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The late preweanling rat has potential as a preclinical model for disorders initially manifested in
early childhood that are characterized by dysfunctional interactions with specific stimuli (e.g.,
obsessive-compulsive disorder and autism). No reports, however, of specific-stimulus exploration
in the late preweanling rat are found in the literature. We examined the behavioral responses of
normal late preweanling (PND 18-19) and adult rats when presented with exemplars of
categorically-varied stimuli, including inanimate objects systematically varied in size and
interactive properties, biological stimuli, and food. Preweanlings were faster to initiate specific
stimulus exploration and were more interactive with most specific stimuli than adults; the
magnitude of these preweanling-adult quantitative differences ranged from fairly small to very
large depending upon the stimulus. In contrast, preweanlings were adult-like in their interaction
with food and prey. Preweanling response to some stimuli, for example to live pups, was
qualitatively different from that of adults; the preweanling behavioral repertoire was characterized
by pup-seeking while the adult response was characterized by pup-avoidance. The specific
stimulus interactions of preweanlings were less impacted than those of adults by the time of day of
testing and placement of a stimulus in an anxiety-provoking location. The impact of novelty was
stimulus dependent. The differences in interactions of preweanlings versus adults with specific
stimuli suggests that CNS systems underlying these behavior patterns are at different stages of
immaturity at PND 18 such that there may be an array of developmental trajectories for various
categories of specific stimuli. These data provide a basis for the use of the preweanling as a
preclinical model for understanding and medicating human disorders during development that are
characterized by dysfunctional interactions with specific stimuli.
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The survival of any individual requires optimal spatial exploration of their environment
integrated with adaptive investigation of and appropriate interactions with specific stimuli in
the environment. Distinguishing whether specific stimuli within an environment, including
food and social opportunities (Barnett, 1958, 1975), have positive value for survival or could
cause injury is a critical capacity for an individual as dysfunctional interactions can result in
lost benefits and/or increased risk of harm. In humans, disorders such as autism, obsessivecompulsive disorder (OCD), and some neurological disorders (e.g., category-specific
agnosia), have dysfunctional interactions with specific stimuli as a pathological hallmark
such that there is an inability to appropriately attend to objects and/or people, or
perserveratively interact with them. Since these disorders are often initially manifested in
childhood (Carter and Pollock, 2000), and various behavioral or pharmacological
interventions are prescribed early in life (Muhle et al., 2004; Patel et al, 2007), it is
important to have preclinical behavioral models of interactions with specific stimuli that
include both young and adult rodents for use in preclinical testing of pharmacological
interventions.
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We, along with other researchers, posit that the late preweanling rodent has potential as a
preclinical model of human childhood relevant to the time period when the emergence,
diagnosis, and initial treatment of these various disorders can occur (Andersen et al., 2010;
Ryan et al., 2010). Seeking to develop such a model, we here examine the responses of
normal late preweanling rats (PND 18-19) and compare them to adults (PND 60) during the
investigation of responses to exemplars of categorically different specific stimuli, including
inanimate objects varied in size and interactive properties, biological stimuli, and food. No
reports of specific stimulus-directed exploration in the late preweanling rat are found in the
literature and there are very limited reports of stimulus-directed exploration by rodents of
any age (Barnett, 1958; Chitty and Southern, 1954; Laviola et al., 2004; Stansfield et al.,
2004). Additionally, the responses of rats of any age to an array of categories of specific
stimuli and the impact of the familiarity or novelty of these stimuli have not been
systematically studied (Heyser et al., 2003; Stansfield et al., 2004).
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Earliest analyses of adult rodent responses to specific stimuli (large inanimate objects)
began in the service of limiting rodent pilfering of human food stores (Smith, 1786) and
subsequently developed into laboratory-based analyses uncovering the facts that size and
novelty of stimuli are important variables regulating the amount and nature of interaction by
rats (Barnett, 1958; Besheer and Bevins, 2000; Chitty and Southern, 1954; Ennaceur and
Delacour, 1988). Adult rats initially avoid large novel objects, termed neophobia by Barnett
(1958), while in contrast small novel objects are initially preferentially investigated and are
thus used in recognition memory tasks (Besheer and Bevins, 2000; Bolles and Woods, 1964;
Stansfield et al., 2004). Analysis of a limited variety of objects shows that adolescent rats
respond to the objects more frequently than adults (Douglas et al., 2003; Laviola et al., 2004;
Stansfield et al., 2004), but no studies have examined the responses of younger rats.
Living biological stimuli represent another category of stimuli that are important as these
might inflict injury (predator), serve as a potential food source (prey), or if a conspecific
might have potential for aggressive, sexual, or parental interactions. While conspecific and
prey interactions have been examined in adults, they have only been examined to a limited
extent in young (Bolles and Woods, 1964; Muhle et al., 2004; Rosenblatt and Lehrman,
1963; Wiedenmayer and Barr, 1998).
Inanimate food is also an important category of stimuli. While adult neophobic responses to
novel food have been extensively documented (Barnett, 1958; Chitty and Southern, 1954;
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Weinberg and Smotherman, 1978), less is known about novel food interactions by the
postnatal young. Food preferences are shaped during embryonic and postnatal development
because the mother’s diet affects the flavor of the embryonic fluid (Hepper, 1988;
Smotherman, 1982) and her milk (Capretta and Rawls, 1972; Galef and Henderson, 1972;
Galef and Sherry, 1973; Le Magnen and Tallon, 1968; Wuensch, 1978). Pups are dependent
on lactational milk until weaning but begin to sample and eat solid foods around PND 16
(Galef and Clark, 1972), a process initiated by the social transmission of food information
from their mothers during foraging (Galef, 1992; Galef and Clark, 1972; Galef and Kennett,
1987).
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We have chosen to examine the PND18 preweanling rat because this the earliest age at
which rats possess adult-like integrated locomotor and sensory capacity, and it is prior to the
complex process of puberty (PND 28-55) (Ojeda and Urbanski, 1988; Spear, 2000). Since
this is the earliest age that rat pups are allowed beyond the maternal nest by their mothers
(Barnett, 1958; Galef and Clark, 1972; Pereira et al., 2008; Small, 1899), this suggests, from
an evolutionary perspective, that they have developed sufficiently to engage in
environmental exploration, and are motivated to do so (Fowler, 1965). Certainly, however,
PND 18 rats are not entirely adult-like behaviorally as they are more active during particular
segments of the light-dark cycle and have lower anxiety levels than adults (Smith and
Morrell, 2007), and further they are still undergoing considerable physiological and neural
sculpting (Spear, 2000, for review). Consequently it is not surprising that the late
preweanling can be vulnerable to the long-term effects of pharmacologic interventions and
behavioral experiences that are different from the effects in adults (Andersen et al., 2002;
Bolanos et al., 2003; Carlezon and Konradi, 2004; Patterson et al., 2009). We posit that
interactions with specific stimuli will also not be fully mature in the preweanling rat due to
these ongoing neurodevelopmental changes.
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We posit that the combination of adult-like motor and sensory capacity together with
normally lower anxiety levels and a possibly enhanced exploratory motivation may shape
the preweanling’s behavioral repertoire of exploratory behavior facilitating increased and
potentially risky investigation of specific stimuli. We hypothesize that this facilitated
behavioral exploration may be a function of the ongoing neural sculpting during this period
of development and that the feedback provided by this increased exploration on the
developing neural systems may significantly influence the adult behavioral repertoire. Both
of these features of the preweanling model add to their potential as a preclinical model of
childhood interventions in humans. Here we examined the responses of females only as we
have a considerable body of prior data on spatial and environmental exploration and motor
capacity in females at these two age groups (Smith and Morrell, 2007, 2008), and because
female responses to specific stimuli have been less studied in the literature.

Materials and methods
2.1 Subjects
Subjects were PND 18-19 preweanling (33–40 g) and PND 60 adult (190–225 g) female
Sprague-Dawley rats from the animal colony maintained in the Laboratory Animal Facility
(LAF) at Rutgers University (Newark, NJ), an institution accredited by the American
Association of Accreditation of Laboratory Animal Care (AAALAC). Litters were culled to
12 pups (half each sex) during the first neonatal week and weaned on PND 28.
Subjects were randomly selected same-sex littermates, with a maximum of two adults and
two pups tested per litter (Elsner et al., 1986; Olazabal et al., 2002; Wilkinson et al., 2006).
Except for animal husbandry, postnatal handling was minimal (Ader, 1968; Andrews and
File, 1993; Ivanco et al., 1996; Meaney et al., 1991). All procedures met the standards
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approved by the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996) and the Rutgers University Animal Care and
Facilities Committee. Although adult female estrous cycle was not assessed with vaginal
smears, adult hormonal status could not have impacted the data significantly as our
preweanling-adult differences here and previously (Smith and Morrell, 2008) were on a
substantially greater scale than the relatively small differences seen in adult females across
the estrous cycle.
2.2 General procedures
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2.2.1 Behavioral testing in the home cage—Starting two weeks prior to testing,
subjects were housed and tested in a behavioral suite of adjacent single-use rooms, and were
hand carried between rooms. For 24 hours before testing, subjects were housed in lidded
clear Plexiglas boxes (42 cm long × 42 cm wide × 31 cm high) lined with wood chip
bedding (Beta Chip, Northeastern Products, Warrensburg, NY), which became their home
cage and the testing environment for all tests; 24 h is sufficient for an environment to
become a home cage (Montgomery, 1955; Nakagawara et al., 1997). Preweanlings were
housed with their dam and siblings, and adults were housed in same-sex sibling pairs. All
animals had ad libitum access to food (Formulab Diet 5008, PMI, Nutrition International,
Brentwood, MO) and water and were maintained under a 12-hour (h) light-dark cycle (lights
on at 0700 h) and a temperature of 22°C. For tests of food novelty and familiarity (see
below), all subjects additionally received unadulterated powdered rat chow in the home cage
prior to testing.
2.2.2 Time of day of tests—Testing was conducted either when both adults and
preweanlings were least active (light phase, 0900 h – 1200 h; 1st quartile) or most active
(dark phase, 2000 h – 2400 h; 3rd quartile) in their daily cycle (Smith and Morrell, 2007) to
determine whether time of day influenced their responses (Table 1), but chosen such that no
preweanling-adult activity differences confounded the outcomes (Smith and Morrell, 2007).
2.3 Stimulus interaction procedures
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All of the tests were conducted in an environment to which the subjects were habituated as
their home cage; this cage was within a system designed for automated measures of activity.
We chose the home cage environment for our stimulus interaction procedures because others
have shown that the richest repertoire of responses to specific stimuli occurs in a home or
familiar territory (Barnett, 1958; Chitty and Shorten, 1946; Chitty and Southern, 1954;
Mitchell, 1976; Wilkinson et al., 2006), regardless of its size (Barnett, 1958; Davis et al.,
1948; Nass, 1977; Shorten, 1954). Since novel environments elicit overall high rates of
exploration and investigation (Buelke-Sam et al., 1984; Galani et al., 2001), these responses
would confound examination of exploration responses to specific stimuli. Since an object
already present in an environment before the animal is introduced for testing will be
perceived to be part of the environment when the animal is re-introduced (Cowan et al.,
1975), stimuli were placed into the home cage in the presence of the subjects. Novel objects
were inserted for the first time, and familiar objects were removed and re-placed into the
cage to control for the disturbance of inserting an object during the novel object test.
On the day of testing, subjects were transferred from their Plexiglas box home cage to a
clean opaque plastic cage for 5 min then returned as single individuals to the home cage
testing boxes. Subjects were observed in the home cage for 30 min before introduction of a
stimulus. One stimulus was then inserted with minimal disturbance, and subjects were
observed for 30 min. Separate subject groups were used for every stimulus examination;
therefore subjects were only tested once and were never re-used in any other behavioral
paradigms.
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2.3.1 Location of stimulus presentation—Using separate subject groups, stimuli were
placed either (a) 2 cm from the subject in the subject’s preferred corner, a less anxietyprovoking location (Grossen and Kelley, 1972), or (b) in the center of the testing apparatus,
a known anxiety-provoking location (File, 1985; Grossen and Kelley, 1972; Lister, 1987).
To enhance the anxiety-provoking aspect of the center, center-location tests were done in the
light quartile (0900 h – 1200 h) and home cages were illuminated by the overhead
fluorescent lighting in the testing room at an average luminance of 34 lumens/m2 (Konica
Minolta Luminance Meter LS-100, Japan). For preferred corner tests in the light quartile,
half of the apparatus was cast into shadow with a cardboard shield (46 cm high × 50 cm
wide × 28 cm deep) and half was brightly lit, a version of the black and white box (Crawley,
1981; Crawley and Goodwin, 1980). The luminance was 25 lumens/m2 in the light half and
2 lumens/m2 in the dark half, a significant difference (p < .001) between the two halves.
For environmental consistency, subjects that received stimuli in the preferred corner during
the light phase were housed in similar conditions prior to testing, i.e., one half of the cage
was shaded and the other remained lit. Testing in the dark quartile (2000 h – 2400 h) was
done without the cardboard shield and under red-light conditions. A subject’s preferred
corner was defined as that corner in which a subject spent >50% of it’s time during the 30
min prior to stimulus introduction; subject selection of the preferred corner was not
dependent on the location of the nest site within the home cage.
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2.3.2 Stimulus novelty vs. familiarity—To effectively examine the differences in
behavioral responding between novel and familiar objects, it is critical that subjects can
make the distinction (Barnett, 1958; Chitty and Southern, 1954). Novel stimuli were
operationally defined as those to which subjects had never been previously exposed; familiar
stimuli were operationally defined as those that subjects had been exposed to for a minimum
of 24 h in the home cage/testing environment. Familiar stimuli were clean and unscented for
testing thus avoiding confounds of scenting by cage mates (Sheldon, 1969). Tests with
newborn pups and crickets only examined responses to these stimuli when they were
completely novel since familiarity with these stimuli leads to induction of maternal behavior
(Olazabal et al., 2002; Olazabal and Morrell, 2005; Rosenblatt, 1967) or satiety,
respectively, thereby changing the nature of subsequent interactions.
2.3.3 Categories of stimuli
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Inanimate objects: Responses to objects that were systematically scaled with respect to the
size of the subject were examined. Objects were selected based on either their proportional
size (length, weight, and volume) relative to subjects (minimum n = 15 per group except for
the running wheel, see below) or their interactive properties. These objects were either
smaller than, the same size as, larger than, or immensely larger than the subject. An object
that produced an auditory stimulus when manipulated and one with a more interactive form
were also included. Since the interactive objects were considerably large and prefabricated
to specific dimensions (see below), it was not possible to proportionally scale these objects
relative to subject size.
Objects were (a) one-third the size of the subject: Wheaton plastic Cryule Vials (2 mL;
Wheaton Scientific, Millville, NJ) for preweanlings and Qorpak clear glass round jars (60
mL; Qorpak, Fisher Scientific, Pittsburgh, PA) for adults; (b) same size as the subject:
Qorpak clear glass round jars (60 mL) for preweanlings and Qorpak clear glass wide mouth
jars (480 mL) for adults; (c) plastic lattice jingle balls with bells (4 cm diameter; Paw Pals
IncrediBall, International Pet Supplies, San Diego, CA), which are approximately the same
size as the preweanling and one-third the size of the adult; (d) amber transparent
polycarbonate Crawl Balls (10.7 cm diameter) with three openings each measuring 6.3 cm
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(Bioserv, Frenchtown, NJ), approximately 1.5 times larger than adults and 9 times larger
than preweanlings; and (e) an immense object: a stainless steel activity running wheel (325
g; 26.04 cm diameter) that attaches to side of the test box (AccuScan Instruments Inc.,
Columbus, OH), which is approximately 19 times larger than adults (Familiar, n = 7; Novel,
n = 11) and 128 times larger than preweanlings (Familiar, n = 11; Novel, n = 15); the wheel
is designed to have a minimal friction load and is used for both smaller and larger rodents.
Biological stimuli: Biological stimuli were all novel. Pup-related stimuli were (a) live male
and female rat pups 1–3 days old (7.5–8.0 g; 5 cm long) (preweanlings, n=20; adults, n=9);
pup sex did not influence subject response (data not shown); (b) warm postmortem pups
(same age and size as live pups) (preweanlings, n=11; adults, n=7) sacrificed with CO2
immediately prior to testing and warmed in a Fisher 2-Liter Water Bath (Fisher Scientific,
Pittsburgh, PA) to the same temperature as a live pup upon separation from its dam (33°C);
and (c) a warm pup-like object (preweanlings, n=10; adults, n=7), a plastic Cryule Vial, the
same size as pups, filled with the charcoal contents of Grabber Mycoal Hand Warmers
(Grabber Performance Group, Grand Rapids, MI) warmed to 33°C. The live pup, warm
postmortem pup, and warm vial lose 15–18% of their heat at a similar rate by the end of the
test session (data not shown); temperatures were measured with a Fisher Digital
Thermometer (Fisher Scientific, Pittsburgh, PA).
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Prey stimuli were live female crickets (Acheta domesticus; Fluker Farms, Port Allen, LA).
Preweanlings (n=12) were presented with 3-week-old nymphs (length 1 cm), and adults
(n=11) were presented with 6-week-old adult crickets (length 2 cm); nymphs were identical
in their prey-like quality except proportionally smaller in size relative to the infants. Prior to
use, crickets were housed in micro-isolators in the Rutgers Insectarium on a 16:8 h
light:dark cycle (lights on at 0200 h) at 25°C with food (Fluker’s Orange Cube, pieces of
fruit) and water ad libitum. All testing occurred during the 3rd quartile because both crickets
and rats are most active during the dark phase of the daily cycle. Although prey stimuli
theoretically also serve as food, we categorized crickets as prey since the response elicited
by this particular stimulus is fundamentally different from an inanimate food source (see
below).
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Food stimuli: This protocol provides a choice between a familiar and a novel food, and thus
differs from the other stimulus presentations in the prior sections; this protocol follows a
strong precedent and informative approach in the taste and food preference literature
(Bunsey and Eichenbaum, 1995; Countryman et al., 2005) and was chosen to facilitate
comparison of these outcomes to published reports. Food stimuli presented to subjects
(preweanlings, n=8; adults, n=10) included (a) familiar food, unadulterated powdered
Formulab Diet 5008 rat chow (PMI, Nutrition International, Brentwood, MO) and (b) novel
food, powdered rat chow flavored with 5% bakers chocolate (Hershey’s Cocoa, Hershey
Foods Corporation, Hershey, PA) (Burton et al., 2000).
Preweanlings were deprived of food for 2 h and adults for 6 h immediately before testing
during the 3rd quartile. We deliberately avoided prolonged food deprivation because this
causes severe hunger that overrides and confounds the avoidant responses of the animals
which are not in extreme food deprived state; the food deprivation times chosen here
induced equivalent patterns of food sampling behavior between the two age groups (Smith
and Morrell, 2003). Subjects were simultaneously presented with 5 g each of the novel (5%
cocoa-flavored) and the familiar (unadulterated rat chow) foods in the preferred corner in
clear plastic petri dishes (Fisherbrand disposable petri dishes 35 × 10 mm) taped to the floor
of the home cage to prevent spillage. All other experimental details are as described in the
following section.
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Subject interactions with the stimuli were observed directly by one investigator (K.S.S.) and
from a corner within the testing room that was not visible to the subjects. Data collected
were (a) time to initial contact, defined as the amount of time it took for a subject to initiate
contact and investigate a stimulus; (b) number of investigations, that is, number of times a
subject approached and investigated a stimulus by sniffing and/or physical contact; and (c)
total contact time in which the subject maintained contact with the stimulus. The following
additional measures specific to certain stimuli were also recorded. Wheel interaction
included the following automated measures generated by the VersaDat software program
(AccuScan Instruments Inc., Columbus, OH): (a) number of wheel rotations and (b) time
spent inside the wheel. Measures of predatory hunting during interaction with a live cricket
were (a) time to catch and kill the cricket after its presentation, (b) total time to eat the
cricket, and (c) parts of the cricket eaten. Food (flavored and unflavored rat chow) was
weighed before and after the test session.
2.5 Data analysis
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In order to fully represent the behavioral repertoires of each individual subject, data analysis
was conducted so that two data points per litter are included. However, in this and previous
work (Smith and Morrell, 2007) we have also found that the outcomes of the analysis were
identical upon re-analysis of data averaging the two subjects per litter so that there was one
data point per litter. Data points were rarely eliminated and only if their value was three
standard deviations above/below the mean. All data met the requirements for parametric
statistical tests, i.e., normal distribution and homogeneity of variance. The significance level
was set at p < 0.05.
Two-way analysis of variance (ANOVA; Subject Age × Stimulus) followed by Tukey’s
post-hoc tests were used to analyze the effect of Time of Day (1st vs. 3rd quartile), Stimulus
Location (center vs. corner), and response to novel versus familiar stimuli. A limited number
of independent t-tests were then used to identify statistical differences in select comparisons.
Proportional object data were first analyzed within each age group with a one-way ANOVA
followed by Tukey’s post-hoc test and then analyzed between the two age groups by using a
two-by-three factor ANOVA (Subject age × Object). The General Linear Model procedure
was used to implement the ANOVA comparisons using the SAS statistical software version
8.2 for personal computers (SAS Institute, Inc., Cary, NC).

3. Results
3.1 Responses to inanimate objects
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3.1.1 Influence of time of day and stimulus location on interactions with
objects—Adult interactions with an object were influenced by the time of day at which the
test took place only in that the time to first contact in adults was slower during their inactive
period (significant main effect of Time of Day, F(1,122) = 8.62, p < 0.01; t(61) = 2.59, p <
0.05, Fig. 1A). Otherwise the number of investigations and the total time with the object
were not impacted by testing in the active versus inactive portions of their diurnal cycle. In
contrast, preweanlings interacted with objects faster and more, without regard for time of
day. Specifically the time to first contact for preweanlings was not influenced by the time of
day at which the test took place such that the time to the first interaction was significantly
faster than adults both in the active and inactive periods (significant main effect of Subject
Age, F(1,122) = 17.98, p < 0.0001, Fig. 1A).
Preweanlings further differed from adults in that the number of investigations (significant
main effect of Subject Age, F(1,122) = 19.77, p < 0.0001, Fig. 1B) and the total time with
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the object (significant main effect of Subject Age, F(1,122) = 27.12, p < 0.0001, Fig. 1C)
were both substantially higher regardless of the time of day at which the test took place. All
subsequent testing was carried out at a time of day of equal activity for both groups and so
that this variable did not confound outcomes.
Placing objects in the center of an environment slowed and decreased the interactions of
adults; preweanlings were adult-like in this overall pattern. Specifically, subjects in both age
groups took significantly longer to approach an object in the center (significant main effect
of Stimulus Location, F(1,63) = 13.52, p < 0.001, Fig. 1A), and spent less total time with it
(significant main effect of Stimulus Location, F(1,63) = 14.55, p < 0.001, Fig. 1C) than
when it was placed in the preferred corner. Preweanlings, however, were less impacted by
the center placement than adults and were significantly more interactive than adults
regardless of object location (significant main effect of subject age for Number of
Investigations, F(1,63) = 6.20, p < 0.05 and Total Contact Time, F(1,63) = 19.77, p <
0.0001, Fig. 1B and 1C).
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3.1.2 Responses to three objects that are not influenced by novelty—Adults
responded identically to the novel and familiar state of objects that were one-third the
subject’s size, a subject-sized object, or a crawl ball over the total 30 minute test (Table 2).
Preweanlings have the same pattern of responsiveness for these objects. The data for these
objects are therefore pooled for subsequent analysis (Fig. 2).
Adults approached a small object one-third their size, a subject-sized object, and a crawl ball
within the 30 minute test (Fig. 2A). While preweanlings had an adult-like approach time for
the small object, they approached the larger objects considerably faster than adults
(significant Subject Age × Stimulus interaction, F(2,250) = 8.24, p < 0.001, Fig. 2A). Adults
investigated the crawl ball significantly more than either a small object or a subject-sized
object (F(2,121) = 21.53, p < 0.0001; Tukey’s post-hoc’s p < 0.05, Fig. 2B). Preweanlings
investigated both of the larger objects significantly more frequently than the smaller object
(F(2,129) = 20.10, p < 0.0001; Tukey’s post-hoc, p <0.05, Fig. 2B). Preweanlings differed
from adults in that they had a notably higher number of investigations of the large objects
(same-sized object and crawl ball) (significant Subject Age × Stimulus interaction, F(2,250)
= 5.12, p < 0.01, Fig. 2B). For adults, total contact time was not affected by stimulus size or
interactive properties (Fig. 2C) whereas preweanlings spent the most time with the two large
objects, a subject-sized object and a crawl ball (F(2,129) = 9.57, p < 0.0001; Tukey’s posthoc, p < 0.05, Fig. 2C). Contact time with these two stimuli was also significantly greater in
preweanlings than adults (significant Subject Age × Stimulus interaction, F(2,250) = 7.81, p
< 0.001, Fig. 2C).
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3.1.3 Responses to two objects influenced by novelty
Jingle Ball: Novelty substantially shaped subject interactions with an object that had an
auditory component, the jingle ball (Table 2). While adults took an equal amount of time to
make the first contact with the jingle ball whether familiar or novel, they investigated (t(26)
= −2.93, p < 0.01) and spent twice as much time (t(26) = −2.12, p < 0.05) with a novel
jingle ball than a familiar one (Table 2). While preweanlings approached both the novel and
familiar jingle ball 5–10 faster than adults (significant main effect of Subject Age, F(1,68) =
27.73, p < 0.0001, Table 2), they approached a novel ball three times faster than a familiar
one (t(32) = 3.38, p < 0.01, Table 2). Unlike adults, preweanlings investigated both novel
and familiar balls the same number of times and spent equal amounts of time with both.
Lastly, preweanlings spent twice as much time with a familiar jingle ball than adults
(significant main effect of Stimulus, F(1,56) = 4.23, p < 0.05; t(26) = −2.36, p < 0.05, Table
2).
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Running Wheel: Novelty also noticeably shaped responses to the largest object used in this
paradigm, which is also an object with marked sustainable interactive properties once it
becomes familiar. Results of a 2 × 2 Factor ANOVA (Subject Age × Stimulus Property)
showed significant interactions in the following measures: Overall, both groups contacted
the novel wheel more slowly (F(1,40) = 4.49, p < 0.05, Fig. 3A), investigated it more
(F(1,40) = 4.21, p < 0.05, Fig. 3B), spent less time in it (F(1,38) = 4.37, p < 0.05, Fig. 3C),
and ran less in it (F(1,40) = 4.37, p < 0.05, Fig. 3D).
Adults were particularly slow to make their first contact with the novel wheel, which took
on average about twice as long as their first interaction with the smaller objects (Fig. 3,
Table 2). Adults investigated the novel wheel more than the familiar, but spent less time in it
and ran less in it than after it became familiar (Fig. 3B and 3C). In notable contrast,
preweanlings approached the novel wheel twice as fast as adults (t(24) = 2.48, p < 0.05, Fig.
3A) and interacted with it significantly more than adults as measured by the number of
investigations (t(24) = −4.53, p < 0.0001, Fig. 3B) and time inside the wheel (t(24) = −3.26,
p < 0.01, Fig. 3C). This same pattern was also observed with wheel rotations but was not
significantly different between the two age groups.
3.2 Response to biological stimuli
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3.2.1 Response to pups and pup-like stimuli—Adults and preweanlings first
approached the three stimuli at different rates (significant Subject Age × Stimulus
interaction, F(2,58) = 7.64, p < 0.01, Fig. 4A). Adults took five times longer than
preweanlings to first approach a newborn pup (t(27) = 3.13, p < 0.01) and twice as long to
approach a warm pup-like object (t(15) = 1.82, p < 0.05). In marked contrast, adults were
five times faster than preweanlings in their approach to a warm postmortem pup (t(16) =
−2.158, p < 0.05, Fig. 4A). Adults and preweanlings also differed in the number of
investigations of the various stimuli (significant main effects of Subject Age, F(1,58) =
12.20, p < 0.001 and Stimulus, F(2,58) = 3.99, p < 0.05, Fig. 4B).
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While adults investigated all stimuli, preweanlings investigated a live pup twice as many
times as adults (t(27) = −2.70, p < 0.05) and the warm pup-like object three times more than
adults (t(15) = −2.85, p < 0.05); preweanlings investigated the warm postmortem pup more
but this difference was not statistically significant. Subsequently, adults spent very little time
with any of this category of stimuli. While preweanlings spent little time with postmortem
pups or warm objects, there was a marked overall adult-preweanling difference in live pup
interaction, and much greater contact time with live pups by preweanlings. Preweanlings
spent the majority of their test time in contact with live pups, four times longer than adults
(significant Subject Age × Stimulus interaction, F(2,58) = 7.22, p < 0.01; t(27) = −4.36, p <
0.001 Fig. 4C).
3.2.2 Response to a live cricket—Adults were three times faster in their approach to a
live cricket compared to preweanlings (t(21) = −2.59, p < 0.05, Table 3). Once contact was
established, and while the cricket was still alive, preweanlings investigated the cricket a
significantly greater number of times than adults (t(21) = −2.30, p < 0.05, Table 3) although
the total contact time for both subject groups was very brief, averaging only 30 sec,
suggesting briefer and more frequent investigations by preweanlings (Table 3). Two
preweanlings and five adults engaged in hunting characterized by the following rapid
behavioral sequence: they actively chased the cricket around the cage, caught it, killed it by
biting the head off, and then ate it. The remaining animals did not catch and/or kill the
cricket within the test period. Although preweanlings took 3.5 times longer to catch and kill
the cricket (t(5) = −2.86, p < 0.05) and spent more time eating it (t(5) = −2.89, p < 0.05,
Table 3), their pattern was remarkably organized and followed the same sequence used by
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adults. However, preweanlings ate the entire cricket, whereas adults ate only the body, not
the head or legs.
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3.3 Response to food
Adults contacted, investigated, and ate more familiar than novel food; preweanlings
responded similarly on these measures and were hence adult-like in their response pattern to
this stimulus. Results of a 2 × 2 ANOVA showed that both groups spent significantly more
time in contact with the familiar than the novel food (significant main effect of Food
Stimulus, F(1,32) = 27.85, p < 0.05, Fig. 5C) and ate more of the familiar than the novel
food (significant main effect of Food Stimulus, F(1,32) = 4.37, p < 0.05, Fig. 5D). However,
preweanlings differed from adults by approaching both foods four times faster (main effect
of Subject Age, F(1,32) = 10.11, p < 0.05, Fig. 5A), investigating them more (significant
main effect of Subject Age, F(1,32) = 42.06, p < 0.001, Fig. 5B), and eating four times more
novel food than adults (t(16) = −2.72, p < 0.05, Fig. 5D).

4. Discussion

NIH-PA Author Manuscript

Overall the data demonstrate that preweanlings were generally faster to initially explore and
were then subsequently more investigative of and interactive with a wide range of specific
stimuli introduced into their environments than adults. In addition to this, preweanling
behavioral responses to specific stimuli less impacted by the time of day and stimulus
location as suggested by their equal response to stimuli in the least and most active parts of
the daily cycle (first and third quartiles, respectively), and the smaller impact of placing
stimuli in the center of the environment, a location commonly understood to be anxietyprovoking and hence actively avoided by adults. This result is consistent with our previous
work showing that preweanlings can exhibit anxiety-like responses but are normally less
anxious than adults (Smith and Morrell, 2007). The impact of novelty on the interaction with
a stimulus depended upon the stimulus that was introduced into the home cage, but it was
generally more profound in the adult than in the younger rat such that preweanlings more
quickly explored novel stimuli and interacted more with them. That said, the preweanlings
do have adult-like responses to certain categories of stimuli suggesting that the maturation of
the CNS systems regulating food- and predatory hunting-related behaviors occurs earlier
than the regulation of systems underlying exploration of other stimuli (e.g., objects).
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It can be concluded that, for the most part, the preweanling has an adult-like capacity to
discriminate between closely related stimuli, for example among the pup-like stimuli, but
then subsequently interacts with the stimuli in a quantitatively, and sometimes qualitatively,
different manner from the mature adult. Together, these data suggest that preweanlings have
a greater propensity to gather information about certain categories of specific stimuli in their
environment compared with adults and that the experiences generated by this normal,
increased interaction with stimuli may crucially impact and shape the developing CNS in
this period of life.
We and others have suggested that the well-documented phenomena of increased
exploration of the environment by the young rat during the peri-weaning period may be
based on having a higher level of motivation for environmental exploration than adults
(Gerrish and Alberts, 1997, Goodwin and Yacko, 2004; Smith and Morrell, 2007). Based on
our current data, we posit that this enhanced motivation for environmental exploration in the
preweanling extends to many specific stimuli within the environment. Alternatively,
preweanlings might not have memory abilities as keen as those of adults, may lack the
ability to form categorical systems for complex stimuli resulting in increased stimulus
investigation because they don’t remember them, or they may have less sensory capacity
than adults thereby requiring more interaction to learn about a stimulus. However, these
Behav Brain Res. Author manuscript; available in PMC 2012 March 1.
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interpretations seem unlikely based on studies examining memory function (Roth and
Sullivan, 2001) and sensory capacity (Bolles and Woods, 1964; Moorcroft et al., 1971) in
developing rodents. We further posit that the greater responsivity of preweanlings to specific
stimuli in their environment may in part facilitate the entrainment or establishment of
neuronal networks so that preweanlings acquire the adaptive neural connections and
response patterns of adults.
The rapid and extensive responses of preweanlings were particularly notable with regard to
the larger objects and those objects with interactive properties. After more rapid contact,
preweanlings then spent substantially more time in contact with these objects than the
adults. While such activity may be a form of object play (Fagen, 1981), this specific type of
play behavior has not been characterized in developing rodents. In contrast, adults
investigated larger and more interactive objects with greater caution. These data extend and
are consistent with prior reports showing that adolescent rats interact with objects more than
adults (Douglas et al., 2003; Laviola et al., 2004; Stansfield et al., 2004).
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Our tests using three types of objects (small, subject size, and crawl ball) in the novel versus
familiar state did not demonstrate any discrimination of novelty, but our testing procedures
were different from typical novel object recognition memory test procedures in that those
tests are much shorter and present both novel and familiar objects at the same time (Berlyne,
1950; Besheer and Bevins, 2000; Ennaceur and Delacour, 1988). It is possible that for these
data, the averaging of exploration of the objects over the full thirty minutes may have
obscured any initial response differences, and that the presentation of a single object either
in novel or familiar form, as opposed to a test situation where subjects must discriminate
between novel and familiar objects, does not facilitate the distinction between object novelty
and familiarity.
Furthermore, subjects may have become sufficiently familiar with these specific objects
after having been housed with them for 24 hours prior to testing and subsequently found that
its interactive properties no longer held their interest thereby resulting in decreased
interactions during test. Our tests using the jingle ball and running wheel did however
demonstrate marked differences in responses of subjects to their novel versus familiar states
demonstrating that both preweanlings and adults can discriminate between novelty and
familiarity.
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Our findings on the adult responses to the wheel are consistent with Barnett’s finding from
presenting wild rats with an immense novel object, a food bin, which subjects also initially
avoided, a reaction he termed neophobia; this avoidance was overcome as the rats had to
interact with the bin as their only food source(Barnett, 1958). Like Barnett’s food bin, the
wheel is a stimulus with inherent incentive value for rats. In fact we chose the wheel as the
immense object in our protocol because others have demonstrated that wheel running is a
robust voluntary activity of adult rodents and that this object has positive incentive salience
(i.e., interpreted as a rewarding property) revealed once they are familiar with wheel running
activity or its after-effects (Lett et al., 2000, 2001; Werme et al., 2000, 2002). Further, our
previous work has shown that p18 preweanlings can engage in wheel running at levels
similar to the adult (Smith and Morrell, 2007) suggesting that wheel running may also have
the same positive incentive salience for them.
Newborn pups as stimuli revealed considerable differences between preweanling and adult
responses to specific stimuli. While both groups discriminated all three of the stimuli in this
category and rapidly approached a live pup, adults actively avoided the pup after a brief
period of exploration while the preweanlings spent the majority of the test period with it.
Non-maternal adult rats are known to avoid pups for days (Cosnier and Couturier, 1966;
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Mayer and Rosenblatt, 1979; Rosenblatt, 1967). Our data from both groups on the total pup
contact time are consistent with previous reports of pup interaction during the initial phases
of maternal sensitization (Bridges et al., 1974; Kalinichev et al., 2000; Mayer and
Rosenblatt, 1979; Olazabal et al., 2004; Olazabal and Morrell, 2005). These data also
provide critical details about how preweanling and adult rats initially approach and
investigate newborn pups. The rapid approach by adults to the live and postmortem pup
stimulus is consistent with previous reports showing that adult rats readily approach and
investigate any conspecific that enters the home territory (Barnett, 1958; Miczek and de
Boer, 2005).
Alternatively, given the predatory hunting response of adults to crickets, and since
infanticide and pup eating is found among non-maternal rodents (Numan and Insel, 2003) it
might be that rat pups held potential as interesting food in their environment. The level of
preweanling interaction with pups during the initial approach and investigation further
suggests that, like adults, preweanlings will approach unfamiliar conspecifics in the home
environment, but the subsequent interaction with live pups, the delayed postmortem pup
interaction, and the absolute lack of infanticide by rat juveniles, this behavioral spectrum is
qualitatively different from that of adults.
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By also testing responses to a warm but dead pup and a warm pup-sized object, we found
that heat was not an important factor for interaction with the pup. These data are consistent
with the work of others showing that juveniles and adults spend significantly more time in
contact with live pups than rubber pup-sized objects (Gray and Chesley, 1984), marbles
(Sheehan et al., 2000), or dead pups (Mayer and Rosenblatt, 1979) and extend their findings
by controlling for the thermal properties and characterizing the initial response.
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Preweanlings and adults also had different initial interactions with another live stimulus, a
cricket. This was a rare case in which preweanlings took longer to approach and contact the
stimulus than did adults, but then still followed their general pattern and investigated it more
than the adults. It is possible that the preweanling is simply less attentive to small new
stimuli placed in their cage, as seen with the small inanimate objects, whereas the adults
rapidly attended and responded to an intrusion into their home territory. Responses based on
innate fear responses seem unlikely as the young did not freeze and remained very active
when exposed to the cricket. However, once the initial investigation was completed, the
subsequent response to this stimulus exhibited by some of the preweanlings was surprisingly
adult-like as both young and adult subjects engaged in predatory hunting. This finding
suggests that the animation provided by crickets may serve to focus the attention of the
preweanling to therefore respond with a mature innate hunting response. Even though the
preweanlings that engaged in hunting took longer to catch and kill the cricket and spent
more time eating it, the overall sequence of behaviors was considerably organized and
executed in rapid succession similar to that seen in the adults. Adults in this study engaged
in hunting behavior identical to what has been documented (Comoli et al., 2003; Ivanco et
al., 1996; Kinsley et al., 2006).
We posit that preweanlings spent more time eating the cricket than the adults simply
because they ate the entire insect. Since preweanlings were presented with nymphs, which
are half the size of adult crickets, it is unlikely that the increased consumption time was
attributed to relative subject-to-cricket size differences. Others have reported that adult rats
will only eat the torso of the cricket and will avoid the head and rear legs, possibly due to
the spiny protrusions on the legs (Ivanco et al., 1996). Our results are consistent with
another study showing that young marsupials, specifically adolescent opossums, readily
hunt crickets but that their behavior is slightly less developed than the adult (Ivanco et al.,
1996).
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Preweanlings also responded relatively maturely to novel and familiar foods. Both groups
ate significantly less novel food than familiar food, investigated the novel food less, and
spent less time in contact with the novel food than the familiar one. The pattern of
interactions that adults exhibited is consistent with what has been described in the literature
as food neophobia (Barnett, 1958; Chitty and Shorten, 1946; Weinberg et al., 1978).
Although food neophobia has not been characterized in preweanling rodents, the adult-like
patterns of interaction strongly suggest that the behavior of these young animals can be
considered neophobic even though they interacted with the novel food slightly more than the
adults did. This avoidance of novel foods during postnatal development may serve a
protective function.
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It is unlikely that our behavioral results, specifically that both preweanlings and adults ate
more familiar food than novel food, were affected by extreme hunger or by food palatability.
Our previous work (Smith and Morrell, 2003) and that of others (Countryman et al., 2005)
showed that food deprivation is necessary to invoke the approach and consumption of even a
familiar food. We deliberately avoided prolonged food deprivation because this causes
severe hunger that overrides the normally avoidant responses of the animals. In response to
extreme levels of food deprivation, rats will readily eat novel food (Burns et al., 1996; Smith
and Morrell, 2003). Subjects in this experiment sampled only the novel food and were given
a sufficient amount of both foods during the test to ensure that consumption of the novel
food was not due to a need to relieve hunger simply because all of the familiar food had
already been eaten. We presented subjects with two equally palatable and nutritious foods
because previous studies have shown that foods with higher fat (Hansson, 1973) and/or
sugar content (Bhardwaj and Khan, 1978; Khan, 1974) are more palatable to rats and other
rodents. Further, our previous work has shown that preweanlings and adults respond
similarly by initially avoiding a food containing a high sugar content that is highly palatable
to rodents (i.e., Fruit Loops) following modest food deprivation (Smith and Morrell, 2003).
Thus the limited sampling of the novel food could not be attributed to decreased palatability
or nutritional content.
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Taken together, our data show that preweanlings respond to most specific stimuli more
quickly and with more interaction than adults, while a more adult-like behavioral pattern is
observed when preweanlings are presented with a few select stimuli such as food and in the
prey-catching phase of cricket interaction. Certainly, the greatest differences in stimulusspecific exploration between preweanlings and adults were revealed with the pup-like
category of stimuli. These data further suggest that stimulus-directed exploration may have
different developmental trajectories that are stimulus-specific. For example in the case with
the newborn pup stimulus previous reports have shown that pup avoidance emerges by p23
and reaches an adult level before the onset of puberty during early adolescence (p30) (Mayer
and Rosenblatt, 1979). Other stimuli that elicited considerable differences in responses
between young rats and adults were large interactive objects, particularly an object the same
size as the subject, the crawl ball, and an immense object, the running wheel. Stimulus
novelty and familiarity with the immense object further revealed age-related behavioral
differences.
For the most part, these data demonstrate that young rats explore specific stimuli in the
environment in a fundamentally different way than adults during what are normally the days
of their first independent forays from the maternally-protected nest. Overall, the
preweanlings were less inhibited in their interaction with stimuli. These experiences may
place the developing rodent at greater risk for danger but they also significantly shape the
developing CNS such that preweanlings acquire the adaptive neuronal connections and
response patterns of adults. It is also the case that the greater risk may be mitigated by
maternal presence, as the young often accompany the female in her foraging. The greater
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sensitivity of preweanlings to some specific stimuli in their environment is important to
consider when using stimulus-specific exploration as a tool to assess normal and
pathological behaviors in preclinical models of mental health disorders during postnatal
development, such as autism and obsessive-compulsive disorder, of which a fundamental
characteristic is dysfunctional stimulus-specific interaction.
The fact that most stimulus interactions are quantitatively more robust in the preweanling
suggests that CNS systems regulating these relatively refined interactions with the
environment may be crucially different at p18 versus p60. Some of these interactions are so
extensive that what is in fact a normal range of interactions in the preweanling might be
misunderstood as perseverative if considered solely by standards of adult interactions with
specific stimuli. For the human condition, our data extends the concept that interventions
designed for the adult CNS could be inappropriate for the developing CNS of the young
diagnosed with disorders characterized by inappropriate stimulus interactions. In future
studies, these data will provide essential points of comparison for determining what
constitutes aberrant behavior in transgenic or knockout models of physical and mental
diseases such that more effective pharmacologic and behavioral interventions can be
designed for humans.
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Figure 1.

Responses to a subject-sized object during the least and most active times of the daily cycle
in two environmental locations. (A) The time it took subjects to first contact the object, (B)
the number of object investigations performed, and (C) the total time subjects spent in
contact, which includes active investigation as well as sitting quietly in contact with it. a =
preweanlings significantly different from adults. d = preweanlings significant effect of time
of day. * = preweanlings significant effect of stimulus location. e = adults significant effect
of time of day. # = adults significant effect of stimulus location.
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Figure 2.

Responses to inanimate objects of different sizes and interactive value in the 3rd quartile. a =
preweanlings significantly different from adults. + = adult response significantly different
from all other objects. § = preweanling response significantly different from all other
objects. ‡ = preweanling total contact time with the larger interactive objects significantly
greater than time with an object one-third their size and a jingle ball.
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Figure 3.

Responses to a novel vs. familiar super-sized object, the running wheel. a = preweanlings
significantly different from adults, same wheel condition. b = preweanling novel responses
significantly different from familiar responses. c = adult novel responses significantly
different from familiar responses.
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Figure 4.

Responses to a newborn pup and pup-like stimuli. All symbols are the same as in Figure 2.
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Responses to novel and familiar foods when both are presented simultaneously after
moderate food deprivation. All symbols are the same as in Figure 3.
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Table 2

Mean (± SEM) Subject Responses to Novel and Familiar Inanimate Objects
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Object

State

Preweanlings

Adults

Familiar

2.00 ± 0.30

2.68 ± 0.49

1/3rd Object (Small)
Novel

3.36 ± 0.82

3.49 ± 0.75

Familiar

1.63 ± 0.328*a

6.62 ± 1.51

Novel

0.54 ± 0.13a

5.06 ± 1.23

Familiar

1.11 ± 0.19

3.24 ± 0.48

Jingle Ball
Time to First Contact (min)
Same-Sized
Novel

1.21 ± 0.34

2.52 ± 0.48

Familiar

0.58 ± 0.23

3.62 ± 0.66

Novel

0.52 ± 0.13

4.43 ± 0.58

Familiar

7.78 ± 1.17

8.59 ± 0.70

Crawl Ball

1/3rd Object (Small)

Jingle Ball

Novel

9.38 ± 1.86

7.96 ± 0.81

Familiar

12.43 ± 2.41

8.79 ± 1.14

Novel

11.83 ± 1.95

16.57 ± 2.40*

Familiar

17.57 ± 1.50

8.41 ± 0.98

Novel

12.94 ± 2.08

8.07 ± 1.21

Familiar

22.00 ± 2.61

14.29 ± 1.84

Novel

22.00 ± 4.13

18.86 ± 2.95

Familiar

1.46 ± 0.28

1.44 ± 0.25

Novel

2.49 ± 0.70

1.27 ± 0.28

Familiar

1.17 ± 0.21a

0.60 ± 0.11

Novel

1.29 ± 0.14

1.38 ± 0.35*

Familiar

4.55 ± 0.49

2.01 ± 0.33

Novel

3.48 ± 0.47

1.72 ± 0.42

Familiar

5.44 ± 1.34

1.18 ± 0.15

Novel

4.98 ± 1.42

1.24 ± 0.23

Number of Investigations
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Same-Sized

Crawl Ball

1/3rd Object (Small)

Jingle Ball
Total Contact Time (min)
Same-Sized

Crawl Ball
a

preweanlings significantly different than adults;

*

response to novel jingle ball significantly different than familiar; p < 0.05
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Table 3

Mean (± SEM) Subject Response to a Live Cricket
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Measures of Stimulus Interaction
Preweanlings

Adults

Time to First Contact (min)

3 ± .72a

1 ± .17

Number of Investigations

10 ± 2a

5±1

Total Contact Time (sec)

28 ± 6

31 ± 7

Measures of Predatory Hunting
Preweanlings

Adults

Time to Catch/Kill Cricket (min)

7 ± 3a

2 ± .36

Total Time to Eat Cricket (min)

5 ± .57a

3 ± .37

a

preweanlings significantly different than adults, p < 0.05
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