potential predators of infant rats. Vocal
rates in the third period validate differentiation of contact quieting and behavioral inhibition.
Pups exposed to the adult male continue to suppress USV after the male is removed [95,111].

The re-isolation period also demonstrates that the response of the pup to its dam differs from
its reaction to a littermate. A brief interaction of an isolated pup with its anesthetized dam or
another adult female causes maternal potentiation, the increase in USV rate in the subsequent
isolation (Figure 2 Dam). A pup exposed to a littermate or several littermates (or home cage
shavings which also elicit ‘contact quieting’) shows no such elevated response (Figure 2
Littermate) [17,42,61].

It is important to emphasize that USV potentiation can be elicited by adult females other than
the dam. This issue is discussed below in the section ‘Problems with USV potentiation as a
model system’.

Vocal potentiation occurs in other species
The fact that the young of most mammalian species increase vocalization rate in response to
separation from their caretakers supports the likelihood that these calls have ecological
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importance [36,55,64,69,85]. A similar assumption can be made about maternal potentiation.
In support of its possible ecological significance, maternal potentiation of calling has now been
found in two species besides rats.

Infant Swiss-Webster mice show USV potentiation in isolation after a brief interaction with
the dam [69], although it must be noted that potentiation has not been found in some other
strains [14]. Furthermore, the Moles report links USV potentiation with a standard test of
affiliative behavior [69]. Wild type Swiss-Webster mice prefer their dam to clean shavings in
a choice test. The μ-opioid receptor knockout mice (Orpm−/−) from the strain, on the other
hand, are deficient in both behaviors. Orpm−/− mouse pups emit fewer vocalizations during
an initial isolation; do not show a preference for maternal cues; and do not show USV
potentiation following brief reunions. As μ-opioid activity does not regulate USV potentiation
in rats [91] nor expression of odor learning at PND12 [88,89], we hypothesize that the knockout
mice have a deficit in the acquisition of a strong social bond, rather than with the expression.

Guinea pigs produce separation cries in the audible, not ultrasonic range, but show many
similarities with rat and mouse pups. For example, the presence of the dam reduces the calling
rate [36,38]. In collaboration with Michael Hennessy of Wright State University, we have now
shown that 15 day-old guinea pigs show a form of potentiation in response to a brief reunion
with their dams [37]. Littermate pairs of guinea pigs were tested in a similar fashion to the rat
potentiation test described above. Control pups showed a significant reduction in calls from
Isolation 1 to Isolation 2. In fact, 10 of 16 control pups did not call at all in Isolation 2. In the
dam-exposed group, 13 of 16 continued to call in Isolation 2. While the rate of calling of dam-
exposed pups did not increase, as it does with rat pups, it did not show a significant reduction.
Also in contrast to the rat results, the dam-exposed group was also more active than the controls
in Isolation 2. Follow up experiments demonstrated that reunion with neither a littermate nor
another adult female prevented the decline in vocalization.

The fact that the form of maternal potentiation of vocalizations in guinea pigs does not match
precisely the form seen in rats is to be expected. The life histories and environmental patterns
of the species are very different, e.g., precocial vs. altricial.

Isolation-induced USV is not a by-product of thermal or cardiac mechanisms
If it is true that maternal potentiation reflects the presence of a social bond, it seems likely that
motivational and/or emotional processes are involved in its production. Although, as noted
above, the role of anxiolytic and anxiogenic drugs on isolation-induced USV is generally
consistent with such a hypothesis, it has been proposed that USV is not at all related to affective
state. Rather, the vocalization is thought to be an epiphenomenon of some other physiological
process. The first form of the hypothesis argued that all USV results from attempts to increase
thermogenesis [6–8]. We tested and disproved that hypothesis in several ways: 1.
demonstrating that activating thermogenesis does not alter USV rate [47]; 2. that emitting USV
does not influence body temperature except in cases of recovery from hypothermia so intense
that the heart stops beating [48]; 3. showing that contact quieting occurs even if the body
temperature of the social companion is well below room temperature [43]; and 4. that maternal
potentiation occurs in a thermoneutral environment [93].

The second version of the epiphenomenon hypothesis suggested that all USV results from a
cardiovascular maneuver called the abdominal compression reaction whose function is to
increase venous return [9,10,60]. This hypothesis was also disproved [94]. In a series of 7
experiments, we found direct alterations of venous return have no effect on USV. In 5 of the
experiments, we artificially reduced venous return in pups that were not vocalizing. For
example, we withdrew blood from the superior vena cavas of 2-week-old pups (see Table 1).
None of the animals so treated produced any USV, although their response to pick up
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demonstrated that they were capable of vocalizing. In the other 2 experiments, we artificially
increased venous return by infusing either dextrose 5% in water or blood into pups that were
vocalizing. In neither case was the rate of USV significantly altered (see Figure 3).

Our results do not imply that temperature has no effect on USV. That it does has been known
since the very earliest studies [1,80,82]. But the results do show that the function of USV as
frequently tested, e.g., during brief isolations at room temperature, is not part of a thermogenic
response. Whether decreased venous return ever has an effect on USV in any test situation is
less certain. Venous return has never actually been measured in rats. While this would be a
daunting task in pups, it is feasible in adult animals whose vocalizations are presumed to be
driven by the same mechanisms [5]. Thus far, evidence supporting a role for the abdominal
compression reaction and venous return in any test situation depends on indirect measures and
inferences.

Problems with USV potentiation as a model system
Mammals form social bonds with a variety of individuals, e.g., parents, siblings, mates,
offspring, and other companions. Rat pups are no exception. Their isolation-induced
vocalization and contact quieting can help determine the neurobehavioral processes underlying
such social relationships. It is less clear that USV potentiation can serve as a model for human
filial bonds. USV potentiation responses by pups are not restricted to specific individuals. Dam-
reared pups will potentiate USV to unfamiliar adult females, not just to the dam. Similarly,
biparentally-reared pups potentiate USV to unfamiliar adult males [17]. For humans, in
Bowlby’s view, such a lack of individual discrimination by human infants would likely indicate
severe disturbance [12, p.28]. Others suggest that species like guinea pigs, which show more
individual specificity, are better models of human attachment [77]. However, we believe that
studies in rats will shed insight on the formation of filial bonds in humans for two reasons.

First, whether or not rat pups will demonstrate individually-specific social responses has not
been well tested yet. To our knowledge, all such studies have used rats housed under the same
conditions and of unknown relationship, as was true in our work with Wistar rats [17]. Second,
even if rats are found to have positive social relationships only to a class of conspecifics, e.g.,
adult females, that result does not negate rats’ value as a comparative model. Analyses of the
differences in behavior and CNS regulation between montaine and prairie voles, for example,
has led to important advances in our understanding of the neurobiology of affiliation [52,
118]. Similarly, comparisons of rats and guinea pigs may help determine which CNS areas are
involved in the individual-maternal attachment of guinea pigs, but not in the class-attachment
of rats.

Functional hypothesis
Given the information above, we theorize that isolation-induced USV of an infant rat is a
reflection of its internal state, which has evolved to serve a communicative function. Maternal
potentiation, as well as predator-induced suppression of USV, evolved through the selective
advantage conferred to pups by a capacity to regulate their vocal response according to
contextual cues in the environment signaling risk/benefit ratio of high vs. low calling rates. A
maximal vocal response is adaptive if the pup has been interacting with its mother just before
a sudden isolation (maternal potentiation). Littermates alone predict a lesser likelihood of
maternal response before a predator is attracted (standard isolation response), and the scent of
an unfamiliar male signals the need to suppress all vocalization (behavioral inhibition).
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ACQUISITION
Developmental pattern

The time course of isolation-induced USV and contact quieting by rats during ontogeny have
often been described, including by our laboratory [1,16,20,22,25]. Both behaviors appear by
PND3 or earlier. Isolation-induced USV peaks around 8–12 days of age (depending on strain,
testing conditions, etc) and disappears around the third week of age. Maternal potentiation of
USV does not occur until PND7–9, approximately a week later than the initial isolation-induced
USV and contact quieting responses are established [45]. Remember that potentiation occurs
after a brief interaction with an awake, unanesthetized dam (active potentiation) or after a brief
reunion with an anesthetized dam (passive potentiation). Both types of potentiation peak at
PND11–13 and then decline between PND17 and 23, along with the isolation response.

Potentiation by an active dam occurs 2 days earlier than passive potentiation. Further, an active
dam produces a higher rate of USV responding than passive dam at all ages. At all ages, the
potentiation effect is specific to the vocal component of the pups’ response.

This developmental pattern and especially the temporal relationship between active and passive
potentiation permits a role for experiential and/or learning processes in the acquisition of the
behavior. Although isolation-induced USV and contact quieting to the dam can develop
without postnatal interactive experience—pups reared artificially from PND0 show both
behaviors at ~PND12 [49]—we do not yet know if experience is critical in potentiation of USV
to the dam. Such a role has been demonstrated for the behavioral response to the sire.

Early experience alters the behavioral response to adult males
One of the strongest evidences that USV potentiation is a marker for a social relationship is
that early rearing experience can alter the behavioral responses of pups to adult males from
fear-like (behavioral inhibition) to ‘paternal’ potentiation. It is well known that when 2-week-
old, dam-reared pups are exposed to the presence or even the odor of an adult male rat, they
exhibit a fear-related suppression of behavior that continues even after the male is removed
including USV inhibition [95,105,111] (see Figure 2 Adult Male). This quieting response is
presumed to have evolved due to selection pressure: young rats show similar responses to odors
of predators [109]; adult male rats are known to practice infanticide [15,67].

On the other hand, if pups are reared with both dam and sire in the nest cage, 2-week-old pups
demonstrate companion comfort and USV potentiation to their sire and other adult males (see
Figure 4) [17]. In the presence of the anesthetized sire or other adult male, they nose its fur and
try to burrow under its ventrum, behaviors they also show in the presence of their dams. Once
the sire is removed, the rate of USV during re-isolation is significantly higher than in an initial
isolation, just as is true with the dam. Let me emphasize this latter fact: biparental rearing
experience causes the pups to produce USV potentiation in response to their sires and other
adult males. Remember that pups do not show potentiation to other familiar social stimuli with
which they have been reared, even those that produce contact quieting, e. g., littermates and
home cage shavings. Even if pups are reared with a castrated adult male in the home cage, that
familiar castrated male will not induce USV potentiation [17]. Given the fact that anosmic,
dam-reared pups do not show behavioral inhibition to adult males or potentiation to their
anesthetized dams [96], it seems likely that some testosterone-related olfactory cue is a
necessary stimulus, either during acquisition or during expression of ‘paternal’ potentiation.

The role of olfactory cues in the development of paternal potentiation
A previously unpublished investigation into the cues necessary to alter the relationship with
the sire has demonstrated an important role for olfactory input. With the use of a cage split
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diagonally with wire mesh, each litter was reared with its dam on one side. The sire was on the
other. Thus, pups were exposed postnatally to the smells and sounds of their sire without direct
physical contact.

Twenty four breeding pairs of randomly bred N:NIH rats were housed in standard colony cages
in our animal facility. One or 2 days before the day of birth, the cages of 12 pairs were split
diagonally with stiffened wire screening. The dam was on one side, the male on the other. The
other 12 litters were reared biparentally in unmodified cages. Litters were culled to 9 pups
within 48hrs of birth. On PND 12–13, each litter was tested in the passive potentiation paradigm
with one male and one female in each of 4 reunion conditions: dam, sire, group of 4 littermates,
or ‘pick up’ control. All social companions were anesthetized. Overall ANOVAs showed
highly significant effects of social companion and test period, but no effect of sex. Thus, USV
rates of male and female littermates in each companion condition were averaged. The statistics
reported for potentiation are planned, paired t-tests comparing the amount of USV in Isolation2
to the amount in Isolation1 of these average values for each litter and condition. Similar paired
t-tests comparing Reunion to Isolation1 assess contact quieting effects. Each experimental
condition had an N of 12 such pairs.

The results demonstrate that olfactory cues from the sire are sufficient for it to become a
potentiating stimulus, at least when pups experience those cues when being reared by the dam.
A role for auditory cues seems extremely unlikely as rat pups’ ears do not open until PND10–
12. Split cage reared pups show USV potentiation to their sire (p<.05), even though they have
had no previous physical contact (see Figure 5A). During the reunion period with the sire, they
not only reduced USV rate significantly, they displayed no ‘freezing’ or other signs of fear. In
fact, they nosed their sire’s fur and tried to burrow underneath its body. The littermates tested
in the other conditions showed the expected results: potentiation to the dam (p<.01, data not
shown), but not to littermates or in the ‘pick up’ control test (p>.50 for both, data not shown).

Because the potentiation to the sire does not look as robust as usually seen to the dam, one
might believe that the lack of physical contact may account for this. The data from the matched
biparentally-reared animals show that this is not likely the cause as their paternal potentiation
effects are no stronger (p<.05, see Figure 5B). In fact, since the original finding in 1998 [17],
we have done 6 experiments testing potentiation to the sire. In 4 out of the 6 experiments,
potentiation to the sire was less robust than to the dam. Once, the relationship was reversed.
In 1, pups did not show significant paternal potentiation (maternal potentiation was not tested).
We do not know yet what accounts for the variability.

Thus, at least when experienced in the presence of the dam, odor cues appear to be sufficient
for the acquisition of an altered social relationship to the sire.

Hypothesized mechanism for acquisition of paternal potentiation
There is a long history of research into the formation of infantile social bonds in animals, going
back to the work of Scott, Harlow, and others [32,33,66]. A possible role for odor cues has
often been found, even in human infants [26,65,84,108,113]. It has been proposed that the
dam’s manipulations of pups during normal mother/infant interactions may be how rat pups
form an attraction to the maternal odor and an attachment to the dam [30]. We suggest that this
process underlies the pups’ positive response to the sires.

Over the past 30 years, the factors and physiological processes involved in the development
of an odor preference have received considerable study [54,107,120]. Sullivan, Wilson and
colleagues have mapped many of the neurobiological mechanisms underlying olfactory
learning in the infant rat [102–104,112]. Important roles have been found for alterations in the
olfactory bulb, norepinephrine secretion from the locus coeruleus into the bulb, and modulating
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effects of the amygdala. Studies from their laboratory are beginning to demonstrate a similar
role for norepinephrine in somatosensory conditioning [62,63].

We hypothesize that biparental rearing causes an alteration in the pups’ USV response to the
male, which is mediated by neural mechanisms similar to that described for the induction of
an odor preference [71,99–101]. That is, stimulation of the pups in the presence of the adult
male activates the locus coeruleus and norepinephrine secretion to enhance the development
of an odor preference and a social bond. This hypothesis does not imply that USV potentiation
is simply another manifestation of an odor (or somatosensory) preference. Pups must have a
predisposition to respond to specific odors. Pups reared in the presence of lemon odors do not
have an augmented separation response after exposure to an otherwise neutral stimulus scented
with lemon [92]. Pups show preferences for the odors of siblings [39], but siblings do not elicit
USV potentiation.

This hypothesized mechanism may include a role for the opioid system in the acquisition of
the potentiation response. Naltrexone administration blocks the formation and consolidation
of odor learning in 12 day-old rats, but not its expression [88,89]. Such a role is also suggested
by the report that μ-receptor knockout mice do not potentiate USV to their dams [69].

Whether or not our hypothesis is true remains to be tested. Perhaps mere exposure to the scent
of the sire without stimulation is enough to alter the social interaction from behavioral
inhibition to potentiation. We also cannot be certain if it is the pups that are altered by the
postnatal exposure. It is conceivable that exposure to the pups causes the sire to emit a different
odor, one to which pups are predisposed to respond positively. It is known that sexual
experience and cohabitation with a female through pregnancy and lactation can have important
effects. The experience inhibits infanticide in adult male rats, even if previously infanticidal
[15]. If the hypothesis is true, the many avenues for future research include: 1) This paradigm
will allow us to ask whether the positive relationship with the sire depends on whether or not
the pups’ exposure to his odor occurs in the presence of the dam. The results may have broader
implications as to how attachments to secondary caretakers are formed. 2) It will remain to be
determined if the formation of the social bond to the dam depends on similar processes as those
to the sire.

EXPRESSION
Sensory and behavioral mechanisms

Although the usual potentiation test in our laboratory involves an initial isolation, a reunion,
and a second isolation, the initial isolation is not necessary for maternal potentiation of USV.
Pups taken from the litter pile and placed in contact with their anesthetized dam in a novel cage
will vocalize at a potentiated rate upon her removal [43], in comparison with littermates isolated
directly in the novel cage (see Figure 6).

Thermal cues are not an essential factor in the elicitation of USV potentiation: potentiation will
occur to an anesthetized dam with a very reduced body temperature or in a thermoneutral
environment [43,61,93]. As potentiation can occur after contact with either an active or
anesthetized (passive) dam, movement of the dam cannot be a necessary factor either [41,96].
This does not mean, however, that movement cannot have an important role. A pup placed in
contact with its anesthetized dam for 30min does not increase vocalization rate in a subsequent
isolation. A pup in contact with its unanesthetized dam for 30min will vocalize more [41].

The pup’s sense of olfaction is necessary for passive potentiation of USV, but not for active
potentiation. Anosmic pups show neither potentiation nor suppression of USV after exposure
to an anesthetized dam or male. Their vocal response to isolation remains unchanged. Anosmic
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pups, however, continue to show undiminished levels of USV potentiation after interaction
with an active dam [96]. The dam’s manipulations of the pup may be sensed via somatosensory
or vestibular mechanisms.

Neurochemical regulation of the expression of potentiation
A number of neurotransmitter systems are known to be capable of regulating isolation-induced
USV by rat pups including GABA [51,81,86,119], opioid [4,20,57], serotonergic [53,117],
cholinergic [13], corticotrophin-releasing hormone [34,50], vasopressinergic [114], and
dopaminergic [27,58,59]. In most cases, it has not yet been determined whether the effects of
exogenous administration of neuroactive ligands truly demonstrate roles for endogenous
processes.

Opioids do not regulate the expression of potentiation
The endogenous opioid system is not generally thought to control isolation-induced USV in
rats, but application of opioid agonists and antagonists can influence the rate of USV.
Moreover, opioids are known to have a role in contact quieting [21,23,24,115]. For these
reasons, we tested and disproved the hypothesis that the interaction with the dam activates
endogenous opioids to regulate the expression of USV potentiation. While exogenous opioid
ligands did affect USV rate at some doses, they had no greater effect on potentiated USV
[91]. In fact, the effect was usually reduced.

Dopamine activity in the nucleus accumbens does
Given the extensive literature linking dopaminergic processes to reward (e.g., [87,90], the
effects of systemic administration of dopamine 2-family ligands (D2) on maternal potentiation
were investigated [72]. The D2 family of receptors includes the D2, D3, and D4 subtypes. The
agonist quinpirole and antagonist raclopride act on all three. PND12 pups were injected
intraperitoneally with quinpirole, raclopride, or both. The D2 agonist quinpirole completely
blocked maternal potentiation (see Figure 7), even though quinpirole’s effect on the USV rate
in the first isolation period was not significant. Quinpirole increased behavioral activity, so its
block of potentiated vocalization was not related to a generalized decrease in arousal. Nor were
its effects the result of incapacity to produce high rates of USV: rates more than doubled when
quinpirole-injected pups were placed in a cold environment (data not shown). The D2
antagonist had no effect on potentiation, but did block the agonist effect, demonstrating the
specificity of the agonist effects.

We believe that these findings suggest that the activation of D2 receptors interferes with normal
dopaminergic mediation of the isolation, reunion and re-isolation experiences by generating
reward signals continuously. This, in turn, blocks the expression of heightened isolation
distress and potentiated vocalization.

If our interpretation is true, then brain areas known to be involved in reward processes should
be the site of regulation for the socially mediated responses. One such area is the nucleus
accumbens [90]. Infusions of quinpirole directly into the nucleus accumbens block potentiation
just as systemic injections do [73]. Infusions of the agonist into the dorsal striatum do not, nor
do saline infusions into the accumbens. Finally, and we believe most convincingly, infusions
of raclopride into the accumbens completely block the suppression of USV potentiation by
systemic quinpirole injections [73].

It is important to note that the results from these studies suggest that the D2 dopamine system
alone is unlikely to account fully for the regulation of USV potentiation. Pups showed
potentiation with the D2 receptors blocked by raclopride, a permissive effect. But, blockade
of D2 receptors did not increase calling rates without a reunion with the dam, e. g., in the first
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isolation or in ‘pick up’ control pups (data not shown). One feasible explanation is that a very
precise pattern or level of D2 activation does regulate potentiation. On the other hand, given
the large number of neuroactive compounds known to influence USV, it seems more likely
that some other system is altered by the brief interaction with the dam. Which possibility is
true remains to be determined.

SUMMATION
When isolated from their mothers and siblings, infant animals including humans express a
variety of behaviors that indicate the existence of social attachment, especially vocalizations.
The isolation-induced vocalization of a rat pup is modulated by current and prior social
interaction. An isolated pup reduces its rate of vocalization when placed in contact with familiar
stimuli, particularly social ones such as its dam or littermates, a phenomenon called contact
quieting. The isolated pup’s vocalization is greatly increased if the pup has been in contact
with its mother immediately before isolation, a phenomenon called maternal potentiation.
Other familiar stimuli that can induce contact quieting do not elicit potentiation. Thus, the
potentiation of vocalization depends on some degree of social specificity, but not individual
recognition. Unrelated adult females can also elicit potentiation.

Research from our laboratory and others has elucidated the developmental time course of
maternal potentiation in rats and that vocal potentiation occurs in other species. Early
experience can play a role in the acquisition of potentiation. If rat pups are reared by both dam
and sire, or even reared by the dam in the presence of the sire’s odor, the pups show potentiation
to the sire instead of the fear-related behavioral inhibition. The neurobiological mechanisms
of acquisition are unknown, but are hypothesized to depend on the processes underlying
development of an odor preference.

Expression of USV potentiation to an inactive dam depends on olfactory cues, but potentiation
to an active dam does not. Thermal cues are not critical. Among the many neurochemical
systems able to regulate isolation-induced USV, it is dopamine activity that appears to play a
decisive role on potentiation. Activation of D2 receptors in the nucleus accumbens blocks
maternal potentiation of USV without altering USV rate in an initial isolation.

In conclusion, our research is directed towards understanding the bases of normal and
pathological development of animal and human social relations. As such, our investigations
focus on how early life affiliative bonds are formed and what processes regulate their
expression. The research uses the separation and reunion responses of infant rats: isolation-
induced vocalization, contact quieting, and maternal/paternal potentiation of vocalization. The
characteristics of USV potentiation, e.g., social specificity and a role for early experience,
suggest that potentiation reflects a type of filial attachment, a subclass of affiliative bonds
directed by infants towards parents (or other primary caretakers). The modulation of isolation-
induced vocalization by social interactions provides a paradigm for investigating the
neurobehavioral mechanisms underlying the formation of infant filial and affiliative social
relationships.
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Figure 1.
Standard USV test paradigm. The dam is separated from the litter at least 15 minutes before
testing. The home cage and litter are placed on a thermoregulated heating pad. At test time, a
pup is taken from its littermates and immediately placed into a novel box where USV and other
behaviors are recorded throughout three phases, which typically range from 1 to 5min in length
(3min in this illustration): Isolation1, Dam Reunion, and Isolation2. The cartoon above the
graphs illustrates the sequence of events. The test pup is picked up and put back down at 3 and
6min as the dam is placed into and taken out of the cage. Contact quieting is a significant
reduction in calls from Isolation1 to Dam Reunion. Maternal potentiation is a significant
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increase in calls from Isolation1 to Isolation2. Asterisks mark significant differences from the
1st isolation.
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Figure 2.
Illustration of responses to different social companions. The test paradigm is the same as
illustrated in Figure 1, except that the anesthetized companion is either (1) the dam, (2) an
unfamiliar adult male, (3) a littermate, or (4) ‘pick up’ controls. ‘Pick up’ control pups are
handled in between test phases to control for the handling necessary for adding and removing
the conspecifics. Asterisks mark significant differences from the 1st isolation (composite data
from [15,42,93]).
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Figure 3.
Mean (±S.E.M.) number of ultrasonic vocalization (USV) responses of Postnatal Day 12 rat
pups abruptly isolated in a novel cage for a 3min observation period. During three 30sec epochs,
D5W was infused into the pups’ jugular cannulas. Rates of infusion were 6, 9, and 12μl/30sec.
The 3 control epochs without infusion were temporally matched to the experimental epochs
[92]. Reprinted by permission of Behavioral Neuroscience.

Shair Page 20

Behav Brain Res. Author manuscript; available in PMC 2008 September 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Ultrasonic vocalization (USV) rates shown by pups reared by the dam and sire and exposed to
adult males in isolation. The gray bars indicate that the pup is isolated. The filled bars indicate
the presence of an anesthetized adult male. The adult male is either the familiar Sire (left set
of 3 bars) or an Unfamiliar Adult Male (middle set). In the Control condition (right set of bars,
the pup is in isolation throughout, merely picked up and put down between each period.
Asterisks mark significant differences from the 1st isolation [15]. Figure redrawn. Reprinted
by permission of Journal of Comparative Psychology.
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Figure 5.
USV rates of pups tested in the potentiation paradigm, previously reared in a split cage and
exposed to the odor of their sire without contact (A) or reared biparentally in a single
compartmented cage (B). The gray bars indicate that the pup is isolated. The filled bars indicate
the presence of the anesthetized, familiar Sire. Asterisks mark significant differences from the
1st isolation.
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Figure 6.
Mean rates of ultrasonic vocalization (USV/3min) of rat pups in response to dams. On the left,
the pup was isolated in the novel test chamber for the first 3 min and then the dam was placed
next to the pup for the last 3 min. On the right, the pup was with the dam for the first 3min and
then separated from her during the last 3 min. The silhouettes of pup and dam at the top of each
graph depict the changing conditions. Asterisks mark significant differences from the 1st

isolation [41]. Figure redrawn. Reprinted by permission of Developmental Psychobiology.
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Figure 7.
Mean (± SEM) number of vocalizations during a 2-min initial isolation (ISO1) and a 2-min re-
isolation (ISO2). Arrows indicate a 2-min reunion with the anesthetized dam between
isolations. In the group that received a systemic injection of vehicle (Veh), the pups called
more in the second isolation than in the first, a phenomenon called “maternal potentiation.”
Injection with the D2 agonist quinpirole (Quin; 1 mg/kg) blocked potentiation without
preventing isolation-induced vocalization in either isolation. Injection of the D2 antagonist
raclopride (Racl; 1 mg/kg) did not prevent potentiation. Raclopride (1 mg/kg) restored
potentiation when injected before quinpirole (1 mg/kg) (Racl and Quin). The ‘a’ indicates that
the Quin group’s difference from ISO1 to ISO2 was significantly less than the vehicle group’s
(p = .003). Asterisks indicate a significant increase in number of vocalizations from ISO1 to
ISO2. *p < .01. **p < .001 [70]. Reprinted by permission of Behavioral Neuroscience.
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